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Abstract: Podoplanin (PDPN) is a type I transmembrane protein with a highly glycosylated
extracellular domain, a transmembrane domain, and a short intracellular domain. PDPN expression
is observed in normal tissue and cells, including lung type I alveolar epithelial cells, kidney
podocytes, and lymphatic endothelial cells. Therefore, anti-PDPN monoclonal antibodies (mAbs) in
various animal species helped to identify PDPN-positive cells. We have developed anti-PDPN mAbs
in more than 20 species. These anti-PDPN mAbs are applicable to flow cytometry, western blot, and
immunohistochemistry. In this study, anti-rhinoceros PDPN (rhiPDPN) mAbs, PMab-315 (mouse
IgG2, kappa) and PMab-324 (mouse IgGwm, kappa) were established using the Cell-Based
Immunization and Screening (CBIS) method. PMab-315 and PMab-324 strongly recognized the
rhiPDPN-overexpressed Chinese hamster ovary K1 (CHO/rhiPDPN) and exhibited the same Kb value
(4.5 x 108 M) for CHO/rhiPDPN by a flow cytometry-based assay. Both mAbs can detect rhiPDPN in
western blot and immunohistochemistry. These results suggest the usefulness of PMab-315 and
PMab-324 for the pathological analysis of rhinoceros-derived tissues and cells.
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1. Introduction

Podoplanin (PDPN) (also known as Tla, PA2.26 antigen, E11 antigen, and Aggrus) is a type I
transmembrane protein that has a highly glycosylated extracellular domain, a transmembrane
domain, and a short intracellular domain [1,2]. PDPN expression is observed in normal tissue and
cells, including lung type I alveolar epithelial cells [3,4], kidney podocytes [5], and lymphatic
endothelial cells [6,7]. Mice lacking PDPN exhibited the lethal phenotype at birth due to respiratory
defects and failure in the lymphatic vessel formation [8]. These results indicate the importance of
PDPN in lung and lymphatic development.

The roles of PDPN have been studied in tumors, including malignant gliomas, mesotheliomas,
and head and neck squamous cell carcinomas, and esophageal carcinoma [2]. The overexpression of
PDPN is associated with poor clinical outcomes [2]. Moreover, PDPN expression is detected in
cancer-associated fibroblasts (CAFs), which constitute a significant part of the tumor
microenvironment (TME) [9]. CAFs have been shown to promote cancer cell survival and influence
therapeutic outcomes [9]. Additionally, they contribute to the development of an
immunosuppressive TME, thereby diminishing antitumor immunity [10]. Increased PDPN staining
in CAFs has been associated with poor prognosis in patients with lung [11-13], breast [14], and
pancreatic cancer [15]. Consequently, PDPN is a valuable diagnostic marker and a promising
therapeutic target for tumors.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Majestic rhinoceroses once thrived across Africa, Asia, and Europe. Still, today, they are
classified as threatened or endangered due to the decline of population driven by the illegal trade of
their horns [16]. Although conservation initiatives have succeeded in boosting the number of
rhinoceros in the wild, specific populations, such as those with infectious diseases, remain at risk.
The white rhinoceros (Ceratotherium simum) and the black rhinoceros (Diceros bicornis) have recently
been found to carry bovine tuberculosis (bTB), a bacterial infection caused by Mycobacterium bovis (M.
bovis), within conservation areas [17,18]. The full extent and health impact of M. bovis infections in
wild rhinoceroses remain uncertain, and bTB has been identified as an "underrecognized threat" to
their conservation [19]. The prevalence, distribution, and risk factors of M. bovis infections in
rhinoceroses were reported in Kruger National Park, which harbors the world’s largest free-ranging
rhinoceros population [20]. However, there is a limitation of the pathological analysis owing to the
lack of antibodies that can recognize the antigens of the rhinoceros and distinguish the specific types
of cells in tissues.

The Cell-Based Immunization and Screening (CBIS) method includes immunizing antigen-
overexpressed cells and high throughput hybridoma screening using flow cytometry. Using the CBIS
method, a variety of monoclonal antibodies (mAbs) that recognize linear epitope [21], structural
epitope [22], and glycosylated epitope [23] of membrane protein have been established. Our group
has developed anti-PDPN mAbs against over 20 species (http://www.med-tohoku-
antibody.com/topics/001_paper_antibody_PDIS.htm#PDPN). These mAbs contribute not only to the
research of each animal but also to diagnosis [24] and drug development [25]. This study aimed to
develop anti-rhinoceros PDPN (thiPDPN) mAbs using the CBIS method.

2. Materials and Methods

2.1. Cell Lines and Plasmids

Synthesized DNA encoding rhiPDPN (XM_058552942, Eurofins Genomics KK, Tokyo, Japan)
plus an N-terminal MAP16 tag (PGTGDGMVPPGIEDKI) [26] and an N-terminal PA16 tag
(GLEGGVAMPGAEDDVYV) [27], which are recognized by an anti-MAP tag mAb (PMab-1) [28] and
an anti-PA tag mAb (NZ-1) [29], were subcloned into a pCAGzeo vector [FUJIFILM Wako Pure
Chemical Corporation (Wako), Osaka, Japan]. Afterward, plasmids were transfected into Chinese
hamster ovary (CHO)-K1 cells (ATCC, Manassas, VA) using the Neon transfection system (Thermo
Fisher Scientific, Inc., Waltham, MA). Stable transfectants (CHO/MAP16-rhiPDPN and CHO/PA16-
rhiPDPN) were subsequently selected using a cell sorter (SH800, Sony Corp., Tokyo, Japan) using
PMab-1 and NZ-1, respectively.

2.2. Production of Hybridomas

For developing anti-rhiPDPN mAbs, 6-week-old female BALB/cAJcl mice (CLEA Japan, Tokyo,
Japan) were immunized intraperitoneally with 1 x 108 cells/mouse of CHO/MAP16-rhiPDPN.
Alhydrogel adjuvant 2% (InvivoGen, San Diego, CA, USA) was added as an adjuvant in the first
immunization. Three additional injections of 1 x 108 cells/mouse of CHO/MAP16-rhiPDPN were
administered intraperitoneally without an adjuvant addition every week. A final booster injection
was performed with 1 x 108 cells/mouse of CHO/MAP16-rhiPDPN intraperitoneally two days before
harvesting splenocytes from mice. We conducted cell-fusion of the harvested splenocytes from
CHO/MAP16-rhiPDPN-immunized mice with P3X63Ag8U.1 (P3U1, ATCC) cells using polyethylene
glycol 1500 (PEG1500; Roche Diagnostics, Indianapolis, IN, USA) under heated conditions.
Hybridomas were cultured as described previously [21].

2.3. Flow Cytometric Analysis

Cells were collected after a brief treatment with 1 mM ethylenediaminetetraacetic acid (EDTA;
Nacalai Tesque, Inc.). Afterward, they were rinsed with a blocking buffer of 0.1% BSA in PBS and
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incubated with varying concentrations (0.001, 0.01, 0.1, and 1 pg/mL) of PMab-315 and PMab-324 for
30 minutes at 4°C. Subsequently, the cells were exposed to Alexa Fluor 488-conjugated anti-mouse
IgG diluted to 1:2,000. Fluorescence measurements were then obtained using the SA3800 Cell
Analyzer (Sony Corp.).

2.4. Determination of Dissociation Constant (Kp) by Flow Cytometry

CHO/PA16-rhiPDPN cells were incubated in a series of diluted PMab-315 and PMab-324
solutions for 30 minutes at 4°C. Then, the cells were treated with Alexa Fluor 488-conjugated anti-
mouse IgG at a dilution 1:200. The Ko was determined as described previously [21].

2.5. Western Blot Analysis

Cell lysates were prepared, electrophoresed, and transferred onto the membrane as described
previously [21]. The membranes were incubated with 5 pug/mL of PMab-315, 5 pg/mL of PMab-324,
0.5 pug/mL of NZ-1, or 1 ug/mL of an anti-isocitrate dehydrogenase 1 mAb (RcMab-1), followed by
incubation with horseradish peroxidase-conjugated anti-mouse IgG (1:2,000; Agilent Technologies
Inc.) or anti-rat IgG (1:10,000; Merck KGaA). Chemiluminescence signals were developed as
described previously [21].

2.6. Immunohistochemical Analysis

CHO-K1 and CHO/PA16-rhiPDPN cell blocks were prepared using iPGell (Genostaff Co., Ltd.,
Tokyo, Japan). The paraffin-embedded cell sections were autoclaved in a citrate buffer (pH 6.0;
Nichirei Biosciences, Inc., Tokyo, Japan). After blocking, the sections were incubated with 5 pg/mL
of PMab-315, 5 ug/mL of PMab-324, or 1 ug/mL of NZ-1, and then treated with the Envision+ Kit (for
PMab-315 and PMab-324, Agilent Technologies Inc.) or Histofine Simple Stain Mouse MAX PO (Rat)
(for NZ-1, Nichirei Biosciences, Inc.). Color was developed using 3,3’-diaminobenzidine
tetrahydrochloride (Agilent Technologies Inc.), and counterstaining was performed using
hematoxylin (Merck KGaA).

3. Results

3.1. Development of Anti-rhiPDPN mAbs Using the CBIS Method

To generate anti-rhiPDPN mAbs, two mice were immunized with CHO/MAP16-rhiPDPN (Fig.
1A). Following immunization, the spleen was excised from the mice, and the splenocytes were fused
with myeloma P3U1 cells (Fig. 1B). The resulting hybridomas were then plated into ten 96-well plates
and cultured for six days. Subsequently, supernatants that were reactive to CHO/PA16-rhiPDPN and
non-reactive to CHO-K1 were selected from 958 wells via flow cytometry (Fig. 1C). After conducting
limiting dilution and several additional screenings, a clone, PMab-315 (mouse IgGz, kappa) was
successfully established (Fig. 1D). Furthermore, we conducted another series of immunization and
screening as mentioned above. Another clone PMab-324 (mouse IgGa, kappa) was successfully
cloned.
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Figure 1. A schematic procedure of anti-thiPDPN mAbs production. (A) CHO/MAP16-rhiPDPN was
immunized into BALB/cAJcl mice. The spleen cells were fused with P3U1 cells. (B) To select anti-rhiPDPN mAb-
producing hybridomas, the supernatants were screened by flow cytometry using CHO-K1 and CHO/PA16-
rhiPDPN cells. (C) After limiting dilution, anti-rhiPDPN mAbs were established. Two series of immunization
and screening were conducted. PMab-315 (mouse IgGz, kappa) and PMab-324 (mouse IgGa, kappa) were

successfully established from each screening.

3.2. Flow Cytometry Using PMab-315 and PMab-324

We conducted flow cytometry using PMab-315 and PMab-324 against CHO/PA16-rhiPDPN and
CHO-K1 cells. PMab-315 and PMab-324 showed similar reactivity to CHO/PA16-rhiPDPN cells (Fig.
2A and 2B) from 0.001 to 1 pg/mL. However, PMab-315 did not recognize parental CHO-K1 cells
even at 1 ug/mL (Fig. 2A), and PMab-324 showed faint reactivity to CHO-K1 cells at 1 pg/mL (Fig.
2B).
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Figure 2. Flow cytometric analysis of PMab-315 and PMab-324 against CHO/PA16-rhiPDPN and CHO-K1.
CHO/PA16-rhiPDPN and CHO-K1 cells were treated with 0.001-1 pg/mL of PMab-315 (A, red line) and PMab-
324 (B, red line) or blocking buffer (black line), followed by Alexa Fluor 488-conjugated anti-mouse IgG.

3.3. The Binding Affinity of PMab-315 and PMab-324

We conducted flow cytometry to determine the Ko values of PMab-315 and PMab-324 against
CHO/PA16-thiPDPN. PMab-315 and PMab-324 showed the same Kb value (4.5 x 108 M) (Fig. 3).

A
PMab-315
80000
60000
&
£ so00{ Ko:45x108M
é
20000
o+ v ™ v o3 ol
10 0 100 100 107 10
Concentration (M)
B PMab-324
250000
200000
1
E 150000
Kp:45x108 M
g 100000

0
10 10 10 107 1077 10
Concentration (M)

Figure 3. The determination of the binding affinity of PMab-315 and PMab-324. CHO/PA16-rhiPDPN cells
were suspended in 100 L serially diluted PMab-315 and PMab-324. Then, cells were treated with Alexa Fluor
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488-conjugated anti-mouse IgG. Fluorescence data were subsequently collected and the dissociation constant
(Kp) values were determined.

3.4. Western Blot Analysis Using PMab-315 and PMab-324

We investigated whether PMab-315 and PMab-324 can be used for western blot analysis using
CHO-K1 and CHO/PA16-rhiPDPN cell lysates. As shown in Figure 4, PMab-315 and PMab-324 could
detect rhiPDPN as the significant band around 48 kDa in CHO/PA16-rhiPDPN cell lysates, while no
band was detected in parental CHO-K1 cells. An anti-PA tag mAb, NZ-1, could detect rhiPDPN as
the band around 48 kDa in CHO/PA16-rhiPDPN cell lysates. An anti-isocitrate dehydrogenase 1 mAb
(clone RcMab-1) was used for internal control. These results indicate that PMab-315 and PMab-324
can detect thiPDPN in western blot analysis.
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Figure 4. Detection of thiPDPN by western blot analysis. Cell lysates of CHO-K1 and CHO/PA16-rhiPDPN (10
pg/lane) treated with SDS sample buffer were electrophoresed and transferred onto polyvinylidene difluoride
membranes. The membranes were incubated with 5 pg/mL of PMab-315, 5 pg/mL of PMab-324, 0.5 pg/mL of
NZ-1, or 1 ug/mL of RcMab-1. Then, the membranes were subsequently incubated with horseradish peroxidase-
conjugated anti-mouse (for PMab-315 and PMab-324) or horseradish peroxidase-conjugated anti-rat
immunoglobulins (For NZ-1 and RcMab-1). Chemiluminescence signals were developed and detected with a

Sayaca-Imager.

3.5. Immunohistochemistry Using PMab-315 and PMab-324

To investigate whether PMab-315 and PMab-324 can be used for immunohistochemistry,
paraffin-embedded CHO-K1 and CHO/PA16-rhiPDPN sections were stained with PMab-315, PMab-
324, or NZ-1. PMab-315 showed a membranous staining in CHO/PA16-rhiPDPN, but not in CHO-K1
(Fig. 5A). Furthermore, more potent membranous staining by PMab-324 was observed in CHO/PA16-
rhiPDPN (Fig. 5B). A weak reactivity to CHO-K1 was observed by PMab-324 (Fig. 5B). An anti-PA
tag mAb, NZ-1 showed potent membranous staining in CHO/PA16-rhiPDPN, but not in CHO-K1
(Fig. 5C). These results indicate that PMab-315 and PMab-324 can apply to IHC for detecting
rhiPDPN-positive cells in paraffin-embedded cell samples.
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Figure 5. Immunohistochemical staining of a paraffin-embedded section of CHO/PA16-rhiPDPN and CHO-
K1. The sections of CHO/PA16-rhiPDPN and CHO-K1 cells were treated with 5 pg/mL of PMab-315 (A), 5 ug/mL
of PMab-324 (B), or 1 pg/mL of NZ-1 (C), followed by the treatment with Envision+ Kit (for PMab-315 and PMab-
324) or Histofine Simple Stain Mouse MAX PO (Rat) (for NZ-1). Color was developed using 3,3'-
diaminobenzidine tetrahydrochloride, and counterstaining was performed using hematoxylin (Merck KGaA,

Darmstadt, Germany). Scale bar = 100 um.

4. Discussion

In this study, we developed novel anti-rhiPDPN mAbs, PMab-315 and PMab-324, using the CBIS
method (Fig. 1) from two independent screening. PMab-315 and PMab-324 showed the usefulness of
flow cytometry (Fig. 2) and possess moderate affinities (4.5 x 108 M) against CHO/PA16-rhiPDPN
(Fig. 3). Furthermore, PMab-315 and PMab-324 can detect rhiPDPN in western blot (Fig. 4) and
immunohistochemistry (Fig. 5) using a paraffin-embedded cell block. Therefore, PMab-315 and
PMab-324 are expected to identify endogenous rhiPDPN-positive cells, such as lung type I alveolar
epithelial cells, kidney podocytes, and lymphatic endothelial cells.

As a generalist pathogen, M. bovis can infect a broad range of domestic and wild host species
[30,31]. bTB is endemic among rhinoceros populations as well as other domestic and wild hosts
Kruger National Park [32]. Disease susceptibility and progression seem to vary between species,
resulting in different levels of clinical symptoms [31]. Previous studies in zoological settings have
indicated that rhinoceroses are susceptible to tuberculosis [33]. However, histopathological analysis
has not been reported in the affected organs. PMab-315 and PMab-324 will help in the pathological
analysis of rhinoceros tissues in future studies.

Rhinoceroses are known for their thick skin, often called dermal armor. The structure has a dense
and cornified epidermis and a dermis with high tensile strength [34]. A histological study of white
rhinoceros integument was reported [35]. The hematoxylin & eosin and elastic staining revealed that
the stratum corneum was present in more than half of the epidermal thickness. The epidermal-dermal
junction featured numerous papillary folds, enhancing the surface contact between the
integumentary layers. Most dermis were composed of well-organized collagen bundles interspersed
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with elastic fibers. The superficial layer of the dermis was richly vascularized, with capillaries,
arterioles, and venules densely concentrated just beneath the epidermis. Small arteries and veins
were present in the middle layer of the dermis. Only a few large vessels were observed in the deepest
layers of the dermis. Since PDPN is highly expressed in lymphatic endothelial cells, PMab-315 and
PMab-324 would contribute to identifying lymphatic vessels from the capillaries and analyzing
rhinoceros diseases such as cancer.
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