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Podoplanin (PDPN), a type I transmembrane sialoglycoprotein, is expressed on lymphatic endothelial cells,
podocytes of the kidneys, and type I alveolar cells of the lungs. PDPN, a platelet aggregation-inducing factor,
comprises three platelet aggregation-stimulating (PLAG) domains (PLAG1, PLAG2, and PLAG3) in the
N-terminus and PLAG-like domains in the middle of the PDPN protein. We have previously reported a mouse
antipig PDPN (pPDPN) monoclonal antibody (mAb) clone, PMab-213, which was developed using the Cell-
Based Immunization and Screening (CBIS) method. PMab-213 is very useful in flow cytometry, Western
blotting, and immunohistochemical analyses; however, the binding epitope of PMab-213, which was developed
by CBIS method, remains to be elucidated. Therefore, this study aimed to investigate the epitope of PMab-213
using enzyme-linked immunosorbent assay, flow cytometry, and immunohistochemical analyses. The results
revealed that the critical epitopes of PMab-213 are Pro53, Arg54, Arg56, and Tyr60 of pPDPN.
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Introduction

P odoplanin (PDPN) is a type I transmembrane sia-
loglycoprotein that is expressed in normal tissues, includ-

ing type I lung alveolar cells, renal corpuscles, and lymphatic
endothelial cells.(1,2) PDPN binds to C-type lectin-like receptor-
2 (CLEC-2) and thus induces platelet aggregation.(1,3–9) The
interaction between PDPN on lymphatic endothelial cells and
CLEC-2 on platelets facilitates the separation of embryonic
blood/lymphatic vessels.(10) Studies have reported the expres-
sion of human PDPN in several malignant tumors, such as oral
squamous cell carcinomas,(11) malignant brain tumors,(12–15)

esophageal cancers,(16) malignant mesotheliomas,(17,18) lung
cancers,(19) testicular tumors,(20) and osteosarcomas.(21–23)

PDPN expression has also been associated with malignant
progression and cancer metastasis.(6,12,24) Although patho-
physiological studies of alveolar cells of the lungs, podocytes
of the kidneys, or lymphatic endothelial cells of the colon and
skin using antipig PDPN monoclonal antibodies (mAbs) are
important in many disorders, mAbs against pPDPN remain
to be developed.

In our previous study, we used the Cell-Based Immuni-
zation and Screening (CBIS) method to develop specific and
sensitive mAbs against the pig PDPN (pPDPN) of 159 amino
acids (aas) to facilitate the immunohistochemical analysis of
paraffin-embedded tissue sections.(25) Flow cytometry re-
vealed that PMab-213 (mouse IgG2b, kappa), an established
clone, recognized Chinese hamster ovary (CHO)/pPDPN but

did not react with CHO-K1. PMab-213 also reacted with the
PK-15 pig kidney cell line, indicating that PMab-213 rec-
ognizes endogenous pPDPN. Western blotting performed
demonstrated the ability of PMab-213 to detect pPDPN as 40-
and 25-kDa bands in CHO/pPDPN cells. Moreover, the KD of
PMab-213 for CHO/pPDPN was determined to be 2.1 · 10-9 M,
indicating its high affinity for CHO/pPDPN. Immunohisto-
chemical analyses revealed that PMab-213 strongly stained
pulmonary type I alveolar cells, podocytes, and Bowman’s
capsules in the kidney, and lymphatic endothelial cells ob-
tained from microminipigs. This study aimed to determine
the binding epitope of PMab-213 to pPDPN using enzyme-
linked immunosorbent assay (ELISA), flow cytometry, and
immunohistochemical analyses.

Materials and Methods

Cell line

CHO-K1 was obtained from the American Type Culture
Collection (ATCC; Manassas, VA). The pig kidney cell
line PK-15 was obtained from the Japanese Collection of
Research Bioresources Cell Bank (JCRB; Osaka, Japan).
pPDPN (accession no.: XM_005665017) bearing an N-
terminal PA16 tag (PA16-pPDPN) was previously inserted
into a pCAG-Ble vector (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan). The PA16 tag comprised 16 aas
(GLEGGVAMPGAEDDVV).(25–27) pCAG-Ble/PA16-pPDPN
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was transfected into CHO-K1 cells using Lipofectamine LTX
with Plus Reagent (Thermo Fisher Scientific, Inc., Waltham,
MA). Stable transfectants were selected by limiting the dilution
and cultivating them in a medium containing 0.5 mg/mL zeocin
(InvivoGen, San Diego, CA). CHO/pPDPN cells were cultured
in RPMI 1640 medium (Nacalai Tesque, Inc., Kyoto, Japan),
whereas PK-15 cells were cultured in DMEM medium (Nacalai
Tesque, Inc.). All media were supplemented with 10% heat-
inactivated fetal bovine serum (Thermo Fisher Scientific, Inc.),
100 U/mL penicillin, 100mg/mL streptomycin, and 25mg/mL
amphotericin B (Nacalai Tesque, Inc.) and stored at 37�C in a
humidified chamber under 5% CO2 and 95% air atmosphere.

Enzyme-linked immunosorbent assay

Synthesized pPDPN peptides using PEPScreen (Sigma-
Aldrich Corp., St. Louis, MO) were immobilized on Nunc
Maxisorp 96-well immunoplates (Thermo Fisher Scientific,
Inc.) at 1 mg/mL for 30 min at 37�C. After blocking with
SuperBlock T20 (PBS) Blocking Buffer (Thermo Fisher
Scientific, Inc.), the plates were incubated with purified
PMab-213 (1mg/mL), followed by a peroxidase-conjugated
antimouse IgG (Agilent Technologies, Inc., Santa Clara, CA)
dilution of 1:2000. Enzymatic reactions were performed us-
ing 1-Step Ultra TMB-ELISA (Thermo Fisher Scientific,
Inc.). Optical density was measured at 655 nm using an iMark
microplate reader (Bio-Rad Laboratories, Inc., Berkeley,
CA). These reactions were performed at 37�C using a total
sample volume of 50–100 mL.

Flow cytometry

Cells were harvested after a brief exposure to 0.25%
trypsin/1 mM ethylenediaminetetraacetic acid (Nacalai Tes-
que, Inc.). The cells were then washed with 0.1% bovine
serum albumin/phosphate-buffered saline (PBS) and treated
with PMab-213 (1 mg/mL) or PMab-213 (1 mg/mL) + pep-
tides (10mg/mL) for 30 min at 4�C. The cells were then
treated with Alexa Fluor 488-conjugated antimouse IgG
(1:2000; Cell Signaling Technology, Inc., Danvers, MA).
Fluorescence data were collected using the SA3800 Cell
Analyzers (Sony Corp., Tokyo, Japan).

Immunohistochemical analyses

Microminipig (Fuji Micra, Inc., Shizuoka, Japan) tissues
were collected on autopsy at the Gifu University and then

fixed in 4% paraformaldehyde. The tissues were processed
to produce 4-mm paraffin-embedded tissue sections, which
were directly autoclaved in citrate buffer (pH 6.0; Nichirei
Biosciences, Inc., Tokyo, Japan) for 20 min. These tissue
sections were then blocked with the SuperBlock T20 (PBS)
Blocking Buffer (Thermo Fisher Scientific, Inc.), incubated
with PMab-213 (1mg/mL) or PMab-213 (1mg/mL) + peptides
(1mg/mL) for 1 hour at room temperature, and treated using
an Envision + Kit (Agilent Technologies, Inc.) for 30 min.
Color was developed with 3,3¢-diaminobenzidine tetrahydro-
chloride (DAB; Agilent Technologies, Inc.) for 2 min, and
counterstaining was performed using hematoxylin (FUJIFILM
Wako Pure Chemical Corporation).

Results

We first synthesized a series of pPDPN peptides, which are
summarized in Table 1. Using ELISA, PMab-213 detected
43–62 and 53–72 peptides corresponding to the 43rd–62nd
and 53rd–72nd aas of pPDPN, respectively. We then synthe-
sized point mutants of 43–62 peptides (Table 2). Using ELISA,
PMab-213 detected S43A, P44A, G45A, V46A, E47A, D48A,
Y49A, T50A, V51A, T52A, T55A, E57A, E58A, P59A,
A61G, and T62A. Conversely, it did not detect P53A, R54A,
R56A, and Y60A, indicating that Pro53, Arg54, Arg56, and
Tyr60 are critical epitopes of PMab-213.

We then performed a blocking assay using flow cytometry.
PMab-213 reacted with the PK-15 cell line (Fig. 1A). This
reaction was completely neutralized by S43A. Conversely,
P53A, R54A, R56A, and Y60A did not block the reaction of
PMab-213 with PK-15. Similarly, PMab-213 reacted with the
CHO/pPDPN cell line, and this reaction was partially neu-
tralized by S43A (Fig. 1B). Conversely, P53A, R54A, R56A,
and Y60A did not block the reaction of PMab-213 with
CHO/pPDPN, confirming that Pro53, Arg54, Arg56, and
Tyr60 of pPDPN are critical for PMab-213 detection.

Table 1. Determination of PMab-213 Epitope

by Enzyme-Linked Immunosorbent Assay

Peptide Sequence PMab-213

pp23-42 ASTVLPEDGVTPGVEGSSKA -
pp33-52 TPGVEGSSKASPGVEDYTVT -
pp43-62 SPGVEDYTVTPRTREEPYAT +++
pp53-72 PRTREEPYATPLVPTRTKGT +++
pp63-82 PLVPTRTKGTTGSPTEDVFT -
pp73-92 TGSPTEDVFTVGSTTHSHKG -
pp83-102 VGSTTHSHKGSQSTTTQNVV -
pp93-112 SQSTTTQNVVTSQSHDKGDE -
pp103-122 TSQSHDKGDEEKSKTVTKDG -
pp113-125 EKSKTVTKDGLGT -

+++, OD655 ‡ 0.6; -, OD655 < 0.1.

Table 2. Determination of PMab-213 Epitope

by Enzyme-Linked Immunosorbent Assay

Mutation Sequence PMab-213

S43A APGVEDYTVTPRTREEPYAT +++
P44A SAGVEDYTVTPRTREEPYAT +++
G45A SPAVEDYTVTPRTREEPYAT +++
V46A SPGAEDYTVTPRTREEPYAT +++
E47A SPGVADYTVTPRTREEPYAT +++
D48A SPGVEAYTVTPRTREEPYAT +++
Y49A SPGVEDATVTPRTREEPYAT +++
T50A SPGVEDYAVTPRTREEPYAT +++
V51A SPGVEDYTATPRTREEPYAT +++
T52A SPGVEDYTVAPRTREEPYAT +++
P53A SPGVEDYTVTARTREEPYAT -
R54A SPGVEDYTVTPATREEPYAT -
T55A SPGVEDYTVTPRAREEPYAT +++
R56A SPGVEDYTVTPRTAEEPYAT -
E57A SPGVEDYTVTPRTRAEPYAT +++
E58A SPGVEDYTVTPRTREAPYAT +++
P59A SPGVEDYTVTPRTREEAYAT +++
Y60A SPGVEDYTVTPRTREEPAAT -
A61G SPGVEDYTVTPRTREEPYGT +++
T62A SPGVEDYTVTPRTREEPYAA +++

Bold indicates the replaced amino acids.
+++, OD655 ‡ 0.6; -, OD655 < 0.1.
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We further performed a blocking assay using immuno-
histochemistry. PMab-213 reacted with the podocytes of the
kidneys (Fig. 2). These reactions were completely neutralized
by S43A. Conversely, Y60A (Fig. 2) and P53A, R54A, and
R56A (data not shown) did not block these reactions of
PMab-213. These data confirmed that Pro53, Arg54, Arg56,
and Tyr60 of pPDPN are critical for PMab-213 detection.

Discussion

We have previously produced several mAbs against CD44,
PD-L1, and CD133 using the CBIS method.(26,28–31) However,
the binding epitopes of these mAbs (C44Mab-5 against CD44,
L1Mab-13 against PD-L1, and CMab-43 against CD133)

FIG. 1. Flow cytometry using PMab-213 and point mutants
of pPDPN. PMab-213 (1 mg/mL), PMab-213 (1 mg/mL) plus
peptides (10mg/mL), or control (without primary mAbs;
gray) was reacted with (A) PK-15 or (B) CHO/pPDPN cells
for 30 min at 4�C, followed by the addition of secondary
antibodies. CHO, Chinese hamster ovary; mAbs, monoclonal
antibodies; pPDPN, pig podoplanin.

FIG. 2. Immunohistochemical analyses using PMab-213
and point mutants of pPDPN. Histological sections of the
kidneys were directly autoclaved in citrate buffer for 20 min.
After blocking with SuperBlock T20 (PBS) blocking buffer,
the created sections were incubated with PMab-213 (1mg/mL),
PMab-213 (1mg/mL) + peptides (1mg/mL), or control (block-
ing buffer), followed by treatment with the Envision + Kit. Scale
bar: 100mm. HE, hematoxylin and eosin; PBS, phosphate-
buffered saline.
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remain to be determined because these mAbs did not react
with synthesized peptides. Conversely, the binding epitopes
of mAbs produced by immunizing with synthesized peptides
have been easily determined using deletion mutants and point
mutants of synthesized peptides.(32,33) Although PMab-213
was produced using the CBIS method in this study, the epi-
tope of PMab-213 was readily determined by ELISA
(Tables 1 and 2).

To date, we have developed mAbs against human,(34)

mouse,(34) rat,(35) rabbit,(36) dog,(37) cat,(30) bovine,(38)

horse,(27,39,40) and pig(25) PDPNs. PDPN comprises three
tandem repeats of the ‘‘EDxxVTPG’’ sequences, which were
defined to be platelet aggregation-stimulating (PLAG) domains
(PLAG1, PLAG2, and PLAG3) in the N-terminus of the PDPN
protein.(4) There are several PLAG-like domains (PLDs) of the
‘‘E(D/E)xx(T/S)xx’’ sequence in the middle of the PDPN protein.
PLDs are reportedly important for PDPN–CLEC-2 interac-
tions.(41) Almost all mAbs against PDPNs reportedly react with
PLAG domains or PLDs.(41,42) Flow cytometry (Fig. 1) and im-
munohistochemical analyses (Fig. 2) further confirmed Pro53,

Arg54, Arg56, and Tyr60 of pPDPN (Table 2) as the critical
epitope of PMab-213 in this study. As summarized in Figure 3,
Pro53 and Arg54 are included in the PLAG3 domain, whereas
Arg56 and Tyr60 are included in the first PLD.Therefore,PLAG3
and the adjoining PLD of pPDPN were also clarified to be ad-
vantageous epitopes for several applications, such as flow cy-
tometry, Western blotting, and immunohistochemical analyses.

PMab-213 showed no reaction with human, mouse, rat,
rabbit, dog, cat, bovine, horse, Tasmanian devil, tiger, al-
paca, bear, goat, sheep, or whale PDPNs, thereby indicating
that PMab-213 is specific to pPDPN.(25) Indeed, the corre-
sponding sequence of PMab-213 ‘‘PRTREEPY’’ of human
PDPN is ‘‘PGTSEDRY,’’ which indicates that only two of
the four aas are the same (share 50% homology). Similarly,
‘‘TGATGGLN’’ of mouse PDPN (0/4 aas: 0% homology),
‘‘TDTTGELD’’ of rat PDPN (0/4 aas: 0% homology),
‘‘DGATEEPY’’ of dog PDPN (1/4 aas: 25% homology), and
‘‘PAASKESL’’ of bovine PDPN (1/4 aas: 25% homology)
are different from the corresponding sequence of the PMab-
213 epitope.(4)

FIG. 3. Schematic illustration of the epitope recognized by PMab-213. PLAG, platelet aggregation-stimulating; PLD,
PLAG-like domain.

EPITOPE OF PMAB-213 227

D
ow

nl
oa

de
d 

by
 Y

uk
in

ar
i K

at
o 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

0/
12

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



In summary, the critical epitopes of PMab-213 are Pro53,
Arg54, Arg56, and Tyr60 of pPDPN. Among these epitopes,
Pro53 and Arg54 are included in the PLAG3 domain. Ser/Thr
residues, which are involved in O-glycosylation, are not in-
cluded in PMab-213 epitope, indicating that PMab-213 was
not categorized into GpMabs.(42) Conversely, PLAG3 and the
adjoining PLD of pPDPN were clarified to be advantageous
epitopes for several applications. These findings can be applied
to the production of more functional anti-pPDPN mAbs.
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