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Characterization of the Anti-Bovine Podoplanin
Monoclonal Antibody PMab-44
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A type I transmembrane sialoglycoprotein podoplanin (PDPN) is expressed in several normal cells, including
podocytes of the kidney, type I alveolar cells of the lung, and lymphatic endothelial cells. We recently produced
an anti-bovine PDPN (bovPDPN) monoclonal antibody (mAb), PMab-44, by immunizing mice with recom-
binant proteins of bovPDPN. In this study, we determined the critical epitope of PMab-44 for the recognition of
bovPDPN using many deletion mutants and point mutants of bovPDPN. Flow cytometric analyses revealed that
the epitope of PMab-44 was Glu46-Thr50, which corresponds to platelet aggregation-stimulating (PLAG)
domain-3. The important amino acids in the PMab-44 epitope were determined to be Glu46, Tyr48, and Thr50.
Western blot analysis also confirmed these results, indicating that the PLAG domain of bovPDPN is also
important in immunogenicity for producing useful anti-PDPN mAbs.
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Introduction

A type I transmembrane sialoglycoprotein podoplanin
(PDPN), also known as Aggrus,(1) activates platelet

aggregation by binding to the C-type lectin-like receptor-2
(CLEC-2) on platelets.(2–4) The interaction between PDPN
and CLEC-2 was mainly observed at Glu47 and Asp48 in the
platelet aggregation-stimulating (PLAG) domain and the
a2,6-linked sialic acid at Thr52 of human PDPN.(2,4,5) This
interaction facilitates blood/lymphatic vessel separation.(6)

The actin cytoskeleton is rearranged in CLEC-2-expressing
dendritic cells to promote efficient motility along PDPN-
expressing stromal surfaces.(7) The signal from CLEC-2 to
PDPN controls the contractility of fibroblastic reticular cells
and lymph node microarchitecture.(8) The physical elasticity
of lymph nodes is maintained by the PDPN of stromal fi-
broblastic reticular cells.(9)

PDPN is expressed in several normal cells, including
lymphatic endothelial cells, renal podocytes, pulmonary type
I alveolar cells, osteocytes, and chondrocytes.(10) The ex-
pression of PDPN has been reported in many malignant tu-
mors, such as oral squamous cell carcinomas,(11) malignant
brain tumors,(12–15) lung cancers,(16) esophageal cancers,(17)

malignant mesotheliomas,(18,19) testicular tumors,(20) osteo-
sarcomas,(10,21,22) and chondrosarcomas.(10) PDPN expres-

sion is also associated with malignant progression and cancer
metastasis.(2,12,23)

We had previously established the anti-bovine PDPN
(bovPDPN) monoclonal antibody (mAb) PMab-44 (IgG1, kap-
pa), which was useful for detecting podocytes and lymphatic
endothelial cells in normal bovine tissues in immunohisto-
chemistry.(24) PMab-44 also detected bovPDPN specifically in
flow cytometry. Our previous research revealed that bovPDPN
lacks platelet aggregation-inducing activity because the pre-
dicted amino acid sequence of bovPDPN has a sporadic deletion
in the PLAG domain.(25) Therefore, the functional character of
bovPDPN may be somewhat different from other mammalian
PDPN. However, bovPDPN has so far attracted little attention
apart from a few studies.(26,27)

In this study, we further determined the epitope of PMab-
44 in flow cytometry and western blotting. This information
could be useful in bovPDPN veterinary research.

Materials and Methods

Cell lines

Chinese hamster ovary (CHO)-K1 was purchased from the
American Type Culture Collection (ATCC, Manassas, VA).
CHO-K1 cells were transfected with the bovPDPN-MAP
tag(28) plasmid using a Gene Pulser Xcell electroporation
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system (Bio-Rad Laboratories, Inc., Berkeley, CA). CHO-K1
and CHO/bovPDPN were cultured in RPMI 1640 medium
(Nacalai Tesque, Inc., Kyoto, Japan), supplemented with
10% heat-inactivated fetal bovine serum (Thermo Fisher
Scientific, Inc., Waltham, MA), 100 units/mL of penicillin,
100 mg/mL of streptomycin, and 25 mg/mL of amphotericin B
(Nacalai Tesque, Inc.) at 37�C in a humidified atmosphere of
5% CO2 and 95% air.

Production of bovPDPN mutants

The amplified bovPDPN cDNA was subcloned into a
pCAG vector (Wako Pure Chemical Industries Ltd., Osaka,
Japan) and a MAP tag(28) was added at the N-terminus. De-
letion mutation of a bovPDPN sequence was performed using
a HotStar HiFidelity polymerase chain reaction (PCR; Qia-
gen, Inc., Hilden, Germany) with oligonucleotides containing
the desired mutations. PCR fragments bearing the desired
mutations were inserted into a pCAG vector using the In-
Fusion PCR Cloning Kit (Clontech, Palo Alto, CA). Sub-
stitutions of amino acids to alanine in bovPDPN sequences
were conducted using the QuikChange lightning site-directed
mutagenesis kit (Agilent Technologies, Inc., Santa Clara,
CA). CHO-K1 cells were transfected with the plasmids using
a Gene Pulser Xcell electroporation system (Bio-Rad La-
boratories, Inc.).

Flow cytometry

Cells were harvested by brief exposure to 0.25% trypsin/
1 mM EDTA (Nacalai Tesque, Inc.). After washing with
0.1% BSA/PBS, the cells were treated with PMab-44 (10mg/
mL) and anti-MAP tag(28) (clone: PMab-1, 1 mg/mL) for 30
minutes at 4�C followed by treatment with Oregon green-
conjugated anti-mouse IgG or anti-rat IgG (1:1000 diluted;
Thermo Fisher Scientific, Inc.). Fluorescence data were col-
lected using a Cell Analyzer EC800 (Sony Corp., Tokyo,
Japan). PMab-1 was previously developed against mouse
PDPN(29) and has been utilized as an anti-MAP tag mAb.(28)

PMab-1 does not crossreact with other PDPN proteins such
as bovPDPN,(24) dog PDPN,(30–32) rat PDPN,(33) rabbit
PDPN,(34,35) and human PDPN.(29)

Western blot analyses

Cell lysates (10 mg) were boiled in sodium dodecyl sulfate
(SDS) sample buffer (Nacalai Tesque, Inc.). The proteins
were electrophoresed on 5%–20% polyacrylamide gels
(Wako Pure Chemical Industries Ltd.) and were transferred
onto a PVDF membrane (Merck KGaA, Darmstadt, Ger-
many). After blocking with 4% skim milk (Nacalai Tesque,
Inc.), the membrane was incubated with PMab-44, anti-
MAP tag(28) (clone: PMab-1), and anti-b-actin (clone AC-
15; Sigma-Aldrich Corp., St. Louis, MO) and then with

FIG. 1. Epitope mapping of an anti-bovPDPN mAb PMab-44 using deletion mutants by flow cytometry. (A) Deletion
mutants of bovPDPN (dN23, dN40, dN60, dN80, and dN100) were treated with PMab-44 (10 mg/mL) and PMab-1 (1 mg/
mL) for 30 minutes at 4�C followed by treatment with Oregon green-conjugated anti-mouse IgG or anti-rat IgG. (B)
Deletion mutants of bovPDPN (dN23, dN45, dN50, and dN55) were treated with PMab-44 (10 mg/mL) and PMab-1 (1 mg/
mL) for 30 minutes at 4�C followed by treatment with Oregon green-conjugated anti-mouse IgG or anti-rat IgG. Fluor-
escence data were collected using a Cell Analyzer EC800. Red line: PMab-44 or anti-PA tag. Black line: negative control.
bovPDPN, bovine PDPN; mAb, monoclonal antibody; PDPN, podoplanin.
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peroxidase-conjugated anti-mouse or anti-rat antibodies
(1:1000 diluted; Dako; Agilent Technologies, Inc.). Subse-
quently, the membrane was developed with the Pierce
Western Blotting Substrate Plus (Thermo Fisher Scientific,
Inc.) or the ImmunoStar LD Chemiluminescence Reagent
(Wako Pure Chemical Industries Ltd.) using a Sayaca-
Imager (DRC Co. Ltd., Tokyo, Japan).

Determination of the binding affinity
using flow cytometry

CHO/bovPDPN (2 · 105 cells) were resuspended with
100mL of serially diluted antibodies (0.6 ng/mL–10 mg/mL)
followed by secondary anti-mouse IgG (Thermo Fisher Sci-
entific, Inc.). Fluorescence data were collected using a cell
analyzer (EC800; Sony Corp.). The dissociation constants
(KD) were obtained by fitting the binding isotherms using the
built-in one-site binding models in GraphPad PRISM 6
(GraphPad Software, Inc., La Jolla, CA).

Results and Discussion

Epitope mapping of an anti-bovPDPN
mAb PMab-44 by flow cytometry

We previously showed the usefulness of an anti-bovPDPN
mAb PMab-44 in immunohistochemical analysis(24); in this
study we performed the epitope mapping using flow cytom-
etry and western blot analysis.

First, we produced five N-terminal deletion mutants of
bovPDPN: dN23 (23–169 amino acids), dN40 (40–169 amino
acids), dN60 (60–169 amino acids), dN80 (80–169 amino
acids), and dN100 (100–169 amino acids). Flow cytometric
analysis revealed that PMab-44 reacted with dN23 and dN40; in
contrast, it did not react with dN60, dN80, and dN100 (Fig. 1A).
The anti-MAP tag PMab-1 recognized all deletion mutants.
These results indicate that the N-terminal of the PMab-44 epi-
tope exists between Lys40 and Ala60 of bovPDPN.(25) Fur-
thermore, we produced three N-terminal deletion mutants of
bovPDPN: dN45 (45–169 amino acids), dN50 (50–169 amino
acids), and dN55 (55–169 amino acids). Flow cytometric
analysis revealed that PMab-44 reacted with dN23 and dN45; in
contrast, it did not react with dN50 and dN55 (Fig. 1B). The
anti-MAP tag PMab-1 recognized all deletion mutants. These
results indicate that the N-terminal of the PMab-44 epitope
exists between Val45 and Thr50 of bovPDPN.(25)

Next, we produced 10 point mutants of bovPDPN: V45A,
E46A, D47A, Y48A, T49A, T50A, T51A, P52A, A53G, and
A54G. Figure 2 shows that two point mutants, such as E46A
andY48A, completely lost the reaction by PMab-44, and
T50A showed little reaction by PMab-44. All point mutants
were recognized by the anti-MAP tag PMab-1. These results

FIG. 2. Epitope mapping of an anti-bovPDPN mAb
PMab-44 using point mutants by flow cytometry. Point
mutants of bovPDPN (V45A, E46A, D47A, Y48A, T49A,
T50A, T51A, P52A, A53G, and A54G) were treated with
PMab-44 (10 mg/mL) and anti-MAP tag (1mg/mL) for 30
minutes at 4�C followed by treatment with Oregon green-
conjugated anti-mouse IgG or anti-rat IgG. Fluorescence
data were collected using a Cell Analyzer EC800. Red line:
PMab-44 or anti-PA tag. Black line: negative control.
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indicate that three amino acids of bovPDPN, Glu46, Tyr48,
and Thr50, are critical for PMab-44 recognition.

Epitope mapping of an anti-bovPDPN mAb PMab-44
by western blot analysis

We next performed western blot analysis to confirm the
results of epitope mapping of PMab-44 by flow cytometry. As
shown in Figure 3A, PMab-44 did not react with V45A,
E46A, D47A, Y48A, T49A, and T50A of bovPDPN. In
contrast, PMab-44 reacted with T51A, P52A, A53G, and
A54G. All point mutants were detected by the anti-MAP tag
PMab-1. These results indicated that Val45, Glu46, Asp47,
Tyr48, Thr49, and Thr50 are important in the recognition of
PMab-44 against bovPDPN in western blot analysis. The
epitope of PMab-44 is illustrated in Figure 3B. The sequence
of the PMab-44 epitope (VEDYTT) shows low homology
with the corresponding peptide sequence of human PDPN
(AEDDVV), indicating that PMab-44 does not react with
human PDPN.(24)

Determination of the binding affinity
using flow cytometry

We next performed a kinetic analysis of the interaction of
PMab-44 with CHO/bovPDPN using flow cytometry. As

shown in Figure 4, the KD of PMab-44 was determined as
3.3 · 10-9 M, indicating that PMab-44 possesses a high af-
finity against bovPDPN.

In conclusion, the most important amino acids for PMab-
44 recognition against bovPDPN were determined to be
Glu46, Tyr48, and Thr50; second in importance were Val45,
Asp47, and Thr49. Three amino acids, Glu46, Tyr48, and
Thr50, exist in the PLAG3 of bovPDPN,(25) indicating that
the PLAG3 of bovPDPN is also important for immunoge-
nicity in producing useful anti-PDPN mAbs.
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FIG. 3. Epitope mapping of an anti-bovPDPN mAb
PMab-44 using point mutants by western blot analysis. (A)
Cell lysate (10mg) was electrophoresed on 5%–20% poly-
acrylamide gels and transferred onto a PVDF membrane.
After blocking, the membrane was incubated with 1 mg/mL
of mAbs (PMab-44, anti-MAP tag, and anti-b-actin) and
then with peroxidase-conjugated secondary antibodies; the
membrane was developed with Pierce Western Blotting
Substrate Plus or ImmunoStar LD Chemiluminescence Re-
agent and detected using a Sayaca-Imager. (B) Schematic
illustration of the epitope of PMab-44. Gray shade: identical
amino acid residue between bovPDPN and human PDPN.
Arrow head: conserved Thr of PLAG domain. Red charac-
ter: PMab-44 epitope. PLAG domain, platelet aggregation-
stimulating domain.

FIG. 4. Determination of binding affinity using flow cy-
tometry. CHO/bovPDPN cells were resuspended with 100mL
of serially diluted antibodies (0.6 ng/mL–10mg/mL) followed
by secondary anti-mouse IgG. Fluorescence data were col-
lected using a cell analyzer. CHO, Chinese hamster ovary.
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