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Podoplanin (PDPN) is a type I transmembrane glycoprotein that is expressed in normal tissues, including renal
corpuscles and type I lung alveolar cells. Monoclonal antibodies (mAbs) against human, mouse, rat, rabbit, dog,
cat, and bovine PDPNs have already been established; however, antipig PDPN (pPDPN) mAbs have not. We
therefore immunized mice with pPDPN-overexpressing Chinese hamster ovary (CHO)-K1 cells (CHO/pPDPN),
and screened hybridomas, which are producing anti-pPDPN mAbs. One of mAbs, PMab-210 (an IgG1, kappa),
was able to specifically detect CHO/pPDPN cells by flow cytometry and detect pPDPN by Western blot
analysis. Furthermore, PMab-210 strongly stained type I lung alveolar cells and weakly stained renal corpuscles
by immunohistochemistry. PMab-210 is expected to be useful in investigating the function of pPDPN.
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Introduction

P odoplanin (PDPN)/T1a/Aggrus is a type I transmem-
brane glycoprotein expressed in normal tissues, including

renal corpuscles, type I lung alveolar cells, and lymphatic en-
dothelial cells.(1,2) PDPN induces platelet aggregation by
binding to C-type lectin-like receptor-2 (CLEC-2),(1,3–9) and the
interaction between PDPN on lymphatic endothelial cells and
CLEC-2 on platelets facilitates embryonic blood/lymphatic
vessel separation.(10) PDPN is also expressed in human fetal ribs
and in chondrocytes of the proliferative and hypertrophic re-
gions of the growth plate.(11) The expression of human PDPN
has been reported in several malignant tumors, such as esoph-
ageal cancers,(12) malignant mesotheliomas,(13,14) lung
cancers,(15) testicular tumors,(16) osteosarcomas,(17–19) cho-
ndrosarcomas,(18) oral squamous cell carcinomas,(20) and ma-
lignant brain tumors.(21–24) PDPN expression is also associated
with malignant progression and cancer metastasis.(6,21,25)

We have previously developed monoclonal antibodies
(mAbs) against human,(26) mouse,(26) rat,(27) rabbit,(28) dog,(29)

cat,(30) and bovine(31) PDPNs. However, antipig PDPN
(pPDPN) mAbs have not yet been produced. Sensitive and

specific mAbs against pPDPN are needed to investigate its
expression and function. In this study, we therefore immu-
nized mice with CHO/pPDPN cells and established cell lines
producing anti-pPDPN mAbs.

Materials and Methods

Cell lines

Chinese hamster ovary (CHO)-K1 and P3U1 were obtained
from the American Type Culture Collection (ATCC, Mana-
ssas, VA). The pig kidney cell line, PK-15, was obtained from
the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan). pPDPN bearing an N-terminal PA16 tag
(PA16-pPDPN) was inserted into a pCAG-Ble vector (FUJI-
FILM Wako Pure Chemical Corporation, Osaka, Japan). The
PA16 tag consists of 16 amino acids (GLEGGVAMPG
AEDDVV).(32) CHO-K1 cells were transfected with pCAG-
Ble/PA16-pPDPN using Lipofectamine LTX with Plus
Reagent (Thermo Fisher Scientific, Inc., Waltham, MA).
Stable transfectants were selected by limiting dilution and
cultivated in a medium containing 0.5 mg/mL zeocin (In-
vivoGen, San Diego, CA). CHO-K1, CHO/pPDPN, and P3U1
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cells were cultured in RPMI 1640 medium (Nacalai Tesque,
Inc., Kyoto, Japan), and PK-15 cells were cultured in Dul-
becco’s Modified Eagle’s medium (DMEM) (Nacalai Tesque,
Inc.). All media were supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Inc.), 100 U/mL
of penicillin, 100mg/mL of streptomycin, and 25mg/mL of
amphotericin B (Nacalai Tesque, Inc.) at 37�C in a humidified
atmosphere of 5% CO2 and 95% air.

Hybridoma production

Female BALB/c mice (6-week old) were purchased from
CLEA Japan (Tokyo, Japan). Animals were housed under
specific pathogen-free conditions. The Animal Care and Use
Committee of Tohoku University approved all the animal
experiments described here. BALB/c mice were immunized
against CHO/pPDPN cells (1 · 108), which were adminis-
tered intraperitoneally (i.p.) together with Imject Alum
(Thermo Fisher Scientific, Inc.). After an additional three
immunizations, a final booster injection was administered i.p.
2 days before spleen cells were harvested. The spleen cells
were then fused with P3U1 cells using PEG1500 (Roche
Diagnostics, Indianapolis, IN), and the hybridomas were
grown in RPMI medium supplemented with hypoxanthine,
aminopterin, and thymidine for selection (Thermo Fisher
Scientific, Inc.). The culture supernatants were screened by
flow cytometry.

Flow cytometry

Cells were harvested after brief exposure to 0.25% tryp-
sin/1 mM EDTA (Nacalai Tesque, Inc.). After washing with
0.1% bovine serum albumin/phosphate-buffered saline (PBS),

the cells were treated with primary mAbs for 30 minutes at
4�C, followed by treatment with Alexa Fluor 488-conjugated
antimouse IgG (1:2000; Cell Signaling Technology, Inc.,
Danvers, MA) or Oregon green antirat IgG (1:2000; Thermo
Fisher Scientific Inc.). Fluorescence data were collected us-
ing SA3800 Cell Analyzers (Sony Corp., Tokyo, Japan).

Western blot analysis

Cell lysates (10mg) were boiled in sodium dodecyl sulfate
sample buffer (Nacalai Tesque, Inc.). The proteins were
electrophoresed on 5%–20% polyacrylamide gels (FUJI-
FILM Wako Pure Chemical Corporation), and then trans-
ferred onto a polyvinylidene difluoride membrane (Merck
KGaA, Darmstadt, Germany). After blocking with 4% skim
milk (Nacalai Tesque, Inc.), the membrane was incubated
with primary mAbs, and subsequently with peroxidase-
conjugated antimouse IgG (1:1000; Agilent Technologies,
Santa Clara, CA) or antirat IgG (1:10,000; Sigma-Aldrich
Corp., St. Louis, MO). Bands were visualized with Im-
munoStar LD (FUJIFILM Wako Pure Chemical Corporation)
using a Sayaca-Imager (DRC Co. Ltd., Tokyo, Japan).

Determination of binding affinity using flow cytometry

CHO/pPDPN or PK-15 (2 · 105 cells) was suspended in
100mL of serially diluted PMab-210, followed by addition of
Alexa Fluor 488-conjugated antimouse IgG (1:200; Cell
Signaling Technology, Inc.). Fluorescence data were col-
lected using EC800 Cell Analyzer (Sony Corp.). The disso-
ciation constants (KD) were obtained by fitting the binding
isotherms to built-in one-site binding models in GraphPad
PRISM 6 (GraphPad Software, Inc., La Jolla, CA).

FIG. 1. Schematic illustration of CBIS. Stable transfectants expressing the protein of interest are used as an immunogen
with no purification procedure. The selection of hybridomas secreting specific mAbs is performed by flow cytometry using
the parental and transfectant cells. CBIS, Cell-Based Immunization and Screening; mAbs, monoclonal antibodies.
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Immunohistochemical analyses

Pig tissues were collected at autopsy at Yamaguchi Uni-
versity and fixed in 10% neutral-buffered formalin. Micro-
mini pig (Fuji Micra, Inc., Shizuoka, Japan) tissues were
collected at autopsy at Gifu University and fixed in 4%
paraformaldehyde. Tissues were processed routinely to pro-
duce 4 mm paraffin-embedded tissue sections, which were
directly autoclaved in citrate buffer (pH 6.0; Nichirei Bios-
ciences, Inc., Tokyo, Japan) or EnVision FLEX Target Re-
trieval Solution, High pH (Agilent Technologies, Inc.) for
20 minutes. After blocking with SuperBlock T20 (PBS)
Blocking Buffer (Thermo Fisher Scientific, Inc.), sections
were incubated with PMab-210 (10 or 20 mg/mL) for 1 hour at
room temperature and treated using an Envision+ Kit (Agi-
lent Technologies, Inc.) for 30 minutes. Color was developed
using 3,3¢-diaminobenzidine tetrahydrochloride (DAB; Agi-
lent Technologies, Inc.) for 2 minutes, and counterstaining
was performed with hematoxylin (FUJIFILM Wako Pure
Chemical Corporation).

Results and Discussion

To produce sensitive and specific anti-pPDPN mAbs for
immunohistochemical analysis of paraffin-embedded tissue
sections, we first immunized mice with two different synthetic
pPDPN-derived peptides; however, we were unsuccessful
(data not shown). We therefore instead employed a Cell-
Based Immunization and Screening (CBIS) method for pro-
ducing anti-pPDPN mAbs. We have previously successfully
utilized a CBIS method to establish mAbs against various
types of membrane proteins such as CD44,(32) CD133,(33) PD-
L1,(34) and cat PDPN (cPDPN),(30) so here we immunized one
mouse with pPDPN-overexpressing CHO-K1 (CHO/pPDPN)
cells using the immunization and screening procedure de-
picted in Figure 1. The hybridomas were seeded into and
cultured in 96-well plates, and supernatants were used to label
and screen cells by flow cytometry. CHO/pPDPN cells were
screened to identify potential anti-pPDPN antibodies,
whereas CHO-K1 cells were screened to exclude antibodies
against CHO-K1 cells antigens. PK-15 cells were also used to
identify antibodies that reacted with the endogenous pig
protein. Screening identified strong signals against
CHO/pPDPN cells and weak or no signals against CHO-K1
cells in 44 of 480 wells (9.2%). Among these 44 wells, seven
produced strong signals against PK-15 cells and were negative
against CHO-K1 cells. PMab-210 (IgG1, kappa) was finally
established by limiting dilution from one of these wells.

PMab-210 recognized CHO/pPDPN but did not react
with CHO-K1, as assessed by flow cytometry (Fig. 2). It
also reacted with the PK-15 pig kidney cell line, indicating
that it could recognize endogenous pPDPN. PMab-210 did
not react with human, mouse, rat, rabbit, dog, cat, or bovine
PDPNs (Fig. 3). Furthermore, it did not react with horse,
Tasmanian devil, tiger, alpaca, bear, goat, sheep, or whale
PDPNs (Supplementary Fig. S1), indicating that PMab-210
is specific to pPDPN. Flow cytometry was next used to
perform a kinetic analysis of the interaction of PMab-210
with CHO/pPDPN and PK-15 cells. The dissociation con-
stant (KD) of PMab-210 for CHO/pPDPN and PK-15 cells
was determined to be 4.0 · 10-8 M and 4.4 · 10-8 M, re-
spectively, indicating a moderate affinity for either cell
type.

PMab-210 was able to identify pPDPN as a 40 kDa band in
the Western blot of CHO/pPDPN cells (Fig. 4), but did not
detect it in PK-15 cells, possibly due to low expression of
pPDPN in PK-15 cells or a low affinity of PMab-210 against
PK-15 cells. An anti-PA16 tag mAb (NZ-1) detected two
strong bands in CHO/pPDPN cells: the upper is reported
to be highly glycosylated form and the lower one is un-
glycosylated.(3,24) In contrast, PMab-210 recognized only the
upper glycosylated pPDPN, suggesting that the mAb may
recognize glycosylated pPDPN more selectively. Our previ-
ous studies have similarly found that antihuman PDPN
(hPDPN) mAbs such as LpMab-3,(35) LpMab-9,(36) LpMab-
19,(37) and LpMab-21(38) also detect only glycosylated
hPDPN. It would be interesting to identify the specific epi-
tope of PMab-210 in the future.

When used in immunohistochemistry, PMab-210 strongly
stained type I pulmonary alveolar cells of pigs (Fig. 5) and

FIG. 2. Detection of pPDPN by flow cytometry using
PMab-210. CHO/pPDPN, CHO-K1, and PK-15 cells were
treated with PMab-210 (red line) at a concentration of
10 mg/mL or control (gray) for 30 minutes, followed by the
incubation with secondary antibodies. CHO, Chinese ham-
ster ovary; pPDPN, pig podoplanin.
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micromini pigs (Fig. 6). Furthermore, PMab-210 weakly
stained renal corpuscles of pigs (Fig. 7) and micromini pigs
(Fig. 8), indicating that the mAb is useful for the detection of
PDPN by immunohistochemistry. PDPN is known to be a
specific lymphatic endothelial cell marker; however, PMab-
210 could not detect any lymphatic endothelial cells in lungs,
kidneys, or colons of pigs or micromini pigs (data not
shown). We could not obtain primary cells or established cell
lines of pig lymphatic endothelial cells in this study, and so
we could not determine whether PMab-210 could not react
with lymphatic endothelial cells in paraffin sections or
whether pig lymphatic endothelial cells exhibit tissue-
specific glycosylation and so do not carry the PMab-210
epitope.

Taken together, these data demonstrate that we have es-
tablished an anti-pPDPN mAb, PMab-210, which is appli-
cable for use in flow cytometry, Western blotting, and
immunohistochemical analyses. The epitope of PMab-210
should be determined in a future study to further clarify the
sensitivity and specificity of PMab-210 against pPDPN. This
mAb should prove useful for elucidating the pathophysio-
logical functions of pPDPN in the future studies.

FIG. 3. Specific detection of pPDPN by flow cytometry
using PMab-210. CHO/pPDPN, CHO/hPDPN, CHO/
mPDPN, CHO/rPDPN, CHO/rabPDPN, CHO/dPDPN, CHO/
bovPDPN, and CHO/cPDPN cells were treated with PMab-
210 (red line) at a concentration of 10mg/mL or control (gray)
for 30 minutes, followed by the addition of secondary anti-
bodies. The same cells were also treated with positive control
(blue line) at a concentration of 1mg/mL or control (gray) for
30 minutes, followed by the addition of secondary antibodies.

‰

FIG. 4. Western blot analysis. Cell lysates of CHO-K1,
CHO/pPDPN, and PK-15 (10 mg) were electrophoresed and
transferred onto a PVDF membrane. The membrane was
incubated with 10mg/mL of PMab-210, 1 mg/mL of anti-PA
tag (NZ-1), or 1 mg/mL of anti-b-actin, and subsequently
with peroxidase-conjugated antimouse or -rat IgG. PVDF,
polyvinylidene difluoride.
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FIG. 5. Immunohistochemical analyses using pig lung
tissue. Histological sections were incubated with 10 mg/mL
of PMab-210 (A, B) or with blocking buffer (C, D), fol-
lowed by an Envision+ Kit. (E, F) Hematoxylin and eosin
staining. Scale bar = 100 mm.

FIG. 6. Immunohistochemical analyses using micromini
pig lungs. Histological sections of micromini pig lung tissue
were incubated with 10 mg/mL of PMab-210 (A, B) or with
blocking buffer (C, D), followed by an Envision+ Kit. (E, F)
Hematoxylin and eosin staining. Scale bar = 100 mm.

FIG. 7. Immunohistochemical analyses using pig kidneys.
Histological sections of pig kidney tissue were incubated
with 10mg/mL of PMab-210 (A, B) or with blocking buffer
(C, D), followed by an Envision+ Kit. (E, F) Hematoxylin
and eosin staining. Scale bar = 100mm.

FIG. 8. Immunohistochemical analyses using micromini
pig kidneys. Histological sections of the micromini pig
kidney tissue were incubated with 20mg/mL of PMab-210
(A, B) or with blocking buffer (C, D), followed by an En-
vision+ Kit. (E, F) Hematoxylin and eosin staining. Scale
bar = 100mm.
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