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I n t r o d u c t i o n
Optimal activation of T-cells for clonal expansion depends on 

2 distinct signals from antigen-presenting cells. One is the delivery 
of specific antigen to the T-cell receptor by specific peptides in the 
context of major histocompatibility proteins on antigen-presenting 
cells; the other is triggered through a distinct T-cell surface molecule. 
The immunoglobulin (Ig) B7-CD28 superfamily, one of the best-
characterized costimulatory receptor families, not only provides 
critical positive second signals to initiate and sustain the T-cell 
response but also contributes key negative second signals to down-

regulate and terminate the T-cell response (1–4). The negative second 
signals include many cell surface molecules, especially negative 
receptors, such as cytolytic T-lymphocyte-associated Ag-4 (CTLA-4) 
(5), programmed cell death protein 1 (PD-1) (6), T-cell immuno-
globulin and mucin-domain-containing molecule 3 (Tim-3) (7), 
lymphocyte-activation protein 3 (LAG-3) (8), and forkhead box P3  
(FoxP3) (9).

Among these negative receptors, PD-1 plays an important role 
in reversible immune dysfunction (10). It is a 55.0-kDa type I trans-
membrane glycoprotein of the CD28 superfamily. Its single extra
cellular Ig variable (V)-like domain (11–13) is expressed on activated 
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A b s t r a c t
Programmed cell death protein 1 (PD-1), a costimulatory molecule of the CD28 family, has 2 ligands, PD-L1 and PD-L2. Our 
previous studies showed that the expression of PD-1 and PD-L1 is up-regulated during viral infection in pigs. Extensive studies 
have shown that blockade of the PD-1/PD-L1 pathways by anti-PD-L1 antibody or soluble PD-1 restores exhausted T-cells in 
humans and mice. In the present study the extracellular domains of PD-1 and PD-L1 were used to evaluate the binding of PD-1 
and PD-L1 with peripheral blood mononuclear cells (PBMCs). We amplified the cDNA encoding the extracellular domains 
of PD-1 and PD-L1 to construct recombinant expression plasmids and obtain soluble recombinant proteins, which were then 
labeled with fluorescein isothiocyanate (FITC). The His-ExPD-1 and His-ExPD-L1 recombinant proteins were expressed in 
the form of inclusion bodies with a relative molecular weight of 33.0 and 45.0 kDa, respectively. We then prepared polyclonal 
antibodies against the proteins with a multi-antiserum titer of 1:102 400. Binding of the proteins with PBMCs was evaluated 
by flow cytometry. The fluorescence signals of His-ExPD-1-FITC and His-ExPD-L1-FITC were greater than those for the FITC 
control. These results suggest that the soluble recombinant proteins may be used to prepare monoclonal antibodies to block the 
PD-1/PD-L1 pathway.

R é s u m é
La protéine de la mort cellulaire programmée (PD-1), une molécule co-stimulatrice de la famille de CD28, a deux ligands, PD-L1 et PD-L2. 
Nos études antérieures ont montré que l’expression de PD-1 et PD-L1 est régulée à la hausse lors d’une infection virale chez des porcs. 
Des études exhaustives ont montré chez l’humain et la souris qu’un blocage de la voie PD-1/PD-L1 par des anticorps anti PD-L1 ou du 
PD-1 soluble permet la régénération des cellules T épuisées. Dans la présente étude les domaines extracellulaires de PD-1 et PD-L1 ont 
été utilisés afin d’évaluer l’attachement de PD-1 et PD-L1 avec des cellules mononucléaires du sang périphérique (CMSP). Nous avons 
amplifié l’ADNc codant pour les domaines extracellulaires de PD-1 et PD-L1 pour construire des plasmides d’expression recombinants et 
obtenir des protéines recombinants solubles, qui ont par la suite été marquées avec de l’isothiocyanate de fluorescéine (ITCF). Les protéines 
recombinantes His-ExPD-1 et His-ExPD-L1 étaient exprimées sous la forme de corps d’inclusion avec un poids moléculaire relatif de 
33,0 et 45,0 kDa, respectivement. Nous avons par la suite préparé des anticorps polyclonaux contre ces protéines avec un antisérum titrant 
1:102 400. L’attachement des protéines aux CMSP a été évalué par cytométrie en flux. Les signaux de fluorescence de His-ExPD-1-ITCF 
et His-ExPD-L1-ITCF étaient supérieurs à ceux pour le témoin ITCF. Ces résultats suggèrent que les protéines recombinantes solubles 
pourraient être utilisées afin de préparer des anticorps monoclonaux pour bloquer la voie PD-1/PD-L1.
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T-cells, B-cells, and monocytes (14–16). Porcine PD-1 has 63% and 
54% identity with the human and murine PD-1, respectively, and a 
similar structure, with 2 highly hydrophobic amino acid fragments 
constituting the signal peptide (amino acids 1 to 20) and the trans-
membrane domain (amino acids 168 to 194), as well as an extracel-
lular domain and a cytoplasmic domain (17,18). The extracellular 
domain plays an important role in the binding of PD-1 to its 2 known 
ligands, PD-L1 (19,20) and PD-L2 (21,22). Many studies have dem-
onstrated that a high level of PD-1 expression is closely related to 
infection in humans with viruses such as human immunodeficiency 
virus, hepatitis B virus, and hepatitis C virus (23–25). Binding of 
PD-1 with its 2 ligands inhibits the proliferation of T-cells and the 
production of cytokines, especially interleukin-2 and interferon 
gamma (20, 21). With blockade of the interaction between PD-1 and 
PD-L1 by antibodies or soluble proteins, impaired T-cells can regain 
their ability to proliferate, secrete cytokines, and kill infected cells 
(6,26–34). Our previous research demonstrated that the expression 
of PD-1 and PD-L1 is up-regulated during viral infection in pigs 
(35). In the present study the extracellular domains of PD-1 and 
PD-L1 were used to evaluate the function of PD-1 and PD-L1 during 
viral infection in pigs. Recombinant protein obtained by high-level 
expression and purification interacted in vitro with peripheral blood 
mononuclear cells (PBMCs) from pigs infected with classical swine 
fever virus (CSFV).

M a t e r i a l s  a n d  m e t h o d s

Cloning of extracellular domains
Primers were designed according to the porcine PD-1 and PD-L1 

gene sequences (NM_001204379.1 and NM_001025221.1) pub-
lished in GenBank (National Center for Biotechnology Information, 
Bethesda, Maryland, USA). Important PD-1 and PD-L1 gene sites 
were modified according to an analysis of codon bias of Escherichia 
coli (36), and the integrated genes were synthesized by Shanghai 
Bio-engineering Company, Shanghai, China. The regions encod-
ing the extracellular domains were then amplified by polymerase 
chain reaction (PCR). Total RNA was extracted from PBMCs with 
the use of Trizol reagent (Invitrogen, Carlsbad, California, USA) 
according to the manufacturer’s protocol (37). The ExPD-1 and 
ExPD-L1 genes modified with EcoRI and XhoI restriction sites were 
cloned into the corresponding sites of pMD-18T vector (TaKaRa 
Biotechnology Company, Dalian, China) to form the recombinant 
cloning plasmids. Positive colonies were identified by PCR, double 
enzymatic digestion, and DNA sequencing and named pMD-ExPD-1 
and pMD-ExPD-L1.

Construction of recombinant expression 
plasmids

The positive colonies were digested by restriction enzymes EcoRI 
and XhoI (TaKaRa) and the target segments cloned into pET-32a(1) 
(kept in our laboratory) after digestion with the same enzymes to 
subclone the ExPD-1 and ExPD-L1 genes. The recombinant expres-
sion plasmids were then transformed into E. coli Rosetta (DE3) 
cells. Subsequently the positive colonies were identified by PCR 
amplification and DNA sequencing, named pET-32a-ExPD-1 and 

pET-32a-ExPD-L1, and cultured for 16 to 18 h in 3 mL of lysogeny 
broth containing ampicillin (Invitrogen), 100 mg/mL, to screen for 
resistant transformants. Genomic DNA was extracted from the 
cultured positive colonies by means of the E.Z.N.A. Plasmid Mini 
Kit I (Omega Bio-Tek, Norcross, Georgia, USA), according to the 
manufacturer’s instructions. Genomic DNA of the Rosetta cells was 
extracted as the negative control. Next, PCR was done with ExPD-1 
and ExPD-L1 primers. A positive clone was cultured at 37°C in 
2 3 yeast–tryptone broth (1.6% tryptone, 1% yeast extract, and 0.5% 
NaCl; pH 7.0) to an optical density at 600 nm (OD600) of 0.5 to 1.0, 
induced with 0.5 mmol/L of isopropylthiogalactosidase (IPTG) for 
4 h, and centrifuged to collect cell supernatant and cellular pellets 
for further analyses.

Identification of His-ExPD-1 and His-ExPD-L1 
recombinant proteins

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–
PAGE) and Western blot testing were done according to the manu-
facturers’ protocols (38). Briefly, 100 mL of cell supernatant or cellular 
pellets were resuspended in equal volumes of SDS-loading buffer. 
After electrophoresis the gel was stained with Coomassie Brilliant 
Blue R-250 (Sigma-Aldrich, St. Louis, Missouri, USA). Nitrocellulose 
transmembrane (Bio-Rad Laboratories, Hercules, California, USA) 
for the Western blot testing was blocked overnight with Tris-buffered 
saline (TBS; 20 mM Tris-HCl, pH 7.4, and 150 mM NaCl) containing 
5% (w/v) nonfat dried milk, rinsed 3 times, and then immersed 
overnight in 20 mL of TBS containing 1% (w/v) nonfat dried milk, 
1 mL of 6 3 His-tag mouse monoclonal antibodies (PBL Biomedical 
Laboratories, Piscataway, New Jersey, USA), and 1 mL of mouse 
anti-human PD-1 monoclonal antibodies (Abcam, Cambridge, 
Massachusetts, USA) as the primary antibodies. Subsequently the 
membrane was rinsed 3 times and then immersed overnight in 20 mL 
of TBS containing 1% (w/v) nonfat dried milk and 1 mL of goat IgG 
monoclonal antibodies labeled with horseradish peroxidase (PBL) 
against mouse IgG as the secondary antibody. Then the membrane 
was rinsed 3 times and stained with diaminobenzidine (Sigma-
Aldrich) to visualize peroxidase activity.

Protein purification and measurement
The greatest expression of the recombinant proteins was induced 

by IPTG under optimized conditions. Cells were harvested, the 
supernatant was discarded, and the inclusion body pellet was resus-
pended in phosphate buffer and centrifuged for 20 min. The cell 
pellets were then solubilized in 10 mL of elution buffer containing 
urea (0.1 mol/L of NaH2PO4·H2O, 0.01 mol/L of Tris base, 8 mol/L of 
urea, and 20 mmol/L of imidazole, adjusted to a pH of 8.0 with con-
centrated HCl). The precipitate was resuspended by centrifugation. 
The supernatant was collected and filtered with a 0.4-mm membrane 
and then loaded on a manually packed column containing 2 mL of 
nickel–nitrilotriacetic acid–agarose resin according to the instructions 
of the manufacturer (Qiagen, Valencia, California, USA).

Bovine serum albumin was diluted into 8, 4, 2, 1, 0.5, 0.25, and 
0.125 mg/mL solutions and the OD280 of the different concentrations 
determined to establish a standard curve. With the same method the 
OD280 of His-ExPD-1 and His-ExPD-L1 was also determined and 
calculated according to the standard curve.
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Preparation of polyclonal antibodies to the 
recombinant proteins

Four New Zealand female specific-pathogen-free rabbits (body 
mass 2 to 3 kg) were purchased from the Laboratory Animal Center, 
Henan Academy of Agricultural Sciences, Zhengzhou, Henan 
Province, China, and maintained under conventional conditions with 
food and water provided ad libitum. All experimental procedures 
were conducted according to institutional guidelines for animal 
ethics. On day 0, negative-control blood samples were collected 
and the rabbits vaccinated as previously described (39). Briefly, the 
rabbits were divided into 2 groups and injected intramuscularly 
with either His-ExPD-1 or His-ExPD-L1, 500 mg emulsified in 500 pL 
of phosphate-buffered saline (PBS)/Freund’s complete adjuvant. 
Boosters were given on days 15, 29, and 44 with the same dose 
and by the same route of antigen in Freund’s incomplete adjuvant. 
On day 54, blood samples were collected to be tested by Western 
blot or enzyme-linked immunosorbent assay (ELISA) for antibody 
activity. The ELISA results were expressed as OD630 and OD450 for 
each sample. Mean values for the positive (mouse anti-Human 
PD-1 and mouse anti-63His monoclonal antibodies) and negative 
controls were obtained as the average value for 2 wells. The sample/
positive (S/P) value was calculated with the following formula: 
S/P = [OD450 1 OD630 of sample]/[OD450 1 OD630 of negative con-
trol]. Samples with an S/P value of less than 3 were classified as 
negative and samples with an S/P value of 3 or greater as positive. 
When the antibody levels peaked, the rabbits were killed to collect 
blood. Cell-free serum was decanted gently into a clean test tube 
and stored at 220°C for further study.

Protein labeling
The amino acid residues imidazole, carbonyl, and cheese ammo-

nia acyl groups of the His-ExPD-1 and His-ExPD-L1 proteins were 
labeled with fluorescein isothiocyanate (FITC) by means of an 
antibody labeling kit (Applied Biosystems, Foster City, California, 
USA) according to the manufacturer’s protocol, as follows. First, 
40 mL of the borate buffer (0.67 M) was added to 0.5 mL of protein in 
PBS (2 mg/mL). Then 0.5 mL of the prepared protein was added to 
the vial of FITC reagent (30 mL) and pipetted up and down 10 times 
until all the dye was dissolved. The vial was briefly centrifuged to 
collect the sample in the bottom of the tube. The reaction mixture 
was incubated for 60 min at room temperature, protected from light. 
Second, 2 spin columns were placed in separate microcentrifuge col-
lection tubes. The purification resin was mixed to ensure uniform 
suspension, and 400 mL of the suspension was added to both spin 
columns. The stored solution was centrifuged for 30 to 45 s at about 
1000 3 g to remove the storage solution. The used collection tubes 
were discarded and the columns placed in new collection tubes. 
Third, 250 to 270 mL of the labeled reaction mixture was added to 
each spin column and mixed with the resin by pipetting up and 
down or briefly vortexing. The columns were centrifuged for 30 to 
45 s at about 1000 3 g to collect the purified proteins. Alternatively, 
labeled proteins were stored in single-use aliquots at 220°C.

Identification of protein binding with PBMCs 
in vitro

We isolated PBMCs from 45-day-old pigs weighing approximately 
15 kg that were provided by pig breeding center of Henan province, 

Figure 1. Polymerase chain reaction (PCR) products of genomic DNA from recombinant plasmids pET-32a-ExPD-1/Rosetta (A) and pET-32a-ExPD-L1/
Rosetta (B) amplified by primers. Lane M — DL2000 DNA marker; lanes 1 and 2 — PCR products; lane 3 — negative control. bp — base pairs.
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(Zhengzhou, Henan Province, China) for our previous study (35). All 
experimental procedures were conducted according to institutional 
guidelines for animal ethics. In the previous study we had found 
the expression levels of PD-1 and PD-L1 mRNA to be significantly 
up-regulated in the pigs experimentally infected with CSFV com-
pared with the control pigs at 3 d (P , 0.05) and 7 d (P , 0.01) after 
infection. The PBMCs were diluted with PBS to 1 3 106 cells/mL and 
divided into 2 experimental groups and a control group. They were 
then resuspended in 100 mL of phosphate buffer and incubated for 
30 min at 4°C in a mixed solution of 10 mg/mL of His-ExPD-1-FITC, 

His-ExPD-L1-FITC, or FITC as the control. Washing buffer (PBS, 
1  mL) was added to collect the PBMCs, which were then resus-
pended in 1 mL of phosphate buffer and filtered through a 200-mm 
mesh screen. Flow cytometry was used to recognize PD-1 and PD-L1 
on the surface of the PBMCs.

Re s u l t s
After cloning of the ExPD-1 and ExPD-L1 gene regions encoding 

the extracellular domains of PD-1 and PD-L1, DNA fragments of 

Figure 2. Results of His-ExPD-1 analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) (A) and Western blot testing 
with, as primary antibodies, 6 3 His-tag mouse monoclonal antibodies (B) and mouse PD-1 monoclonal antibodies against human antigen (C).  
A, lane M — low molecular weight standard prestained marker (Fermentas, Waltham, Massachusetts, USA); lanes 1 to 3 — recombinant Rosetta (DE3) 
cells transformed with pET-32a-PD-1, uninduced; lanes 4 to 6 — recombinant Rosetta (DE3) cells transformed with pET-32a-PD-1 and induced by iso-
propylthiogalactosidase (IPTG); lane 7 — recombinant Rosetta (DE3) cells electrotransformed with pET-32a(1) and induced by IPTG; lane 8 — Rosetta 
(DE3) cells induced by IPTG as a negative control. B and C, lane M — low molecular weight standard prestained marker; lane 1 — recombinant Rosetta 
(DE3) cells transformed with pET-32a-PD-1 and induced by IPTG; lane 2 — recombinant Rosetta (DE3) cells transformed with pET-32a-PD-1, uninduced; 
lane 3 — recombinant Rosetta (DE3) cells electrotransformed with pET-32a(1) and induced by IPTG; lane 4 — Rosetta (DE3) cells induced by IPTG 
as a negative control. A gel band revealed the expressed protein to be about 33.0 kDa, and Western blot testing with goat monoclonal antibodies to 
mouse IgG labeled with horseradish peroxidase as the secondary antibody confirmed that the 33.0-kDa band was the His-ExPD-1 protein (B and C).
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366 base pairs (bp) and 684 bp were obtained by PCR (Figure 1), 
double enzymatic digestion, and DNA sequencing. High-level 
production of recombinant protein in bacteria was induced by 
IPTG under optimized conditions: these proteins, His-ExPD-1and 
His-ExPD-L1, were in the form of inclusion bodies with relative 
molecular weights of 33.0 and 45.0 kDa, which agreed with the 
predicted values from the gene sequences (Figures 2A and 3A). 

Western blot testing indicated that the recombinant proteins were 
recognized by 6 3 His-tag mouse monoclonal antibodies (Figures 2B 
and 3B); His-ExPD-1 was also recognized by PD-1 mouse monoclonal 
antibodies against human antigen (Figure 2C), which showed that 
human PD-1 and porcine His-ExPD-1 recombinant protein have high 
protein homology, not only high sequence homology. The SDS-PAGE 
and Western blot results suggested that the recombinant expression 

Figure 4. Results of analysis of the purity of the purified recombinant His-ExPD-1 (A) and His-ExPD-L1 (B) proteins. A, lane M — low molecular weight 
standard prestained marker; lane 1 — purified His-ExPD-1. B, lane M — low molecular weight standard prestained marker; lane 1 — purified His-ExPD-L1.
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Figure 3. Results of His-ExPD-L1 analysis by SDS-PAGE (A) and Western blot testing (B). A, lane M — low molecular weight standard prestained marker; 
lanes 1, 3, 5, and 7 — recombinant Rosetta (DE3) cells transformed with pET-32a-PD-L1 and induced by IPTG; lanes 2, 4, 6, and 8 — recombinant 
Rosetta (DE3) cells electrotransformed with pET-32a-PD-L1, uninduced; lane 9 — recombinant Rosetta (DE3) cells electrotransformed with pET-32a(1) 
and induced by IPTG; lane 10 — Rosetta (DE3) cells induced by IPTG as a negative control. B, lane M — low molecular weight standard prestained 
marker; lane 1 — recombinant Rosetta (DE3) cells transformed with pET-32a-PD-L1 and induced by IPTG; lane 2 — Rosetta (DE3) cells induced by IPTG 
as a negative control; lane 3 — recombinant Rosetta (DE3) cells electrotransformed with pET-32a(1) and induced by IPTG. A gel band revealed the 
expressed protein to be about 45.0 kDa, and Western blot testing confirmed that the 45.0-kDa band was the His-ExPD-L1 protein.
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plasmid could effectively express His-ExPD-1 and His-ExPD-L1 as 
inclusion bodies.

Under optimum inducement conditions the recombinant proteins 
were abundantly expressed, constituting as much as 95% of the total 
cell protein (Figure 4). The levels of His-ExPD-1 and His-ExPD-L1 
were 0.9 and 1.5 mg/mL, respectively, as determined by protein 
scanning and ultraviolet absorbance.

The Western blot results suggested that polyclonal antibod-
ies against His-ExPD-1 and His-ExPD-L1 recombinant proteins 
could react with PD-1 and PD-L1 recombinant proteins. The multi-
antiserum titers of His-ExPD-1 and His-ExPD-L1 were both 1:102 400.

The fluorescence signals of His-ExPD-1-FITC and His-ExPD-L1-
FITC were greater than those of the FITC control (Figure 5). The flow 
cytometry results showed that His-ExPD-1-FITC and His-ExPD-L1-
FITC could bind with PBMCs in vitro. These results suggest that 
these recombinant proteins have the biologic activity of the natural 
porcine PD-1 and PD-L1 proteins.

D i s c u s s i o n
Porcine PD-1 and its ligand PD-L1 are type I transmembrane 

glycoproteins of the B7-CD28 Ig receptor superfamily with a single 
IgV-like extracellular domain (11–13,40). The crystal structure of 
the PD1/PD-L2 complex suggested that PD-L1 and PD-L2 may 
form similar assemblies with PD-1 (41). The binding interfaces 
were formed by the front b-sheets of both the PD-1 IgV domain 
(labeled ABED and A9GFCC9 C0) and the PD-L2 IgV domain (labeled 
AGFCC9C0 and BED). Side chains of residues on b-strands (CC9FG) 
of PD-1 and on b-strands (GFCC9) of PD-L1 made PD-1/PD-L1 
contacts interface (40). Residues from the GFCC9 strands and the 
CC9, CC9, and FG loops of PD-1 contributed to the binding interface 
and packed against the AGFC strands and the FG loop of the PD-L2 
IgV domain, as well as the AGFC strands and the CC9 loop of the 
PD-L1 IgV domain (40). These reports suggest that the extracellular 
domains of PD-1 and its ligands play an important role in their 

interactions. Therefore, antibodies and soluble proteins of the extra-
cellular domain are potent inhibitors of PD-1 and PD-L1.

Previous studies showed that producing biologically active 
recombinant protein in bacteria was feasible (4). In this study, the 
extracellular domains of porcine PD-1 and PD-L1 were the object of 
study to obtain soluble protein. Residues of the PD-L1 V domain that 
bind to PD-1 are conserved across species (40). The residues (Ala-121, 
Asp-122, Tyr-123, and Lys-124 in the G strand of PD-L1) make inti-
mate contacts with PD-1 and are conserved in all available PD-L1 
sequences from mammals and birds (40). The extracellular domains 
of murine PD-1 and of human PD-L1 were from Leu-25 to Ser-157 
and from Ala-18 to Thr-239, respectively (40). According to the pub-
lished porcine PD-1 and PD-L1 gene sequences (NM_001204379.1 
and NM_001025221.1) in GenBank, expression constructs encoding 
the extracellular domains of porcine PD-1 and PD-L1 were from 
Leu-24 to Leu-166 and from Val-23 to Thr-237, respectively.

The His-ExPD-1 and His-ExPD-L1 recombinant proteins were gen-
erated with use of the well-known polyhistidine tag (6 3 His) fusion 
system, with the pET-32a(1) expression vector, which provided 
high-level expression and easy purification (42). The recombinant 
proteins were almost all in the form of inclusion bodies and soluble 
protein. Soluble active production can be induced by altering expres-
sion conditions (temperature, induction time, IPTG concentration, 
cell density aeration, or pH of culture). Unfortunately, all methods 
were unsuccessful at inducing soluble active products. Therefore, 
soluble biologically active protein was obtained by denaturing and 
refolding the inclusion bodies. Finally, high-quality protein with 
good bioactivity was obtained by optimizing the refolding condi-
tions. Protein scanning and ultraviolet absorbance were used to 
elevate the purity, to more than 95%. Thus, this method can be used 
to obtain these proteins in high amounts and high purity for prepar-
ing polyclonal antibodies, monoclonal antibodies, and FITC-labeled 
proteins for further study.

Murine PD-1 can bind with human PD-L1 (40), which can interact 
with porcine PD-1 (17,43,44), and human PD-1 can bind with porcine 
PD-L1 (43). The conformations of PD-1 from different species are 
highly conserved. Thus, mouse PD-1 against human antigen was 
used herein as the primary antibody for Western blot testing with 
porcine His-ExPD-1 recombinant protein. The results hint that por-
cine PD-1 may play a negative role in immune regulation similar to 
that of human and murine PD-1. We will evaluate this hypothesis 
in future experiments.

Our previous analysis by quantitative real-time PCR of the bio-
logic activity of His-ExPD-1 and His-ExPD-L1 with PBMCs from 
pigs with CSFV infection showed that the expression of PD-1 and 
PD-L1 mRNA was significantly upregulated compared with that 
in the control groups (35). Therefore, in the present study natural 
PD-1 and PD-L1 on the surface of PBMCs were used to evaluate the 
bioactivity of His-ExPD-1 and His-ExPD-L1. We found that His-
ExPD-1-FITC and His-ExPD-L1-FITC could recognize natural PD-1 
and PD-L1 proteins on PBMCs. The results suggest that His-ExPD-1 
and His-ExPD-L1 recombinant proteins can bind with natural PD-1 
and PD-L1 on the surface of PBMCs from pigs and therefore could 
be used to develop monoclonal antibodies that can block the PD-1/
PD-L1 pathway to restore immune status. Furthermore, with block-
ade of the interaction between PD-1 and PD-L1 by soluble proteins, 

Figure 5. Flow cytometry results for the binding of His-ExPD-1-FITC 
(A), His-ExPD-L1-FITC (B), and FITC as a control with peripheral blood 
mononuclear cells (PBMCs) from pigs 7 d after experimental infection 
with Classical swine fever virus. The fluorescence signal of the protein 
binding was greater than the signal of the control binding for both pro-
teins. In addition, PD-L1 on the surface of the PBMCs from the infected 
pigs was recognized by His-ExPD-1-FITC but not by FITC, and PD-1 on 
the surface of the PBMCs from the infected pigs was recognized by His-
ExPD-L1-FITC but not by FITC. FL1-H — fluorescence height or intensity  
(relative units).
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impaired T-cells are able to regain their ability to proliferate, secrete 
cytokines, and kill infected cells (6,26–34). Therefore, His-ExPD-1 and 
His-ExPD-L1 recombinant proteins, or even their polyclonal antibod-
ies, could be used to block the PD-1/PD-L1 pathway in pigs during 
the virus infection. Other biologic characteristics of His-ExPD-1 and 
His-ExPD-L1 and their possible roles during virus infection in pigs 
in vitro and in vivo are being investigated in our laboratory.
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