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Development of a Monoclonal Antibody
PMab-292 Against Ferret Podoplanin
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Ferrets (Mustela putorius furo) have been used as small animal models to investigate severe acute respiratory
syndrome coronaviruses (SARS-CoV and SARS-CoV-2) infections. Pathological analyses of these tissue
samples, including those of the lung, are, therefore, essential to understand the pathogenesis of SARS-CoVs and
evaluate the action of therapeutic monoclonal antibodies (mAbs) against this disease. However, mAbs that
recognize ferret-derived proteins and distinguish between specific cell types, such as lung epithelial cells, are
limited. Podoplanin (PDPN) has been identified as an essential marker in lung type I alveolar epithelial cells,
kidney podocytes, and lymphatic endothelial cells. In this study, an anti-ferret PDPN (ferPDPN) mAb PMab-
292 (mouse IgG1, kappa) was established using the Cell-Based Immunization and Screening (CBIS) method.
PMab-292 recognized ferPDPN-overexpressed Chinese hamster ovary-K1 (CHO/ferPDPN) cells by flow cy-
tometry and Western blotting. The kinetic analysis using flow cytometry showed that the KD of PMab-292 for
CHO/ferPDPN was 3.4 · 10-8 M. Furthermore, PMab-292 detected lung type I alveolar epithelial cells, lym-
phatic endothelial cells, and glomerular/Bowman’s capsule in the kidney using immunohistochemistry. Hence,
these results propose the usefulness of PMab-292 in analyzing ferret-derived tissues for SARS-CoV-2 research.
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Introduction

F errets (Mustela putorius furo) have been used as a
highly valuable model for testing the pathogenicity and

transmission of human respiratory viruses, including the in-
fluenza virus,(1) severe acute respiratory syndrome cor-
onavirus (SARS-CoV),(2) and SARS-CoV-2.(3) After
mucosal exposure to SARS-CoV-2, clinical alterations in
ferrets have been identified as undetectable or mild. In ad-
dition, they can transmit viruses efficiently to uninfected
ferrets through direct contact and aerosols.(4,5) Similar to the
golden (Syrian) hamster (Mesocricetus auratus) model, viral
replication has also been detected in the upper respiratory
tract of ferrets after a 2-week infection period. However, in
contrast to the golden hamster,(6) reductions in body weight
are absent or minimal.

In histopathological analysis, inflammation within alveo-
lar spaces and perivascular mononuclear parts were observed
in SARS-CoV-2-infected ferrets. In addition, the bronchial

submucosal foci with eosinophilic materials and collagen
degeneration were observed. Microscopic observations of
SARS-CoV-2-infected ferrets, therefore, suggested mild
bronchoalveolar or alveolar inflammation.(3) These studies
also indicated that airborne transmission of SARS-CoV-2 can
occur, thereby suggesting the usefulness of the ferret model
in SARS-CoV-2 research.(7) However, there is a limitation of
the pathological analysis owing to the lack of antibodies that
can recognize the ferret-derived antigens and distinguish the
specific cells in the lung.

Podoplanin (PDPN) is a type I transmembrane mucin-like
sialoglycoprotein and an important marker in lung type I
alveolar epithelial cells,(8,9) kidney podocytes,(10) and lym-
phatic endothelial cells.(11,12) Therefore, anti-ferret PDPN
(ferPDPN) monoclonal antibodies (mAbs) have been pro-
posed as a useful tool to investigate the pathogenesis of lung
type I alveolar epithelial cells, kidney podocytes, and lym-
phatic endothelial cells in SARS-CoV-2 infection models.
This study developed anti-ferPDPN mAbs using the Cell-
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Based Immunization and Screening (CBIS) method. The
CBIS method includes the immunization of antigen-
overexpressed cells and subsequent high-throughput hy-
bridoma screening through flow cytometry. We established
an anti-ferPDPN mAb PMab-292 and investigated the sev-
eral applications, including flow cytometry, Western blot-
ting, and immunohistochemistry.

Materials and Methods

Cell lines

Chinese hamster ovary (CHO)-K1 and mouse multiple
myeloma P3X63Ag8U.1 (P3U1) cells were obtained from
the American Type Culture Collection (ATCC; Manassas,
VA). Synthesized DNA (Eurofins Genomics KK, Tokyo,
Japan) encoding ferPDPN plus an N-terminal MAP tag
(GDGMVPPGIEDK)(13,14) and an N-terminal 2 · RIEDL tag
(RIEDLRIEDL),(15–20) which are recognized by an anti-
MAP tag mAb (PMab-1) and an anti-RIEDL tag mAb
(LpMab-7), respectively, were subcloned into a pCAG-Ble
vector (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan). Afterward, plasmids were transfected into CHO-K1
cells, using Lipofectamine LTX with Plus Reagent (Thermo
Fisher Scientific, Inc., Waltham, MA). Stable transfectants
(CHO/MAP-ferPDPN and CHO/2 · RIEDL-ferPDPN) were
subsequently selected using cell sorter (SH800; Sony Corp.,
Tokyo, Japan).

Next, CHO-K1, CHO/MAP-ferPDPN, CHO/2 · RIEDL-
ferPDPN, and P3U1 were cultured in a Roswell Park Mem-
orial Institute (RPMI) 1640 medium (Nacalai Tesque, Inc.,
Kyoto, Japan), supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Inc.),
100 U/mL penicillin, 100 lg/mL streptomycin, and
0.25 lg/mL amphotericin B (Nacalai Tesque, Inc.). CHO/
MAP-ferPDPN was cultivated in a medium containing
0.5 mg/mL Zeocin (InvivoGen, San Diego, CA). Cells were
then cultured in an incubator at 37�C humidity, 5% CO2, and
95% air atmosphere.

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 animal ex-
periments. In this study, we used a CBIS method(21–27) to
develop mAbs against ferPDPN. One BALB/c mouse was
subsequently immunized intraperitoneally (i.p.) with CHO/
MAP-ferPDPN cells (1 · 108) using Imject Alum (Thermo
Fisher Scientific, Inc.). The procedure included three addi-
tional immunization with CHO/MAP-ferPDPN cells
(1 · 108), followed by a final booster injection of CHO/MAP-
ferPDPN cells (1 · 108) 2 days before harvesting splenic
cells.

Subsequently, splenic cells were fused with P3U1 cells
using polyethylene glycol 1500 (PEG1500; Roche Diag-
nostics, Indianapolis, IN). The hybridomas were grown in
RPMI 1640 media supplemented with hypoxanthine, ami-
nopterin, and thymidine for selection (Thermo Fisher Sci-
entific, Inc.), after which culture supernatants were screened
through flow cytometry for anti-ferPDPN antibody produc-
tion.

Flow cytometry

Cells (2 · 105 cells/mL) were harvested after brief expo-
sure to 0.25% trypsin in 1 mM ethylenediaminetetraacetic
acid (Nacalai Tesque, Inc.). After washing with 0.1% bovine
serum albumin (Nacalai Tesque, Inc.) in phosphate-buffered
saline (PBS; Nacalai Tesque, Inc.), cells were treated with
PMab-292 (1–0.001 lg/mL) for 30 minutes at 4�C, followed
by Alexa Fluor 488-conjugated anti-mouse IgG (1:1000;
product no. 4408; Cell Signaling Technology, Inc., Danvers,
MA). Finally, fluorescence data were collected using SA3800
Cell Analyzer (Sony Biotechnology Corp.).

Determining of the binding affinity

Cells were suspended in 100 lL serially diluted PMab-292
(10–0.0006mg/mL), followed by a subsequent suspension in
an Alexa Fluor 488-conjugated anti-mouse IgG solution
(1:200; Cell Signaling Technology, Inc.). Afterward, fluo-
rescence data were collected, using the BD FACSLyric
(BD Biosciences, Franklin Lakes, NJ). By fitting binding
isotherms to built-in one-site binding models in GraphPad
Prism 8 (GraphPad Software, Inc., La Jolla, CA), the disso-
ciation constant (KD) was finally calculated.

Western blotting

Cell lysates (10 lg) were boiled in sodium dodecyl sulfate
(SDS) sample buffer (Nacalai Tesque, Inc.), after which
proteins were separated on 5%–20% polyacrylamide gels
(FUJIFILM Wako Pure Chemical Corporation) and trans-
ferred to polyvinylidene difluoride membranes (Merck
KGaA, Darmstadt, Germany). After blocking with 4% skim
milk (Nacalai Tesque, Inc.) in 0.05% Tween 20-containing
PBS, membranes were incubated with 1 lg/mL of PMab-292,
an anti-MAP tag mAb (PMab-1), or an anti-b-actin mAb
(clone AC-15; Sigma-Aldrich Corp., St. Louis, MO). Then,
they were incubated again with peroxidase-conjugated anti-
mouse immunoglobulins (diluted 1:1000; Agilent Technol-
ogies, Inc., Santa Clara, CA). Finally, protein bands were
detected using ImmunoStar LD (FUJIFILM Wako Pure
Chemical Corporation) and a Sayaca-Imager (DRC Co. Ltd.,
Tokyo, Japan).

Immunohistochemical analysis

Ferret tissue samples were collected after autopsy proce-
dures were completed at the Yamaguchi University, and fixed
in 10% neutral-buffered formalin,(28) after which paraffin-
embedded tissue sections (4 lm thick) were made. Subse-
quently, histological sections (4 lm thick) of ferret tissue
samples were directly autoclaved in a citrate buffer (pH 6.0;
Nichirei Biosciences, Inc., Tokyo, Japan) for 20 minutes.
After blocking histological sections with a SuperBlock T20
(PBS) Blocking Buffer (Thermo Fisher Scientific, Inc.),
sections were incubated with PMab-292 (5 lg/mL) for 1 hour
at room temperature and treated with the EnVision+Kit for
mouse (Agilent Technologies, Inc.) for 30 minutes.

Color was developed with 3,3¢-diaminobenzidine tetra-
hydrochloride (Agilent Technologies, Inc.) for 2 minutes,
after counterstaining using hematoxylin (FUJIFILM Wako
Pure Chemical Corporation). Hematoxylin and eosin (FUJI-
FILM Wako Pure Chemical Corporation) staining was also
conducted using the serial section of ferret tissue samples.
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Results

Establishment of anti-ferPDPN mAbs

To develop anti-ferPDPN mAbs, the CBIS method, using
stable transfectants for immunization and flow cytometry,
was used (Fig. 1). CHO/MAP-ferPDPN cells, which over-
expressed ferPDPN and had an N-terminal MAP tag (also
referred to as CHO/ferPDPN) were immunized into one
mouse. Hybridomas were then seeded into 96-well plates,
and CHO/2 · RIEDL-ferPDPN-positive and CHO-K1-
negative wells were identified. After conducting limiting
dilution and selection using immunohistochemistry, the
PMab-292 (mouse IgG1, kappa) was finally isolated.

Flow cytometric analyses

Flow cytometric analyses were conducted using PMab-
292 with CHO/ferPDPN and CHO-K1 cells. PMab-292 rec-
ognized CHO/ferPDPN, but did not react with CHO-K1 cells
(Fig. 2A). The kinetic analysis of PMab-292 interactions with
CHO/ferPDPN cells was, therefore, conducted using flow

cytometry. As indicated in Figure 2B, the KD for PMab-292
interactions with CHO/ferPDPN cells was 3.4 · 10-8 M,
suggesting that PMab-292 exhibited a moderate affinity for
ferPDPN.

Western blotting

Western blotting was conducted to further assess the sen-
sitivity of PMab-292. For this assessment, lysates of CHO-K1
and CHO/ferPDPN cells were probed. As demonstrated in
Figure 3, PMab-292 detected the 48-kDa band of ferPDPN in
lysates from CHO/ferPDPN cells, whereas this band was
absent in lysates from CHO-K1 cells, indicating that PMab-
292 specifically detected ferPDPN.

Immunohistochemical analyses

To investigate whether PMab-292 can be used for immu-
nohistochemical analyses using formalin-fixed paraffin-
embedded (FFPE) ferret tissue sections, normal lung and
kidney tissue samples from ferrets were examined. Both

FIG. 1. Schematic procedure showing the CBIS method. CHO/ferPDPN cells were inoculated i.p. into the mice. Splenic
cells were then fused with myeloma cells, after which culture supernatants from hybridomas were screened for anti-
ferPDPN antibody production using flow cytometry. CBIS, Cell-Based Immunization and Screening; i.p., intraperitoneally.
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tissue samples expressed PDPN in different species, includ-
ing human,(29) mouse,(30) rat,(31) rabbit,(32) dog,(33) cat,(34)

cow,(35) pig,(36) Tasmanian devil,(37) alpaca,(38) tiger,(39)

whale,(40) goat,(41) horse,(42) bears,(43) and sheep.(24,44) As in-
dicated in Figure 4, PMab-292 strongly and specifically iden-
tified type I alveolar cell within the lung. Lymphatic
endothelial cells of the lung were also detected using PMab-
292 (Fig. 4C). Moreover, PMab-292 was clearly stained in the
glomerulus and Bowman’s capsule in the kidney (Fig. 5A, B).
Therefore, these results indicated the usefulness of PMab-292
for detecting ferPDPN-positive cells in FFPE tissue samples.

Discussion

Previously, we reported the cross-reactivity of anti-bear
PDPN mAb (PMab-241) with ferret PDPN-overexpressed cells
and ferret tissue samples.(28) Through flow cytometry, PMab-
241 recognized ferret PDPN-overexpressed CKO-K1 cells.
PMab-241 also reacted with lymphatic endothelial cells, but not
with type I alveolar epithelial cells in the ferret lung. In this

study, we established a novel anti-ferret PDPN mAb, PMab-292,
which is useful for flow cytometry and immunohistochemical
staining. Especially, PMab-292 stained type I alveolar epithelial
cells of the ferret lung (Fig. 4). Therefore, PMab-292 can be used
to detect and analyze the development and/or pathogenesis of
type I alveolar epithelial cells. Previously, we have conducted a
conventional alanine-scanning method(16,24,45–65) and the RE-
MAP method(17–20) to determine conformational epitopes of
mAbs. Further studies are also warranted to determine the epi-
tope of PMab-292 using those methods.

Ferrets have been used as animal models for investigating
the pathogenicity and transmission of both SARS-CoV and
SARS-CoV-2. Therefore, we can compare the pathogenesis
of viral-based respiratory tract infections. SARS-CoV in-
fections demonstrated bronchial and bronchiolar hyperplasia,
and perivascular cuffing in ferret lung tissue samples. How-
ever, no evidence of enhanced disease was observed in any
ferret.(66) With SARS-CoV-2 infections in ferrets, several
reports proposed that the clinical disease remained mild
compared with the golden hamsters.(67)

FIG. 2. Flow cytometry using anti-ferPDPN mAb, PMab-292. (A) CHO-K1 and CHO/ferPDPN were treated with 1–
0.001 mg/mL of PMab-292, followed by treatment with Alexa Fluor 488-conjugated anti-mouse IgG. The black line
represents the negative control. (B) CHO/ferPDPN cells were suspended in 100mL serially diluted PMab-292 (10–
0.0006 mg/mL), after subsequent treatment with Alexa Fluor 488-conjugated anti-mouse IgG. Fluorescence data were
subsequently collected using BD FACSLyric, after which we calculated the dissociation constant (KD) using GraphPad
PRISM 8. mAb, monoclonal antibody.
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FIG. 3. Western blotting using PMab-292. Cell lysates (10 mg) of CHO-K1 and CHO/ferPDPN cells were electro-
phoresed, after which proteins were transferred to PVDF membranes. After blocking, membranes were subsequently
incubated with 1 mg/mL PMab-292, anti-MAP tag mAb (PMab-1), and anti-b-actin, followed by incubation with
peroxidase-conjugated anti-mouse immunoglobulins. PVDF, polyvinylidene difluoride.

FIG. 4. Immunohistochemical analysis for the ferret lung. Histological sections of the ferret lung were directly autoclaved
in a citrate buffer and incubated with 5mg/mL of PMab-292 (A–C) or a blocking buffer (D–F), followed by the En-
Vision+Kit. (G–I) H&E staining was performed. Arrows show that PDPN was expressed in lymphatic endothelial cells.
Scale bars = 100 mm. H&E, hematoxylin and eosin.
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Nevertheless, a persistent inflammation in the nasal tur-
binates was observed in young ferrets, after which follicular
hyperplasia in the bronchi developed 21-day postinfec-
tion.(68) Therefore, the ferret model of SARS-CoV-2 infec-
tion resembles human asymptomatic infection.(69) The use of
PMab-292 to investigate the morphological alterations in
lung type I alveolar epithelial cells is also proposed to provide
valuable information on the pathogenesis of viral infections,
thereby contributing to the development of drugs against
these infections, including the SARS-CoV-2.
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