
Epitope Mapping of PMab-225 an Anti-Alpaca Podoplanin
Monoclonal Antibody Using Flow Cytometry

Yusuke Sayama,1 Masato Sano,1 Yoshikazu Furusawa,1,2 Mika K. Kaneko,1 and Yukinari Kato1,2

Podoplanin (PDPN) is a mucin-type membrane glycoprotein, and possesses three platelet aggregation-
stimulating (PLAG) domains: PLAG1, PLAG2, and PLAG3 at the N-terminus of PDPN, and one or two PLAG-
like domains (PLDs) in the middle of PDPN. PDPN is expressed on normal tissues, such as podocytes of the
kidney and type I alveolar cells of the lung, and is also overexpressed in numerous malignant cancers.
Previously, we reported a novel anti-alpaca podoplanin (aPDPN) monoclonal antibody (mAb), PMab-225,
using Cell-Based Immunization and Screening (CBIS) method. PMab-225 specifically detected aPDPN-
overexpressed Chinese hamster ovary (CHO)-K1 (CHO/aPDPN) cells using flow cytometry and western
blotting, and strongly stained alpaca tissues such as lung type I alveolar cells by immunohistochemistry.
However, the specific binding epitope of aPDPN for PMab-225 remains unclear. Thus, in this study, a series of
deletion or point mutations of aPDPN were utilized for investigating the binding epitope of PMab-225 using
flow cytometry. The analysis of deletion mutants showed that N-terminus of PMab-225 epitope might exist
between 80 amino acid (aa) and 85 aa of aPDPN. Furthermore, the analysis of point mutants demonstrated that
Thr84 of aPDPN, which exists in PLD, could be included in the critical epitope of PMab-225.
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Introduction

P odoplanin (PDPN/T1alpha/Aggrus), a type I trans-
membrane glycoprotein, is expressed in normal tissues,

such as lymphatic endothelial cells, type I lung alveolar cells,
and renal podocytes.(1–3) PDPN has been also known as a
platelet aggregation-inducing factor in highly metastatic tu-
mor cells.(1,4) PDPN is frequently overexpressed in various
malignant tumors, including several squamous cell carcino-
mas, mesothelioma, glioblastoma, and osteosarcoma.(5–7)

PDPN possesses three platelet aggregation-stimulating
(PLAG) domains: PLAG1, PLAG2, and PLAG3; these do-
mains exist at the N-terminus of PDPN.(8) Furthermore, one
or two PLAG-like domains (PLDs) have been reported to be
present in the middle of PDPN.(9) PLAG1–3 and/or PLD
elicit tumor cell-induced platelet aggregation response
through the activation of C-type lectin-like receptor 2
(CLEC-2) to facilitate cancer progression and metastasis.(1,3)

These results imply the importance of the developing anti-
PDPN monoclonal antibodies (mAbs) for cancer therapeutic
treatment.

Alpaca (lama pacos) is a livestock that is used in various
applications in Latin America. This animal has also been
used for the production of antigen-specific single domain

antibodies (nanobodies).(10,11) However, membrane proteins
of alpaca have not been investigated due to the lack of spe-
cific antibodies. Because PDPN is important for blood/
lymphatic vessel separation,(12,13) high endothelial venule
integrity,(14) and embryonic cardiac development,(15) sensi-
tive and specific mAbs against alpaca PDPN (aPDPN) are
necessary to analyze the expression and function of aPDPN.
Recently, we developed a novel anti-aPDPN mAb, PMab-
225, using Cell-Based Immunization and Screening (CBIS)
method. PMab-225 specifically detected aPDPN by flow
cytometry, western blotting, and immunohistochemical
analysis.(16) However, the binding epitope of PMab-225 for
aPDPN remains to be clarified. Thus, this study aimed to
identify the epitope of PMab-225 using deletion mutants or
point mutants of aPDPN.

Materials and Methods

Cell lines

Chinese hamster ovary (CHO)-K1 was obtained from
the American Type Culture Collection (ATCC, Manassas,
VA). The aPDPN mutation plasmids containing N-terminal
RAP16 tag were transfected into CHO-K1 cells using
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FIG. 1. Epitope mapping of PMab-225 using deletion mutants of aPDPN. (A) Illustration of WT and 10 deletion mutants
aPDPN: dN30, dN40, dN50, dN60, dN70, dN80, dN85, dN90, dN95, and dN100. Black bars: the positive reaction of PMab-
225. White bars: the negative reaction of PMab-225. (B) Deletion mutants of aPDPN were analyzed using flow cytometry.
Deletion mutants were incubated with PMab-2 (anti-RAP16 tag; left panel, red line), PMab-225 (anti-aPDPN mAb; right
panel, blue line), or buffer control (black line) for 30 minutes at 4�C, followed by secondary antibodies. aPDPN, alpaca
podoplanin; mAb, monoclonal antibody; PLAG, platelet aggregation-stimulating; PLD, PLAG-like domain; WT, wild type.
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FIG. 2. Epitope mapping of PMab-225 using point mutants of aPDPN. (A, B) Transient point mutants expressing E80A,
D81A, L82A, P83A, T84A, A85G, E86A, S87A, T88A, V89A, H90A, and V91A of aPDPN were treated with PMab-2
(A) (red line), PMab-225 (B) (blue line), or buffer control (A, B) (black line) for 30 minutes at 4�C, followed by secondary
antibodies. (C) Schematic illustration of the epitope recognized by PMab-225. Underlined amino acid is a critical epitope of
PMab-225.
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Lipofectamine LTX (Thermo Fisher Scientific, Inc., Wal-
tham, MA). The RAP16 tag comprises 16 amino acids (aa;
GPGDDMVNPGLEDRIE).(17) Transiently transfected cells
with deletion/point-mutants were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Nacalai Tesque,
Inc., Kyoto, Japan), supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Inc.), 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 aPDPN mutants

The coding sequence of aPDPN was subcloned into a
pCAG vector (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan), and a RAP16 tag was added at the N-terminus.
Deletion mutants of aPDPN sequence were performed using
a HotStar HiFidelity PCR (polymerase chain reaction; Qia-
gen, Inc., Hilden, Germany) with oligonucleotides containing
the desired mutations. Substitutions of amino acids to alanine
in aPDPN sequence were conducted by QuikChange light-
ning site-directed mutagenesis kit (Agilent Technologies,
Inc., Santa Clara, CA). PCR fragments bearing the desired
mutations were inserted into pCAG vector using In-Fusion
PCR cloning kit (Takara Bio, Inc., Shiga, Japan).

Flow cytometry

Transiently transfected CHO-K1 cells were detached
by 0.25% trypsin/1 mM ethylenediaminetetraacetic acid
(EDTA; Nacalai Tesque, Inc.) and collected in RPMI 1640
medium. After washing with 0.1% bovine serum albu-
min/phosphate buffered saline, the cells were incubated with
anti-aPDPN antibody (PMab-225; 1 mg/mL) or control anti-
RAP16 tag antibody (PMab-2; 1 mg/mL) for 30 minutes at
4�C. Alexa Fluor 488-conjugated anti-mouse IgG (1:1000;
Cell Signaling Technology, Inc., Danvers, MA) were added
to each cell, and incubated for 30 minutes at 4�C. Fluores-
cence data were collected using a Cell Analyzer EC800
(Sony Corp., Tokyo, Japan), and were analyzed using FlowJo
(BD Biosciences, Franklin Lakes, NJ).

Results

Ten deletion mutants and wild type (WT) of aPDPN were
generated (Fig. 1A). Transient transfectants were produced
using CHO-K1 cells, including WT (corresponding to 27–
162 aa), dN30 (corresponding to 30–162 aa), dN40 (corre-
sponding to 40–162 aa), dN50 (corresponding to 50–162 aa),
dN60 (corresponding to 60–162 aa), dN70 (corresponding to
70–162 aa), dN80 (corresponding to 80–162 aa), dN85
(corresponding to 85–162 aa), dN90 (corresponding to 90–
162 aa), dN95 (corresponding to 95–162 aa), and dN100
(corresponding to 100–162 aa). All deletion mutants and
WT of aPDPN containing N-terminal RAP16 tag were an-
alyzed using flow cytometry for the epitope mapping of
PMab-225. PMab-2 (an anti-RAP16 tag mAb) detected all
deletion mutants of aPDPN (Fig. 1B, left), indicating that the
expression level of each deletion mutant is very high. In
contrast, PMab-225 did not react with dN85, dN90, dN95,
and dN100 (Fig. 1B, right), suggesting that N-terminus of
PMab-225 epitope might exist between 80 aa and 85 aa of
aPDPN.

Next, to identify the binding epitope of PMab-225, we
produced a series of point mutations of aPDPN in CHO-K1
cells, including E80A, D81A, L82A, P83A, T84A, A85G,
E86A, S87A, T88A, V89A, H90A, and V91A. PMab-2 re-
acted with all point mutants (Fig. 2A). In contrast, PMab-225
reacted with all these mutants, except for T84A (Fig. 2B),
indicating that Thr84 of aPDPN could be included in the
critical epitope of PMab-225.

Discussion

We have demonstrated that critical epitope of PMab-225
could be Thr84 of aPDPN using deletion mutants and point
mutants of aPDPN. This result does not conclude that only
Thr84 is a PMab-225-binding amino acid. In our experi-
ences, the binding epitope of mAbs has been determined to
be 5–13 aa(18,19); therefore, PMab-225 might bind to the
peptide or the glycopeptide around Thr84 of aPDPN. We
should perform X-ray crystallography to exactly determine
the binding epitope of PMab-225 to aPDPN in the future
study.

We have developed mAbs against many mammalian
PDPNs, such as human,(20) mouse,(20) rat,(21) rabbit,(22)

dog,(23) cat,(24) pig,(25,26) bovine,(27) horse,(28) Tasmanian
devil,(29) tiger,(30) and bear(31) PDPNs. Almost all mAbs
against PDPNs have been reported to react with the PLAG1–
3 domains or PLD.(9,24,32) Actually, Thr84 of aPDPN exists in
PLD (Fig. 2C). In the future study, we should investigate
whether PMab-225 could neutralize the aPDPN-induced
platelet aggregation.

In conclusion, Thr84 of aPDPN, which is located in PLD,
is critical for PMab-225-specific binding to aPDPN. PMab-
225 could be a useful tool for elucidating the pathophysio-
logical function of aPDPN.

Author Disclosure Statement

The authors have no conflict of interest.

Funding Information

This research was supported in part by AMED under grant
numbers JP19am0401013 (Y.K.), JP19am0101078 (Y.K.),
and JP19ae0101028 (Y.K.), and by JSPS KAKENHI grant
numbers 17K07299 (M.K.K.) and 19K07705 (Y.K.).

References

1. Kato Y, Fujita N, Kunita A, Sato S, Kaneko M, Osawa M,
and Tsuruo T: Molecular identification of Aggrus/
T1alpha as a platelet aggregation-inducing factor ex-
pressed in colorectal tumors. J Biol Chem 2003;278:
51599–51605.

2. Breiteneder-Geleff S, Soleiman A, Kowalski H, Horvat R,
Amann G, Kriehuber E, Diem K, Weninger W, Tschachler
E, Alitalo K, and Kerjaschki D: Angiosarcomas express
mixed endothelial phenotypes of blood and lymphatic
capillaries: Podoplanin as a specific marker for lymphatic
endothelium. Am J Pathol 1999;154:385–394.

3. Breiteneder-Geleff S, Matsui K, Soleiman A, Meraner P,
Poczewski H, Kalt R, Schaffner G, and Kerjaschki D: Po-
doplanin, novel 43-kd membrane protein of glomerular
epithelial cells, is down-regulated in puromycin nephrosis.
Am J Pathol 1997;151:1141–1152.

258 SAYAMA ET AL.

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

2/
12

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



4. Kunita A, Kashima TG, Morishita Y, Fukayama M, Kato Y,
Tsuruo T, and Fujita N: The platelet aggregation-inducing
factor aggrus/podoplanin promotes pulmonary metastasis.
Am J Pathol 2007;170:1337–1347.

5. Martin-Villar E, Scholl FG, Gamallo C, Yurrita MM,
Munoz-Guerra M, Cruces J, and Quintanilla M: Char-
acterization of human PA2.26 antigen (T1alpha-2, podo-
planin), a small membrane mucin induced in oral squamous
cell carcinomas. Int J Cancer 2005;113:899–910.

6. Kimura N, and Kimura I: Podoplanin as a marker for me-
sothelioma. Pathol Int 2005;55:83–86.

7. Kato Y, Kaneko M, Sata M, Fujita N, Tsuruo T, and Osawa
M: Enhanced expression of Aggrus (T1alpha/podoplanin),
a platelet-aggregation-inducing factor in lung squamous
cell carcinoma. Tumor Biol 2005;26:195–200.

8. Kaneko MK, Kato Y, Kitano T, and Osawa M: Conserva-
tion of a platelet activating domain of Aggrus/podoplanin
as a platelet aggregation-inducing factor. Gene 2006;378:
52–57.

9. Sekiguchi T, Takemoto A, Takagi S, Takatori K, Sato S,
Takami M, and Fujita N: Targeting a novel domain in
podoplanin for inhibiting plateletmediated tumor metasta-
sis. Oncotarget 2015;7:3934–3946.

10. Laursen NS, Friesen RHE, Zhu X, Jongeneelen M, Blok-
land S, Vermond J, van Eijgen A, Tang C, van Diepen H,
Obmolova G, van der Neut Kolfschoten M, Zuijdgeest D,
Straetemans R, Hoffman RMB, Nieusma T, Pallesen J,
Turner HL, Bernard SM, Ward AB, Luo J, Poon LLM,
Tretiakova AP, Wilson JM, Limberis MP, Vogels R,
Brandenburg B, Kolkman JA, and Wilson IA: Universal
protection against influenza infection by a multidomain
antibody to influenza hemagglutinin. Science 2018;362:
598–602.

11. Hamers-Casterman C, Atarhouch T, Muyldermans S, Ro-
binson G, Hamers C, Songa EB, Bendahman N, and Ha-
mers R: Naturally occurring antibodies devoid of light
chains. Nature 1993;363:446–448.

12. Hess PR, Rawnsley DR, Jakus Z, Yang Y, Sweet DT, Fu J,
Herzog B, Lu M, Nieswandt B, Oliver G, Makinen T, Xia
L, and Kahn ML: Platelets mediate lymphovenous hemo-
stasis to maintain blood-lymphatic separation throughout
life. J Clin Invest 2014;124:273–284.

13. Bertozzi CC, Schmaier AA, Mericko P, Hess PR, Zou Z,
Chen M, Chen CY, Xu B, Lu MM, Zhou D, Sebzda E,
Santore MT, Merianos DJ, Stadtfeld M, Flake AW, Graf T,
Skoda R, Maltzman JS, Koretzky GA, and Kahn ML:
Platelets regulate lymphatic vascular development through
CLEC-2-SLP-76 signaling. Blood 2010;116:661–670.

14. Herzog BH, Fu J, Wilson SJ, Hess PR, Sen A, McDaniel
JM, Pan Y, Sheng M, Yago T, Silasi-Mansat R, McGee S,
May F, Nieswandt B, Morris AJ, Lupu F, Coughlin SR,
McEver RP, Chen H, Kahn ML, and Xia L: Podoplanin
maintains high endothelial venule integrity by interacting
with platelet CLEC-2. Nature 2013;502:105–109.

15. Astarita JL, Acton SE, and Turley SJ: Podoplanin: Emer-
ging functions in development, the immune system, and
cancer. Front Immunol 2012;3:283.

16. Kato Y, Furusawa Y, Yamada S, Itai S, Takei J, Sano M,
and Kaneko MK: Establishment of a monoclonal antibody
PMab-225 against alpaca podoplanin for immunohisto-
chemical analyses. Biochem Biophys Rep 2019;18:100633.

17. Fujii Y, Kaneko MK, Ogasawara S, Yamada S, Yanaka M,
Nakamura T, Saidoh N, Yoshida K, Honma R, and Kato Y:

Development of RAP Tag, a novel tagging system for
protein detection and purification. Monoclon Antib Im-
munodiagn Immunother 2017;36:68–71.

18. Oki H, Kaneko MK, Ogasawara S, Tsujimoto Y, Liu X,
Sugawara M, Takakubo Y, Takagi M, and Kato Y: Char-
acterization of a monoclonal antibody LpMab-7 recogniz-
ing non-PLAG domain of podoplanin. Monoclon Antib
Immunodiagn Immunother 2015;34:174–180.

19. Ogasawara S, Oki H, Kaneko MK, Hozumi Y, Liu X,
Honma R, Fujii Y, Nakamura T, Goto K, Takagi M, and
Kato Y: Development of monoclonal antibody LpMab-10
recognizing non-glycosylated PLAG1/2 domain including
Thr34 of human podoplanin. Monoclon Antib Immuno-
diagn Immunother 2015;34:318–326.

20. Kaji C, Tsujimoto Y, Kato Kaneko M, Kato Y, and Sawa
Y: Immunohistochemical examination of novel rat mono-
clonal antibodies against mouse and human podoplanin.
Acta Histochem Cytochem 2012;45:227–237.

21. Oki H, Honma R, Ogasawara S, Fujii Y, Liu X, Takagi M,
Kaneko MK, and Kato Y: Development of sensitive
monoclonal antibody PMab-2 against rat podoplanin.
Monoclon Antib Immunodiagn Immunother 2015;34:396–
403.

22. Honma R, Fujii Y, Ogasawara S, Oki H, Liu X, Nakamura
T, Kaneko MK, Takagi M, and Kato Y: Establishment of a
novel monoclonal antibody PMab-32 against rabbit podo-
planin. Monoclon Antib Immunodiagn Immunother 2016;
35:41–47.

23. Honma R, Kaneko MK, Ogasawara S, Fujii Y, Konnai S,
Takagi M, and Kato Y: Specific detection of dog podo-
planin expressed in renal glomerulus by a novel mono-
clonal antibody PMab-38 in immunohistochemistry.
Monoclon Antib Immunodiagn Immunother 2016;35:
212–216.

24. Chang YW, Kaneko MK, Yamada S, and Kato Y: Epitope
mapping of monoclonal antibody PMab-52 against cat
podoplanin. Monoclon Antib Immunodiagn Immunother
2018;37:95–99.

25. Kato Y, Yamada S, Furusawa Y, Itai S, Nakamura T, Ya-
naka M, Sano M, Harada H, Fukui M, and Kaneko MK:
PMab-213: A monoclonal antibody for immunohisto-
chemical analysis against pig podoplanin. Monoclon Antib
Immunodiagn Immunother 2019;38:18–24.

26. Furusawa Y, Yamada S, Itai S, Sano M, Nakamura T,
Yanaka M, Fukui M, Harada H, Mizuno T, Sakai Y, Takasu
M, Kaneko MK, and Kato Y: PMab-210: A monoclonal
antibody against pig podoplanin. Monoclon Antib Im-
munodiagn Immunother 2019;38:30–36.

27. Yamada S, Honma R, Kaneko MK, Nakamura T, Yanaka
M, Saidoh N, Takagi M, Konnai S, and Kato Y: Char-
acterization of the anti-bovine podoplanin monoclonal
antibody PMab-44. Monoclon Antib Immunodiagn
Immunother 2017;36:129–134.

28. Furusawa Y, Yamada S, Itai S, Nakamura T, Yanaka M,
Sano M, Harada H, Fukui M, Kaneko MK, and Kato Y:
PMab-219: A monoclonal antibody for the immunohisto-
chemical analysis of horse podoplanin. Biochem Biophys
Rep 2019;18:100616.

29. Furusawa Y, Yamada S, Itai S, Nakamura T, Takei J, Sano
M, Harada H, Fukui M, Kaneko MK, and Kato Y: Estab-
lishment of a monoclonal antibody PMab-233 for immu-
nohistochemical analysis against Tasmanian devil
podoplanin. Biochem Biophys Rep 2019;18:100631.

EPITOPE OF PMAB-225 259

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

2/
12

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



30. Furusawa Y, Kaneko MK, Nakamura T, Itai S, Fukui M,
Harada H, Yamada S, and Kato Y: Establishment of a
monoclonal antibody PMab-231 for tiger podoplanin.
Monoclon Antib Immunodiagn Immunother 2019;38:89–95.

31. Furusawa Y, Takei J, Sayama Y, Yamada S, Kaneko MK,
and Kato Y: Development of an anti-bear podoplanin
monoclonal antibody PMab-247 for immunohistochemical
analysis. Biochem Biophys Rep 2019;18:100644.

32. Kaneko MK, Nakamura T, Honma R, Ogasawara S, Fujii
Y, Abe S, Takagi M, Harada H, Suzuki H, Nishioka Y, and
Kato Y: Development and characterization of anti-
glycopeptide monoclonal antibodies against human podo-
planin, using glycan-deficient cell lines generated by
CRISPR/Cas9 and TALEN. Cancer Med 2017;6:382–396.

Address correspondence to:
Yukinari Kato

New Industry Creation Hatchery Center

Tohoku University
2-1 Seiryo-machi, Aoba-ku

Sendai
Miyagi 980-8575

Japan

E-mail: yukinari-k@bea.hi-ho.ne.jp;
yukinarikato@med.tohoku.ac.jp

Received: July 13, 2019
Accepted: September 17, 2019

260 SAYAMA ET AL.

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

2/
12

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 


