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ABSTRACT Porcine reproductive and respiratory syndrome (PRRS) is a serious global 
pig industry disease. Understanding the mechanism of viral replication and develop­
ing efficient antiviral strategies are necessary for combating with PRRS virus (PRRSV) 
infection. Recently, nanobody is considered to be a promising antiviral drug, espe­
cially for respiratory viruses. The present study evaluated two nanobodies against 
PRRSV nucleocapsid (N) protein (PRRSV-N-Nb1 and -Nb2) for their anti-PRRSV activity 
in vitro and in vivo. The results showed that intracellularly expressed PRRSV-N-Nb1 
significantly inhibited PRRSV-2 replication in MARC-145 cells (approximately 100%). 
Then, the PRRSV-N-Nb1 fused with porcine IgG Fc (Nb1-pFc) as a delivering tag was 
produced and used to determine its effect on PRRSV-2 replication in porcine alveolar 
macrophages (PAMs) and pigs. The inhibition rate of Nb1-pFc against PRRSV-2 in PAMs 
could reach >90%, and it can also inhibit viral replication in vivo. Epitope mapping 
showed that the motif Serine 105 (S105) in PRRSV-2 N protein was the key amino acid 
binding to PRRSV-N-Nb1, which is also pivotal for the self-interaction of N protein via 
binding to Arginine 97. Moreover, viral particles were not successfully rescued when 
the S105 motif was mutated to Alanine (S105A). Attachment, entry, genome replication, 
release, docking model analysis, and blocking enzyme-linked immunosorbent assay 
(ELISA) indicated that the binding of PRRSV-N-Nb1 to N protein could block its self-bind­
ing, which prevents the viral replication of PRRSV. PRRSV-N-Nb1 may be a promising drug 
to counter PRRSV-2 infection. We also provided some new insights into the molecular 
basis of PRRSV N protein self-binding and assembly of viral particles.

IMPORTANCE Porcine reproductive and respiratory syndrome virus (PRRSV) causes 
serious economic losses to the swine industry worldwide, and there are no highly 
effective strategies for prevention. Nanobodies are considered a promising novel 
approach for treating diseases because of their ease of production and low costing. Here, 
we showed that PRRSV-N-Nb1 against PRRSV-N protein significantly inhibited PRRSV-2 
replication in vitro and in vivo. Furthermore, we demonstrated that the motif Serine 105 
(S105) in PRRSV-N protein was the key amino acid to interact with PRRSV-N-Nb1 and 
bond to its motif R97, which is important for the self-binding of N protein. The PRRSV-N-
Nb1 could block the self-interaction of N protein following viral assembly. These findings 
not only provide insights into the molecular basis of PRRSV N protein self-binding as a 
key factor for viral replication for the first time but also highlight a novel target for the 
development of anti-PRRSV replication drugs.
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P orcine reproductive and respiratory syndrome (PRRS) is one of the most serious 
global pig industry diseases (1). Currently, there are no highly effective strategies 

to protect pigs from PRRS virus (PRRSV) infection due to viral variability (2), persistence 
(3), destruction of lung alveolar macrophages (4), and antibody-dependent enhance­
ment (5). Therefore, improving our understanding of the mechanism underlying viral 
replication and developing efficient antiviral strategies for combating PRRSV infections in 
pigs are imperative.

PRRSV, the causative agent of PRRS, is an enveloped single-stranded RNA virus 
that belongs to the genus Arterivirus, family Arteriviridae, order Nidovirales (6, 7). The 
complete genome of PRRSV is ~15 kb and contains at least 10 open reading frames 
(ORFs), including ORF1a, ORF1b, ORF2a, ORF2b, ORF3, ORF4, ORF5, ORF5a, ORF6, and 
ORF7 (8). The ORF7 gene encodes a nucleocapsid (N) protein with a molecular mass of 
15 kDa. The N protein is comprised of 123 and 128 amino acids for North American 
(genotype 2, PRRSV-2) and European (genotype 1, PRRSV-1) genotypes, respectively, and 
is relatively well conserved among different PRRSV strains (8). It accounts for ~40% of 
virion proteins (9) and exhibits multiple functions throughout the viral life cycle (10).

As we know, PRRSV N protein can encapsulate viral RNA genome, maintain tertiary 
protein structure for viral assembly, and interact with viral non-structural protein 2 (Nsp2) 
and Nsp9 to participate in viral replication (11–13). In addition, it can also interact with 
several host factors involved in viral pathogenesis (14, 15). A previous study reported that 
the N protein could assemble into a sphere of 20–30 nm in diameter in the form of a 
dimer (16) and that the dimer was an essential structure for binding to the RNA genome 
and assembly of viral particles (17). Other reports documented that three conserved 
cysteine residues in the protein formed disulfide linkages and stabilized the spherical 
structure (16, 17). However, there have yet to be studies on the amino acids or motifs 
involved in the self-interaction (dimer formation) of the PRRSV N protein.

Nanobodies are derived from camelids’ naturally occurring heavy-chain antibody 
variable region and are the smallest functional antibody fragments (12–15 kDa) (18). 
Due to the advantages of easy production, recognition of concave epitopes, and their 
ability to be easily modified in vitro, nanobodies are considered a suitable direction for 
antibody drug design and a novel tool for studying the functions of proteins (19). PRRSV 
mainly attacks porcine alveolar macrophages (PAMs) of lung tissue and the Fc portion 
of IgG as the most effective phagocytic leukocyte receptors. Herein, the nanobody can 
be fused with porcine IgG Fc (pFcγ) as the delivery tag to enter into PAMs to inhibit 
viral replication. Additionally, the IgG Fc can activate FcγRs, and then, the phagocytic 
leukocytes produce a variety of cytokines, chemokines, and lipid mediators for antiviral 
infection (20, 21). In particular, nanobodies have been investigated as a treatment for 
respiratory diseases, as they can be administered by inhalation (22, 23). PRRS is a severe 
respiratory disease in pigs primarily affecting the lung tissue. Therefore, nanobodies may 
be a potential strategy for targeting PRRSV infection in pigs.

Our previous study showed that two nanobodies against PRRSV N protein (PRRSV-N-
Nb1 and -Nb2) were screened from an immunized camel, and they could be blocked 
binding to PRRSV N protein by anti-PRRSV antibodies in pig sera, indicating that the 
epitopes recognized by the two nanobodies were present in the PRRSV particles and 
induced immune responses in pigs (24). Based on these results, whether the two 
nanobodies could inhibit PRRSV replication and are promising antiviral drugs was 
assessed in the present study. Thus, the two nanobodies fused with Fc were designed 
and produced. The results showed that the Nb1-Fc against PRRSV-N protein could 
significantly inhibit PRRSV replication in vitro and in vivo. Subsequently, epitope mapping 
showed that Serine 105 (S105) in the PRRSV-2 N protein was the key amino acid for 
binding to PRRSV-N-Nb1 and for self-interaction of the N protein via binding to itself 
R97. It was also found that PRRSV-N-Nb1 could block the self-binding of N protein, thus 
preventing the assembly of viral particles. These findings provide novel insights into 
the molecular basis of PRRSV N protein self-interaction and drug targets for designing 
anti-PRRSV infection.
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MATERIALS AND METHODS

Cells and viruses

HEK293T and MARC-145 cells (originally sub-cloned from African green monkey kidney 
MA-104 cells) were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Thermo 
Fisher Scientific Inc.) supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo 
Fisher Scientific Inc.) and 1% penicillin-streptomycin (Thermo Fisher Scientific Inc.). As 
previously described, PAMs were obtained by postmortem lung lavage of 8-week-old 
PRRSV-negative pigs (25). PAMs were cultured in RPMI-1640 medium (Gibco, USA) 
supplemented with 10% FBS and penicillin-streptomycin. All cells were cultured at 37°C 
with 5% CO2.

The full-length cDNA infectious clone of PRRSV SD16 (rSD16) and GFP-PRRSV 
(GenBank ID: JX087437) was constructed based on a previous study (26). In addition, 
PRRSV-2 strains NADC30-like (GenBank ID: KX766379), GD-HD (GenBank ID: KP793736), 
VR2332 (GenBank ID: EF442771), and PRRSV-1 strain GZ11-G1 (GenBank ID: KF0011144) 
were used for the viral inhibition assay. SD16, NADC30-like, and GD-HD strains are the 
highly pathogenic PRRSV (HP-PRRSV), and VR-2332 is the classical PRRSV (27). All these 
PRRSV strains were titrated in MARC-145 cells and stored at −80°C before use.

Establishment of MARC-145 cell lines stably expressing nanobodies

First, the recombinant MARC-145 cells expressing the nanobodies were constructed 
to analyze the effects of intracellularly inhibiting PRRSV replication. The genes encod­
ing PRRSV-N-Nb1 and PRRSV-N-Nb2 were separately amplified with primers Nb-F and 
Nb-R (Table 1) using the pMECS-PRRSV-N-Nb1 and -Nb2 plasmids as the templates 
(24), respectively. To construct the recombinant plasmids of pTRIP-CMV-PuroNb1-HA and 
-PuroNb2-HA, PCR products were digested with the Xho I and BamH I enzymes (NEB) 
and inserted into the pTRIP-CMV-Puro vector digested with the same enzymes. After 
confirmation of insertion by Sanger sequencing, the positive plasmids pTRIP-CMV-
PuroNb1-HA or -PuroNb2-HA (0.6 µg) and helper plasmids psPAX2 (0.9 µg) and pMD2.0G 
(0.5 µg) were co-transfected into HEK293T cells to produce pseudotyped lentivirus 
particles using X-tremeGENE HP DNA Transfection Reagent (Roche Diagnostics GmbH) 
according to the manufacturer’s instructions. The second pseudotyped lentivirus system 
was successfully constructed. Subsequently, at 48 h post-transfection (hpt), cell culture 
supernatants were collected, and then, 5-multiplicity of infection (MOI) lentivirus was 
transduced into MARC-145 cells supplemented with 1 µg/mL PolyBrene (Sigma-Aldrich; 
Merck KGaA). At 36 h post-transduction, positive cells were screened by adding into 
culture mediums 5 µg/mL puromycin (Sigma-Aldrich; Merck KGaA). Surviving cells were 
analyzed using western blotting to determine the expression of Nb1-HA and Nb2-HA 
fusion proteins. Negative control cells stably expressing Nb53-HA fusion proteins were 
also constructed. Nb53 is a negative nanobody that does not bind to the PRRSV-N 
protein (28). Finally, the cell viabilities of the three recombinant cell lines were evaluated 
using a Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology) according 
to the manufacturer’s instructions as the following descriptions.

Flow cytometry assay

Flow cytometry assay (FCM) was performed to analyze GFP-PRRSV infection in the 
recombinant MARC-145Nb1-HA, MARC-145Nb2-HA, and MARC-145Nb53-HA cells. Briefly, after the 
three recombinant cell lines were cultured in the six-well plates at a density of 2 × 105 

cells per well for 24 h, they were separately inoculated with the recombinant GFP-PRRSV 
at 0.1 MOI. After infection for 2 h, the cells were rinsed three times with phosphate 
buffer saline (0.01 M PBS, pH 7.2), and DMEM supplemented with 3% FBS was added for 
culturing. At 36 h post-infection (hpi), the cells were collected, and the numbers of cells 
with fluorescing green were detected on a FACSCalibur flow cytometer (BD Bioscience, 
USA). The data were analyzed using the FlowJo software version 7.6 (FlowJo LLC).
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Production of nanobodies fused with the porcine IgG Fc fragment

As we know, PAMs with Fcγ receptors served as the primary host cells for PRRSV infection. 
The anti-PRRSV-N nanobody, which was stably expressed in the recombinant MARC-145 
cells and can significantly inhibit PRRSV replication, was selected and expressed with 
porcine IgG Fc fragment as a delivering tag into PAMs based on the previous descrip­
tions (29). The genes encoding nanobody-fused pFc (Nbx-pFc) and negative nanobody 
(Nb53-pFc) were synthesized by GENEWIZ Company (China). To construct the recombi­
nant plasmids of pCMV-Nbx-pFc, the enzymes BamH I and Xho I were added to the 
primers to amplify the complete genes encoding the nanobodies with pFc tags (Table 
1). Then, the two genes inserted into the pCMV-HA vector were digested with BamH 
I and Xho I. After sequencing, the positive plasmids were electro-transformed into 
HEK293T cells to produce the fusion proteins. The cell supernatants were collected 
after transfection for 48 h and purified using Protein G resins according to manual 
instructions (GenScript, China). The expression and purification of the fusion proteins 
were performed by Jiangsu Huakang Biotechnology (China).

TABLE 1 Primers used in this studya

Primer Sequence (5′−3′) Usage

Nbx-F CCG CTCGAGATGCAGGTGCAGCTGCAGGAG pTRIP-CMV-PuroNbx-HA

Nbx-R CGCGGATCCTTAAGCGTAATCTGGAACATCGTATGGGTA TGAGGAGACGGT
Nbx-pFc-F
Nbx-pFc-R

GGTGAATTCCAGGTCCAACTGCAGGAGTC
GGGTCTAGATCACTTGCCCTGTGTCTTGC

pCMV-Nbx-pFc

N (1-95)-F CGCGGATCCATGCCAAATAACAACGGCAAGC pET28a-different truncated N
N (1-95)-R CCCAAGCTTTGAATCTGACAGGGCACAAGTC
N (30-123)-F CGCGGATCCATGATCGCTCAGCAAAACCAGT
N (30-123)-R CCCAAGCTTTGCTGAGGGTGATGCTGTGACGC
N (30-113)-F CGCGGATCCATGATCGCTCAGCAAAACCAGT
N (30-113)-R CCCAAGCTT ACGCACAGTATGTTGCGTCGG
N (1-102)-F CGCGGATCCATGCCAAATAACAACGGCAAGC
N (1-102)-R CCCAAGCTTCACAGTGTAACTTATCCTCCCT
N (1-109)-F CGCGGATCCATGCCAAATAACAACGGCAAGC
N (1-109)-R CCCAAGCTTTTGCGTCGGCAAACTAAACTCCA
GZ11-G1-F CGCGGATCCATGGCCGGTAAAAATCAGAGC pET28a-GZ11-G1 N
GZ11-G1-R CCCAAGCTTATTCGCACCCTGACTGGC
N3M-F GAGTTTGCCTTGCCGGCCGCCCATACTGT pET28a-different mutated N
N3M-R ACAGTATGGGCGGCCGGCAAGGCAAACTC
NS105A-F GGAGTTTGCCTTGCCGAC
NS105A-R GTCGGCAAGGCAAACTCC
NT108A-F TTAGTTTGCCGGCCCAACATACT
NT108A-R AGTATGTTGGGCCGGCAAACTAA
NQ109A-F TTAGTTTGCCGACGGCCCATACT
NQ109A-R AGTATGGGCCGTCGGCAAACTAA
pBAC-AscI-F TTACTGGAAATGGTGAGGACTG pBAC-rSD16 mutated infection clones
pBAC-RsrII-R AGTGGGAGTGGCACCTTCCAGGGTC
PRRSV ORF7-F AGATCATCGCCCAACAAAAC RT-qPCR
PRRSV ORF7-R
PRRSV NSP9-F
PRRSV NSP9-R

GACACAATTGCCGCTCACTA
CCTGCAATTGTCCGCTGGTTTG
GACGACAGGCCACCTCTCTTAG

β-Actin-F TCCCTGGAGAAGAGCTACGA
β-Actin-R AGCACTGTGTTGGCGTACAG
aRestriction sites are underlined.
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The affinity of a nanobody with pFc fusion protein binding to PRRSV-N 
protein

The ELISA was performed to evaluate the binding ability of the Nbx-pFc fusion protein to 
the PRRSV-N protein. The 96-well ELISA plate was coated with PRRSV-N proteins (400 ng/
well) and incubated overnight at 4°C. After blocking and washing, the wells were added 
with the Nbx-pFc fusion protein (10−3 to 106 ng/well) and incubated for 1 h at room 
temperature (RT). Next, the horseradish peroxidase (HRP)-conjugated goat anti-swine 
IgG (1:5,000; Jackson ImmunoResearch) was incubated for 1 h at RT as the secondary 
antibody. The plates were washed again and added with tetramethyl benzidine (100 
µL/well). Finally, the 3 M H2SO4 (50 µL/well) was added to stop the colorimetric reaction, 
and the OD450nm values were read using an automated ELISA plate reader (BioTek 
Instruments Inc.).

Cell viability analysis

To analyze the cytotoxicity of Nbx-pFc fusion proteins, cell viability was evaluated using 
a CCK-8 assay (Beyotime Institute of Biotechnology) according to the manufacturer’s 
instructions. Briefly, after the PAMs were cultured in the 96-well plates at a density of 1 × 
105 cells per well for 4 h, they were incubated with different concentrations of Nbx-pFc 
fusion proteins in DMEM supplemented with 3% FBS for 24 h. Then, the CCK-8 reagent 
(10 µL/well) was added and incubated in 5% CO2 at 37°C for 1 h. The OD450nm values 
were read using an Epoch microplate spectrophotometer (BioTek Instruments, Inc.) to 
calculate cell viability.

Analysis of Nb1-pFc entering into the PAMs

The PAMs (1 × 106 cells/mL) were cultured in the 24-well plates for 4 h, and they were 
incubated with Nb1-pFc, Nb53-pFc, and Nb1-His at concentrations of 5 to 40 µM for 12 h 
or 40 µM for a set period (1, 2, and 4 h). Finally, the cells were collected or fixed and 
analyzed using western blotting and IFA.

Nanobody with pFc fusion protein inhibits PRRSV replication in PAMs

The PAMs (1 × 106 cells/mL) were cultured in the 6-well or 24-well plates for 4 h and 
treated with Nbx-pFc fusion proteins for 2 h. Then, cells were inoculated with PRRSVs 
(different strains including GFP-PRRSV, SD16, VR2232, NADC30-like, and GD-HD) at 0.01 
MOI. At 36 hpi, cells were infected with the GFP-PRRSV and were imaged using a 
fluorescence microscope. For SD16, VR2332, NADC30-like, GD-HD-inoculated cells, the 
cells and supernatants were collected at 24 hpi and 36 hpi to analyze by western 
blotting, reverse transcription-quantitative PCR (RT-qPCR), and progeny virus titration 
assay.

IFA

The PAMs (1 × 106 cells/mL) were plated in a 24-well plate for 24 h and infected with 
PRRSV of 0.1 MOI. At 24 hpi, they were fixed using 70% ice-cold ethanol for 1 h at 4°C 
and blocked using 1% BSA for 1 h at RT. Next, cells were incubated with Nbx-pFc and 
6D10 mAb against PRRSV N protein for 2 h at RT. Samples were next incubated with 
secondary antibodies Alexa Fluor 488-labeled goat anti-swine IgG (H&L) (1:500; catalog 
no. ab150077; Abcam) and Alexa Fluor 594-conjugated goat anti-mouse IgG (H&L) (1:500; 
catalog no. ab150116; Abcam) for 1 h at 37°C. Finally, the nucleus was stained using 
4′,6′-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific Inc.) at RT for 10 min. 
Image acquisition was performed using a fluorescence microscope (Leica Microsystems 
Inc.).

Pull-down assay

To further determine whether Nbx-pFc interacted with the PRRSV N protein in the 
PAMs, the cells were infected with 0.1 MOI PRRSV and harvested at 36 hpi. These 
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PRRSV-infected cells were lysed using NP40 buffer (Beyotime Institute of Biotechnology) 
for 30 min, and the supernatants were collected by centrifuging at 12,000 × g for 10 min 
at 4°C. Next, the Nbx-pFc and Protein G (30 µL; catalog no. 10004D; Invitrogen; Thermo 
Fisher Scientific Inc.) were co-incubated for 12 h at 4°C. Subsequently, the Nbx-pFc 
beads were washed three times with PBS, and cell supernatants were incubated with 
the beads at 4°C for 12 h. The protein-bound beads were washed three times with PBS 
again. Finally, the immunoprecipitated proteins were analyzed by western blotting with 
anti-PRRSV N protein mAb 6D10 as primary antibodies to detect PRRSV-N protein.

Western blotting

Cells were harvested and lysed using NP40 buffer. The whole cellular proteins (30 µg) 
were loaded onto a 12% SDS-gel, resolved using SDS-PAGE, and transferred to polyvi­
nylidene difluoride (PVDF) membranes (Millipore Sigma). After blocking for 2 h at RT 
with 5% skimmed milk in PBS-Tween 20 (0.01% PBST), the PVDF membranes were 
incubated separately with primary antibodies: mouse anti-HA mAb (1:2,000; ProteinTech 
Group Inc.), mAb 6D10 (1:1,000), rabbit anti-camel polyclonal antibody (1:1,000) (28), 
and anti-α-tubulin (1:5,000; catalog no. 66031–1; ProteinTech Group Inc.). HRP-conjuga­
ted goat anti-mouse IgG, goat anti-rabbit IgG, or goat anti-swine IgG (1:5,000; Jackson 
ImmunoResearch) was incubated for 2 h at RT as the secondary antibody, respectively. 
Finally, the membranes were visualized using an ECL substrate (Solarbio). Chemilumines­
cence signal acquisition was performed using a ChemiDoc MP imaging system (Bio-Rad 
Laboratories Inc.).

To verify the epitope recognized by the nanobody, the different truncated and 
mutated PRRSV-N proteins (2 µg) were designed, expressed, and resolved by SDS-
PAGE and transferred to PVDF membranes. After blocking, the PVDF membranes were 
incubated with nanobody with HRP fusion proteins for 1 h at RT, as previously described 
(24). Finally, the membranes were visualized using an ECL substrate and observed with 
the ChemiDoc MP imaging system.

Reverse transcriptase-quantitative PCR

RT-qPCR was performed to determine the amount of PRRSV RNA from cells (30). Total 
RNAs were extracted from the infected cells using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific Inc.), and 500 ng total RNA was reverse transcribed into cDNA using the 
PrimeScript RT Reagent Kit (Takara Bio Inc., Dalian, China) following the manufacturer’s 
instructions. The qPCR was performed using a StepOne Plus Real-Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific Inc.) and FastStart Universal SYBR Green 
Master (Roche Diagnostics GmbH) in a 10 µL reaction volume. Reaction conditions were 
95°C for 10 min, 95°C for 15 s, and 60°C for 1 min with 40 cycles. Relative expression of 
the ORF7 or NSP9 gene was calculated using the 2−ΔΔCT method by relative qPCR, with 
β-actin as the internal control (31). The sequences of the primers used for qPCR are listed 
in Table 1.

Virus titration

Viral progeny production was determined by titration as previously described with some 
modifications (30). Briefly, MARC-145 cells were seeded into 96-well plates (1 × 104 

cells per well) and cultured for 24 h. Viral supernatants from the infected cells were 
10-fold serially diluted, and 100 µL of the different dilutions was added to each well with 
eight repeats per condition. A total of 4 days after infection, the cytopathic effect was 
observed, and the 50% tissue culture infective dose (TCID50) was calculated using the 
Reed-Munch method (30).

Animal experiments

Fifteen 4-week-old healthy piglets were randomly divided into four groups and 
separately raised in different isolation rooms. Details of piglet groupings are shown in 
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Table 2. All pigs were acclimated to the environment for 2 days. Then, all the piglets 
except those in the negative control group were intramuscularly administered with 1 
× 106.5 TCID50 of HP-PRRSV JXA1 strain on the third day, whereas the control group 
received the same volume of PBS. At 6 h after the challenge, 2 mg Nb1-pFc or Nb53-pFc 
(1 mg/mL) was intramuscularly administered to each piglet in the corresponding groups. 
The same volume of PBS was administered in the control and mock groups using the 
same injection route. At 24 h and 48 h after treatment, the same dose of nanobodies was 
given again.

Observation of clinical symptoms and rectal temperature measurements were 
performed daily. Necropsy and gross pathological examinations of the lungs were 
immediately performed once the piglets and the remaining surviving piglets were 
euthanized and necropsied at 28 dpi.

The lungs were examined for gross pathological changes, and lung tissues were 
sampled for histopathologic examination to evaluate the protection efficiency of 
Nb1-pFc. The level of gross lung lesions was also evaluated according to a standard 
scoring system previously described (32, 33). Each lung lobe, including the anterior, 
middle, caudal ventral, dorsal aspects, and accessory lobes, was assigned several points 
(100 points in total). Each piglet’s lung was given a score based on pathological changes 
in five parts of each lobe to reflect the percentage of the lung showing signs of 
pneumonia. All lung tissue samples were fixed with 10% formalin and embedded in 
paraffin blocks. After the blocks were sectioned, hematoxylin and eosin (H&E) staining 
was used to observe the histopathological changes under a microscope. In addition, 
lung tissues were collected and detected for viral load using RT-PCR fluorescent TaqMan 
according to the instructions (Wuhan Grint Biology).

Serum samples were collected at 0, 1, 3, 4, 5, 6, 7, and 10 days after administration 
and then used for the detection of the Nb1-pFc concentration in the pigs’ blood using 
ELISA. Briefly, the 96-well ELISA plate was coated with PRRSV-N proteins (400 ng/well) 
and incubated overnight at 4°C. After being blocked with 200 µL 2.5% (wt/vol) non-fat 
dry milk, the plates were added with 50 µL testing serum samples and incubated for 1 h 
at RT. Next, the plates were added rabbit anti-camel polyclonal antibody (1:1,000) and, 
after incubation for 1 h, added HRP-conjugated goat anti-rabbit IgG (1:5,000).

Expression and purification of different truncated and mutated PRRSV-N 
proteins

To identify the epitope recognized by the nanobody, different truncated and mutated 
PRRSV-N proteins were designed and expressed using the Escherichia coli (E. coli) system 
(24). The genes encoding truncated PRRSV-2 N proteins (amino acids 1–95, 30–124, 
30–113, 1–102, and 1–109) and the recombinant PRRSV N protein with Myc tag were 
amplified using a pET28a-N plasmid as the template (24). In addition, the gene encoding 
complete PRRSV-1 N protein was also amplified using GZ11-G1 viral stock as the 
template (34). Next, the PCR products were purified and cloned into the pET-28a vector 
(Novagen). The sequences of the primers for PCR amplification are listed in Table 1. After 
sequencing, the positive plasmids were transformed into E. coli BL21 (DE3) (TransGen 
Biotech Co. Ltd.). Next, the proteins were expressed and purified as described previously 
(24).

After the antigenic domain was identified using the above-truncated PRRSV N 
proteins, alignments of amino acids between PRRSV-1 and −2 were determined by 

TABLE 2 Animal groups and corresponding treatments

Group name Challenge PRRSV Injected Nbx-pFc

Control (n = 3) PBS PBS
Mock/HP-PRRSV (n = 4) JXA1 PBS
Nb53-pFc/HP-PRRSV (n = 4) JXA1 Nb53-pFc
Nb1-pFc/HP-PRRSV (n = 4) JXA1 Nb1-pFc

Full-Length Text Journal of Virology

January 2024  Volume 98  Issue 1 10.1128/jvi.01319-23 7

https://doi.org/10.1128/jvi.01319-23


Lasergene 7.1 software. Then, based on the alignments, the four mutated PRRSV N 
proteins (N3M, NS105A, NT108A, and NQ109A) were designed and generated using overlap PCR 
site-directed mutagenesis followed by cloning into the pET-28a vector. The sequences of 
the primers used for PCR amplification are also listed in Table 1. These mutated proteins 
were also expressed and purified using the same methods as the complete PRRSV-2 N 
protein (24).

The complete, truncated, and mutated proteins were analyzed using SDS-PAGE and 
used as antigens for western blotting and ELISA to determine the interaction with the 
nanobody and identify the epitope recognized by the nanobody.

ELISA

Direct ELISA was used to detect the interaction between truncated and mutated 
PRRSV-N protein and the nanobody, as previously described (24). Briefly, the 96-well 
ELISA plate was coated with different truncated and mutated PRRSV-N proteins (400 ng/
well) and incubated overnight at 4°C. After being blocked with 200 µL 2.5% (wt/vol) 
non-fat dry milk in PBST and washed with PBST, the plates were added with 100 µL 
nanobody with HRP fusion protein and incubated for 1 h at RT. Next, the plates were 
washed again and added with 100 µL/well tetramethylbenzidine. Finally, 3 M H2SO4 (50 
µL/well) was added to stop the colorimetric reaction, and the OD450nm values were read 
using an automated ELISA plate reader (BioTek Instruments Inc.).

Dot blot and peptide-based ELISA

In the dot blot assay, 2 µg of each peptide was spotted onto nitrocellulose membranes 
(AE99, Schleicher & Schuell Inc., Germany). After being dried, the membranes were 
blocked with 5% skimmed milk for 2 h at RT. Then, the membranes were incubated with 
primary antibodies for 1 h at RT. Finally, the membranes were visualized using an ECL 
substrate (Solarbio). In peptide-based ELISA, the 96-well ELISA plate was coated with 
peptides (4 µg/well) and incubated overnight at 4°C. After being blocked with 200 µL 
2.5% (wt/vol) non-fat dry milk in PBST, the plates were added with 100 µL PRRSV-N-Nb1-
HRP fusion proteins and incubated for 1 h at RT. Next, the plates were added with 100 
µL/well tetramethylbenzidine. Finally, 3 M H2SO4 (50 µL/well) was added to stop the 
colorimetric reaction, and the OD450nm values were read using an automated ELISA plate 
reader (BioTek Instruments Inc.). All peptides were synthesized by GenScript (Nanjing, 
China), and the purity of the synthetic peptides was equal to or greater than 95%.

Reverse genetics-based mutagenesis of PRRSV

The mutated infection clones of PRRSV were constructed as described previously (26). 
Briefly, amino acid residues at positions S105, T108, and Q109 of PRRSV-2 N protein were 
mutated via site-directed mutagenesis using the primers listed in Table 1. After the PCR 
products were cloned into pBAC-rSD16 with Asc I and Rsr II enzymes (NEB, Ipswich, MA, 
USA), the different mutated infection clones of PRRSV were separately termed rSD16-
NS105A, rSD16-NT108A, and rSD16-NQ109A. Plasmids of these mutated infectious clones were 
extracted using a Hispeed Plasmid Maxi Kit according to the manufacturer’s protocol 
(Qiagen, Hilden, Germany). To rescue viruses, rSD16-NS105A, rSD16-NT108A, rSD16-NQ109A, 
and wild-type rSD16 were transfected into MARC-145 cells using X-tremeGENE HP DNA 
Transfection Reagent (Roche Diagnostics GmbH). At 72 hpt, the cell culture supernatants 
were collected and serially passaged in MARC-145 cells up to three times. Then, the 
supernatant from the final passage was used to inoculate MARC-145 cells. At 48 hpi, IFA, 
western blotting, and TCID50 assays were performed to confirm the replication of the 
mutated viruses.
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Analysis of the nanobody with pFc fusion protein being involved in the 
stages of viral replication

As we know, the life cycle of PRRSV replication includes four stages: attachment, entry, 
genome replication, viral assembly, and release. The stages of attachment, entry, and 
genome replication were first determined. Briefly, the PAMs were treated with 40 µM 
Nb1-pFc or Nb53-pFc for 2 h. Then, cells were infected with 5 MOI PRRSV strain SD16 at 
4°C for 1 h (attachment) or transferred to 37°C for 1 h (entry) or 8 h (genome replication). 
Then, the cells were collected to analyze virus attachment, entry, and genome replication 
by RT-qPCR as described above. Secondly, to evaluate virus release, the PAMs were 
infected with 5 MOI PRRSV strain SD16 at 4°C for 1 h and then transferred to 37°C. At 
10 hpi, the cells were washed three times with PBS and added with 40 µM Nb1-pFc or 
Nb53-pFc for 2 h. The viral copies were detected in cells and supernatant by RT-qPCR, 
respectively. The viral assembly was analyzed as below.

Analysis of the nanobody with pFc fusion protein blocking the self-interac­
tion of PRRSV N protein

Previous studies documented that the main functions of PRRSV N protein in viral 
replication are to encapsulate the viral RNA genome and then to be involved in viral 
assembly (17). Additionally, the self-interaction of PRRSV-N protein to form a dimmer 
is important for encapsulating viral RNA genome and viral assembly (16). Then, the 
3D structures of homology modeling for PRRSV N protein and the nanobody were 
first generated by the amino acid sequences submitted to the AlphaFold2 server (35). 
The docking model of interaction between PRRSV-N-Nb1 and PRRSV-N proteins was 
developed using the docking program on the server ClusPro (cluspro.bu.edu/home.php) 
(36). Interaction sites were analyzed using PyMOL (pymol.org/2/support.html). Prediction 
of two PRRSV-N proteins’ complex structures was also performed as described above. 
Based on the docking models of PRRSV N protein with the nanobody and self-interaction 
of PRRSV N protein, the inhibition of nanobody to self-interaction of PRRSV N protein was 
analyzed and predicted.

Secondly, a blocking ELISA was performed to verify the nanobody’s binding to PRRSV 
N protein, affecting self-binding. The 96-well ELISA plate was coated with PRRSV N 
protein or mutated PRRSV N proteins (N3M, NS105A, NT108A, and NQ109A) with His tag (10 µg/
well) and incubated overnight at 4°C. After being blocked with 200 µL 2.5% (wt/vol) 
non-fat dry milk in PBST and washed with PBST, the plates were added with the different 
concentrations of Nb1-pFc and Nb53-pFc fusion protein (2, 1, and 0 µg/well or 10, 6, 
4, 2, and 1 µg/well) and incubated for 1 h at RT. Next, the plates were washed again 
and added with different concentrations of PRRSV N protein with Myc tag (800, 400, 
and 200 ng/well or 800 ng/well). Subsequently, the primary antibodies, mouse anti-Myc 
mAb (1:2,000; ProteinTech Group Inc.), and the secondary antibody, HRP-conjugated 
goat anti-mouse IgG (1:5,000), were added and incubated for 1 h at RT. Then, the TMB 
was added for color reaction. Finally, 3 M H2SO4 (50 µL/well) was added to stop the 
colorimetric reaction, and the OD450nm values were read using an automated ELISA plate 
reader.

Transmission electron microscopy

To analyze the expression of PRRSV N protein and the assembly of wild-type and 
mutated PRRSV, IFA and transmission electron microscopy (TEM) were performed as 
described previously (37) with the following modifications. Briefly, each 2 µg rSD16-NS105A 

and rSD16 plasmids were transfected into HEK293T cells using X-tremeGENE HP DNA 
Transfection Reagent (Roche, Basel, Switzerland). At 48 hpt, the cell supernatants were 
collected for infection MARC-145 cells, and the transfected HEK294T cells were fixed for 
IFA. Then, 100 µL of cell supernatants were added to MARC-145 cells. At 12 hpi, the cells 
were collected, centrifuged at 300 × g at RT for 10 min, washed with PBS, and centrifuged 
again. The treated cells were fixed with 2.5% glutaraldehyde (Sigma-Aldrich; Merck KGaA) 
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at 4°C for 2 h. Samples were negatively stained using 2% phosphotungstic acids at RT 
for 2 min. Finally, the cuprum grids were observed under a TEM, and images were taken 
(Hitachi Ltd., HT7800). Images were taken at an 8.0 k × magnification.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0. Statistical signif­
icance between the two groups was analyzed using unpaired Student’s t-test, and 
differences between three or more groups were compared with a control group using a 
one-way analysis of variance (ANOVA). Asterisks indicate the statistical significance: NS, 
no significance; *P < 0.05, **P < 0.01, and ***(P < 0.001). P < 0.05 was considered to 
indicate a statistically significant difference.

RESULTS

Intracellular expression of PRRSV-N-Nb1 significantly inhibits PRRSV 
replication in MARC-145 cells

In a previous study, two anti-PRRSV-N protein nanobodies (PRRSV-N-Nb1 and -Nb2) 
were screened (24). In the present study, the ability of two nanobodies to inhibit 
PRRSV replication in MARC-145 cells was first analyzed. Three recombinant MARC-145 
cell lines intracellularly expressing PRRSV-N-Nb1, -Nb2, and Nb53 (negative control) 
were constructed. Western blotting analysis showed that the bands of the expected 
size of 15 kDa were detected in the three recombinant cell lines but not in wild-type 
MARC-145 cells (Fig. 1A), indicating that the recombinant cell lines were successfully 
established. The three cell lines were separately termed MARC-145Nb1-HA, MARC-145Nb2-HA, 
and MARC-145Nb53-HA. Then, CCK-8 assays were performed to analyze the growth of the 
three recombinant and wild-type cell lines. The results showed that there were no 
significant differences between the three recombinant and wild-type MARC-145 cell lines 
(Fig. 1B). Subsequently, after the cells were infected with GFP-PRRSV strains at 0.1 MOI 
for 36 h, FCM results showed that the positive rate of GFP fluorescence in wild-type 
MARC-145 cells was 42.4% ± 0.5, MARC-145Nb53-HA was 42.2% ± 0.95, MARC-145Nb1-HA was 
5.46% ± 0.22, and MARC-145Nb2-HA was 17.7% ± 0.53 (Fig. 1C), indicating that PRRSV-
N-Nb1 and -Nb2 can inhibit PRRSV replication in MARC-145 cells, and PRRSV-N-Nb1 
exhibited the greatest effect. Thus, PRRSV-N-Nb1 was selected for subsequent experi­
ments.

To further determine whether the wild-type PRRSV isolate can also be inhibited by 
PRRSV-N-Nb1, MARC-145, MARC-145Nb53-HA, and MARC-145Nb1-HA cells were infected with a 
wild-type PRRSV strain SD16 at an MOI of 0.1, and the cells and supernatant were 
collected at 24 and 36 hpi. The results of RT-qPCR and western blotting showed that 
compared with MARC-145 and MARC-145Nb53-HA cells, there were significantly decreased 
levels of PRRSV ORF7 mRNA and N protein in MARC-145Nb1-HA cells at 24 and 36 hpi (Fig. 
1D and E). In addition, the TCID50 of progeny virus also showed that the amount of 
PRRSV in the supernatant of MARC-145Nb1-HA cells significantly decreased at 24 hpi and 36 
hpi and decreased by ~3 logs at 36 hpi (Fig. 1F).

Production and characterization of Nb1-pFc fusion protein

The PRRSV-N-Nb1 was selected and expressed with a pFc tag using HEK293T cells based 
on the above results. The pFc was used as the delivering tag to help the nanobodies 
enter the PAMs (Fig. 2A). The nanobodies with pFc fusion proteins were then used to 
analyze the effects of inhibiting PRRSV replication in PAMs. The negative Nb53 was also a 
negative control and expressed with a pFc tag. SDS-PAGE analysis showed that the two 
fusion proteins of nanobodies (Nb1-pFc and Nb53-pFc) with the expected size of 40 kDa 
were successfully expressed in the HEK293T and purified with protein G resin (GenScript, 
China; the purity was >95%) (Fig. 2B). Additionally, the Nb1-pFc and Nb53-pFc could be 
detected by rabbit anti-camel polyclonal antibody and HRP-conjugated goat anti-swine 
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IgG, suggesting that they still have good immunological activity of nanobody and pFc 
(Fig. 2C and D). The specificity of Nb1-pFc to PRRSV-N protein was also assessed by 
indirect ELISA, which showed that Nb1-pFc only binds to PRRSV N protein and not to 
PEDV N protein (Fig. 2E). In addition, the binding affinity of Nb1-pFc was determined, and 
as shown in Fig. 2F, the affinity constant of Nb1-pFc to the N protein was 23.32 ± 0.54 
HAU mL. Subsequently, the CCK-8 assays were performed to analyze the toxicity of Nb1- 
and Nb53-pFc in the PAMs. The results showed that the two fusion proteins are not 
cytotoxic at concentrations lower than 80 µM (Fig. 2G).

To verify the ability of Nb1-pFc to enter PAM, the cells treated with Nb1-pFc or Nb53-
pFc were examined using western blotting and indirect immunofluorescence assay (IFA). 
The western blotting results showed that Nb1-pFc and Nb53-pFc were detected at 
various concentrations in PAMs (Fig. 2H). In contrast, Nb1-His without pFc was not 
detected (Fig. 2H). Nb1-pFc was incubated at 40 µM for different periods (1, 2, and 4 h) in 
PAMs, and the Nb1-pFc was then detected using IFA. The data showed that increasing 

FIG 1 Intracellular expression of PRRSV-N-Nb1 and -Nb2 inhibits PRRSV proliferation in MARC-145 cells. (A) Establishment of MARC-145 cell lines stably 

expressing PRRSV-N-Nb1, -Nb2, or -Nb53. Expression of nanobodies in the MARC-145 cell lines was determined by western blotting using an anti-HA mAb as 

the primary antibody. (B) Cell growth curves of MARC-145, MARC-145Nb1-HA, MARC-145Nb2-HA, and MARC-145Nb53-HA cells. (C) The positive proportion of MARC-145, 

MARC-145Nb1-HA, MARC-145Nb2-HA, and MARC-145Nb53-HA cells infected with GFP-PRRSV with an 0.1 MOI based on flow cytometry analysis. The positive proportion 

was measured in living cells. (D) Western blotting analysis of N protein in MARC-145Nb1-HA inoculated with PRRSV SD16 strain. (E) Reverse transcription-quantita­

tive PCR analysis of ORF7 mRNA in MARC-145Nb1-HA inoculated with PRRSV SD16 strain. (F) TCID50 of the progeny virus in the supernatant of MARC-145Nb1-HA 

inoculated with the PRRSV SD16 strain. Data are expressed as the mean ± standard deviation of three repeats. Differences between groups were compared using 

unpaired Student’s t-test. ***P < 0.001 vs. control cells. ns, not significant; PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid; mAb, 

monoclonal antibody; MOI, multiplicity of infection.
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amounts of Nb1-pFc were delivered into the PAMs at times ranging from 0 to 4 h. In 
addition, Nb1-pFc is distributed in both cytoplasm and nucleus but mainly in cytoplasm 
(Fig. 2I). In conclusion, the Nb1-pFc can enter into the PAMs.

Nb1-pFc significantly inhibits PRRSV replication in the PAMs

To evaluate the antiviral activity of Nb1-pFc, the PAMs were infected with GFP-PRRSV 
strains at 0.01 MOI for 36 h. After 36 hpi, the green positive cells were observed 
under a fluorescence microscope. Nb1-pFc significantly inhibited PRRSV replication with 
dose-dependent results, and the inhibition rate was >90% when the concentration of 
Nb1-pFc was 40 µM (Fig. 3A).

FIG 2 Production and characterization of Nb1-pFc fusion protein. (A) Structural model of Nb1-pFc fusion proteins. (B) SDS-PAGE analysis of the Nb1-pFc fusion 

protein. Antigenic analysis of the Nb1-pFc fusion proteins by western blotting separately using murine anti-camel serum (C) and HRP-conjugated goat anti-swine 

IgG (D) as first antibodies. M: molecular weight markers; Lane 1: Nb53-pFc fusion protein; Lane 2: Nb1-pFc fusion protein. (E) Nb1-pFc specifically reacted with 

PRRSV-2 N protein detected by the indirect ELISA. The recombinant PEDV N protein and Nb53-pFc were used as a negative control. (F) The affinity of the Nb1-pFc 

fusion protein binding to PRRSV-2 N protein. (G) Cytotoxicity of Nb1-pFc fusion proteins using detection of CCK8 kits. Western blotting (H) and IFA (I) analysis of 

Nb1-pFc entry into PAMs at different concentrations or times. Data are expressed as the mean ± standard deviation of three repeats. P-values were calculated 

using one-way ANOVA; ns, not significant.
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To further determine that the Nb1-pFc can also inhibit wild-type PRRSV isolate 
replication, the PAMs were first incubated with 40 µM Nb1-pFc or Nb53-pFc for 2 h. Then, 
the cells were infected with PRRSV strain SD16 at an MOI of 0.01, and the cells and 
supernatant were collected at 24 hpi and 36 hpi, respectively. The results of RT-qPCR 
showed that compared with only PRRSV and Nb53-pFc, there were significantly 
decreased levels of PRRSV ORF7 mRNA in Nb1-pFc at 24 and 36 hpi (Fig. 3B). Further­
more, the PRRSV N protein was undetectable at 24 and 36 hpi after the cells were treated 
with Nb1-pFc by western blotting (Fig. 3C). In addition, the TCID50 of progeny virus also 
showed that the amount of PRRSV in the supernatant of treated Nb1-pFc cells signifi-
cantly decreased at 24 hpi and 36 hpi and decreased by 3 logs at 36 hpi (Fig. 3D).

To further explore whether Nb1-pFc can inhibit replication of different PRRSV-2 
strains, three isolates, including VR2332, NADC30-like, and GD-HD, were used to infect 
PAMs at an MOI of 0.1 after the cells were treated with Nb1-pFc. At 36 hpi, the results 
showed that the levels of PRRSV-N protein by western blotting were undetectable, and 
the TCID50 of progeny virus was significantly decreased (Fig. 3E and F), indicating that the 
Nb1-pFc fusion protein can significantly inhibit replication of different PRRSV-2 strains in 
the PAMs. To determine whether the anti-PRRSV activity of Nb1-pFc can be attributed to 
its cytotoxic effect, the IC50 and CC50 values were determined in PAMs. The IC50 and 
CC50 values of Nb1-pFc fusion protein were 6.33 µM and 219.9 µM, respectively (Fig. 3G 
and H).

FIG 3 Nb1-pFc significantly inhibits PRRSV replication in PAMs. The PAMs were treated with different concentrations of Nb1-pFc and then infected with PRRSV 

isolates with 0.01 MOI. (A) The positive cells were observed using fluorescence microscopy. (B) Reverse transcription-quantitative PCR analysis of ORF7 mRNA 

after the cells were inoculated with PRRSV SD16 strain at 24 hpi and 36 hpi and (C) Nb1-pFc and PRRSV-2 N proteins were detected using western blotting. 

(D) TCID50 of the progeny virus in the supernatant. (E) Western blotting analysis of N protein in PAMs inoculated with the PRRSV VR2332, NADC30-like, and 

GD-HD strains. (F) TCID50 of the progeny virus in the supernatant of PAMs inoculated with PRRSV GD-HD, NADC30-like, and VR2332 strains. IC50 (G) and CC50 

(H) of the Nb1-pFc were determined by CCK-8 assay.
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Nb1-pFc treatment alleviates pulmonary pathological lesions of piglets 
infected with HP-PRRSV and inhibits viral replication in vivo

To further analyze the anti-PRRSV activity of Nb1-pFc in vivo, piglets infected with 
HP-PRRSV (JXA1) were treated with Nb1-pFc. Then, daily rectal temperatures, death of 
pigs, and lung pathological injury were recorded in all piglets. On the second day after 
the challenge, the rectal temperature of the Mock/HP-PRRSV and Nb53-pFc/HP-PRRSV 
groups rose to more than 40.5°C, the groups sustained high fever for 7 days (Fig. 4A), 
and they groups successively died. However, the Nb1-pFc treatment group developed a 
high fever on the fourth day after the challenge, and the rectal temperature returned to 
normal at 6 dpi (Fig. 4A). The rectal temperature was normal in the control group during 
the experiment period.

All piglets in the Mock/HP-PRRSV and Nb53-pFc/HP-PRRSV groups died at 12 dpi (Fig. 
4B). One piglet in the Mock/HP-PRRSV group died at 8 and 10 dpi, respectively, and two 
died at nine dpi. In the Nb53-pFc/HP-PRRSV group, one piglet died at 8 and 12 dpi, 
respectively, and two died at 10 dpi. In the Nb1-pFc/HP-PRRSV group, one piglet died at 
12 and 13 dpi, respectively, and two pigs survived during the study (Fig. 4B).

Necropsies and gross lung lesion examinations were performed on dead and 
surviving pigs during the experiment. The pig lung tissue presented severe pulmonary 
edema, hemorrhage, and consolidation in the Mock/HP-PRRSV and Nb53-pFc/HP-PRRSV 
groups, with phenotypic similarities (Fig. 4C). Two piglets died at 12 and 13 dpi in the 
Nb1-pFc/HP-PRRSV group which also presented pulmonary edema and hemorrhage but 
less severe than the piglets in the Mock/ and Nb53-pFc/HP-PRRSV groups (Fig. 4C). 
Additionally, the pigs were euthanized at 28 dpi from the Nb1-pFc/HP-PRRSV, and no-
challenge groups were also compared and did not show any gross lung lesions (Fig. 4C), 
suggesting that the lesions of two surviving pigs in the Nb1-pFc/HP-PRRSV group were 
probably recovered. To quantify better these pathological changes, a lung gross lesion 
score system was also applied as previously described (32). The gross lung lesion scores 
of the piglets in the Mock/HP-PRRSV (94.5 ± 3.3) and Nb53-pFc/HP-PRRSV groups (85 ± 
5.1) were significantly higher than those of two piglets that died at 12 or 13 dpi in the 
Nb1-pFc/HP-PRRSV group (47.5 ± 3.5) (Fig. 4D). The scores of all the four piglets in the 
Nb1-pFc/HP-PRRSV group were 32.5 ± 17.5 (Fig. 4D). The pigs in the no-challenge control 
group exhibit gross lesions in the lungs.

The microscopic lesions of the lungs were also observed. Compared with the no-
challenge control group, marked interstitial pneumonia, including diffuse increasing of 
inflammatory infiltrates (mononuclear) in alveolar walls, thickening of alveolar walls, and 
diffuse hemorrhages, was observed in the pigs from the Mock/HP-PRRSV group. There 
were hyaline thrombi in the microvessel. Similar to the Mock/HP-PRRSV group, a diffuse 
increase of inflammatory infiltrates (mononuclear) in alveolar walls and diffuse hemor­
rhages was also observed in the Nb53-pFc/HP-PRRSV group and with hyaline thrombi in 
the microvessel. The dead pigs at 12 and 13 dpi in the Nb1-pFc/HP-PRRSV group also 
showed inflammatory infiltration, but it was lighter than the ones from Mock/HP-PRRSV 
and Nb53-pFc/HP-PRRSV groups (Fig. 4E). In contrast, the lungs of survived piglets from 
the Nb1-pFc-treated group had only slight pathological changes. Only diffuse hemor­
rhages were observed. There were no marked alveolar wall thickening and thrombosis 
(Fig. 4E).

In addition, the viral loads in the lungs were tested further to evaluate the degree of 
protection in the Nb1-pFc-treated group. Postmortem examinations and lung tissue 
collection were performed on dead and surviving pigs at 28 dpi, and the viral load of 
lung tissue in each pig was detected by RT-PCR fluorescent TaqMan. The results showed 
that the viral RNA levels in the lungs of the Nb1-pFc-treated group were significantly 
reduced 8 CT values compared with those in the Mock/HP-PRRSV and Nb53-pFc/HP-
PRRSV groups (P < 0.05, Fig. 4F). And the viral RNA levels in the lungs of two piglets that 
died at 12 or 13 dpi from the Nb1-pFc-treated group were reduced 6 CT values compared 
with the other two groups (Fig. 4F). Finally, the Nb1-pFc concentration in the pigs’ blood 
was also detected using ELISA, and the ELISA results showed that the half-life of Nb1-pFc 
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was about 4 days (Fig. 4G). In conclusion, the treatment of Nb1-pFc can effectively reduce 
lung injury caused by infection of HP-PRRSV JXA1 strain and inhibit viral replication in 
pigs.

FIG 4 Nb1-pFc can inhibit HP-PRRSV JX1 strain replication in the piglets and reduce lung lesions. (A) Rectal temperature 

was recorded daily for surviving animals of all groups. (B) The mortality and survival curves of piglets in each group are 

shown (n = 4/3). (C) Gross lesions of a pig’s lungs. For each group, representative images were captured immediately after 

piglets were autopsied at death or 28 dpi. (D) The scores of gross lung lesions in each piglet were based on the percentage 

of lung area affected using a scoring (100-point) system. Each lung lobe was assigned several points (100 points in total). 

(E) The microscopic lung lesions. Tissue samples from the lungs were fixed, embedded, and stained with H&E to facilitate the 

observation of micro-pathological changes. Representative images were captured, and the scale bar represents a length of 

100 µm. (F) Viral copies of lung tissue in each pig were detected using RT-PCR fluorescent TaqMan. (G) The half-life of Nb1-pFc 

in pigs. Differences between groups were compared using unpaired Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, 

not significant.
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Interaction between Nb1-pFc and N protein in PRRSV-infected cells

To verify the binding of Nb1-pFc to PRRSV N protein in the PAMs, the cells were first 
infected with 0.5 MOI PRRSV for 24 h. Then, the IFA using Nb1-pFc as the primary 
antibodies was performed. The mAb 6D10 against PRRSV N protein was used as a 
positive control. The results showed that the Nb1-pFc can still bind to the N protein 
in the PRRSV-infected cells (Fig. 5A). In addition, the pull-down assay with Nb1-pFc as 
the bait protein also showed that the N protein in PRRSV-infected PAM cells could be 
pulled down by the Nb1-pFc and not by the Nb53-pFc (Fig. 5B). To further confirm the 
interaction between Nb1-pFc and N protein, a co-immunoprecipitation (co-IP) assay was 
performed by exogenous expression of the two proteins. As shown in Fig. 5C, the N 
protein as the bait protein also showed that the Nb1-pFc protein could be pulled down, 
and the Nb53-pFc was not. These results indicated that the Nb1-pFc inhibited PRRSV 
replication by binding to the N protein.

Identification of the epitope recognized by PRRSV-N-Nb1

Using the recombinant PRRSV-N protein as the antigen, western blotting analysis 
showed that PRRSV-N-Nb1 recognized the linear epitope of PRRSV-N protein (Fig. 6A). 
However, it could not react with the NDV-NP protein expressed using the same system 
as the PRRSV-N protein (Fig. 6A). Subsequently, to precisely determine the epitope 
recognized by PRRSV-N-Nb1, different truncated PRRSV-N proteins were designed and 
expressed (Fig. 6B). SDS-PAGE analysis showed that these fragments were successfully 
expressed with the expected sizes using the prokaryotic expression system and purified 
with Ni-resins (Fig. 6C). Using these fragments as antigens, western blotting results 
showed that PRRSV-N-Nb1 reacted with fragments spanning amino acids 30–124, 30–
113, and 1–109 but not 1–95 and 1–102, suggesting that the epitope was located within 
amino acids 103–109 (Fig. 6D). The ELISA also provided mostly consistent results, except 
that the amino acid 1–109 fragments showed weak binding (Fig. 6E), which is probably 

FIG 5 Interaction between Nb1-pFc and N protein in PRRSV-infected PAM cells. (A) IFA detection of Nb1-pFc binding to PRRSV-N protein using fluorescence 

microscopy. Magnification, 20×. PRRSV N protein fluoresced green, Nb1 and Nb53-pFc fluoresced red, and the nuclei fluoresced blue. (B) PRRSV N was pulled 

down using the Nb1-pFc as the bait by a pull-down assay in PRRSV-infected PAMs. (C) Nb1-pFc was pulled down using the N protein as the bait under the 

exogenous expression of the two proteins. PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid.
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because this protein folded and wraps the recognition epitope. To further determine the 
binding regions of Nb1, two polypeptides (P1 and P2) were synthesized (Fig. 6F). Dot blot 
and peptide-based ELISA showed that Nb1 reacted with P1 polypeptide but not with 
P2, which was consistent with the results of western blotting and ELISA (Fig. 6G and H). 
These results suggested that the epitope recognized by PRRSV-N-Nb1 was located within 
the region of amino acids 103–109.

To further analyze the amino acid conservation of the epitope, the amino acid 103–
109 regions of the N proteins from different PRRSV strains were aligned. Sequence 
alignments showed that the epitope was conserved among the same-genotype PRRSV 
strains (Fig. 7A). Only motif 109 was different among different PRRSV-2 strains (Fig. 7A). 
However, between PRRSV-1 and −2 strains, the sites of amino acids 105, 108, and 109 
were different. The amino acids of PRRSV-2 were S105, T108, Q109, or H109 and PRRSV-1 
were M105, V108, and A109 (Fig. 7A). Based on the alignments, PRRSV-1 N protein was 
successfully expressed, purified, and used as an antigen to react with PRRSV-N-Nb1. 
SDS-PAGE analysis showed that PRRSV-1 N protein was successfully expressed with the 
expected size using the same prokaryotic expression system as PRRSV-2 N protein (data 
not shown). Western blotting and ELISA showed that PRRSV-N-Nb1 could not react with 
PRRSV-1 N protein (Fig. 7B and C). To further confirm that PRRSV-N-Nb1 only binds to 
PRRSV-2 N proteins and not to PRRSV-1 ones, MARC-145 cells were infected with different 
strains of PRRSV-2 (SD16, NADC30-like, VR2232, and GD-HD) and of PRRSV-1 (GZ11-G1). 
Western blotting and IFA showed that PRRSV-N-Nb1 could react with PRRSV-2 N protein 
but not PRRSV-1 (Fig. 7D and E). Taken together, these results indicated that the 4 sites, 
S105, T108, Q109, or H109, may be important for PRRSV-N-Nb1 interaction with PRRSV-2 
N protein.

FIG 6 PRRSV-N-Nb1 binds to the amino acid 103–109 region of PRRSV N protein. (A) PRRSV-N-Nb1 reacting with PRRSV N protein expressed by E. coli as 

determined using western blotting. (B) Schematic diagram of different truncated PRRSV N proteins. (C) Expression and purification of different truncated PRRSV 

N proteins using the E. coli system. (D) The interaction of PRRSV-N-Nb1 with the different truncated PRRSV N proteins was determined using western blotting. 

(E) Analysis of interaction between PRRSV-N-Nb1 and different truncated PRRSV N proteins using ELISA. (F) Schematic diagram of the synthetic polypeptides. A 

dot blot (G) and peptide-based ELISA (H) were used to analyze the reactivity of PRRSV N-Nb1 with the synthetic peptides. Complete PRRSV N (1–124) protein as 

the positive control and truncated N (1-102) protein as the negative control. PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid.
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Motif S105 is the key amino acid for PRRSV-N-Nb1 interaction with PRRSV N 
protein

To further precisely define the key amino acid for PRRSV-N-Nb1 binding to PRRSV-2 N 
protein, three S105, T108, and Q109 sites were mutated into alanine. Then, all three 
singly mutated and one with all three site-mutated recombinant PRRSV-N proteins were 
expressed and purified. SDS-PAGE analysis showed that the four mutated proteins were 
successfully expressed with expected sizes and were termed PRRSV-N3M, PRRSV-NS105A, 
PRRSV-NT108A, and PRRSV-NQ109A (Fig. 8A). Using the four mutated proteins as antigens, 
western blotting and ELISA showed that PRRSV-N3M and PRRSV-NS105A proteins did not 
react with PRRSV-N-Nb1 (Fig. 8B and C). Compared with wild-type PRRSV-2 N protein, 
the binding abilities of PRRSV-NQ109A and PRRSV-NT108A with PRRSV-N-Nb1 were weaker 
(Fig. 8B and C). To clarify the key binding sites of Nb1, systematic mutation peptides 
(P3–P6) were synthesized and evaluated by dot blot and peptide-based ELISA (Fig. 8D). 
The results showed that Nb1 reacted with P5 and P6 polypeptide but not with P3 and 
P4, which was consistent with western blotting and ELISA (Fig. 8E and F). These results 
indicated that S105 is the key motif for PRRSV-N-Nb1 interaction with PRRSV-2 N protein.

Motif S105 is indispensable for the rescue of PRRSV

The above results showed that PRRSV-N-Nb1 inhibited PRRSV replication in MARC-145 
and PAM cells, and S105 was the key amino acid for interaction between PRRSV N protein 
and PRRSV-N-Nb1. Then, the effects of S105 on viral replication were analyzed. The wild-
type and mutated PRRSV infection clones, including rSD16, rSD16-NS105A, rSD16-NT108A, 
and rSD16-NQ109A, were constructed based on the previous descriptions (26). After the 

FIG 7 Fine mapping of the epitopes in PRRSV N protein recognized by PRRSV-N-Nb1. (A) Amino acid sequence alignments of amino acids 103–109 in the N 

protein of different PRRSV-1 and −2 isolates. The interaction between PRRSV-N-Nb1 and PRRSV-1 N protein was analyzed by western blotting (B) and ELISA 

(C). Analysis of PRRSV-N-Nb1 binding to the N proteins of different PRRSV isolates using western blotting (D) and immunofluorescence (E). NADC30-like, VR2332, 

and GD-HD isolates belong to PRRSV-2, and GZ11-G1 isolate is PRRSV-1. PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid.
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four clones were transfected into MARC-145 cells for 72 h, the cell culture supernatants 
were collected and added to MARC-145 cells for up to three passages. Then, the superna­
tant from the last passage was used to inoculate MARC-145 cells. At 48 hpi, IFA and 
western blotting showed that PRRSV N protein was undetected in the MARC-145 cells 
inoculated with the supernatant from rSD16-NS105A transfection (Fig. 9A and B). The 
TCID50 of progeny virus also showed that no virus was present in the supernatant 
following rSD16-NS105A transfection (Fig. 9C). These results suggested that the single 
mutation of S105 to A105 could affect the rescue of PRRSV particles in MARC-145 cells. 
However, rSD16-NT108A and rSD16-NQ109A could be successfully rescued (Fig. 9A through C), 
and the two mutations did not affect viral replication (Fig. 9D and E). In addition, growth 

FIG 8 S105 is the key motif for PRRSV-N-Nb1 interaction with PRRSV-2 N protein. (A) Expression and purification of different mutated PRRSV-2 N proteins by 

SDS-PAGE analysis. (B and C) Analysis of the interaction between PRRSV-N-Nb1 and different mutated PRRSV-2 N proteins using western blotting (B) and ELISA 

(C). (D) Schematic diagram of the synthetic polypeptides. A dot blot (E) and peptide-based ELISA (F) analyze the reactivity of PRRSV-N-Nb1 with the synthetic 

polypeptides. Complete PRRSV-2 N protein as the positive control and truncated PRRSV-2 N (1-95) protein as the negative control. PRRSV, porcine reproductive 

and respiratory syndrome virus; N, nucleocapsid.
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curves of rSD16, rSD16-NT108A, and rSD16-NQ109A were determined in MARC-145 cells. The 
rSD16-NT108A and rSD16-NQ109A growth rates and maximum titer were similar to those of 
the parental virus (Fig. 9F).

Nb1-pFc blocks the self-interaction of PRRSV N protein to inhibit viral replica­
tion

To determine Nb1-pFc being involved in the stages of PRRSV replication, the effects of 
Nb1-pFc on virus attachment, entry, genome replication, and release were first analyzed. 
The results of RT-qPCR showed that compared with Nb53-pFc, there was no difference in 
PRRSV ORF7 or NSP9 mRNA in the Nb1-pFc-treated group, suggesting that Nb1-pFc did 
not affect the virus attachment (Fig. 10A), entry (Fig. 10B), genome replication (Fig. 10C), 
and release (Fig. 10D). However, based on Fig. 3 showing that Nb1-pFc can significantly 
inhibit PRRSV replication in PAMs and interact with the N protein, we think that it plays 
the roles for the late stage (viral assembly) of PRRSV replication.

A previous study showed that the self-interaction of PRRSV N protein was important 
for encapsulating viral genome replication and viral assembly. So, the effect of Nb1-pFc 
on affecting self-interaction of PRRSV N protein was analyzed. Firstly, the 3D structures of 
homology modeling for PRRSV N protein and PRRSV-N-Nb1 were generated using the 
SWISS-MODE system. Then, the docking interaction model between PRRSV-N-Nb1 and 
PRRSV-N protein was developed using Discovery Studio Client (version 2.5). The model 
showed that the S105 forms two hydrogens to bind to aa S52 and N98 sites of PRRSV-N-
Nb1. Unexpectedly, a hydrogen bond was also formed between the S105 and R97 sites 
(Fig. 10E). In addition, the docking models for the interaction of two PRRSV N proteins 
and between PRRSV N protein and PRRSV-N-Nb1 showed that the PRRSV N protein 
bound to itself (Fig. 10F), and when PRRSV-N-Nb1 bound to the N protein, it may affect 
the self-binding of N protein (Fig. 10F). To verify the prediction, a blocking ELISA was 
performed using PRRSV-N with His tag as the coating antigen, incubated with Nb1-pFc, 
and then added PRRSV-N with Myc tag. The results showed that the OD450nm values 
were a reduction of 0.2 to 0.5 in the Nb1-pFc group compared with the Nb53-pFc group, 
suggesting that Nb1-pFc blocked the binding of PRRSV-N with Myc tag to the coated 
PRRSV-N with His tag and with a blocking rate of ~60% (Fig. 10G).

Additionally, when the N protein with Myc tag is saturated to 800 ng/well, the Nb1-
pFc with 4 µg/well can completely block the self-binding of N proteins (Fig. 10H). To 
further verify whether the three key binding sites of N protein affect N protein self-
binding, PRRSV-N with Myc tag was added to the mutated PRRSV N proteins (N3M, NS105A, 
NT108A, and NQ109A) with His tag as the coating antigen to analyze the combination of four 
mutated sites with N itself. As shown in Fig. 10I, PRRSV-N3M, PRRSV-NS105A, and PRRSV-
NQ109A proteins can block the self-binding of N proteins.

To further determine the role of S105 in PRRSV replication, the expression of mutated 
N protein and viral assembly were analyzed. The HEK293T cells were transfected with 
infection clones rSD16 and rSD16-NS105A, and then, the cells were fixed to detect the 
expression of PRRSV N protein at 48 hpt by IFA. The IFA results showed that PRRSV N 
protein could be detected in both groups, and there was no significant difference in the 
expression level (Fig. 10J), indicating that the S105 cannot affect the expression of PRRSV 
N protein in the process of viral replication. The cell supernatants were collected to infect 
MARC-145 cells, and the cells were fixed, negatively stained, and observed by TEM. The 
TEM results showed that the virus particles were observed in MARC-145 cells transfected 
with the rSD16, but no virus particles were observed in the rSD16-NS105A (Fig. 10K), 
indicating that the S105 can affect viral assembly.

All the above results indicated that Nb1-pFc cannot affect the viral attachment, entry, 
genome replication, and release and can block the self-interaction of PRRSV N protein via 
binding to the motif S105. Meanwhile, the mutated S105 cannot affect the expression of 
the N protein but affects the viral assembly. In conclusion, we think that Nb1-pFc can 
enter into the PAMs and bond to the motif S105 of N protein, which blocks the self-
binding of N protein following viral assembly and ultimately inhibits virus proliferation.
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DISCUSSION

Due to their ease of production and low cost, nanobodies are considered a promising 
novel approach for treating diseases. For example, neutralization nanobodies against 
SARS-CoV-2 have been screened and shown to exhibit efficient antiviral effects (38, 39). 
Nanobody can also preserve their antigen-binding ability in the reducing environment 
inside cells (40). So, they can be delivered into cells via some delivery tags to inhibit viral 
replication. In the present study, two nanobodies against the PRRSV N protein, which 
were previously identified, were shown to possess favorable antiviral effects in vitro. In 
particular, intracellular expression of PRRSV-N-Nb1 significantly inhibited PRRSV 
replication in MARC-145 cells. As we know, PRRSV mainly affects pig lung tissue, and 
nanobody is small in size and easy to transform. Here, we designed the coupling 
expression of PRRSV-N-Nb1 and pFc, and then, the Nb1-pFc directly targets PAMs. The 
cytotoxicity of Nb1-pFc was small in PAMs, and the inhibition rate reached more than 
90% when the concentration of Nb1-pFc was 40 µM (Fig. 2 and 3).

Additionally, they were shown to possess a broad spectrum of antiviral effects against 
different PRRSV-2 isolates. Thus, Nb1-pFc may show promise in the treatment of PRRSV-2 
infection. PRRSV-2 is common in pig farms in North America and China (41). The Nb1-pFc 
may serve as the baseline for the design of novel antiviral strategies in combating 
PRRSV-2 infections in the pig industry of North America and China.

FIG 9 Rescue of different PRRSV infection clones, including the wild-type rSD16 and mutant rSD16-NS105A, rSD16-NT108A, and rSD16-NQ109A. (A) Immunofluores-

cence and (B) western blotting analysis of PRRSV N protein in the MARC-145 cells infected with different infection clones. Scale bar, 50 µm. (C) TCID50 analysis of 

supernatant from MARC-145 cells transfected with the different PRRSV infection clones. (D) Detection of N proteins in MARC-145 cells infected with the mutant 

rSD16-NT108A and rSD16-NQ109A from the transfected cells cultured for three passages. (E) TCID50 analysis of the supernatant in MARC-145 cells infected with the 

mutated rSD16-NT108A and rSD16-NQ109A from the transfected cells cultured for three passages. (F) Growth curves of mutant rSD16-NT108A and rSD16-NQ109A in 

Marc-145 cells. Data are expressed as the mean ± standard deviation of three repeats. Differences between groups were compared using an ANOVA. ns, not 

significant; PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid; TCID50, 50% tissue culture infective dose.
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The study also evaluated the inhibition effect of Nb1-pFc on pigs for PRRSV-2 
infection. All piglets in the Mock/HP-PRRSV and Nb53-pFc/HP-PRRSV groups died at 12 
dpi, with severe pulmonary edema and hemorrhage. However, two pigs survived and 

FIG 10 Nb1-pFc blocks the self-interaction of PRRSV-2 N protein. Nb1-pFc did not affect the virus attachment (A), entry (B), genome replication (C), and release 

(D). (E) Predicated structure of the docking complex between PRRSV-N-Nb1 and PRRSV N protein. PRRSV N protein is shown in yellow, PRRSV-N-Nb1 is shown in 

green, and hydrogen bonds are shown by the yellow dotted line. (F) Prediction of self-interaction of PRRSV N protein homodimer formation; chains are shown 

in blue and red. Structure of the predicted docking complex between PRRSV-N-Nb1 and its binding interaction region on PRRSV N protein. PRRSV N protein 

is shown in blue, and PRRSV-N-Nb1 is shown in yellow. (G and H) Blocking ELISA analysis of Nb1-pFc blocking the self-binding of N protein and Nb53-pFc as 

a control. (I) ELISA analysis of binding between N-Myc with mutated PRRSV N proteins (N3M, NS105A, NT108A, and NQ109A) with His tag. (J) S105A mutation did not 

affect the N protein expression in HEK293T cells. (K) S105A mutation affects viral particle assembly as determined using TEM analysis. Scale bar, 1 µm. Data are 

presented as the mean ± standard deviation of three repeats. Differences between groups were compared using unpaired Student’s t-test. *P < 0.05, **P < 0.01, 

and ***P < 0.001; ns, not significant; PRRSV, porcine reproductive and respiratory syndrome virus; N, nucleocapsid; TEM, transmission electron microscopy.
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recovered in the Nb1-pFc treatment group at 28 dpi (Fig. 4). We believe that the inhibi­
tion effect of the Nb1-pFc can be improved by increasing the dose (2 mg–5 mg). In 
addition, using 1 × 106.5 TCID50 of HP-PRRSV JXA1 strain to challenge the pigs, the 
Mock/HP-PRRSV group showed obvious clinical symptoms at 2 dpi, and all piglets died at 
10 dpi. It is considered that a large amount of challenge led to the rapid onset and death 
of pigs, which may also lead to the partial protection provided by the treatment of Nb1-
pFc. In a previous study, all piglets died at 13 dpi using 2 × 105 TCID50 of HP-PRRSV 
RvJXwn strain (42). We speculated that the inhibiting efficiency of Nb1-pFc would be 
further improved if the virus dose to inoculate the pigs was reduced. In the future, we will 
continue to explore the protective effect of Nb1-pFc on pigs with different challenge 
doses. As for long-term and rebound effects, two pigs in the Nb1-pFc treatment group 
survived at 28 dpi. No pathological changes, such as bleeding and congestion in the lung 
tissue, were found at autopsy, suggesting that the two pigs had recovered, indicating 
that there seems to be no long-term and rebound effects of Nb1-pFc. Of course, the 
long-term and rebound effects will be further evaluated in detail by animal experiments 
in pigs. In addition, the antiviral effect of the Nb53-pFc group was weak in vitro and in 
vivo. According to Fig. 4, compared with the pigs in the MOCK/HP-PRRSV group, the 
death of pigs is slow, and the pathological changes of the lungs are mild in the Nb53-pFc 
group. Combined with literature reports, pFc stimulation can upregulate the expression 
of IL-6, IL-8, IL-10, etc. and inhibit virus replication (29). Collectively, the Nb1-pFc can 
significantly inhibit the replication of PRRSV-2 in vitro and in vivo, and then, it can be 
modified with multivalent nanobodies to see if it can improve its antiviral effect.

Subsequently, it was determined that the conserved region of amino acids 103–109 
in PRRSV-2 N protein was the essential domain for binding to PRRSV-N-Nb1. N protein 
is relatively well conserved compared with other PRRSV proteins, and the amino acid 
sequence of the same genotype PRRSV N protein was 96%–100% (43). However, they 
share only ~60% nucleotide similarity between the two genotypes and do not produce 
cross-protection (44). Previously, five important epitopes in PRRSV-2 N proteins were 
identified and located at amino acids 30–52, 37–52, 69–112, and 112–123. The amino 
acid 52–69 region was a common conformational epitope in genotypes 1 and 2 (45–47). 
In the present study, the epitope (amino acids 103–109) recognized by PRRSV-N-Nb1 
was unique to PRRSV-2 and located in the amino acid 69–112 region. In addition, our 
previous study found that the epitope was an immunodominant one stimulating a 
strong immune response after PRRSV infection in pigs (24). Therefore, it is hypothesized 
that the epitope may be used as a target for designing PRRSV-2 marker vaccines by 
changing the amino acids of the epitope to that of the amino acids in the PRRSV-1 N 
protein.

The motif S105 of PRRSV-2 N protein was determined to be the key amino acid 
for interacting with PRRSV-N-Nb1. A previous study documented that the PRRSV N 
protein forms a double-layer dimer hollowed structure through covalent or non-covalent 
binding (48). In the present study, homology modeling predicted that the key amino 
acid S105 also forms a hydrogen bond with itself, the R97 site, in addition to two 
hydrogen bonds with aa S52 and N98 sites of PRRSV-N-Nb1 (Fig. 10E). The docking 
modeling of the interaction between PRRSV-N-Nb1 and PRRSV-N proteins showed that 
PRRSV-N-Nb1 binds to N protein, which blocked self-interaction of PRRSV N protein 
(Fig. 10F). These results suggested that PRRSV-N-Nb1 binds to PRRSV-2 N protein, which 
blocks the self-interaction of PRRSV-2 N protein following viral assembly (Fig. 10). The 
present report is the first to describe nanobody or drug-mediated inhibition of PRRSV 
proliferation via blockage of N protein self-interaction.

PRRSV N is a multifunctional protein involved in viral replication and pathogenesis 
(14). The important function of the PRRSV N protein is the formation of nucleocapsid, 
which participates in covering viral genome and viral assembly (7). A previous study 
documented that the N protein’s C-terminal region is necessary to maintain conforma­
tional integrity and plays an important role in viral assembly (49). Wootton et al. reported 
that the 11 amino acids at the C-terminus of N protein play a major role in capsid 
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formation and maintenance of conformational structure (50). Our results showed that 
the S105A mutation affected the self-interaction following viral assembly (Fig. 10). The 
motif S105 was not located within the region of 11 amino acids described by Wootton 
et al. In addition, it was also reported that the self-interaction of N protein formed a 
homodimer, and the dimers are involved in the encapsulating viral RNA genome and 
assembly of viral nucleocapsid to form infectious viral particles (17, 51).

Interestingly, our results showed that the S105 forms a hydrogen bond with itself, 
the R97 site, suggesting that the S105 motif of PRRSV-2 N protein may be involved in 
self-interaction. These results provide novel insights for the molecular basis of PRRSV 
N self-interaction and a new target for the development of anti-PRRSV drugs. However, 
whether there are other amino acids that are also involved in self-interaction of N protein 
remains to be determined.

PRRSV N protein is a phosphorylated structural viral protein (52). In a previous study, it 
was reported that the motif S105 was a phosphorylation site, and mutation of this site in 
the PRRSV XH-GD strain resulted in successful rescue, but it affected viral replication (53). 
This site was mutated in the PRRSV SD16 strain in the present study, and the mutated 
virus was not successfully rescued. Meanwhile, the PRRSV GD-HD and CH-1a strains were 
also mutated, and the mutated virus was not successfully rescued (data not shown). 
Unexpectedly, these differences may be due to the differences among the PRRSV strains. 
PRRSV-N-Nb1 can bind to the N protein in natural viruses, and no phosphorylation 
occurred upon expression in bacteria. Thus, the phosphorylation of this site is unlikely 
to play a role in the interaction between PRRSV-N-Nb1 and N protein. Therefore, we 

FIG 11 Nanobody targeting PRRSV N blocks itself interaction following viral assembly. A nanobody exhibited a broad-spectrum antiviral effect for PRRSV-2 

in vitro and in vivo. Nanobody targeting S105 motifs of N protein blocks self-interaction of PRRSV N protein, in turn affecting viral assembly. PRRSV, porcine 

reproductive and respiratory syndrome virus; N, nucleocapsid.
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hypothesize that mutation of this site affected the self-interaction of PRRSV-2 N protein 
and thus affected the viral assembly rather than phosphorylation modification.

In previous studies, most anti-PRRSV drugs were designed to target non-structural 
proteins (54, 55). Here, we developed antivirals that target N proteins. The N protein is 
conserved and is not prone to mutation and drug resistance. The Nb1-pFc has almost 
no toxicity (endotoxin ＜ 5 EU/mg), and the purity is >95%. Compared with the control 
group, the side effects of Nb1-pFc were not significantly different in clinical symptoms, 
rectal temperature, body weight, and food intake after intramuscular injection of 4 mg in 
6-week-old pigs (data not shown). Using the HEK293S cells for producing Nb1-Fc, 120 mg 
protein can be obtained from 1 L culture supernatant, and the production cost is low. 
In conclusion, PRRSV-N-Nb1 has a good antiviral activity of different PRRSV-2 isolates 
in vitro and in vivo. PRRSV-N-Nb1 can block the self-binding of N protein and further 
prevent the viral assembly via binding to N protein (Fig. 11). The production process of 
Nb1-pFc protein is simple and low-cost, and it has the value of developing anti-PRRSV 
drugs.

ACKNOWLEDGMENTS

We are very grateful to Prof. Hanchun Yang of China Agricultural University for providing 
PRRSV-1 GZ11-G1 strains.

The research is funded by grants from the National Key R&D Program of China 
(2022YFD1800300), the National Natural Science Foundation of China to Q.Z. (32273041), 
the Natural Science Foundation of Shaanxi Province of China (2022JC-12), and the China 
Postdoctoral Science Foundation (2023M730997).

AUTHOR AFFILIATIONS

1Department of Preventive Veterinary Medicine, College of Veterinary Medicine, 
Northwest A&F University, Yangling, Shaanxi, China
2College of Veterinary Medicine, Henan Agricultural University, Zhengzhou, Henan, China
3Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences, 
Shenzhen, China

AUTHOR ORCIDs

Hong Duan  http://orcid.org/0000-0002-1997-5049
Yuchen Nan  http://orcid.org/0000-0002-4442-8004
Baoyuan Liu  http://orcid.org/0000-0002-4001-1383
Angke Zhang  http://orcid.org/0000-0002-2696-8007
Qin Zhao  http://orcid.org/0000-0002-8993-7494

FUNDING

Funder Grant(s) Author(s)

MOST | National Key Research and Development 
Program of China (NKPs)

2022YFD1800300 Qin Zhao

MOST | National Natural Science Foundation of China 
(NSFC)

32273041 Qin Zhao

陕西省科学技术厅 | Natural Science Foundation of 
Shaanxi Province (Shaanxi Natural Science Foundation)

2022JC-12 Qin Zhao

China Postdoctoral Science Foundation (China 
Postdoctoral Foundation Project)

2023M730997 Hong Duan

Full-Length Text Journal of Virology

January 2024  Volume 98  Issue 1 10.1128/jvi.01319-2325

https://doi.org/10.1128/jvi.01319-23


AUTHOR CONTRIBUTIONS

Hong Duan, Data curation, Methodology, Project administration, Software, Writing – 
original draft | Xu Chen, Data curation, Methodology, Software | Ziwei Zhang, Data 
curation, Methodology | Zhijie Zhang, Data curation, Methodology | Zhihan Li, Data 
curation, Software | Xinjie Wang, Resources, Software | Jiakai Zhao, Methodology, 
Software | Yuchen Nan, Formal analysis, Investigation, Resources | Baoyuan Liu, Formal 
analysis, Investigation | Angke Zhang, Investigation, Resources, Software | Yani Sun, Data 
curation, Formal analysis, Project administration, Resources | Qin Zhao, Conceptualiza­
tion, Formal analysis, Methodology, Resources, Supervision, Writing – review and editing

ETHICS APPROVAL

Animal experiments were performed based on the Guidance for Experimental Animal 
Welfare and Ethical Treatment by the Ministry of Science and Technology of China. The 
protocols of animal experimental procedures were carried out following the guidelines 
of the Northwest A&F University Institutional Committee for the Care and Use of 
Laboratory Animals and were approved by the Committee on Ethical Use of Animals 
of Northwest A&F University (approval no. 20230016/03).

REFERENCES

1. Pejsak Z, Stadejek T, Markowska-Daniel I. 1997. Clinical signs and 
economic losses caused by porcine reproductive and respiratory 
syndrome virus in a large breeding farm. Vet Microbiol 55:317–322. 
https://doi.org/10.1016/s0378-1135(96)01326-0

2. Brar MS, Shi M, Hui RK-H, Leung FC-C. 2014. Genomic evolution of 
porcine reproductive and respiratory syndrome virus (PRRSV) isolates 
revealed by deep sequencing. PLoS One 9:e88807. https://doi.org/10.
1371/journal.pone.0088807

3. Murtaugh MP, Genzow M. 2011. Immunological solutions for treatment 
and prevention of porcine reproductive and respiratory syndrome 
(PRRS). Vaccine 29:8192–8204. https://doi.org/10.1016/j.vaccine.2011.09.
013

4. Gómez-Laguna J, Salguero FJ, Barranco I, Pallarés FJ, Rodríguez-Gómez 
IM, Bernabé A, Carrasco L. 2010. Cytokine expression by macrophages in 
the lung of pigs infected with the porcine reproductive and respiratory 
syndrome virus. J Comp Pathol 142:51–60. https://doi.org/10.1016/j.jcpa.
2009.07.004

5. Bao D, Wang R, Qiao S, Wan B, Wang Y, Liu M, Shi X, Guo J, Zhang G. 
2013. Antibody-dependent enhancement of PRRSV infection down-
modulates TNF-α and IFN-β transcription in macrophages. Vet Immunol 
Immunopathol 156:128–134. https://doi.org/10.1016/j.vetimm.2013.09.
006

6. Cavanagh D. 1997. Nidovirales: a new order comprising Coronaviridae 
and Arteriviridae. Arch Virol 142:629–633.

7. Snijder EJ, Kikkert M, Fang Y. 2013. Arterivirus molecular biology and 
pathogenesis. J Gen Virol 94:2141–2163. https://doi.org/10.1099/vir.0.
056341-0

8. Dokland T. 2010. The structural biology of PRRSV. Virus Res 154:86–97. 
https://doi.org/10.1016/j.virusres.2010.07.029

9. Snijder EJ, Meulenberg JJ. 1998. The molecular biology of arteriviruses. J 
Gen Virol 79 (Pt 5):961–979. https://doi.org/10.1099/0022-1317-79-5-961

10. Music N, Gagnon CA. 2010. The role of porcine reproductive and 
respiratory syndrome (PRRS) virus structural and non-structural proteins 
in virus pathogenesis. Anim Health Res Rev 11:135–163. https://doi.org/
10.1017/S1466252310000034

11. Song T, Fang LR, Wang D, Zhang RX, Zeng SL, An K, Chen HC, Xiao SB. 
2016. Quantitative interactome reveals that porcine reproductive and 
respiratory syndrome virus nonstructural protein 2 forms a complex with 
viral nucleocapsid protein and cellular vimentin. J Proteomics 142:70–81. 
https://doi.org/10.1016/j.jprot.2016.05.009

12. Liu L, Tian J, Nan H, Tian M, Li Y, Xu X, Huang B, Zhou E, Hiscox JA, Chen 
H. 2016. Porcine reproductive and respiratory syndrome virus 
nucleocapsid protein interacts with Nsp9 and cellular DHX9 to regulate 
viral RNA synthesis. J Virol 90:5384–5398. https://doi.org/10.1128/JVI.
03216-15

13. Dea S, Gagnon CA, Mardassi H, Pirzadeh B, Rogan D. 2000. Current 
knowledge on the structural proteins of porcine reproductive and 
respiratory syndrome (PRRS) virus: comparison of the North American 
and European isolates. Arch Virol 145:659–688. https://doi.org/10.1007/
s007050050662

14. Yoo D, Wootton SK, Li G, Song C, Rowland RR. 2003. Colocalization and 
interaction of the porcine arterivirus nucleocapsid protein with the small 
nucleolar RNA-associated protein fibrillarin. J Virol 77:12173–12183. 
https://doi.org/10.1128/jvi.77.22.12173-12183.2003

15. Zhao K, Li LW, Jiang YF, Gao F, Zhang YJ, Zhao WY, Li GX, Yu LX, Zhou YJ, 
Tong GZ. 2019. Nucleocapsid protein of porcine reproductive and 
respiratory syndrome virus antagonizes the antiviral activity of TRIM25 
by interfering with TRIM25-mediated RIG-I ubiquitination. Vet Microbiol 
233:140–146. https://doi.org/10.1016/j.vetmic.2019.05.003

16. Doan DNP, Dokland T. 2003. Structure of the nucleocapsid protein of 
porcine reproductive and respiratory syndrome virus. Structure 
11:1445–1451. https://doi.org/10.1016/j.str.2003.09.018

17. Wootton SK, Yoo D. 2003. Homo-oligomerization of the porcine 
reproductive and respiratory syndrome virus nucleocapsid protein and 
the role of disulfide linkages. J Virol 77:4546–4557. https://doi.org/10.
1128/jvi.77.8.4546-4557.2003

18. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers 
C, Songa EB, Bendahman N, Hamers R. 1993. Naturally occurring 
antibodies devoid of light chains. Nature 363:446–448. https://doi.org/
10.1038/363446a0

19. Zou T, Dembele F, Beugnet A, Sengmanivong L, de Marco A, Li M-H. 
2015. Nanobody-functionalized polymersomes. J Control Release 
213:e79–80. https://doi.org/10.1016/j.jconrel.2015.05.132

20. Aderem A, Underhill DM. 1999. Mechanisms of phagocytosis in 
macrophages. Annu Rev Immunol 17:593–623. https://doi.org/10.1146/
annurev.immunol.17.1.593

21. Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. 2014. The 
function of Fcγ receptors in dendritic cells and macrophages. Nat Rev 
Immunol 14:94–108. https://doi.org/10.1038/nri3582

22. Van Heeke G, Allosery K, De Brabandere V, De Smedt T, Detalle L, de 
Fougerolles A. 2017. Nanobodies as inhaled biotherapeutics for lung 
diseases. Pharmacol Ther 169:47–56. https://doi.org/10.1016/j.
pharmthera.2016.06.012

23. Larios Mora A, Detalle L, Gallup JM, Van Geelen A, Stohr T, Duprez L, 
Ackermann MR. 2018. Delivery of ALX-0171 by inhalation greatly 
reduces respiratory syncytial virus disease in newborn lambs. MAbs 
10:778–795. https://doi.org/10.1080/19420862.2018.1470727

24. Duan H, Chen X, Zhao J, Zhu J, Zhang G, Fan M, Zhang B, Wang X, Sun Y, 
Liu B, Zhou EM, Zhao Q. 2021. Development of a nanobody-based 
competitive ELISA for efficiently and specifically detecting antibodies 

Full-Length Text Journal of Virology

January 2024  Volume 98  Issue 1 10.1128/jvi.01319-2326

https://doi.org/10.1016/s0378-1135(96)01326-0
https://doi.org/10.1371/journal.pone.0088807
https://doi.org/10.1016/j.vaccine.2011.09.013
https://doi.org/10.1016/j.jcpa.2009.07.004
https://doi.org/10.1016/j.vetimm.2013.09.006
https://doi.org/10.1099/vir.0.056341-0
https://doi.org/10.1016/j.virusres.2010.07.029
https://doi.org/10.1099/0022-1317-79-5-961
https://doi.org/10.1017/S1466252310000034
https://doi.org/10.1016/j.jprot.2016.05.009
https://doi.org/10.1128/JVI.03216-15
https://doi.org/10.1007/s007050050662
https://doi.org/10.1128/jvi.77.22.12173-12183.2003
https://doi.org/10.1016/j.vetmic.2019.05.003
https://doi.org/10.1016/j.str.2003.09.018
https://doi.org/10.1128/jvi.77.8.4546-4557.2003
https://doi.org/10.1038/363446a0
https://doi.org/10.1016/j.jconrel.2015.05.132
https://doi.org/10.1146/annurev.immunol.17.1.593
https://doi.org/10.1038/nri3582
https://doi.org/10.1016/j.pharmthera.2016.06.012
https://doi.org/10.1080/19420862.2018.1470727
https://doi.org/10.1128/jvi.01319-23


against genotype 2 porcine reproductive and respiratory syndrome 
viruses. J Clin Microbiol 59:e0158021. https://doi.org/10.1128/JCM.
01580-21

25. Zhang A, Duan H, Zhao H, Liao H, Du Y, Li L, Jiang D, Wan B, Wu Y, Ji P, 
Zhou EM, Zhang G. 2020. Interferon-induced transmembrane protein 3 
is a virus-associated protein which suppresses porcine reproductive and 
respiratory syndrome virus replication by blocking viral membrane 
fusion. J Virol 94:e01350-20. https://doi.org/10.1128/JVI.01350-20

26. Wang CB, Huang BC, Kong N, Li QY, Ma YP, Li ZJ, Gao JM, Zhang C, Wang 
XP, Liang C, Dang L, Xiao SQ, Mu Y, Zhao Q, Sun Y, Almazan F, Enjuanes 
L, Zhou EM. 2013. A novel porcine reproductive and respiratory 
syndrome virus vector system that stably expresses enhanced green 
fluorescent protein as a separate transcription unit. Vet Res 44:104. 
https://doi.org/10.1186/1297-9716-44-104

27. Wu C, Shi B, Yang D, Zhang K, Li J, Wang J, Liu H, Zhao Q, Zhou E-M, Nan 
Y. 2020. Porcine reproductive and respiratory syndrome virus promotes 
SLA-DR-mediated antigen presentation of Nonstructural proteins to 
evoke a Nonneutralizing antibody response in vivo. J Virol 94:e01423-20. 
https://doi.org/10.1128/JVI.01423-20

28. Liu H, Wang Y, Duan H, Zhang A, Liang C, Gao J, Zhang C, Huang B, Li Q, 
Li N, Xiao S, Zhou EM. 2015. An intracellularly expressed Nsp9-specific 
nanobody in MARC-145 cells inhibits porcine reproductive and 
respiratory syndrome virus replication. Vet Microbiol 181:252–260. https:
//doi.org/10.1016/j.vetmic.2015.10.021

29. Zhang L, Wang L, Cao S, Lv H, Huang J, Zhang G, Tabynov K, Zhao Q, 
Zhou EM. 2021. Nanobody Nb6 fused with porcine IgG Fc as the 
delivering tag to inhibit porcine reproductive and respiratory syndrome 
virus replication in porcine alveolar macrophages. Vet Res 52:25. https://
doi.org/10.1186/s13567-020-00868-9

30. Zhang A, Zhao L, Li N, Duan H, Liu H, Pu F, Zhang G, Zhou EM, Xiao S. 
2017. Carbon monoxide inhibits porcine reproductive and respiratory 
syndrome virus replication by the cyclic GMP/protein kinase G and NF-
κB signaling pathway. J Virol 91:e01866-16. https://doi.org/10.1128/JVI.
01866-16

31. Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the 
comparative CT method. Nat Protoc 3:1101–1108. https://doi.org/10.
1038/nprot.2008.73

32. Halbur PG, Paul PS, Frey ML, Landgraf J, Eernisse K, Meng XJ, Andrews JJ, 
Lum MA, Rathje JA. 1996. Comparison of the antigen distribution of two 
US porcine reproductive and respiratory syndrome virus isolates with 
that of the Lelystad virus. Vet Pathol 33:159–170. https://doi.org/10.
1177/030098589603300205

33. Zhang Z, Zhai T, Li M, Zhang K, Li J, Zheng X, Tian C, Chen R, Dong J, 
Zhou EM, Nan Y, Wu C. 2021. A broadly neutralizing monoclonal 
antibody induces broad protection against heterogeneous PRRSV strains 
in piglets. Vet Res 52:45. https://doi.org/10.1186/s13567-021-00914-0

34. Wang L, Zhang L, Huang B, Li K, Hou G, Zhao Q, Wu C, Nan Y, Du T, Mu Y, 
Lan J, Chen H, Zhou EM. 2019. A nanobody targeting viral nonstructural 
protein 9 inhibits porcine reproductive and respiratory syndrome virus 
replication. J Virol 93:e01888-18. https://doi.org/10.1128/JVI.01888-18

35. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, 
Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, et al. 2021. Highly 
accurate protein structure prediction with AlphaFold. Nature 596:583–
589. https://doi.org/10.1038/s41586-021-03819-2

36. Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C, Beglov D, Vajda 
S. 2017. The ClusPro web server for protein-protein docking. Nat Protoc 
12:255–278. https://doi.org/10.1038/nprot.2016.169

37. Bello-Morales R, Praena B, de la Nuez C, Rejas MT, Guerra M, Galán-
Ganga M, Izquierdo M, Calvo V, Krummenacher C, López-Guerrero JA. 
2018. Role of microvesicles in the spread of herpes simplex virus 1 in 
oligodendrocytic cells. J Virol 92:e00088-18. https://doi.org/10.1128/JVI.
00088-18

38. Huo J, Le Bas A, Ruza RR, Duyvesteyn HME, Mikolajek H, Malinauskas T, 
Tan TK, Rijal P, Dumoux M, Ward PN, et al. 2020. Neutralizing nanobodies 
bind SARS-CoV-2 spike RBD and block interaction with ACE2. Nat Struct 
Mol Biol 27:1094. https://doi.org/10.1038/s41594-020-00527-9

39. Xiang Y, Nambulli S, Xiao Z, Liu H, Sang Z, Duprex WP, Schneidman-
Duhovny D, Zhang C, Shi Y. 2020. Versatile and multivalent nanobodies 
efficiently neutralize SARS-CoV-2. Science 370:1479–1484. https://doi.
org/10.1126/science.abe4747

40. Saerens D, Pellis M, Loris R, Pardon E, Dumoulin M, Matagne A, Wyns L, 
Muyldermans S, Conrath K. 2005. Identification of a universal VHH 
framework to graft non-canonical antigen-binding loops of camel 
single-domain antibodies. J Mol Biol 352:597–607. https://doi.org/10.
1016/j.jmb.2005.07.038

41. Wang X, Yang X, Zhou R, Zhou L, Ge X, Guo X, Yang H. 2016. Genomic 
characterization and pathogenicity of a strain of type 1 porcine 
reproductive and respiratory syndrome virus. Virus Res 225:40–49. https:
//doi.org/10.1016/j.virusres.2016.09.006

42. Li Y, Zhou L, Zhang J, Ge X, Zhou R, Zheng H, Geng G, Guo X, Yang H. 
2014. Nsp9 and Nsp10 contribute to the fatal virulence of highly 
pathogenic porcine reproductive and respiratory syndrome virus 
emerging in China. PLoS Pathog 10:e1004216. https://doi.org/10.1371/
journal.ppat.1004216

43. Meng XJ, Paul PS, Halbur PG, Lum MA. 1995. Phylogenetic analyses of 
the putative M (ORF 6) and N (ORF 7) genes of porcine reproductive and 
respiratory syndrome virus (PRRSV): implication for the existence of two 
genotypes of PRRSV in the U.S.A. and Europe. Arch Virol 140:745–755. 
https://doi.org/10.1007/BF01309962

44. Ropp SL, Wees CEM, Fang Y, Nelson EA, Rossow KD, Bien M, Arndt B, 
Preszler S, Steen P, Christopher-Hennings J, Collins JE, Benfield DA, 
Faaberg KS. 2004. Characterization of emerging European-like porcine 
reproductive and respiratory syndrome virus isolates in the United 
States. J Virol 78:3684–3703. https://doi.org/10.1128/jvi.78.7.3684-3703.
2004

45. Zhou YJ, An TQ, Liu JX, Qiu HJ, Wang YF, Tong GZ. 2006. Identification of 
a conserved epitope cluster in the N protein of porcine reproductive and 
respiratory syndrome virus. Viral Immunol 19:383–390. https://doi.org/
10.1089/vim.2006.19.383

46. Rodriguez MJ, Sarraseca J, Garcia J, Sanz A, Plana-Durán J, Ignacio Casal 
J. 1997. Epitope mapping of the nucleocapsid protein of European and 
North American isolates of porcine reproductive and respiratory 
syndrome virus. J Gen Virol 78 (Pt 9):2269–2278. https://doi.org/10.1099/
0022-1317-78-9-2269

47. Wootton SK, Nelson EA, Yoo D. 1998. Antigenic structure of the 
nucleocapsid protein of porcine reproductive and respiratory syndrome 
virus. Clin Diagn Lab Immunol 5:773–779. https://doi.org/10.1128/CDLI.
5.6.773-779.1998

48. Spilman MS, Welbon C, Nelson E, Dokland T. 2009. Cryo-electron 
tomography of porcine reproductive and respiratory syndrome virus: 
organization of the nucleocapsid. J Gen Virol 90:527–535. https://doi.
org/10.1099/vir.0.007674-0

49. Lee C, Hodgins D, Calvert JG, Welch SKW, Jolie R, Yoo D. 2006. Mutations 
within the nuclear localization signal of the porcine reproductive and 
respiratory syndrome virus nucleocapsid protein attenuate virus 
replication. Virology 346:238–250. https://doi.org/10.1016/j.virol.2005.
11.005

50. Yoo D, Wootton S. 2001. Homotypic interactions of the nucleocapsid 
protein of porcine reproductive and respiratory syndrome virus (PRRSV). 
Adv Exp Med Biol 494:627–632. https://doi.org/10.1007/978-1-4615-
1325-4_93

51. Lee C, Calvert JG, Welch S-KW, Yoo D. 2005. A DNA-launched reverse 
genetics system for porcine reproductive and respiratory syndrome virus 
reveals that homodimerization of the nucleocapsid protein is essential 
for virus infectivity. Virology 331:47–62. https://doi.org/10.1016/j.virol.
2004.10.026

52. Wootton SK, Rowland RRR, Yoo D. 2002. Phosphorylation of the porcine 
reproductive and respiratory syndrome virus nucleocapsid protein. J 
Virol 76:10569–10576. https://doi.org/10.1128/jvi.76.20.10569-10576.
2002

53. Chen Y, Xing X, Li Q, Feng S, Han X, He S, Zhang G. 2018. Serine 105 and 
120 are important phosphorylation sites for porcine reproductive and 
respiratory syndrome virus N protein function. Vet Microbiol 219:128–
135. https://doi.org/10.1016/j.vetmic.2018.04.010

54. Du T, Nan Y, Xiao S, Zhao Q, Zhou EM. 2017. Antiviral strategies against 
PRRSV infection. Trends Microbiol 25:968–979. https://doi.org/10.1016/j.
tim.2017.06.001

55. Pathak RK, Seo YJ, Kim JM. 2022. Structural insights into inhibition of 
PRRSV Nsp4 revealed by structure-based virtual screening, molecular 
dynamics, and MM-PBSA studies. J Biol Eng 16:4. https://doi.org/10.
1186/s13036-022-00284-x

Full-Length Text Journal of Virology

January 2024  Volume 98  Issue 1 10.1128/jvi.01319-2327

https://doi.org/10.1128/JCM.01580-21
https://doi.org/10.1128/JVI.01350-20
https://doi.org/10.1186/1297-9716-44-104
https://doi.org/10.1128/JVI.01423-20
https://doi.org/10.1016/j.vetmic.2015.10.021
https://doi.org/10.1186/s13567-020-00868-9
https://doi.org/10.1128/JVI.01866-16
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1177/030098589603300205
https://doi.org/10.1186/s13567-021-00914-0
https://doi.org/10.1128/JVI.01888-18
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1128/JVI.00088-18
https://doi.org/10.1038/s41594-020-00527-9
https://doi.org/10.1126/science.abe4747
https://doi.org/10.1016/j.jmb.2005.07.038
https://doi.org/10.1016/j.virusres.2016.09.006
https://doi.org/10.1371/journal.ppat.1004216
https://doi.org/10.1007/BF01309962
https://doi.org/10.1128/jvi.78.7.3684-3703.2004
https://doi.org/10.1089/vim.2006.19.383
https://doi.org/10.1099/0022-1317-78-9-2269
https://doi.org/10.1128/CDLI.5.6.773-779.1998
https://doi.org/10.1099/vir.0.007674-0
https://doi.org/10.1016/j.virol.2005.11.005
https://doi.org/10.1007/978-1-4615-1325-4_93
https://doi.org/10.1016/j.virol.2004.10.026
https://doi.org/10.1128/jvi.76.20.10569-10576.2002
https://doi.org/10.1016/j.vetmic.2018.04.010
https://doi.org/10.1016/j.tim.2017.06.001
https://doi.org/10.1186/s13036-022-00284-x
https://doi.org/10.1128/jvi.01319-23

	A nanobody inhibiting porcine reproductive and respiratory syndrome virus replication via blocking self-interaction of viral nucleocapsid protein
	MATERIALS AND METHODS
	Cells and viruses
	Establishment of MARC-145 cell lines stably expressing nanobodies
	Flow cytometry assay
	Production of nanobodies fused with the porcine IgG Fc fragment
	The affinity of a nanobody with pFc fusion protein binding to PRRSV-N protein
	Cell viability analysis
	Analysis of Nb1-pFc entering into the PAMs
	Nanobody with pFc fusion protein inhibits PRRSV replication in PAMs
	IFA
	Pull-down assay
	Western blotting
	Reverse transcriptase-quantitative PCR
	Virus titration
	Animal experiments
	Expression and purification of different truncated and mutated PRRSV-N proteins
	ELISA
	Dot blot and peptide-based ELISA
	Reverse genetics-based mutagenesis of PRRSV
	Analysis of the nanobody with pFc fusion protein being involved in the stages of viral replication
	Analysis of the nanobody with pFc fusion protein blocking the self-interaction of PRRSV N protein
	Transmission electron microscopy
	Statistical analysis

	RESULTS
	Intracellular expression of PRRSV-N-Nb1 significantly inhibits PRRSV replication in MARC-145 cells
	Production and characterization of Nb1-pFc fusion protein
	Nb1-pFc significantly inhibits PRRSV replication in the PAMs
	Nb1-pFc treatment alleviates pulmonary pathological lesions of piglets infected with HP-PRRSV and inhibits viral replication in vivo
	Interaction between Nb1-pFc and N protein in PRRSV-infected cells
	Identification of the epitope recognized by PRRSV-N-Nb1
	Motif S105 is the key amino acid for PRRSV-N-Nb1 interaction with PRRSV N protein
	Motif S105 is indispensable for the rescue of PRRSV
	Nb1-pFc blocks the self-interaction of PRRSV N protein to inhibit viral replication

	DISCUSSION


