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ARTICLE INFO ABSTRACT

Keywords: Porcine reproductive and respiratory syndrome virus (PRRSV) causes great economic losses to the swine industry
Galectin-1 globally; however, effective control measures for this virus are limited. Here, we screened a porcine alveolar
PRRSV macrophage (PAM) ¢DNA library with a yeast two-hybrid system to reveal that galectin-1 (Gal-1), an en-
gs;?rloltein dogenous innate immune protein encoded by LGALSI, interacts with nonstructural protein 11 (Nspl1) of

PRRSV. Western blotting and viral titer assays indicated that Gal-1 overexpression suppressed replication in
multiple PRRSV strains (P < 0.001), whereas Gal-1 knockdown or knockout increased viral titer and nucleo-
capsid protein expression. The Gal-1-specific anti-PRRSV effect was associated with the endoribonuclease do-
main of Nspl1 through inactivation of interferon-antagonist function and stimulation of interferon-stimulated
gene expression. Additionally, Gal-1 interacted with PRRSV E protein but not with PRRSV glycoproteins, and
recombinant Gal-1 treatment inhibited PRRSV in PAMs and MARC-145 cells. Furthermore, Gal-1 inhibited re-
plication in multiple viruses, including equine arteritis virus, porcine epidemic diarrhea virus, pseudorabies
virus, Japanese encephalitis virus, and classical swine fever virus, suggesting its potential broad application for
antiviral strategies. Our findings provide insight into the important role of Gal-1 in PRRSV pathogenesis and its

Antiviral activity

potential use as a novel therapeutic target against PRRSV infection.

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) affects the
swine industry worldwide, manifesting as reproductive problems in
sows and respiratory problems in piglets (Chand et al., 2012). Despite
the existence of commercial vaccines, PRRS virus (PRRSV) constantly
evolves, allowing it to evade existing immunity in vaccinated herds in
China (Han and Yoo, 2014; Jiang et al., 2015).

PRRSV has a 15-kb RNA genome containing at least 10 open reading
frames (ORFs), with ORFla and ORF1b producing at least 14 non-
structural proteins (Nsps) (Fang and Snijder, 2010). ORF2a through
ORF7 encode structural proteins, including four membrane-associated
glycoproteins (GP2a, GP3, GP4, and GP5), three unglycosylated mem-
brane proteins (E, ORF5a, and M), and a nucleocapsid protein (N) (Sun
et al., 2013). PRRSV infection causes type I interferon (IFN) suppression
in porcine alveolar macrophages (PAMs) and in the lungs where PRRSV
actively replicates (Buddaert et al., 1998). Several PRRSV proteins

downregulate IFN induction, including Nsp1, Nsp2, Nsp4, Nsp11, and N
(Lunney et al., 2016). Of these, only Nspl1l has RNA nuclease activity
(Sun et al., 2016).

Nspll is a 223-amino acid protein produced from a large poly-
protein (PPlab) and contains a highly conserved endoribonuclease
(EndoU) domain in its C-terminal region, which is unique to Nidovirales
viruses (Nedialkova et al., 2009). The EndoU domain consists of two
subdomains. Subdomain A maintains nuclease activity critical for both
viral replication and IFN antagonism (Shi et al., 2011; Sun et al., 2016).
PRRSV Nspl1 inhibits host innate immune responses, such as type I IFN
transcription, RNAi innate immune response, and interleukin-1 pro-
duction, thereby playing an important role in PRRSV infection (Wang
et al., 2015a, b).

Galectins are a widely distributed protein family that modulates
antiviral immunity and direct host-virus interactions (Vasta, 2009).
Galectin-1 (Gal-1), encoded by LGALS]1, is a highly conserved protein
(Camby et al., 2006) with antiviral activity verified in infections caused
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Fig. 1. Interaction between Gal-1 and PRRSV Nspl1. (A) Y2HGold yeast cells were transformed with pGBKT7-Nsp11 and grown on SD medium with -Trp or —~Ade/
-His/-Leu/-Trp supplemented with X-a-gal and ABA, respectively. Positive control: pGBKT7-53; negative control: pGBKT7-Lam. (B) pGADT7-Gal-1 co-transfected
with pGBKT7-Nsp11 into Y2HGold yeast cells on QDO plates containing X-a-gal and ABA. The positive interactors (blue) were identified by reporter gene activation.
(C) Interaction of Gal-1 with Nsp11 by Co-IP. HEK293 T cells were co-transfected with Gal-1-C-Myc-pCAGGS and Nsp11-HA-pCAGGS in the presence of DNase and
RNase. Cell lysates were precipitated with an anti-HA mAb in conjunction with protein A Sepharose and further assessed by WB with anti-HA and anti-C-Myc
antibodies, respectively. (D) HEK293 T cells were co-transfected and double stained with a rabbit anti-HA antibody and a mouse anti-Myc antibody, followed by
FITC-conjugated anti-rabbit IgG (green) and Alexa Fluor-conjugated anti-mouse IgG (red). Cell nuclei were counterstained with 1 pg/ml of 4’,6’-diamidino-2-phe-
nylindole (DAPI) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

by Nipah virus (Levroney et al., 2005), influenza virus (Yang et al.,
2011), dengue virus (Toledo et al., 2014), and human simplex virus 1
(Rajasagi et al., 2012). By contrast, previous studies report that Gal-1
promotes infections caused by human immunodeficiency virus 1
(Ouellet et al., 2005), human T-lymphotropic virus (Gauthier et al.,
2008), and enterovirus 71 (Lee et al., 2015). However, its ability to
modulate PRRSV infection has not been reported.

Exploration of host-virus interactions enables discovery of potential
antiviral proteins and the development of effective alternative strate-
gies to combat multiple circulating PRRSV strains. Numerous recent
studies have investigated host-virus interactions associated with
PRRSV pathogenesis (Jin et al., 2017; Li et al., 2018; Zhao et al., 2019,
2015); however, few studies have investigated the association between
host—virus interaction and Nspl1l. Therefore, we performed yeast two-
hybrid screening using Nsp11 as bait to identify interacting elements in
a cDNA library of PAMs in order to screen attractive targets for the
development of anti-PRRSV therapies.

2. Materials and methods
2.1. Cells and virus

PAMs, MARC-145 cells, HEK293 T cells, BHK-21 cells, and PK-15
cells were cultured as described previously (Gao et al., 2018; Zhao
et al., 2018; Zheng et al., 2018). The highly pathogenic PRRSV vHuN4
(GenBank accession no. EF635006), attenuated vaccine virus vHuN4-
F112, vJX143 (GenBank accession no. EU708726), vJXM100 (GenBank
accession no. GQ475526), classic type 2 strain vAPRRS (GenBank ac-
cession no. GQ330474), a classic type 1 strain vSHE (GenBank acces-
sion No. GQ461593), equine arteritis virus (EAV) strain vEAV030
(GenBank accession No. NC002532), porcine epidemic diarrhea virus

(PEDV) strain JS-2013, pseudorabies virus (PRV) strain JS-2012 (Gen-
Bank accession No. KP257591), Japanese encephalitis virus (JEV)
strain HEN0O701 (GenBank accession No. FJ495189), and a swine fever
virus (CSFV) Shimen strain (GenBank accession No. AF092448) were
used.

2.2. Construction of plasmids

Nsp11 from vHuN4 was cloned into pGBKT7 or pCAGGS to generate
pGBKT7-Nspll or Nspll-HA-pCAGGS, respectively. LGALS1 was
cloned into pGADT7 or pCAGGS to generate pGADT7-Gal-1 or Gal-1-C-
Myc-pCAGGS, respectively. Three fragments of Nspl1l were inserted
downstream of three Flag tags, generating Nspll-N (aa 1-123)-
PCAGGS, Nsp11-C (aa 124-223)-pCAGGS, and Nspl1-A (aa 124-183)-
PCAGGS. The plasmids expressing GP2a, GP3, GP4, GP5, and E were
constructed by cloning the corresponding fragments into pLOV.CMV
(modified version of pLOV.CMV.GFP). Primers are listed in Table S1.

2.3. Yeast two-hybrid screening

Yeast two-hybrid screening was performed using pGBKT7-Nsp11 as
bait to screen a PAM cDNA library using the Matchmaker Gold Yeast
two-hybrid system (Clontech, TaKaRa, Dalian, China). Briefly, the yeast
strain Y2HGold was transformed with pGBKT7-Nspll, mated with
Y187, and selected on quadruple dropout (QDO) plates for 7 days.
Positive colonies were re-selected on high-stringency QDO plates con-
taining 0.04 mg/ml 5-bromo-4-chloro-3-indoyl-a-D-galactopyranoside
(X-a-gal) and 0.07 ug/ml aureobasidin A (ABA), and confirmed by se-
quencing. Sequence alignments were performed using BLAST (https://
blast.ncbi.nlm.nih.gov/). The candidate gene was cloned into pGADT7
to perform a one-to-one yeast hybridization assay. pGBKT7-53 and
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Fig. 2. Gal-1 overexpression exerts strong anti-PRRSV activity, and Gal-1 is downregulated in response to PRRSV in vitro. (A) PRRSV proliferation in MARC-145 cells
transfected with Gal-1-C-Myc-pCAGGS or control plasmids. Supernatant was collected at the indicated times and titrated. (B) Time course of transfected Gal-1 and N
protein expression after PRRSV infection of MARC-145 cells according to WB analysis. (C) Viral titers for MARC-145 cells transfected with Gal-1-C-Myc-pCAGGS or
control plasmids 36 h prior to PRRSV (vHuN4, vHuN4-F112, vAPRRS, vSHE, vJX0612, or vJXM100) infection (MOI = 0.1). (D) Viral attachment and internalization

+

were analyzed by qPCR. Data represent the mean

standard deviation of three independent experiments. Statistical significance was analyzed using t tests; ***P <

0.001, ns, not significant. (E) Time course of endogenous Gal-1 expression following infection of PAMs with PRRSV vHuN4 at an MOI of 0.1. Cells were collected at
the indicated times, and WB was performed to detect Gal-1 levels in PRRSV-infected cells and mock cells.

pGBKT7-lam were used as positive and negative controls, respectively.

2.4. Co-immunoprecipitation (Co-IP) and confocal imaging

HEK293T cells were co-transfected with the indicated plasmids
using X-tremeGENE DNA transfection reagent (Roche Applied Science,
Penzberg, Germany). IP and confocal imaging assays were performed as
described previously (Zhao et al., 2018), except that mouse anti-E
protein polyclonal antibody (pAb; 1:100) produced in our laboratory,
rabbit anti-HA monoclonal antibody (mAb; Cell Signaling Technology;
Danvers, MA, USA; 1:1000), and mouse anti-C-Myc mAb (Cell Signaling
Technology; 1:1000) were used.

2.5. Virus challenge

To determine the effect of Gal-1 on PRRSV replication, MARC-145
cells were transfected with pCAGGS or Gal-1-C-Myc-pCAGGS, followed
by vHuN4 infection (multiplicity of infection, MOI = 0.1). Cells were
harvested at 12-, 24-, 36-, 48-, and 60-h post-infection (hpi) using RIPA
lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) and ana-
lyzed by western blotting (WB) using an anti-N protein pAb (1:1000)
produced in our laboratory. Recombinant Gal-1 (rGal-1) and rGal-3
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and diluted in
serum-free DMEM (Sigma-Aldrich). MARC-145 cells were pretreated
with rGal-1 or rGal-3 for 2 h prior to vHuN4 infection. Viral titers were
measured by standard TCIDs, assay using the Reed and Muench method
(Reed and Muench, 1938). Viral attachment and internalization

experiments were performed according to a previous study (Zhao et al.,
2018).

2.6. RNA interference

Small-interfering RNA (siRNA) were used to knockdown Gal-1 ex-
pression, with SiGal-1 and control siRNA (SiCon) synthesized by
GenePharma (Shanghai, China). PAMs and MARC-145 cells were
transfected with siRNAs (100 nM) using X-tremeGENE siRNA transfec-
tion reagent (Roche), followed by PRRSV infection. Gal-1 and N protein
levels were determined at 24 hpi.

2.7. Construction of gene-knockout cell lines

The CRISPR/Cas9 system was used to generate Gal-1-knockout (KO)
MARC-145 cells. The knockout strategy involved introducing frame-
shift mutations into the coding sequence, as described previously (Li
et al., 2018). WB with a specific Gal-1 antibody (D608 T; Cell Signaling
Technology; 1:1000) was performed to confirm the absence of the
target protein.

2.8. Luciferase-reporter assays

HEK293 T cells were plated in 12-well plates and transfected with a
mixture of IFN-B-luc and pRL-TK-Renilla luciferase plasmids and ap-
propriate control or protein-expressing plasmid(s). Cells were infected
with Sendai virus (SeV) and collected at 24 hpi. Luciferase activity was
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Fig. 3. Effect of Gal-1 knockdown or knockout on PRRSV replication. (A) PAMs and (B) MARC-145 cells were transfected with SiCon or SiGal-1 for 30 h, infected with
vHuN4 for 24 h, and collected for WB analysis of endogenous Gal-1 and N protein levels. (C) WB analysis of endogenous Gal-1 levels in Gal-1-KO MARC-145 cells. -
actin level was used as a loading control. (D) Evaluation of the effect of Gal-1-KO on cell proliferation and viability at the indicated times. (E) Time course of
endogenous Gal-1 and N protein levels following PRRSV infection of Gal-1-KO MARC-145 cells or wild-type MARC-145 cells at the indicated times. (F) Viral growth
in Gal-1-KO MARC-145 and wild-type MARC-145 cells. Supernatant was collected, as indicated, and titrated. Data are the mean * standard deviation of three
independent experiments. Statistical significance was analyzed using t-tests; **, P < 0.01. ns, not significant.

measured with a dual-luciferase assay (Promega, Madison, WI, USA).
Reporter gene activity was determined by normalization of firefly lu-
ciferase activity against Renilla luciferase activity.

2.9. Quantitative real-time PCR (qPCR)

Total RNA was extracted with TRIzol reagent (Thermo Fisher
Scientific), and a PrimeScript first strand cDNA synthesis kit (Takara)
was used for reverse transcription. SYBR Premix Ex Taq (Takara) was
used to quantify levels of interferon-stimulated gene 15 (ISG15), 2’-5'-
oligoadenylate synthetase 1 (OAS1), and MX1 mRNA. Relative expression
levels were analyzed using the AACt method (Bookout et al., 2006),
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA used as
a control. Primers are listed in Table S1.

2.10. Bimolecular fluorescence complementation (BiFC) assay

BiFC assays were conducted as previously described, with minor
modifications (Zhang et al., 2012). LGALS1, ORF2b, and four fragments
of ORF2b were amplified by PCR using gene-specific primers and cloned
into the N-terminus of VN or VC with a flexible linker and designated E-
VC, Gal-1-VN, E(aa 1-48)-VC, E(aa 1-21)-VC, E(aa 21-48)-VC, and E
(aa 48-73)-VC, respectively. HEK293 T cells were co-transfected with
500 ng of each BiFC plasmid, and at 24-h post-transfection (hpt), cells
were visualized using an Olympus inverted fluorescence microscope
(Olympus, Tokyo, Japan).

2.11. Statistical analysis

All experiments were performed at least three times independently.
Statistical significance was analyzed using Student’s t test, and a P <

313

0.05 was considered statistically significant.

3. Results

3.1. Gal-1 interacts with PRRSV Nsp11 in both the yeast system and
HEK293T cells

pGBKT7-Nspl1 transfection into Y2HGold yeast cells showed no
toxicity affecting yeast colony size and did not induce self-activation of
reporter genes (Fig. 1A). Therefore, pGBKT7-Nsp11 was used to screen
the cDNA library. Sequence alignments were performed using BLAST
(https://blast.ncbi.nlm.nih.gov/), and the candidate interacting protein
was identified as Gal-1. A one-to-one yeast hybridization assay was
performed to verify interaction between Nspll and Gal-1 on QDO
plates containing X-a-gal and ABA (Fig. 1B). The results demonstrated
that Gal-1 interacted with PRRSV Nspll in the yeast hybridization
system.

We then validated the interaction by Co-IP, revealing that Nspl1l
efficiently co-immunoprecipitated with Gal-1 in HEK293T cells
(Fig. 1C). In confocal imaging assays, green fluorescence (Nspl1) was
superimposed on areas of red fluorescence (Gal-1) in both the nucleus
and cytoplasm (Fig. 1D), thereby demonstrating Gal-1 co-localization
with Nsp1l in HEK293 T cells.

3.2. Gal-1 exhibits anti-PRRSV activity

To determine the effect of Gal-1 on PRRSV replication, induction of
PRRSV infection was conducted at 36 hpt. The viral titer in Gal-1-C-
Myc-pCAGGS-transfected cells was significantly lower (P < 0.001)
than that in corresponding control cells at different time points
(Fig. 2A). WB showed that Gal-1 overexpression strongly reduced
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accumulation of N protein, confirming the restriction activity of Gal-1
(Fig. 2B). We then investigated the antiviral activity of Gal-1 against
other PRRSV strains, including vHuN4-F112, vAPRRS, vSHE, vJX0612,
and vJXM100. Gal-1 overexpression significantly reduced viral titers of
all strains in MARC-145 cells (Fig. 2C; P < 0.001). Collectively, these
data show that Gal-1 strongly reduces PRRSV translation and replica-
tion in multiple strains and two genotypes. We reasoned that Gal-1-
specific inhibition of PRRSV replication might be caused by inter-
ference with PRRSV attachment and internalization. To test this, we
performed PRRSV-attachment and -internalization experiments. As
shown in Fig. 2D, Gal-1 overexpression did not affect PRRSV attach-
ment and internalization, indicating that Gal-1 exerts inhibitory effects
after PRRSV entry.

3.3. PRRSV infection leads to endogenous Gal-1 reduction

We then investigated the consequences of PRRSV infection on en-
dogenous cellular Gal-1 expression. PAMs, the primary target cell for
PRRSV replication in vivo, were used to analyze changes in Gal-1 ex-
pression. As shown in Fig. 2E, Gal-1 was substantially downregulated in
response to PRRSV infection, especially at 36 hpi and 48 hpi.

3.4. Gal-1 knockdown or knockout facilitates PRRSV replication

We designed an siRNA (siGal-1) against Gal-1, finding that Gal-1
expression was clearly inhibited by siGal-1 in PAMs and MARC-145
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standard deviation of three independent experiments. Statistical significance was analyzed using t-tests; *P < 0.05; **P < 0.01; ***P < 0.001.

cells as compared to levels observed in controls (Fig. 3A, B). Cells
transfected with siGal-1 were then infected with vHuN4, and we found
that compared with controls, viral N protein levels were increased at
24 hpi (Fig. 3A, B), indicating that Gal-1 knockdown promoted viral
translation and replication in PAMs and MARC-145 cells. To confirm
this finding, the Gal-1 gene was knocked out in MARC-145 cells, and
Gal-1 was subsequently confirmed as absent (Fig. 3C). An MTT assay
performed to analyze the potential effect of Gal-1 knockout on cell
proliferation and viability revealed no appreciable effect (Fig. 3D), in-
dicating successful generation of Gal-1-KO MARC-145. Compared with
MARC-145 cells, we found that N protein levels in Gal-1-KO MARC-145
cells increased significantly following PRRSV infection (MOI = 0.1;
Fig. 3E). Similarly, the effect of Gal-1-KO on viral growth was con-
firmed, revealing that Gal-1 KO significantly increased viral titer as
compared with that in MARC-145 cells, especially at 36 hpi and 48 hpi
(Fig. 3F). Overall, knockdown or knockout of endogenous Gal-1 not
only reversed the inhibitory effect but also facilitated PRRSV replica-
tion, confirming the antiviral effect of Gal-1.

3.5. Gal-1 inactivates the IFN-antagonist function of Nsp11 and stimulates
secretion of ISGs

To identify the interacting regions, three truncated Nspl1 variants
[Nspll-N (aa 1-123), Nspll-C (aa 124-223), and Nspll-A (aa
124-183)] were constructed (Fig. 4A), and each Nspll domain inter-
acting with Gal-1 was examined using Co-IP. Nspl11-C and Nspll-A
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Fig. 5. Gal-1 interacts with PRRSV E protein. (A) Interaction of Gal-1 with PRRSV GP2a, GP3, GP4, and GP5 protein by Co-IP. (B) Interaction of Gal-1 with PRRSV E
protein by Co-IP. HEK293 T cells were co-transfected with Gal-1-C-Myc-pCAGGS and E-FLAG-pLOV.CMV. Cell lysates were precipitated with an anti-FLAG mAb in
conjunction with protein A Sepharose and further assessed by WB with an anti-FLAG antibody and anti-C-Myc antibody, respectively. (C) HEK293 T cells were co-
transfected, and cells at 24 hpt were fixed and double stained with rabbit anti-FLAG and mouse anti-C-Myc antibodies, followed by FITC-conjugated anti-rabbit IgG
(green) and Alexa Fluor-conjugated anti-mouse IgG (red). Cell nuclei were counterstained with DAPI (blue). (D, E) Co-localization of PRRSV E and endogenous Gal-1
in MARC-145 cells and PAMs. Cells infected with PRRSV were fixed at 24 hpi and then subjected to indirect immunofluorescence to detect E protein and Gal-1. (F)
BiFC analysis of Gal-1 interaction with E protein. HEK293 T cells were co-transfected with the indicated plasmids, and BiFC fluorescence was observed at 24 hpt (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

interacted with Gal-1, whereas Nsp11-N did not (Fig. 4B), indicating
Nspll subdomain A (aa 124-183) maintaining EndoU activity as the
Gal-1-binding region. Because Nspl1 is an IFN antagonist with EndoU
activity essential for inhibiting induction of IFN-f (Shi et al., 2011), we
examined activation of the IFN- promoter by Nspll and Gal-1. As
shown in Fig. 4C, Nspl1 inhibited SeV-induced activation of the IFN-f
promoter (P < 0.001) but was substantially rescued by increasing Gal-1
expression in a dose-dependent manner. Furthermore, Gal-1 over-
expression significantly upregulated mRNA levels of ISG15, OAS1, and
MX1 in PRRSV-infected MARC-145 cells (Fig. 4D). Moreover, ISG15
levels increased by 10- or 200-fold in mock or PRRSV-infected MARC-
145 cells, respectively, indicating that transfection of Gal-1 into MARC-
145 cells in the absence of PRRSV infection enhanced ISG15 expression.
Meanwhile, OAS1 and MX1 levels did not differ in mock cells but in-
creased by "8- and 16-fold in PRRSV-infected MARC-145 cells, respec-
tively, confirming that Gal-1 overexpression mediated the induction of
innate immune responses in PRRSV-infected cells, leading to the in-
hibition of viral infection.

3.6. Gal-1 interacts with the PRRSV E protein but not with PRRSV
glycoproteins

We then analyzed interactions between Gal-1 and five membrane-

associated proteins, including GP2a, E, GP3, GP4, and GP5. Co-IP
showed that viral E protein but not PRRSV GP2a, GP3, GP4, or GP5,
interacted with Gal-1 (Fig. 5A, B). To confirm co-localization of Gal-1
and E protein, HEK293 T cells were co-transfected, and green fluores-
cence (E) superimposed on areas of red fluorescence (Gal-1) in the
cytoplasm (Fig. 5C) demonstrated co-localization of Gal-1 and E protein
in HEK293 T cells. To examine the interaction between E protein and
endogenous Gal-1 in the context of PRRSV infection, virus-infected
MARC-145 cells or PAMs were stained with anti-E pAb and an anti-Gal-
1 monoclonal antibody, revealing that endogenous Gal-1 co-localized
with E protein (Fig. 5D, E). These observations confirmed that en-
dogenous Gal-1 interacts with viral E protein in PRRSV-infected cells.
Further, HEK293 T cells were co-transfected with BiFC pairs, resulting
in detectable BiFC fluorescence in cells co-transfected with Gal-1 and E
(aa 48-73) (Fig. 5F), suggesting that the C-terminal domain of E (aa
48-73) is required for its interaction with Gal-1.

3.7. rGal-1 but not rGal-3 treatment suppresses PRRSV replication

We assessed the functional consequence of Gal-1 treatment by
evaluating the impact of soluble rGal-1 on PRRSV infection in primary
and permissive cells. Our previous work showed that Gal-3, another
member of the galectin family, inhibits PRRSV replication in MARC-145
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Fig. 6. rGal-1 but not rGal-3 treatment suppresses PRRSV replication. (A) Determination of cytotoxicity of rGal-1 and rGal-3 by MTT assay at the indicated con-
centrations. (B) MARC-145 cells infected with vHuN4 (MOI = 0.1) with or without 2h of rGal-1 (5-100 nM) or rGal-3 (5-100 nM) pretreatment. At 36 hpi, the
supernatants were collected and titrated. (C) PAMs seeded onto 6-well plates and pretreated with rGal-1 (100 nM) and infected with vHuN4. The supernatants were
collected at 36 hpi to determine viral titers. Data are the mean *+ standard deviation of three independent experiments. Statistical significance was analyzed using t

tests; **P < 0.01;

“**P < 0.001. (D) Experiments were performed as described for panel B, except that cells were fixed and immunostained with the mouse SR30A

mAD against viral N protein and FITC-conjugated goat anti-mouse IgG (green). Cell nuclei were counterstained with DAPI (blue) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.).

cells (Li et al., 2018). As shown in Fig. 6A, no appreciable cytotoxicity
was observed at concentrations ranging from 10nM to 200 nM.
Therefore, we pretreated MARC-145 cells with rGal-1 or rGal-3 at a
range of concentrations (5-100nM) for 2h prior to infection with
vHuN4. As shown in Fig. 6B, rGal-1 but not rGal-3 restricted viral re-
plication in a dose-dependent manner, and there was a significant effect
on rGal-1-treated MARC-145 cells, with an approximately 1.78-log
decrease in viral titers at a dose of 100nM (P < 0.001). PAMs were
then pretreated with rGal-1 (100 nM) and infected with vHuN4, re-
sulting in a significantly lower viral titer (Fig. 6C). Additionally, N
protein expression in PAMs was suppressed by rGal-1 (Fig. 6D), con-
sistent with the viral titer data. These results suggested that Gal-1 is
capable of inhibiting PRRSV replication through host-cell binding, and
that this is not a general property of all galectin protein family mem-
bers.

3.8. Gal-1 overexpression inhibits the replication of multiple viruses,
including EAV, PEDV, JEV, PRV, and CSFV

To determine whether Gal-1 and Gal-3 have antiviral effects on
other viruses, cells were transfected with the respective expression
plasmids and infected with a variety of viruses maintained in our la-
boratory, including EAV vEAV030, PEDV JS-2013, JEV HEN0701, PRV
JS-2012, and CSFV Shimen. As shown in Fig. 7A, vEAV030 viral titer in
Gal-1-overexpressing MARC-145 cells was reduced, whereas there was
no significant difference in viral titers between mock and Gal-3-over-
expressing cells. In the case of PEDV, both Gal-1 and Gal-3 displayed
antiviral activity, with Gal-1 reducing viral titers more efficiently than
Gal-3 (Fig. 7B). The cytopathic effect (CPE) in Gal-1-overexpressing

316

MARC-145 cells was significantly lower than that in the control
(Fig. 7C), consistent with the viral titer results. For JEV HEN0701, viral
titers in Gal-1-overexpressing MARC-145 cells were significantly lower
at two infection doses (Fig. 7D). For PRV JS-2012, viral titers in the Gal-
1- or Gal-3-overexpressing MARC-145 cells were lower at an MOI of
0.01 (Fig. 7E), and CPE in Gal-1-overexpressing MARC-145 cells was
obviously lower than that in the control (Fig. 7F). In the case of the
CSFV Shimen strain, Gal-1 but not Gal-3 showed antiviral activity.
These results demonstrated that Gal-1 exhibited antiviral activity
against EAV, PEDV, JEV, PRV, and CSFV.

4. Discussion

PRRSV is a pathogen of significant economic importance and that
has adversely impacted the global swine industry for almost 30 years.
Currently, vaccination is the most common method for controlling
PRRS; however, commercially available vaccines fail to provide sus-
tainable protection against the disease due to the rapid evolution of the
viral genome and the number of epidemic variants in China. Antiviral
therapies provide creative insights to guide future PRRSV control and
prevention efforts, especially for cases in which existing vaccines fail to
match the circulating virus. Here, we show that Gal-1 overexpression
strongly inhibited PRRSV replication, whereas Gal-1 knockdown or
knockout facilitated PRRSV replication (Figs. 2 and 3). Moreover, so-
luble rGal-1 but not rGal-3 treatment inhibited PRRSV in both primary
and permissive cells (Fig. 6), suggesting that Gal-1 might have potential
use as a novel approach to control PRRSV infection, and that this is not
a general property of all galectins.

Gal-1 participates in antiviral defense in various ways, from the
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recognition and blocking of surface glycoproteins to the activation of
immune responses (Cedeno-Laurent and Dimitroff, 2012; Vasta, 2009).
Previous reports found that Gal-1 can be upregulated by viral invasion
(Gauthier et al., 2008; Yang et al., 2011); however, we found that Gal-1
is downregulated in response to PRRSV infection in PAMs and MARC-
145 cells (Figs. 2D and 3E). Further, reducing the expression of en-
dogenous Gal-1 promoted viral growth in vitro (Fig. 3F), indicating the
important roles of Gal-1 in PRRSV infection. PRRSV infection appears to
actively decrease Gal-1 expression to promote viral replication, high-
lighting the complex interplay between PRRSV and its host.

As a soluble B-galactoside-binding lectin, the functions of Gal-1 are
usually dependent on glycan binding (St-Pierre et al., 2011; Yang et al.,
2011). In this study, Gal-1 binding to viral Nsp attracted our attention
in the yeast system (Fig. 1). Nsp1l (aa 124-183) interacts with Gal-1
(Fig. 4B), which is thought to support EndoU activity and inhibit IFN-f
induction. We found that suppression of IFN-B-promoter activity by
PRRSV Nspl1 could be rescued by Gal-1 overexpression (Fig. 4C). Thus,
we propose that the interaction between Gal-1 and Nspll might reg-
ulate IFN and ISG activation to facilitate their antiviral roles. In the case
of human cytomegalovirus infection, Gal-9 acts as an ISG that can be
induced by IFN-f, suggesting its potential as an important antiviral
protein (Machala et al., 2019). We speculate that Gal-1 is a potential
ISG, similar to Gal-9, which needs further validation.

Additionally, we assessed Gal-1 and PRRSV glycoprotein interac-
tions, finding that Gal-1 does not bind to GP2, GP3, GP4, or GP5 (Fig. 5)
and indicating that its anti-PRRSV activity might be unrelated to glycan

standard deviation of three independent experiments. Statistical significance was analyzed using t tests; *P < 0.05; **P < 0.01. ns, not significant.

binding. E protein, a minor envelope protein, is important for viral
infectivity and induction of inflammasome activation in porcine mac-
rophages (Du et al., 2010; Zhang et al., 2013). In the present study, we
found that E protein interacts with Gal-1 (Fig. 5). Interestingly, we
investigated this interaction not only in cells transiently transfected
with the E-expressing plasmid but also during the course of viral in-
fection (Fig. 5). Moreover, the C-terminal domain of E (aa 48-73) is
required for Gal-1 binding, which is reportedly essential for its inter-
action with tubulin (Zhang and Zakhartchouk, 2017). It is possible that
the interaction between Gal-1 and E protein might be related to Gal-1-
specific anti-inflammatory activity (Vasta, 2009). Our findings suggest
that the regulatory role of Gal-1 in immune responses might be
orchestrated by its direct antiviral effect against PRRSV infection.

Gal-1 showed antiviral activity against five other viruses in our
study (Fig. 7), indicating that it has an important and broad role in viral
pathogenesis and potential application value in antiviral therapy. Of the
viruses tested, PRV, like all other herpes viruses, establishes a lifelong
latency; therefore, development of antiviral therapies offering a pro-
mising alternative to existing therapeutic agents is important (Machala
et al., 2019). In the present study, we showed that Gal-1 bound to the
EndoU domain of PRRSV Nspl1, which is a highly conserved genetic
marker unique to Nidovirales viruses (Ivanov et al., 2004). We speculate
that Gal-1 exerts similar mechanisms against EAV and PEDV; however,
these hypotheses and the specific mechanisms underlying Gal-1-related
antiviral activity require further validation in future work.

Overall, this study demonstrated that Gal-1 restricts PRRSV
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replication in both PAMs and MARC-145 cells (Figs. 2 and 3) by binding
to viral Nspl1 and E protein (Figs. 1 and 5), inactivating the IFN an-
tagonist function of viral Nsp11, and stimulating the expression of ISGs
(Fig. 4). Moreover, Gal-1 exhibited its antiviral effect against multiple
PRRSV strains, as well as other viruses tested in our study (Fig. 7).
These results establish a foundation for further exploration of host
genes involved in resistance to PRRS transmission. Our study not only
highlights the importance of host factors in PRRSV replication but also
suggests potential antiviral therapies.
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