
HAL Id: hal-04497827
https://hal.science/hal-04497827

Submitted on 11 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A chimeric porcine reproductive and respiratory
syndrome virus 1 strain containing synthetic ORF2-6

genes can trigger T follicular helper cell and
heterologous neutralizing antibody responses and confer

enhanced cross-protection
Shubin Li, Ming Qiu, Shuai Li, Chen Li, Hong Lin, Yuejia Qiu, Wenhao Qi,

Binghui Feng, Meng Cui, Shuai Yang, et al.

To cite this version:
Shubin Li, Ming Qiu, Shuai Li, Chen Li, Hong Lin, et al.. A chimeric porcine reproductive and
respiratory syndrome virus 1 strain containing synthetic ORF2-6 genes can trigger T follicular helper
cell and heterologous neutralizing antibody responses and confer enhanced cross-protection. Veterinary
Research, 2024, 55 (1), pp.28. �10.1186/s13567-024-01280-3�. �hal-04497827�

https://hal.science/hal-04497827
https://hal.archives-ouvertes.fr


Li et al. Veterinary Research           (2024) 55:28  
https://doi.org/10.1186/s13567-024-01280-3

RESEARCH ARTICLE Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Veterinary Research

A chimeric porcine reproductive and  
respiratory syndrome virus 1 strain containing 
synthetic ORF2-6 genes can trigger T follicular 
helper cell and heterologous neutralizing antibody 
responses and confer enhanced cross-protection
Shubin Li1†, Ming Qiu1†, Shuai Li1†, Chen Li1, Hong Lin1, Yuejia Qiu1, Wenhao Qi1, Binghui Feng1, Meng Cui1, 
Shuai Yang1, Wanglong Zheng1, Shaobin Shang1, Kegong Tian8, Jianzhong Zhu1,3,5*, Yu Lu2* and 
Nanhua Chen1,3,4,5,6,7*   

Abstract 

The prevalence of porcine reproductive and respiratory syndrome virus 1 (PRRSV1) isolates has continued to increase 
in Chinese swine herds in recent years. However, no effective control strategy is available for PRRSV1 infection 
in China. In this study, we generated the first infectious cDNA clone (rHLJB1) of a Chinese PRRSV1 isolate and sub-
sequently used it as a backbone to construct an ORF2-6 chimeric virus (ORF2-6-CON). This virus contained a syn-
thesized consensus sequence of the PRRSV1 ORF2-6 gene encoding all the envelope proteins. The ORF2-6 con-
sensus sequence shared > 90% nucleotide similarity with four representative strains (Amervac, BJEU06-1, HKEU16 
and NMEU09-1) of PRRSV1 in China. ORF2-6-CON had replication efficacy similar to that of the backbone rHLJB1 virus 
in primary alveolar macrophages (PAMs) and exhibited cell tropism in Marc-145 cells. Piglet inoculation and chal-
lenge studies indicated that ORF2-6-CON is not pathogenic to piglets and can induce enhanced cross-protection 
against a heterologous SD1291 isolate. Notably, ORF2-6-CON inoculation induced higher levels of heterologous 
neutralizing antibodies (nAbs) against SD1291 than rHLJB1 inoculation, which was concurrent with a higher percent-
age of T follicular helper (Tfh) cells in tracheobronchial lymph nodes (TBLNs), providing the first clue that porcine Tfh 
cells are correlated with heterologous PRRSV nAb responses. The number of SD1291-strain-specific IFNγ-secreting 
cells was similar in ORF2-6-CON-inoculated and rHLJB1-inoculated pigs. Overall, our findings support that the Marc-
145-adapted ORF2-6-CON can trigger Tfh cell and heterologous nAb responses to confer improved cross-protection 
and may serve as a candidate strain for the development of a cross-protective PRRSV1 vaccine.
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Therefore, we generated the first infectious clone of 
the Chinese PRRSV1 isolate in this study and used it as 
a backbone to construct a chimeric virus containing the 
Chinese PRRSV1 ORF2-6 consensus sequence. The cross-
protective efficacy of this chimeric virus was evaluated and 
compared with that of the backbone virus in piglets. Clini-
cal signs, viremia, and tissue lesions were recorded during 
pathological examination. The levels of PRRSV-neutraliz-
ing antibodies (nAbs), T follicular helper (Tfh) cells, and 
IFN-γ-secreting cells were also detected to explore their 
roles in conferring cross-protection [22–24].

Materials and methods
Viruses and cells
SD1291 is a virulent PRRSV1 strain isolated from Shan-
dong Province in 2022 [8]. HLJB1 is a low-virulence 
PRRSV1 strain isolated from Heilongjiang Province, 
China, in 2014 [6]. Both the SD1291 and HLJB1 isolates 
can be passaged only in PAMs. PAMs were harvested 
from the lung lavage fluid of 6-week-old healthy piglets 
and cultured in Roswell Park Memorial Institute 1640 
medium (RPMI-1640) (HyClone, USA) supplemented 
with 10% foetal bovine serum (FBS) (EallBio, China), 100 
U/mL penicillin and 100 μg/mL streptomycin (Solarbio, 
China). Marc-145 and BHK-21 cells were cultured in 
Dulbecco minimum essential medium (DMEM) supple-
mented with 10% FBS and antibiotics.

Design and synthesis of the Chinese PRRSV1 ORF2‑6 
consensus sequence
The “centralized envelope antigens” approach was 
adopted to study the high genetic diversity of Chi-
nese PRRSV1 isolates [25, 26]. An ORF2-6 consen-
sus sequence was designed based on 14 representative 
PRRSV1 strains, including 10 Chinese PRRSV1 isolates 
(Table  1), which contained the most common amino 
acids at each position of all the envelope proteins [19]. 
The generated PRRSV1 ORF2-6 consensus sequence was 
compared with the corresponding regions in representa-
tive isolates, and the frameshift mutations were modified 
to ensure correct expression of all the envelope proteins 
[27]. The PRRSV1 ORF2-6 consensus sequence was syn-
thesized by the GENEWIZ Company (Suzhou, China).

Construction of PRRSV1‑related rHLJB1 and ORF2‑6‑CON 
infectious clones
The construction of a full-length cDNA clone of the 
PRRSV1 HLJB1 isolate was adapted from our previ-
ous study [28]. Briefly, a stuffer fragment containing 
the CMV promoter, five restriction enzyme sites (SgsI, 
Pfl23II, BglII, Bsp1407I and XbaI) and a BGH poly-
adenylation signal was synthesized and inserted into 

Introduction
Porcine reproductive and respiratory syndrome (PRRS) 
is one of the most economically important swine dis-
eases in pork-producing countries. The aetiologic agent, 
namely, PRRS virus (PRRSV), is a positive-sense, sin-
gle-stranded RNA virus grouped within the Arteriviri-
dae family [1]. Due to genetic and antigenic diversity, 
PRRSV isolates are divided into two species: PRRSV1 
and PRRSV2 [2]. PRRSV1 was first isolated from the 
Netherlands in 1991 [3] and can be divided into subtypes 
1, 2, and 3 [4]. PRRSV1 isolates are prevalent mainly in 
Europe at the early stage of emergence but are currently 
spreading worldwide.

In China, we first reported the isolation of wild-type 
PRRSV1 [5] and divided Chinese PRRSV1 isolates into 
four subgroups (Amervac-like, BJEU06-1-like, HKEU16-
like and NMEU09-1-like) within subtype 1 [6]. An epi-
demiological study indicated that the PRRSV1 infection 
rate reached 24.8% on 50 farms in Guangdong Province 
[7]. Currently, PRRSV1 infection has been identified in 
more than 20 provinces [8]. The PRRSV1 SC2020-1 iso-
late was associated with a 15% abortion rate on a farm in 
Sichuan Province [9]. More importantly, recent Chinese 
PRRSV1 isolates (ZD-1, SD1291 and 181,187-2) have 
been determined to be virulent [8, 10, 11]. However, no 
specific PRRSV1 vaccine is available in China [12]. More-
over, commercial PRRSV2 vaccines cannot provide satis-
factory cross-protection [13, 14].

PRRSV isolates exhibit strict cell tropisms. Primary 
alveolar macrophages (PAMs) and passaged Marc-
145 cells are the most commonly used cells for in  vitro 
PRRSV studies. All commercial PRRSV-modified live 
vaccines (MLVs) are developed using Marc-145-adapted 
PRRSV strains. However, all Chinese PRRSV1 field iso-
lates (in addition to PRRSV1 MLV-derived isolates) can 
be isolated from PAMs but cannot adapt to Marc-145 
cells [5, 6, 8, 10, 11, 15], which represents another obsta-
cle to developing a Chinese PRRSV1-specific vaccine.

Several strategies have been utilized to develop cross-
protective PRRSV vaccines [16]. Reverse genetics has 
been frequently employed to improve the heterolo-
gous protection of PRRSV vaccines [17, 18]. Our previ-
ous study showed that a chimeric HP-PRRSV2 strain 
containing the PRRSV2 ORF2-6 consensus sequence 
could confer cross-protection against the NADC30-
like PRRSV2 isolate [19]. In addition, minor envelope 
proteins encoded by ORF2-4 genes and major enve-
lope proteins encoded by ORF5-6 genes play synergistic 
roles in conferring cross-protection [20]. A recent study 
determined that the low-virulence HLJB1 isolate could 
provide limited cross-protection against only the heter-
ologous SD1291 isolate even though they were both clus-
tered within the PRRSV1 BJEU06-1-like subgroup [21].
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the low-copy-number pACYC177 plasmid (Suzhou 
GENEWIZ Company, China). The entire HLJB1 genome 
was divided into four fragments (Additional file  1A). In 
the F4 fragment, a copy of the HDV ribozyme sequence 
was attached immediately after the poly (A) tail through 
two rounds of PCR [19]. Each fragment was amplified 
using the primers shown in Table  1. The constructed 
full-length HLJB1 cDNA clone was confirmed by double 
digestion with the corresponding enzymes (Additional 
file  1B) and Sanger sequencing; this clone was named 
rHLJB1 (Figure 1A).

Overlap PCR was used to construct a chi-
meric PRRSV1 virus containing the ORF2-6 
consensus sequence. First, the primer pair HLJB1-
BglII-F3 + PRRSV1-ORF2-CON-R was used to amplify 
rHLJB1 to generate the F3-1 fragment. Second, the 
primer pair PRRSV1-ORF2-CON-F + PRRSV1-
ORF6-CON-R was utilized to amplify the synthesized 
ORF2-6 consensus sequence to generate the F3-F4 
fragment. Third, the primer pair PRRSV1-ORF7-CON-
F + PRRSV1-Fusion-R was applied to amplify rHLJB1 
to generate the F4-2 fragment. All three obtained 
fragments were treated with DpnI to digest the plas-
mid templates. Fourth, the primer pair HLJB1-BglII-
F3 + PRRSV1-Fusion-R was utilized for overlap PCR 
using the F3-1, F3-F4 and F4-2 fragments as tem-
plates to generate the F3 + F4 fragment containing the 
ORF2-6 consensus sequence. Finally, the amplicon was 
double-digested with BglII and XbaI and subsequently 
ligated into the rHLJB1 clone to obtain the rHLJB1-
ORF2-6-CON clone (abbreviated as ORF2-6-CON) 
(Figure 1B). The resulting chimeric virus ORF2-6-CON 
was also confirmed by double enzyme digestion and 
Sanger sequencing. The complete genome of ORF2-
6-CON containing the PRRSV1 ORF2-6 consensus 
sequence has been submitted to GenBank under acces-
sion number OR905562. Both rHLJB1 and ORF2-6-
CON were rescued by transfection into BHK-21 cells 
for 48  h with Lipofectamine 3000 (Invitrogen, USA), 
after which they were passaged in PAMs or Marc-145 
cells [28]. Immunofluorescence assays (IFAs) and con-
focal microscopy (Leica SP8, Germany) were utilized 
to evaluate the successful rescue of rHLJB1 and ORF2-
6-CON [29, 30]. The PRRSV N-specific murine mAb 
15A1 (1:500 dilution) was used as the primary anti-
body, while DyLight 594 (goat anti-mouse IgG, 1:1000, 
Invitrogen) was used as the secondary antibody. The 
plaque morphology was determined in Marc-145 cells 
as previously described [19].

Animal experiment
To compare the cross-protective effects of the chimeric 
ORF2-6-CON strain and the backbone rHLJB1 virus 

against the heterologous SD1291 isolate, twenty 4-week-
old PRRSV-free piglets were divided into four groups 
(5 pigs per group) and utilized for the inoculation and 
challenge study. Piglets in Groups 3 and 4 were intra-
muscularly and intranasally inoculated with 2  mL of 
 104.0  TCID50/mL rHLJB1  (3rd passage) or ORF2-6-CON 
 (3rd passage), respectively. At 42  days post-inoculation 
(dpi), the piglets in Groups 2, 3 and 4 were challenged 
with 2 mL of the  104.5  TCID50/mL heterologous SD1291 
strain  (3rd passage), while the piglets in Group 1 were 
inoculated with RPMI-1640 and used as a mock infec-
tion control. The Animal Welfare and Ethics Committee 
of Yangzhou University approved this animal study with 
reference number 202209010.

The rectal temperature and clinical symptoms were 
monitored daily during the first two weeks after inocu-
lation and challenge. Body weight was also determined 
weekly. Serum samples were acquired weekly for viremia 
and PRRSV-specific antibody tests. A PRRSV1 univer-
sal real-time RT‒PCR assay was used to detect viremia 
before 42 dpi [31], while SD1291 isolate–specific prim-
ers and the TaqMan-MGB probe were utilized to evalu-
ate viremia induced by SD1291 challenge after 42 dpi 
(Table  2). PRRSV-specific antibodies were identified 
with a HerdCheck PRRS × 3 ELISA Kit (IDEXX, USA). A 
sample-to-positive (s/p) ratio of 0.4 was set as the thresh-
old for seroconversion. The sera collected at 0 dpi, 42 dpi 
(0  days post-challenge (dpc)) and 63 dpi (21 dpc) were 
also used for virus neutralization tests against HLJB1 
and SD1291, as previously described [19, 32]. All the 
pigs were euthanized at 21 dpc, and tissue samples were 
collected and utilized for histopathological examination 
[8]. The gross pathologies of the lungs and lymph nodes 
were scored in a blinded fashion according to previously 
described methods [33–35].

Flow cytometry
We separated mononuclear cells from tissues and blood 
as previously described [36]. The number of generated 
mononuclear cells was calculated with a haemocytom-
eter (Sigma‒Aldrich, UK), after which the cells were 
diluted to a final concentration of 2 ×  107 cells/mL. To 
detect porcine Tfh cells, fresh mononuclear cells were 
seeded into 96-well V-bottom plates (2 ×  106/well). Por-
cine Tfh cells were stained as previously described [21, 
37, 38]. To evaluate the dynamics of IFNγ-secreting T 
lymphocytes, 2 ×  106 cells were seeded in 96-U-bottom-
well plates and stimulated with the PRRSV1 heterolo-
gous SD1291 strain (multiplicity of infection, MOI = 0.1) 
for 20  h, while uninfected cells cultured in RPMI-1640 
medium were used as a negative control. During the last 
5 h of incubation, brefeldin A (Sigma‒Aldrich, USA) was 
added to the cultures at a final concentration of 5  µg/
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Figure 1 Design, construction and rescue of the rHLJB1 and ORF2‑6‑CON infectious clones. This strategy was adopted from our previous 
studies [19, 28]. A The pACYC177-CMV-stuffer fragment containing five unique restriction enzymes was utilized for the construction of Chinese 
PRRSV1 full-length cDNA clones. B Four overlapping fragments were used to construct full-length rHLJB1 and ORF2-6-CON infectious clones. C 
The successful rescue of rHLJB1 and ORF2-6-CON was identified by IFA in PAMs and Marc-145 cells at 3 dpi, as determined by IFA. D The plaque 
morphology of ORF2-6-CON was determined in Marc-145 cells at 5 dpi.
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mL. Subsequently, porcine IFNγ-secreting T cells were 
stained as we described previously [21]. The stained 
porcine Tfh cells and IFNγ-secreting T cells were resus-
pended for FACS analysis. The detailed information on 
the mAbs used is listed in Additional file 2. A FACS LSR-
Fortessa (BD Biosciences, NJ, USA) was used for flow 
cytometric analyses. The compensation was determined 
according to the single-stain samples. A minimum of 
200  000 lymphocytes were recorded for analysis of the 
expression of the transcription factor Bcl-6 and the pro-
duction of the intracellular cytokine IFN-γ. The obtained 
data were analysed with FlowJo software (Tree Star, Inc., 
Ashland, OR, USA). All the gating strategies used were 
tested with a fluorescence minus one (FMO) control 
[36].

Statistical analysis
The rectal temperature, weight gain, viremia, and anti-
body titre are presented as the means ± standard devia-
tions (SDs). The Mann‒Whitney U test in the GraphPad 
Prism 8 XML project was used for differential analyses 
among groups [8, 39]. The statistical significance was set 
at p < 0.05.

Results
The PRRSV1 ORF2‑6 consensus sequence generally shares 
increased similarity
Compared with those of representative isolates (LV, 
WestSib13 and Lena) of the three PRRSV1 subtypes, the 
ORF2-6 consensus sequence shared increased nucleotide 
similarity from 92.14 to 93.92%, from 81.39 to 83.10%, 
and from 83.56 to 85.69%, respectively, compared with 
that of the backbone rHLJB1 virus. Compared with Chi-
nese PRRSV1 isolates, the ORF2-6 consensus sequence 
shares > 90% nucleotide similarity with representative 
strains of four subgroups (94.53% with Amervac, 91.54% 
with BJEU06-1, 91.36% with HKEU16, and 90.37% with 
NMEU09-1) and several other isolates (92.43% with GZ11-
G1, 91.15% with HeB3, 91.25% with HK5, and 90.93% with 
HLJB1). Even though the nucleotide similarities were < 90% 
for the SD1291, KZ2018 and SC2020-1 isolates, the 
ORF2-6 consensus sequence also had increased nucleotide 
similarity from 86.42 to 88.30%, from 85.92 to 87.31%, and 
from 85.32 to 87.77%, respectively, when compared to the 
rHLJB1 virus. Therefore, the synthetic PRRSV1 ORF2-6 
consensus sequence generally shares increased genetic 
similarity with Chinese PRRSV1 isolates (Table 1).

Table 2 Primers and probes used in this study for constructing infectious clones and detecting viral loads 

a The unique restriction enzymes used for cloning are underlined.
b The hepatitis D virus ribozyme sequence is shown in italics, and the overlapping regions are marked in bold.
c The primers and probes used for PRRSV1 ORF2-6-CON construction and PRRSV1 detection are shown in lowercase.

Primers/Probes Sequence (5 → 3)a Length (bp)

HLJB1-SgsI-F1 AGC TCG GGC GCG CCTAC ATG ATG TGT AGG GTA TT 34

HLJB1-Pfl23II-R1 ATG GCC TGA CTA GGAT CGT ACG GAA CGG CAA CCA CCGT 38

HLJB1-Pfl23II-F2 ACG GTG GTT GCC GTTC CGT ACG ATC CTA GTC AGG CCAT 38

HLJB1-BglII-R2 AGC ACA GCA TCG AGAGG AGA TCT ACC AGC CCC AAC CGGT 39

HLJB1-BglII-F3 ACC GGT TGG GGC TGGT AGA TCT CCT CTC GAT GCT GTGCT 39

HLJB1-Bsp1407I-R3 ATA AGC AAG TCC GCGT TGT ACA AAT ACG ATT CAT CGGT 38

HLJB1-Bsp1407I-F4 ACC GAT GAA TCG TATT TGT ACA ACG CGG ACT TGC TTAT 38

1R4 AGC GAG GAG GCT GGG ACC ATGCC GGC CTT TTT TTT TTT TTT TTT TTT TAA TTT CGG TCA CAT GGT TCC T 69

XbaI-2R4 ACA GTC TAG AGT CCC ATT CGC CAT TAC CGA GGG GAC GGT CCC CTC GGA ATG TTG CCC AGC CGG CGC CAGC GAG 
GAG GCT GGG ACC ATb

87

PRRSV1-ORF2-CON-R acagtgaccccattgcatcgctccgagttcacc 32

PRRSV1-ORF2-CON-F gtgaactcggagcgatgcaatggggtcactgt 32

PRRSV1-ORF6-CON-R cttctggctctgatttttaccggccatacttgacg 35

PRRSV1-ORF7-CON-F cgtcaagtatggccggtaaaaatcagagccagaag 35

PRRSV1-Fusion-R atggctggcaactagaaggcacag 24

PRRSV1-UF cagatgcagattgtgttgcct 20

PRRSV1-UR atggagacctgcagcactttc 20

PRRSV1-UP FAM-tctggcccctgccca-MGB 14

SD1291-qPCR-F agatgctgggcgcaatgata 20

SD1291-qPCR-R ggcttctcaggctttttccttta 24

SD1291-qPCR-P FAM-ggcggcccagggg-MGB 13
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PRRSV1 ORF2‑6‑CON can replicate in both PAMs 
and Marc‑145 cells
The successful rescue of the chimeric strain ORF2-6-
CON (containing the ORF2-6 consensus sequence) and 
the backbone rHLJB1 virus was determined by IFA stain-
ing, which showed that PRRSV-specific antigens could 
be detected in both ORF2-6-CON- and rHLJB1-infected 
PAMs at 72 h post-infection (hpi) (Figure 1C). Multiple-
step growth curves showed that both ORF2-6-CON and 
rHLJB1 had growth efficacy (relatively lower but not sig-
nificantly different, p > 0.05) similar to that of the parental 
HLJB1 isolate in PAMs (Additional file  3A). Noticeably, 
ORF2-6-CON exhibited Marc-145 cell tropism, while 
HLJB1 and rHLJB1 could not infect Marc-145 cells (Fig-
ure 1C and Additional file 3B). In addition, CPE could be 
observed in only ORF2-6-CON-infected Marc-145 cells 
at 3–5 dpi (Additional file  4), while plaques were pro-
duced in only ORF2-6-CON-infected Marc-145 cells at 5 
dpi (Figure 1D). These results indicated that both ORF2-
6-CON and rHLJB1 were successfully rescued in  vitro, 
while ORF2-6-CON promoted the adaptation of Marc-
145 cells.

ORF2‑6‑CON is not pathogenic to piglets
The parental HLJB1 isolate has been determined to have 
low virulence [21]. In this study, we evaluated the patho-
genicity of rHLJB1 and ORF2-6-CON in piglets. Even 
though inoculation with rHLJB1 or ORF2-6-CON could 
induce viremia (Figure 2A) and PRRSV-specific antibod-
ies (Figure  2B) within 42 dpi, these infections did not 
result in any obvious clinical signs, did not cause fever 
(body temperature < 40 °C, Figure 2C) and did not affect 
weight gain (Figure  2D). These results suggested that 
rHLJB1 and ORF2-6-CON are low-virulence strains, 
similar to their parental virus HLJB1.

ORF2‑6‑CON confers enhanced cross‑protection 
against SD1291 challenge
To evaluate the cross-protective effects of rHLJB1 
and ORF2-6-CON, pigs in mock-inoculated Group 2, 
rHLJB1-inoculated Group 3 and ORF2-6-CON-inoc-
ulated Group 4 were challenged with the heterologous 
virulent isolate SD1291 at 42 dpi. After SD1291 chal-
lenge, significantly lower viremia was observed in the 
rHLJB1- or ORF2-6-CON-inoculated pigs than in the 
SD1291-challenged pigs. In addition, the ORF2-6-CON-
inoculated pigs had significantly lower viral loads than the 
rHLJB1-inoculated pigs at 10 dpc (Figure 2A). Moreover, 
the SD1291 loads in the lung, lymph node and tonsil were 
also determined, which showed that the ORF2-6-CON-
inoculated pigs had significantly lower viral loads in these 
tissues than did the SD1291-challenged pigs (p < 0.05); 

moreover, there was no significant difference between the 
SD1291-challenged pigs and the rHLJB1-inoculated pigs 
(p > 0.05) (Figure 2E). Compared with those in the mock-
infected pigs, clinical symptoms (coughing and depres-
sion) and fever (> 40 °C) from 3 to 7 dpc appeared in the 
SD1291-challenged pigs. Moreover, both the rHLJB1- 
and ORF2-6-CON-inoculated pigs had significantly 
lower body temperatures at 4 dpc (Figure 2C). Both the 
rHLJB1- and ORF2-6-CON-inoculated pigs exhibited 
improved weight gain, which was relatively greater than 
that of the SD1291-challenged pigs and closer to that of 
the mock-infected pigs at 21 dpc (not significantly differ-
ent, p > 0.05; Figure 2D).

Overall, gross pathology scoring of the lungs revealed 
that the pigs in the ORF2-6-CON + SD1291 group had 
significantly fewer pathological lesions than did those in 
the SD1291-challenged group and the rHLJB1 + SD1291 
group (p < 0.05) (Figure  2F). Post-mortem examination 
also revealed lung consolidation and emphysema in the 
SD1291-challenged group and the rHLJB1 + SD1291 
group, while the lungs of the pigs in the ORF2-6-
CON + SD1291 group had visibly milder lesions (Fig-
ure  3A, Lung lesion). Moreover, interstitial pneumonia 
with a widened alveolar septum and hyperaemia could 
be detected in the SD1291-challenged group and the 
rHLJB1 + SD1291 group, while the histopathologi-
cal lesions were obviously mitigated in the ORF2-6-
CON + SD1291 group (Figure  3A, HE). Similarly, 
congestion of hilar lymph nodes was detected in three 
out of five (3/5), 3/5 and 1/5 pigs in the SD1291-chal-
lenged, rHLJB1 + SD1291, and ORF2-6-CON + SD1291 
groups, respectively (Figure  3B, LN lesion). Histo-
pathological examination revealed hyperaemia and 
lymphocyte necrosis in hilar lymph nodes from the 
SD1291-challenged group and the rHLJB1 + SD1291 
group, but these changes were obviously alleviated in 
the ORF2-6-CON + SD1291 group but not in the mock-
infected group (Figure  3B, HE). These results suggested 
that ORF2-6-CON confers greater cross-protection than 
rHLJB1 against challenge with the heterologous SD1291 
isolate.

ORF2‑6‑CON induces higher levels of heterologous nAbs 
and Tfh cells
To evaluate the potential roles of protective humoral 
immune responses in conferring enhanced cross-pro-
tection by ORF2-6-CON, the levels of nAbs were deter-
mined. At 42 dpi (0 dpc), rHLJB1 and ORF2-6-CON 
inoculation could induce the same levels of nAbs (1:8 
in 4/5 pigs) against the HLJB1 isolate (Figure 4A). How-
ever, only ORF2-6-CON-inoculated pigs (3/5) were 
seropositive for 1:8 of the nAbs against the SD1291 iso-
late at 42 dpi (Figure  4B). At 63 dpi (21 dpc), similar 
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levels of nAbs against HLJB1 could be induced in both 
the rHLJB1+SD1291 and ORF2-6-CON + SD1291 
groups, while higher levels of nAbs against SD1291 were 
detected in the ORF2-6-CON + SD1291 group (two pigs 
with 1:16 nAbs and three with 1:8 nAbs) than in the 
rHLJB1 + SD1291 group (three pigs with 1:8 nAbs and 
two with < 1:8 nAbs) (Figure 4B).

Tfh cells are critical regulators of the induction of 
cross-protective nAbs [24]. Therefore, we analysed the 
percentages of porcine Tfh cells among CD4 + T cells 
using the gating strategies shown in Additional file  5A. 
No significant differences were detected among the blood 
samples from 0 to 21 dpc (Figure 4C, Additional file 6). 
Remarkably, a significantly greater percentage of Tfh cells 

(p < 0.05) was detected in tracheobronchial lymph nodes 
(TBLNs) from ORF2-6-CON + SD1291 pigs (4.64–6.80%) 
than from the pigs in the other three groups (1.13–2.56% 
in mock-infected pigs, 2.26–4.44% in SD1291-challenged 
pigs, and 2.27–2.77% in rHLJB1 + SD1291 pigs) (Fig. 4D, 
E).

We further explored the potential correlations among 
Tfh cells, heterologous nAbs and enhanced cross-
protection. As shown in Table  3, pigs in the ORF2-6-
CON + SD1291 group had higher percentages of Tfh cells 
in TBLNs, better heterologous nAb responses against the 
SD1291 isolate, and improved cross-protection. Intrigu-
ingly, the no. 18 pig with the highest percentage of Tfh 
cells in the TBLN (6.80%) also had the highest titre of 

Figure 2 Dynamics of viral load, antibody level, rectal temperature and weight gain during animal inoculation and challenge study.  
A Viremia was detected via a PRRSV1 real-time RT‒PCR assay [31]. B PRRSV-specific antibodies were detected with an IDEXX HerdCheck PRRS × 3 
ELISA Kit. C Rectal temperature was determined daily for 14 dpi after inoculation and challenge and weekly thereafter. D Body weight was recorded 
weekly for all groups of pigs. E SD1291 viral loads in the lungs, lymph nodes and tonsils among the distinct groups were determined using 
the SD1291 strain-specific primers and probes shown in Table 2. F The gross pathology of the lungs was scored according to methods described 
previously [33–35]. The data shown in the bar graphs are the means and SDs. Statistical significance is denoted by *, p < 0.05; **, p < 0.01; and ***, 
p < 0.001 (n = 5).
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Figure 3 Post‑mortem and histopathological examination. A A representative lung from four groups of pigs collected at 21 dpc. Lung gross 
lesions and pathological lesions (HEs) in each group were enlarged. B Representative hilar lymph nodes from four groups of pigs collected at 21 
dpc. Hilar lymph node gross lesions and pathological lesions (HEs) were also enlarged. The enlarged regions of the lungs and hilar lymph nodes 
(both gross and HE) are shown as red dashed line boxes.
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heterologous nAbs (1:16), a short period of viremia (only 
detected at 7 dpc) and mitigated lung lesions (Table  3). 
Taken together, these results indicated that the chimeric 
strain ORF2-6-CON induces enhanced cross-protective 
humoral immune responses when compared with the 
backbone rHLJB1 virus.

ORF2‑6‑CON and rHLJB1 induce similar SD1291‑specific 
IFN‑γ + T‑cell levels
To evaluate the role of cross-protective cellular immune 
responses in conferring improved cross-protection by 
ORF2-6-CON, the percentages of IFNγ-secreting cells in 
blood and tissue samples were also determined using the 
gating strategies shown in Additional File 5B. Among the 
peripheral blood mononuclear cells (PBMCs) collected 

at 0 dpc, 10 dpc and 21 dpc, the percentages of IFNγ-
secreting cells among the CD3 + T cells did not signifi-
cantly differ among the four groups upon stimulation 
with the SD1291 isolate (Figure  5A). In tissue samples, 
the percentages of IFNγ-secreting cells in the spleen were 
relatively higher (p > 0.05) in all three PRRSV-infected 
groups (0.53–1.16% in the SD1291-challenged group, 
0.44–1.06% in the rHLJB1+SD1291 group, and 0.55–
0.70% in the ORF2-6-CON + SD1291 group) than in the 
mock-infected group (0.16–0.53%) upon SD1291 stimu-
lation (Figure  5B and C). In TBLNs, a slight increase 
(p > 0.05) in the percentage of IFNγ-secreting cells was 
observed in the ORF2-6-CON+SD1291 group (0.34–
0.76%) compared with the other three groups (0.20–
0.36% in the mock-infected group, 0.26–0.45% in the 

Figure 4 Generation of nAbs and porcine Tfh cells. A Generation of nAbs against the HLJB1 strain at 42 dpi and 21 dpc. B Generation 
of nAbs against SD1291 strains at 42 dpi and 21 dpc. C The percentages of porcine Tfh cells in blood samples among the four groups at different 
time points. D The percentages of porcine Tfh cells in different tissues among the four groups. * p < 0.05. E Representative dot plots depicting 
the percentages of porcine Tfh cells among CD4+ T cells in TBLNs upon SD1291 stimulation (MOI = 0.1). The data are shown as the mean ± SD from 5 
pigs per group.
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only SD1291-challenged group, and 0.37–0.48% in the 
rHLJB1 + SD1291 group) (Figure  5B, D). Overall, these 
results suggested that the chimeric strain ORF2-6-CON 
confers similar levels of SD1291 strain-specific IFNγ-
secreting cells as the backbone rHLJB1 virus.

Discussion
Due to the high genetic diversity of PRRSV, current vac-
cines cannot confer satisfactory cross-protection against 
heterologous isolates [40, 41]. Therefore, a major goal 
in the design of next-generation PRRSV vaccines is to 
reduce the genetic dissimilarity between the vaccine 
strain and the circulating PRRSV isolates to enhance 
antigenic matching [18]. Reverse genetics has been 
widely utilized to construct and rescue chimeric vac-
cine candidates with improved genetic matches for con-
ferring cross-protection. A VR2332-based chimeric 
virus (JAP56) containing ORF5-6 from JA142 could 
provide protection against both donor viruses [42]. A 
chimeric PRRSV strain (VR2385-S3456) containing 
shuffled ORF3-6 genes could confer enhanced cross-
protection against heterologous NADC20 or RFLP 
1-7-4 strains in pigs [43]. A PRRSV2 infectious clone 

virus (PRRSV-CON) with a synthetic consensus genome 
could induce broader levels of heterologous protection 
against the 16244B strain than the wild-type FL12 isolate 
[27]. Here, we constructed and rescued the first Chinese 
PRRSV1 infectious clone (rHLJB1) and used it as a back-
bone to generate an ORF2-6 chimeric virus that confers 
cross-protection against heterologous PRRSV1 isolates.

PRRSV2 was first isolated in China in 1996 and is cur-
rently predominant in Chinese swine herds. However, it 
is easily overlooked that LV-like PRRSV1 (B13) was also 
detected in China in 1996 [44]. Currently, PRRSV1 iso-
lates have been identified in most provinces in China. 
Several studies have confirmed that Chinese PRRSV1 
wild-type (WT) isolates are pathogenic to pigs [8, 10, 
11, 15]. Our previous study showed that the low-viru-
lence HLJB1 isolate cannot provide satisfactory cross-
protection against the heterologous SD1291 isolate [21]. 
Therefore, we evaluated the cross-protective efficacy of a 
PRRSV1 ORF2-6 chimeric virus (ORF2-6-CON) in this 
study. Viremia and pathological lesions are two major 
criteria used to evaluate PRRSV cross-protection [45]. 
ORF2-6-CON pre-inoculation could reduce SD1291 
viremia similar to rHLJB1 pre-inoculation (significantly 

Table 3 Responses of Tfh cells, heterologous nAbs and cross‑protection among distinct groups 

a The percentages of Tfh cells among CD4 + T cells in the TBLN cohort collected at 21 dpc.
b The levels of nAb titres against the SD1291 isolate in serum samples collected at 21 dpc.
c The no. 18 pig in the ORF2-6-CON + SD1291 group, which has a high percentage of Tfh cells according to the TBLN, a high titre of heterologous nAbs, and improved 
cross-protection (short viremia period and mild lung lesion), is highlighted in bold.

Groups Pig no % of Tfh  cellsa Heterologous  nAbsb Viremia after 
challenge

Lung lesion

Mock 1 1.39  < 1:8 – –

2 2.56  < 1:8 – –

3 1.74  < 1:8 – –

4 1.13  < 1:8 – –

5 1.15  < 1:8 – –

SD1291 challenge 6 2.26  < 1:8 4–17 dpc  + 

7 4.13  < 1:8 2–21 dpc  + + 

8 4.44  < 1:8 4–14 dpc  + 

9 4.29 1:8 2–17 dpc  + 

10 2.32  < 1:8 2–21 dpc  +  + 

rHLJB1 + SD1291 11 2.77 1:8 2–17 dpc  + 

12 2.35 1:8 4:14 dpc  + 

13 2.27  < 1:8 2–17 dpc  + + 

14 2.50  < 1:8 4–14 dpc  + 

15 2.61 1:8 4–17 dpc  + 

ORF2-6-CON + SD1291 16 5.75 1:8 7–14 dpc  ± 

17 6.71 1:16 4–17 dpc  + 

18c 6.80 1:16 7 dpc  ± 
19 4.94 1:8 4–17 dpc  + 

20 4.64 1:8 7–14 dpc  + 
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lower at 10 dpc). In addition, ORF2-6-CON-inoculated 
pigs presented significantly lower levels of tissue lesions 
than rHLJB1-inoculated pigs after SD1291 challenge. 
Thus, ORF2-6-CON provided enhanced cross-protection 
against the heterologous SD1291 isolate. Whether ORF2-
6-CON can also confer cross-protection against other 
heterologous Chinese PRRSV1 isolates deserves further 
investigation.

The abundance of these antibodies is significantly cor-
related with protective immunity against PRRSV [46]. 
The induction of PRRSV nAbs is a widely acknowledged 
criterion for evaluating protective humoral immunity 
[22]. ORF2-6-CON could induce better heterologous 
nAb responses against the SD1291 isolate than against 
the rHLJB1 isolate, indicating that heterologous nAbs 
play a critical role in the cross-protection conferred by 
ORF2-6-CON. Tfh cells are a specific T-cell lineage that 
can help B cells differentiate into antibody-secreting 

cells and play a vital role in regulating the generation of 
heterologous nAbs [24, 37]. To explore the correlation 
between porcine Tfh cells and PRRSV1 heterologous 
nAb responses, we detected porcine Tfh cells in blood 
and tissue after PRRSV1 inoculation and challenge. Our 
results showed that the percentage of Tfh cells among 
CD4 + T cells was significantly greater only in TBLNs 
from the ORF2-6-CON + SD1291 group. The concurrent 
generation of Tfh cells and heterologous nAb responses 
(especially for pig no. 18) suggested that porcine Tfh 
cells might play a role in inducing heterologous nAbs via 
ORF2-6-CON. These results are consistent with previous 
observations in other viruses, such as HIV and SARS-
CoV-2, showing that Tfh cells are highly correlated with 
heterologous nAb responses [24, 47]. Our results provide 
the first clue for the potential correlation between por-
cine Tfh cells and heterologous PRRSV nAb responses. 
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Figure 5 Frequencies of SD1291‑specific IFNγ‑secreting T lymphocytes. A Histograms showing IFNγ expression in CD3 + T cells from PBMCs 
from the four groups after RPMI-1640 or SD1291 stimulation at different time points. B Histograms showing IFNγ expression in CD3 + T cells 
from different tissues in the three groups upon RPMI-1640 or SD1291 stimulation. C, D Dot plots depicting the percentages of IFNγ-secreting cells 
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However, this finding should be further confirmed by 
comprehensive investigations using more pigs.

IFNγ-secreting cells also play an essential role in 
the protective effect of PRRSV [23]. The generation of 
strain-specific IFNγ-secreting cells is a commonly used 
criterion for determining protective cellular immune 
responses [45, 48]. In the present study, relatively more 
PRRSV-specific IFNγ-secreting cells were detected in the 
spleens and TBLNs of PRRSV-infected pigs than in those 
of mock-infected pigs. However, these two subtypes are 
not significantly different, which might also be associated 
with the high variation among different pig individuals, 
delayed T-cell responses and low sensitivity of intracellu-
lar cytokine staining [49, 50]. Noticeably, SD1291 strain-
specific IFNγ-secreting cells are slightly higher in TBLNs 
from the ORF2-6-CON-inoculated group than other 
groups, suggesting that ORF2-6-CON may contain more 
matched T-cell epitopes with the SD1291 isolate than 
rHLJB1. Overall, ORF2-6-CON induces similar levels of 
SD1291-specific IFN-γ-secreting T cells as rHLJB1, sug-
gesting that PRRSV-specific IFN-γ-secreting T cells play 
a less important role in enhanced cross-protection con-
ferred by ORF2-6-CON.

Intriguingly, ORF2-6-CON exhibited cell tropism 
towards Marc-145 cells even though the parental HLJB1 
and the backbone rHLJB1 viruses cannot replicate in 
these cells. Although the viral determinants of Marc-
145 cell tropism were not identified in this study, fur-
ther investigations are needed. Even though there is no 
PRRSV1 commercial vaccine available in China, the 
cross-protective efficacy of our chimeric strain should be 
compared with that of other PRRSV1 commercial vac-
cines in the future. In addition, the immunogenicity of 
the chimeric virus after serial passage in Marc-145 cells 
also needs further investigation. Overall, the develop-
ment of a Chinese PRRSV1-specific vaccine could be 
vastly facilitated owing to the ability of Marc-145 cells 
to adapt and enhance the cross-protection conferred by 
ORF2-6-CON.

This is the first report of the construction and rescue of 
a Chinese PRRSV1 isolate, which was subsequently used 
as a backbone for the generation of an ORF2-6 chimeric 
strain. The chimeric strain ORF2-6-CON could induce 
better cross-protection than the backbone rHLJB1 virus, 
which relies mainly on triggering Tfh cell and heterolo-
gous nAb responses. This study also provides the first 
insights into the potential correlations among porcine 
Tfh cells, heterologous PRRSV1 nAbs and cross-protec-
tion. The Marc-145-adapted ORF2-6-CON strain may 
serve as a promising vaccine candidate strain for combat-
ing PRRSV1 infection in China.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13567- 024- 01280-3.

Additional file 1. Construction of the rHLJB1 recombination plasmid. 
(A) The four overlapping fragments of the full-length HLJB1 genome were 
generated by PCR amplification. M: DNA marker, 1-4: F1-F4 fragments of 
the HLJB1 isolate. (B) The pACYC177-CMV-rHLJB1 recombination plasmid 
(abbreviated as rHLJB1) was digested with the corresponding digestion 
enzymes to confirm the successful construction of the full-length cDNA 
clone of the HLJB1 isolate. M: DNA marker, 1: rHLJB1 without digestion, 2: 
rHLJB1 digested with SgsI, 3-6: rHLJB1 double-digested with SgsI+Pfl23II, 
Pfl23II+BglII, BglII+Bsp1407I, and Bsp1407I+XbaI, respectively.

Additional file 2. Antibodies used in this study. 

Additional file 3. Multiple‑step growth curves for PAMs and Marc‑
145 cells. The growth curves within 96 hpi were determined by a PRRSV1 
real-time RT‒PCR assay [31].

Additional file 4. Cytopathic effect (CPE) observation in PRRSV‑
1‑infected Marc‑145 cells. Confluent Marc-145 cells were infected with 
mock, HLJB1, rHLJB1 or ORF2-6-CON. CPE could be detected in only ORF2-
6-CON-infected Marc-145 cells from 3 to 5 dpi.

Additional file 5. Gating strategies for porcine Tfh cells and IFN‑γ‑
secreting T lymphocytes. The strategies used were adapted from our 
previous study [36].

Additional file 6. Representative dot plots depict the percentages of 
porcine Tfh cells among CD4+ T cells among PBMCs upon SD1291 
stimulation (MOI=0.1). 

Acknowledgements
This work is funded by the National Natural Science Foundation of China 
(31802172), the Natural Science Foundation for Excellent Young Scholars of 
Jiangsu Province (BK202111603), the Open Project Program of the National 
Research Center of Veterinary Biological Products and Engineering Technology 
(GTKF(23)006), the Open Project Program of International Research Labora-
tory of Prevention and Control of Important Animal Infectious Diseases and 
Zoonotic Diseases of Jiangsu Higher Education Institutions (No. 3), the Open 
Project Program of Key Laboratory of Animal Pathogen Infection and Immu-
nology of Fujian Province (KLAPII202202), the Applied Basic Research Program 
of Liaoning Province (2023JH2/10160052), the Priority Academic Program 
Development of Jiangsu Higher Education Institutions (PAPD) and the 111 
Project D18007. Dr Nanhua Chen is supported by the High Talent Supporting 
Program of Yangzhou University.

Author contributions
NC conceived, designed and supervised this project. SL, NC, MQ, CL, YQ, MC, 
and SY participated in the construction and rescue of PRRSV1 infectious 
clones. NC, SL, MQ, CL, HL, SL, YQ, WQ, and BF participated in the animal 
experiment. SL and SS performed the flow cytometric analysis. NC, SS, KT, JZ 
and YL contributed reagents/materials/analysis. NC, YL, SS, KT, and JZ provided 
funding for this study. NC, HL, WZ and JZ wrote the manuscript. All authors 
read and approved the final manuscript.

Funding
National Natural Science Foundation of China, 31802172, Nanhua Chen, 
Natural Science Foundation for Excellent Young Scholars of Jiangsu Province, 
BK202111603, Nanhua Chen, Open Project Program of National Research 
Center of Veterinary biological products and Engineering technology, 
GTKF(23)006, Nanhua Chen, Open Project Program of International Research 
Laboratory of Prevention and Control of Important Animal Infectious Diseases 
and Zoonotic Diseases of Jiangsu Higher Education Institutions, No. 3, Nanhua 
Chen, Open Project Program of Key Laboratory of animal pathogen infection 
and Immunology of Fujian Province, KLAPII202202, Nanhua Chen, Applied 
Basic Research Program of Liaoning Province, 2023JH2/10160052, Nanhua 
Chen, Priority Academic Program Development of Jiangsu Higher Education 
Institutions, PAPD, 111 Project, D18007

https://doi.org/10.1186/s13567-024-01280-3
https://doi.org/10.1186/s13567-024-01280-3


Page 14 of 15Li et al. Veterinary Research           (2024) 55:28 

Availability of data and materials
The complete genome of the chimeric virus ORF2-6-CON containing the 
PRRSV1 ORF2-6 consensus sequence has been submitted to GenBank under 
accession number OR905562.

Declarations

Ethics approval and consent to participate
The animal experiment was approved by the Animal Welfare and Ethics Com-
mittee of Yangzhou University (reference number 202209010).

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, 
China. 2 GuoTai (Taizhou) Center of Technology Innovation for Veterinary 
Biologicals, Taizhou 225300, China. 3 Joint International Research Laboratory 
of Agriculture and Agri-Product Safety, Yangzhou 225009, China. 4 International 
Research Laboratory of Prevention and Control of Important Animal Infec-
tious Diseases and Zoonotic Diseases of Jiangsu Higher Education Institu-
tions, Yangzhou 225009, China. 5 Comparative Medicine Research Institute, 
Yangzhou University, Yangzhou 225009, China. 6 Jiangsu Co-Innovation Center 
for Prevention and Control of Important Animal Infectious Diseases and Zoon-
oses, Yangzhou University, Yangzhou 225009, China. 7 Key Laboratory of Animal 
Pathogen Infection and Immunology of Fujian Province, Fuzhou 350002, 
China. 8 National Research Center for Veterinary Medicine, Luoyang 471000, 
China. 

Received: 29 September 2023   Accepted: 24 January 2024

References
 1. Lunney JK, Fang Y, Ladinig A, Chen N, Li Y, Rowland B, Renukaradhya GJ 

(2016) Porcine reproductive and respiratory syndrome virus (PRRSV): 
pathogenesis and interaction with the immune system. Annu Rev Anim 
Biosci 4:129–154

 2. Walker PJ, Siddell SG, Lefkowitz EJ, Mushegian AR, Adriaenssens EM, 
Dempsey DM, Dutilh BE, Harrach B, Harrison RL, Hendrickson RC, Junglen 
S, Knowles NJ, Kropinski AM, Krupovic M, Kuhn JH, Nibert M, Orton RJ, 
Rubino L, Sabanadzovic S, Simmonds P, Smith DB, Varsani A, Zerbini FM, 
Davison AJ (2020) Changes to virus taxonomy and the statutes ratified 
by the international committee on taxonomy of viruses (2020). Arch Virol 
165:2737–2748

 3. Wensvoort G, Terpstra C, Pol JM, ter Laak EA, Bloemraad M, de Kluyver 
EP, Kragten C, van Buiten L, den Besten A, Wagenaar F, Broekhuijsen JM, 
Moonen PLJM, Zetstra T, de Boer EA, Tibben HJ, de Jong MF, van’t Veld P, 
Greenland GJR, van Gennep JA, Voets MTh, Verheijden JHM, Braamskamp 
J, (1991) Mystery swine disease in the Netherlands: the isolation of Lelys-
tad virus. Vet Q 13:121–130

 4. Shi M, Lam TT, Hon CC, Hui RK, Faaberg KS, Wennblom T, Murtaugh MP, 
Stadejek T, Leung FC (2010) Molecular epidemiology of PRRSV: a phyloge-
netic perspective. Virus Res 154:7–17

 5. Chen N, Cao Z, Yu X, Deng X, Zhao T, Wang L, Liu Q, Li X, Tian K (2011) 
Emergence of novel European genotype porcine reproductive and 
respiratory syndrome virus in mainland China. J Gen Virol 92:880–892

 6. Chen N, Liu Q, Qiao M, Deng X, Chen X, Sun M (2017) Whole genome 
characterization of a novel porcine reproductive and respiratory 
syndrome virus 1 isolate: genetic evidence for recombination between 
amervac vaccine and circulating strains in mainland China. Infect Genet 
Evol 54:308–313

 7. Zhai SL, Lin T, Zhou X, Pei ZF, Wei ZZ, Zhang H, Wen XH, Chen QL, Lv DH, 
Wei WK (2018) Phylogeographic analysis of porcine reproductive and 
respiratory syndrome virus 1 in Guangdong province, Southern China. 
Arch Virol 163:2443–2449

 8. Li C, Qiu M, Li SB, Sun Z, Huang ZT, Qi WH, Qiu YJ, Li JX, Feng BH, Zhao 
DS, Lin H, Zheng WL, Yu XL, Tian KG, Fan KW, Zhu JZ, Chen NH (2023) 

Metagenomic and pathogenic assessments identify a pathogenic por-
cine reproductive and respiratory syndrome virus 1 with new deletions 
from adult slaughter pig in 2022. Transbound Emerg Dis 2023:1975039

 9. Zhao J, Zhu L, Deng H, Li F, Xu L, Sun X, Yin W, Kuang S, Li S, Zhou Y, Xu 
Z (2021) Genetic characterization of a novel porcine reproductive and 
respiratory syndrome virus type I strain from southwest China. Arch Virol 
166:1769–1773

 10. Xu H, Gong BJ, Sun Q, Li C, Zhao J, Xiang LR, Li WS, Guo ZY, Tang YD, Leng 
CL, Li Z, Wang Q, Zhou GH, An TQ, Cai XH, Tian ZJ, Peng JM, Zhang HL 
(2023) Genomic characterization and pathogenicity of BJEU06-1-Like 
PRRSV-1 ZD-1 isolated in China. Transbound Emerg Dis 2023:6793604

 11. Wang X, Bai X, Wang Y, Wang L, Wei L, Tan F, Zhou Z, Tian K (2023) Patho-
genicity characterization of PRRSV-1 181187-2 isolated in China. Microb 
Pathog 180:106158

 12. Zhou L, Ge X, Yang H (2021) Porcine reproductive and respiratory 
syndrome modified live virus vaccine: a “leaky” vaccine with debatable 
efficacy and safety. Vaccines 9:362

 13. Choi K, Park C, Jeong J, Chae C (2016) Comparison of protection provided 
by type 1 and type 2 porcine reproductive and respiratory syndrome field 
viruses against homologous and heterologous challenge. Vet Microbiol 
191:72–81

 14. Bai X, Wang Y, Xu X, Sun Z, Xiao Y, Ji G, Li Y, Tan F, Li X, Tian K (2016) 
Commercial vaccines provide limited protection to NADC30-like PRRSV 
infection. Vaccine 34:5540–5545

 15. 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 reproduc-
tive and respiratory syndrome virus. Virus Res 225:40–49

 16. Vu HLX, Pattnaik AK, Osorio FA (2017) Strategies to broaden the cross-pro-
tective efficacy of vaccines against porcine reproductive and respiratory 
syndrome virus. Vet Microbiol 206:29–34

 17. Yoo DW, Welch SKW, Lee CH, Calvert JG (2004) Infectious cDNA clones of 
porcine reproductive and respiratory syndrome virus and their potential 
as vaccine vectors. Vet Immunol Immunop 102:143–154

 18. Chaudhari J, Vu HLX (2020) Porcine reproductive and respiratory syn-
drome virus reverse genetics and the major applications. Viruses 12:1245

 19. Chen NH, Li SB, Tian YF, Li XS, Li S, Li JX, Qiu M, Sun Z, Xiao YZ, Yan XL, 
Lin H, Yu XL, Tian KG, Shang SB, Zhu JZ (2021) Chimeric HP-PRRSV2 
containing an ORF2-6 consensus sequence induces antibodies with 
broadly neutralizing activity and confers cross protection against virulent 
NADC30-like isolate. Vet Res 52:74

 20. Li JX, Li SB, Qiu M, Li XS, Li C, Feng BH, Lin H, Zheng WL, Zhu JZ, Chen NH 
(2022) Minor and major envelope proteins of PRRSV play synergistic roles 
in inducing heterologous neutralizing antibodies and conferring cross 
protection. Virus Res 315:198789

 21. Li C, Li S, Li S, Qiu M, Lin H, Sun Z, Qiu Y, Qi W, Feng B, Li J, Zheng W, 
Yu X, Tian K, Shang S, Fan K, Zhu J, Chen N (2023) Efficacy of a porcine 
reproductive and respiratory syndrome virus 1 (PRRSV-1) natural recom-
binant against a heterologous PRRSV-1 isolate both clustered within the 
subgroup of BJEU06-1-like isolates. Vet Microbiol 285:109847

 22. Diaz I, Gimeno M, Darwich L, Navarro N, Kuzemtseva L, Lopez S, Galindo 
I, Segales J, Martin M, Pujols J, Mateu E (2012) Characterization of 
homologous and heterologous adaptive immune responses in porcine 
reproductive and respiratory syndrome virus infection. Vet Res 43:30

 23. Loving CL, Osorio FA, Murtaugh MP, Zuckermann FA (2015) Innate and 
adaptive immunity against porcine reproductive and respiratory syn-
drome virus. Vet Immunol Immunopathol 167:1–14

 24. Zhang J, Wu Q, Liu Z, Wang Q, Wu J, Hu Y, Bai T, Xie T, Huang M, Wu T, 
Peng D, Huang W, Jin K, Niu L, Guo W, Luo D, Lei D, Wu Z, Li G, Huang R, 
Lin Y, Xie X, He S, Deng Y, Liu J, Li W, Lu Z, Chen H, Zeng T, Luo Q, Li YP, 
Wang Y, Liu W, Qu X (2021) Spike-specific circulating T follicular helper 
cell and cross-neutralizing antibody responses in COVID-19-convalescent 
individuals. Nat Microbiol 6:51–58

 25. Gao F, Korber BT, Weaver E, Liao HX, Hahn BH, Haynes BF (2004) Central-
ized immunogens as a vaccine strategy to overcome HIV-1 diversity. 
Expert Rev vaccines 3:S161-68

 26. Gaschen B, Taylor J, Yusim K, Foley B, Gao F, Lang D, Novitsky V, Haynes 
B, Hahn BH, Bhattacharya T, Korber B (2002) Diversity considerations in 
HIV-1 vaccine selection. Science 296:2354–2360

 27. Vu HL, Ma F, Laegreid WW, Pattnaik AK, Steffen D, Doster AR, Osorio FA 
(2015) A synthetic porcine reproductive and respiratory syndrome virus 



Page 15 of 15Li et al. Veterinary Research           (2024) 55:28  

strain confers unprecedented levels of heterologous protection. J Virol 
89:12070–12083

 28. Chen N, Li S, Li X, Ye M, Xiao Y, Yan X, Li X, Zhu J (2020) The infectious 
cDNA clone of commercial HP-PRRS JXA1-R-attenuated vaccine can 
be a potential effective live vaccine vector. Transbound Emerg Dis 
67:1820–1827

 29. Ao D, Li SJ, Jiang S, Luo J, Chen NH, Meurens F, Zhu JZ (2020) Inter-rela-
tion analysis of signaling adaptors of porcine innate immune pathways. 
Mol Immunol 121:20–27

 30. Chen NH, Ye MX, Huang YC, Li S, Xiao YZ, Li XS, Li SB, Li XD, Yu XL, Tian KG, 
Zhu JZ (2019) Identification of two porcine reproductive and respira-
tory syndrome virus variants sharing high genomic homology but with 
distinct virulence. Viruses 11:875

 31. Chen N, Ye M, Xiao Y, Li S, Huang Y, Li X, Tian K, Zhu J (2019) Development 
of universal and quadruplex real-time RT-PCR assays for simultaneous 
detection and differentiation of porcine reproductive and respiratory 
syndrome viruses. Transbound Emerg Dis 66:2271–2278

 32. Trible BR, Popescu LN, Monday N, Calvert JG, Rowland RR (2015) A single 
amino acid deletion in the matrix protein of porcine reproductive and 
respiratory syndrome virus confers resistance to a polyclonal swine 
antibody with broadly neutralizing activity. J Virol 89:6515–6520

 33. Halbur PG, Paul PS, Meng XJ, Lum MA, Andrews JJ, Rathje JA (1996) 
Comparative pathogenicity of nine US porcine reproductive and respira-
tory syndrome virus (PRRSV) isolates in a five-week-old cesarean-derived, 
colostrum-deprived pig model. J Vet Diagn Invest 8:11–20

 34. Morgan SB, Frossard JP, Pallares FJ, Gough J, Stadejek T, Graham SP, 
Steinbach F, Drew TW, Salguero FJ (2016) Pathology and virus distribu-
tion in the lung and lymphoid tissues of pigs experimentally inoculated 
with three distinct type 1 PRRS virus isolates of varying pathogenicity. 
Transbound Emerg Dis 63:285–295

 35. Chrun T, Maze EA, Vatzia E, Martini V, Paudyal B, Edmans MD, McNee 
A, Manjegowda T, Salguero FJ, Wanasen N, Koonpaew S, Graham SP, 
Tchilian E (2021) Simultaneous infection with porcine reproductive and 
respiratory syndrome and influenza viruses abrogates clinical protec-
tion induced by live attenuated porcine reproductive and respiratory 
syndrome vaccination. Front Immunol 12:758368

 36. Li S, Li J, Tian Y, Liu J, Zhu J, Chen N, Shang S (2023) A potent CD8 T-cell 
response may be associated with partial cross-protection conferred by 
an attenuated Chinese HP-PRRSV vaccine against NADC30-like PRRSV 
challenge. J Gen Virol 104:001850

 37. Hoog A, Villanueva-Hernandez S, Razavi MA, van Dongen K, Eder T, Piney 
L, Chapat L, de Luca K, Grebien F, Mair KH, Gerner W (2022) Identification 
of CD4(+) T cells with T follicular helper cell characteristics in the pig. Dev 
Comp Immunol 134:104462

 38. Ugolini M, Gerhard J, Burkert S, Jensen KJ, Georg P, Ebner F, Volkers SM, 
Thada S, Dietert K, Bauer L, Schafer A, Helbig ET, Opitz B, Kurth F, Sur S, 
Dittrich N, Gaddam S, Conrad ML, Benn CS, Blohm U, Gruber AD, Hutloff 
A, Hartmann S, Boekschoten MV, Muller M, Jungersen G, Schumann RR, 
Suttorp N, Sander LE (2018) Recognition of microbial viability via TLR8 
drives TFH cell differentiation and vaccine responses. Nat Immunol 
19:386–396

 39. Qiu M, Li S, Ye M, Li J, Sun Z, Li X, Xu Y, Xiao Y, Li C, Feng B, Lin H, Zheng 
W, Yu X, Tian K, Zhu J, Chen N (2022) Systemic homologous neutral-
izing antibodies are inadequate for the evaluation of vaccine protective 
efficacy against coinfection by high virulent PEDV and PRRSV. Microbiol 
Spectr 10:e0257421

 40. Wu C, Gu G, Zhai T, Wang Y, Yang Y, Li Y, Zheng X, Zhao Q, Zhou EM, Nan 
Y (2020) Broad neutralization activity against both PRRSV-1 and PRRSV-2 
and enhancement of cell mediated immunity against PRRSV by a novel 
IgM monoclonal antibody. Antiviral Res 175:104716

 41. Chen N, Xiao Y, Ye M, Li X, Li S, Xie N, Wei Y, Wang J, Zhu J (2020) High 
genetic diversity of Chinese porcine reproductive and respiratory syn-
drome viruses from 2016 to 2019. Res Vet Sci 131:38–42

 42. Sun D, Khatun A, Kim WI, Cooper V, Cho YI, Wang C, Choi EJ, Yoon KJ 
(2016) Attempts to enhance cross-protection against porcine reproduc-
tive and respiratory syndrome viruses using chimeric viruses contain-
ing structural genes from two antigenically distinct strains. Vaccine 
34:4335–4342

 43. Tian D, Cao D, Lynn Heffron C, Yugo DM, Rogers AJ, Overend C, Matzinger 
SR, Subramaniam S, Opriessnig T, LeRoith T, Meng XJ (2017) Enhanc-
ing heterologous protection in pigs vaccinated with chimeric porcine 

reproductive and respiratory syndrome virus containing the full-length 
sequences of shuffled structural genes of multiple heterologous strains. 
Vaccine 35:2427–2434

 44. Sun YJ, Sun YF, Pan FC, Su YS, Liu HZ, Xu JQ, Cao YL, Zhang J, Lu GQ (1997) 
Quanrantine and diagnosis of porcine reproductive and respiratory 
syndrome. Chin J Vet Med 23:8–9

 45. Park C, Seo HW, Han K, Kang I, Chae C (2014) Evaluation of the efficacy of 
a new modified live porcine reproductive and respiratory syndrome virus 
(PRRSV) vaccine (Fostera PRRS) against heterologous PRRSV challenge. 
Vet Microbiol 172:432–442

 46. Lopez OJ, Osorio FA (2004) Role of neutralizing antibodies in PRRSV 
protective immunity. Vet Immunol Immunopathol 102:155–163

 47. Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, Arlehamn 
CL, Su LF, Cubas R, Davis MM, Sette A, Haddad EK, Poignard P, Crotty S 
(2013) Human circulating PD-1+CXCR3-CXCR5+ memory Tfh cells are 
highly functional and correlate with broadly neutralizing HIV antibody 
responses. Immunity 39:758–769

 48. Renson P, Fablet C, Le Dimna M, Mahe S, Touzain F, Blanchard Y, Paboeuf 
F, Rose N, Bourry O (2017) Preparation for emergence of an Eastern 
European porcine reproductive and respiratory syndrome virus (PRRSV) 
strain in Western Europe: immunization with modified live virus vaccines 
or a field strain confers partial protection. Vet Microbiol 204:133–140

 49. Nazki S, Khatun A, Jeong CG, Mattoo SUS, Gu S, Lee SI, Kim SC, Park JH, 
Yang MS, Kim B, Park CK, Lee SM, Kim WI (2020) Evaluation of local and 
systemic immune responses in pigs experimentally challenged with 
porcine reproductive and respiratory syndrome virus. Vet Res 51:66

 50. Chang CXL, Tan AT, Or MY, Toh KY, Lim PY, Chia ASE, Froesig TM, Nadua KD, 
Oh HLJ, Leong HN, Hadrup SR, Gehring AJ, Tan YJ, Bertoletti A, Groten-
breg GM (2013) Conditional ligands for Asian HLA variants facilitate the 
definition of CD8(+) T-cell responses in acute and chronic viral diseases. 
Eur J Immunol 43:1109–1120

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	A chimeric porcine reproductive and respiratory syndrome virus 1 strain containing synthetic ORF2-6 genes can trigger T follicular helper cell and heterologous neutralizing antibody responses and confer enhanced cross-protection
	Abstract 
	Introduction
	Materials and methods
	Viruses and cells
	Design and synthesis of the Chinese PRRSV1 ORF2-6 consensus sequence
	Construction of PRRSV1-related rHLJB1 and ORF2-6-CON infectious clones
	Animal experiment
	Flow cytometry
	Statistical analysis

	Results
	The PRRSV1 ORF2-6 consensus sequence generally shares increased similarity
	PRRSV1 ORF2-6-CON can replicate in both PAMs and Marc-145 cells
	ORF2-6-CON is not pathogenic to piglets
	ORF2-6-CON confers enhanced cross-protection against SD1291 challenge
	ORF2-6-CON induces higher levels of heterologous nAbs and Tfh cells
	ORF2-6-CON and rHLJB1 induce similar SD1291-specific IFN-γ + T-cell levels

	Discussion
	Acknowledgements
	References


