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Development of Monoclonal Antibody 281-mGo,-f
Against Golden Hamster Podoplanin
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Golden (Syrian) hamster (Mesocricetus auratus) is a small animal model of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections. Pathological analyses of the tissues are required to understand the
pathogenesis of SARS-CoV-2 and the evaluation of therapeutic modalities, including neutralizing monoclonal
antibodies (mAbs). However, mAbs that recognize the golden hamster-derived antigens and distinguish specific
cell types, such as the pneumocytes, are limited. Podoplanin (PDPN) is an essential marker of lung type I
alveolar epithelial cells, kidney podocytes, and lymphatic endothelial cells. In this study, an anti-Chinese
hamster (Cricetulus griseus) PDPN mAb PMab-281 (I1gGs, kappa) was established using the Cell-Based Im-
munization and Screening (CBIS) method. A defucosylated mouse IgG,, version of PMab-281 (281-mG,,-f)
was also developed. The 281-mG,,-f strongly recognized both the Chinese hamster and the golden hamster
PDPN using flow cytometry and could detect lung type I alveolar epithelial cells, lymphatic endothelial cells,
and Bowman’s capsules in the kidney from the golden hamster using immunohistochemistry. These results
suggest the usefulness of 281-mG,,-f for analyzing the golden hamster-derived tissues and cells for SARS-

CoV-2 research.
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Introduction

ODOPLANIN (PDPN) is a type I transmembrane mucin-

like sialoglycoprotein that has a heavily glycosylated
N-terminal extracellular domain, a single transmembrane
domain, and a short intracellular domain. PDPN is also
named Tla, which is expressed at the apical surface of lung
type I alveolar epithelial cells."” PDPN is expressed in
kidney podocytes.® Podocytes have foot processes, attach to
glomerular capillaries at the glomerular basement membrane
and play critical roles as slit diaphragm filtration barriers.”
PDPN is known as a marker of lymphatic endothelial
cells.®® Mice lacking PDPN die at birth due to respiratory
defects and have failed in the lymphatic vessel pattern for-
mation.” These results show the importance of PDPN in
lung epithelium and lymphatic endothelial development.

In animal models of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), golden (Syrian) ham-
sters (Mesocricetus auratus) resemble the pathogenesis and
transmissibility found in humans with mild SARS-CoV-2
infections. Immunohistochemical analyses showed that the
viral antigens in the nasal mucosa, bronchial epithelial cells,
and areas of lung consolidation were detected on days two
and five after inoculation with SARS-CoV-2. Seven days
after inoculation, viral clearance with pneumocyte hyper-
plasia was observed. Notably, SARS-CoV-2 was transmitted
from inoculated hamsters to naive hamsters through direct
contact and aerosols.® These results propose the usefulness
of golden hamsters as a small animal model to understand the
host defense in the respiratory tissues and contribute to the
evaluation of neutralizing antibodies against SARS-CoV-2
spike proteins.”” However, there is a limitation of the
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pathological analysis owing to the lack of antibodies that can
recognize the golden hamster-derived antigens and distin-
guish the specific cells in the lung.

This study aimed to develop anti-hamster PDPN mono-
clonal antibodies (mAbs), which are useful in immuno-
histochemistry, using the Cell-Based Immunization and
Screening (CBIS) method. CBIS method includes the im-
munization of antigen-overexpressing cells and the high-
throughput hybridoma screening using flow cytometry. Mice
were immunized with Chinese hamster ovary (CHO)/
Chinese hamster PDPN (ChamPDPN)-overexpressed cells
and mAbs was established. Furthermore, whether those mAbs
could cross-react with golden hamster PDPN (GhamPDPN) in
flow cytometry and immunohistochemistry was investigated.

Materials and Methods
Cell lines

CHO-K1 and mouse multiple myeloma P3X63Ag8U.1
(P3U1) cells were obtained from the American Type Culture
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FIG. 1. Schematic procedure of the CBIS method.
CHO/ChamPDPN cells were inoculated into the mice in-
traperitoneally (i.p.). Splenic cells were fused with mye-
loma cells, and the culture supernatants from hybridomas
were screened for anti-ChamPDPN antibody production
using flow cytometry. CBIS, Cell-Based Immunization and
Screening; ChamPDPN, Chinese hamster PDPN; CHO,
Chinese hamster ovary; PDPN, podoplanin.
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Collection (ATCC, Manassas, VA, USA). BHK-21 (golden
hamster kidney cell line) was obtained from the Cell Re-
source Center for Biomedical Research Institute of Develop-
ment, Aging, and Cancer, Tohoku University (Miyagi, Japan).

ChamPDPN cDNA (Accession No.: AB205160) with
N-terminal MAP tag"®') or with 2xRIEDL tag'? was
subcloned into a pCAG-Ble vector (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Synthesized DNA
(Eurofins Genomics KK) encoding GhamPDPN (Accession
No.: XM_021233536) with 2xRIEDL tag was subcloned
into a pCAG-Ble vector. Plasmids were transfected using
Lipofectamine LTX with Plus Reagent (Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA). Stable transfectants were
selected using cell sorter (SH800; Sony Biotechnology Corp.,
Tokyo, Japan) and were cultivated in media containing
0.5mg/mL of Zeocin (InvivoGen, San Diego, CA, USA).
CHO/MAP-ChamPDPN was subsequently used as an im-
munogen, while CHO/2 X RIEDL-ChamPDPN and CHO/
2 x RIEDL-GhamPDPN were used for further analyses.

CHO-K1, CHO/MAP-ChamPDPN, CHO/2 x RIEDL-
ChamPDPN, CHO/2 x RIEDL-GhamPDPN, P3Ul1, and
BHK-21 were cultured in Roswell Park Memorial Institute
(RPMI) 1640 media (Nacalai Tesque, Inc., Kyoto, Japan)
supplemented with 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific, Inc.), 100U/mL of penicillin,
100 pg/mL streptomycin, and 0.25 ug/mL amphotericin B
(Nacalai Tesque, Inc.), and incubated at 37°C in a humidified
atmosphere containing 5% CO,.
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FIG. 2. Production of 281-mG,, (mouse IgG,,) and 281-
mG,,-f (defucosylated form) from an anti-PDPN mAb,
PMab-281 (mouse IgGs).
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Hybridoma production

Female BALB/c mice (6-week-old) were purchased from
CLEA Japan (Tokyo, Japan). The animals were housed under
specific pathogen-free conditions. The Animal Care and
Use Committee of Tohoku University approved all animal
experiments. We used the CBIS method*™' to develop
mAbs against ChamPDPN. A BALB/c mouse was immu-
nized with CHO/MAP-ChamPDPN cells (1 x 108) intraperi-
toneally (i.p.) with Imject Alum (Thermo Fisher Scientific,
Inc.). The procedure included three additional immunizations
with CHO/MAP-ChamPDPN cells (1x 10%) followed by a
final booster injection of CHO/MAP-ChamPDPN cells
(1x 10%) 2 days before the harvest of splenic cells.

Subsequently, splenic cells were fused with P3U1 cells
using polyethylene glycol 1500 (PEG1500; Roche Diag-
nostics, Indianapolis, IN, USA). The hybridomas were
then grown in RPMI 1640 media supplemented with hypo-
xanthine, aminopterin, and thymidine (HAT) for selection
(Thermo Fisher Scientific, Inc.). The culture supernatants
were screened for anti-ChamPDPN antibody production us-
ing flow cytometry.

Antibodies

To generate 281-mGa,,, we subcloned Vi cDNA of PMab-
281 and Cg of mouse IgG,, into the pPCAG-Neo vector, along
with cDNA of PMab-281 light chain into the pCAG-Zeo
vector, respectively. The vector of 281-mG,, was transfected
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FIG. 3. Flow cytometry using 281-mG,,-f. (A) CHO/
ChamPDPN and CHO-K1 cells were treated with 1 pg/mL
of 281-mGy,-f, followed by treatment using Alexa Fluor
488-conjugated anti-mouse IgG; black line, negative con-
trol. (B) CHO/GhamPDPN and BHK-21 cells were treated
with 1 pg/mL of 281-mG,,-f, followed by treatment using
Alexa Fluor 488-conjugated anti-mouse IgG; black line,

negative control. GhamPDPN, golden hamster PDPN.
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FIG. 4. Determination of the binding affinity of 281-
mG,,-f. CHO/ChamPDPN (upper), CHO/GhamPDPN (mid-
dle), or BHK-21 (bottom) cells were suspended in 100 pL
serially diluted 281-mGy,-f (100-0.006 pg/mL). Then,
Alexa Fluor 488-conjugated anti-mouse IgG was treated.
Fluorescence data were obtained using a BD FACSLyric.
The dissociation constant (Kp) was calculated by fitting
binding isotherms to built-in, one-site binding models in
GraphPad PRISM 8.



4

using the ExpiCHO Expression System (Thermo Fisher
Scientific, Inc.). The resulting mAb, 281-mG,,-f, was puri-
fied with Ab-Capcher (ProteNova, Kagawa, Japan).

Flow cytometry

BHK-21, CHO/2 x RIEDL-ChamPDPN, CHO/2 x RIEDL-
GhamPDPN, and parental CHO-K1 cells (2x 10° cells/mL)
were harvested after a brief exposure to 0.25% trypsinin | 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 281-mG,,-f (1 pg/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, USA). Fluorescence data
were collected using the EC800 Cell Analyzer (Sony Bio-
technology Corp.).

Determination of the binding affinity

Cells were suspended in 100uL of serially diluted
281-mGy,-f (0.006-100 pg/mL) followed by Alexa Fluor
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488-conjugated anti-mouse IgG (1:200; Cell Signaling
Technology, Inc.). Fluorescence data were collected using
the EC800 Cell Analyzer. The dissociation constant (Kp) was
calculated by fitting binding isotherms to built-in one-site
binding models in GraphPad Prism 8 (GraphPad Software,
Inc., La Jolla, CA, USA).

Immunohistochemical analysis

Normal golden hamster tissues (lung [Cat. No.: AP-601]
and kidney [Cat. No.: AP-901]) were purchased from Zyagen
(San Diego, CA, USA). Histological sections (4 um thick-
ness) were autoclaved in citrate buffer (pH 6.0; Nichirei
Biosciences, Inc., Tokyo, Japan) for 20 minutes. After
blocking with SuperBlock T20 (PBS) Blocking Buffer
(Thermo Fisher Scientific, Inc.), sections were incubated
with anti-281-mG,,-f (1 pg/mL) for 1 hour at room temper-
ature and treated using EnVision+ Kit (Agilent Technologies,
Inc.) for 30 minutes. Color was developed using 3,3’-
diaminobenzidine tetrahydrochloride (Agilent Technologies,
Inc.) for 2 minutes, and counterstaining was performed with
Hematoxylin and Eosin (FUJIFILM Wako Pure Chemical
Corporation).

! A.’.."‘i’“‘:"ﬁ”

Immunohistochemical analysis of golden hamster lung tissue. Histological sections of golden hamster lung were

directly autoclaved in EnVision FLEX Target Retrieval Solution High pH and incubated with 5 pg/mL of 281-mG,,-f (A, B)
or blocking bufter (C, D), followed by using the EnVision+ Kit. (E, F) H&E staining. Arrows show that PDPN is expressed
in lymphatic endothelial cells. Scale bar= 100 pm. H&E, Hematoxylin and Eosin.
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Results
Establishment of anti-ChamPDPN mAbs

To develop anti-ChamPDPN mAbs, the CBIS method,
using stable transfectants for immunization and flow cy-
tometry, was utilized (Fig. 1). A mouse was immunized with
CHO/MAP-ChamPDPN cells, which overexpress ChamPDPN
with an N-terminal MAP tag. Hybridomas were seeded into
96-well plates, and CHO/2 x RIEDL-ChamPDPN (hereinaf-
ter referred to as CHO/ChamPDPN)-positive and CHO-K 1-
negative wells were identified. After conducting limiting
dilution and selection using immunohistochemistry, the PMab-
281 (mouse IgGs, kappa) was isolated.

The subclass of PMab-281 was converted from IgGs to
IgG,, because the mouse IgGj subclass is easy to aggre-
gate. Additionally, a defucosylated anti-ChamPDPN mAb
(281-mGo,,-f) was produced using BINDS-09 cells (FUTS-
knocked out ExpiCHO-S cells). This process is summarized
in Figure 2.

Flow cytometric analyses

Flow cytometric analyses were performed using 281-mGo,-
f with CHO/ChamPDPN and CHO-K1 cells. 281-mG,,-f

Control

HE

FIG. 6.
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also recognized CHO/ChamPDPN but weakly reacted
with CHO-K1 cells (Fig. 3A). In addition, 281-mGo,-f cross-
reacted with CHO/GhamPDPN, which overexpressed Gham-
PDPN (Fig. 3B). The 281-mG,,-f also reacted with
endogenous GhamPDPN, which is expressed in a golden
hamster kidney cell line, BHK-21. These results showed
that 281-mG,,-f is suitable for detecting ChamPDPN and
GhamPDPN using flow cytometry.

Kinetic analysis of 281-mG,,-f interactions with CHO/
ChamPDPN, CHO/GhamPDPN, and BHK-21 cells was
conducted using flow cytometry. As indicated in Figure 4, the
Kp for 281-mGo,,-f interactions with CHO/ChamPDPN, CHO/
GhamPDPN, and BHK-21 cells was 5.0x 107 M, 4.2x 107
M, and 5.5x10™® M, respectively, suggesting that
281-mG,,-f exhibited a high affinity for both ChamPDPN
and GhamPDPN.

Immunohistochemical analyses

To investigate whether 281-mG,,-f can be used for im-
munohistochemical analyses using formalin-fixed paraffin-
embedded (FFPE) golden hamster tissue sections, normal
lung and kidney tissues from golden hamster were exam-
ined. Both of these reportedly express PDPN in different

Immunohistochemical analysis of golden hamster kidney tissue. Histological sections of the golden hamster

kidney were directly autoclaved in EnVision FLEX Target Retrieval Solution High pH and incubated with 5 pg/mL of 281-
mGo,-f (A, B) or blocking buffer (C, D), followed by the use of the EnVision+ Kit. (E, F) H&E staining. Arrows indicate
that PDPN is expressed in Bowman’s capsules. Scale bar=100 pm.
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species, including human,®® mouse,*" rat,*® rabbit,*>

do% @ cat, (E) bovine,*® plg,m) Tasmanian devil,®® alpa-
tiger,®” whale,®? goat,®® horse,®> bears,*? and

sheep.(l(’ %) As indicated in Figure 5, 281-mGo,-f strongly and

specifically identified type I alveolar cells within the lung.
Lymphatic endothelial cells of the lung were also detected using
281-mG,,-f (Fig. 5). Additionally, 281-mG,,-f identified
Bowman’s capsules in the kidney, but the glomerulus was
weakly stained (Fig. 6). These results indicate that 28 1-mG,,-f is
useful for detecting GhamPDPN-positive cells in FFPE tissue.

Discussion

PMab-281 was originally developed as an anti-
ChamPDPN mAb. In this study, we demonstrated that 281-
mG,,-f obtained from PMab-281, has strong cross-reactivity
to GhamPDPN. The 281-mG,,-f is available for flow cy-
tometry (Fig. 3) and immunohistochemistry (Figs. 5 and 6).
Compared with amino acid sequences between ChamPDPN
and GhamPDPN, the identity is about 80%. Since the 281-
mGy,-f  recognizes CHO/ChamPDPN and CHO/
GhamPDPN cells with equivalent intensity (Fig. 3) and has a
similar K, value to both (Fig. 4), 28 1-mG,,-f could recognize
almost of the same epitope.

We have gerformed a conventional alanine-scanning
method'®**>" for epitope mapping. We further developed
the RIEDL insertion for epltope mapping (REMAP) meth-

od% Y for epitope mapping. The conformational egltopes
of anti-EGFR mAbs (EMab-51 and EMab-134)®*°" and
anti-CD44 mAbs (C44Mab-5 and C,,Mab-46)°3%? could be
determined using the REMAP method. Therefore, further
studies are warranted for assessing the epitope of 28 1-mGo,-f.

During the global pandemic of SARS-CoV-2, the golden
hamster is in the spotlight as an animal model owing to its
similarity with human pathogenesis. o Currently, the golden
hamster is mainly used as a mild SARS-CoV-2 infection
model.#® SARS-CoV-2-inoculated animals consistently
lose their body weight during the first week of infection. After
a week, when the infectious virus was cleared, interstitial and
alveolar macrophage infiltrates and marked reparative epi-
thelial hyperplasia dominated in the lung. At terminal time
points, enhanced lung weights and developed lung consoli-
dation were observed. The use of 281-mG,,-f to investi-
gate the morphologic alterations in lung type I alveolar
epithelial cells could provide valuable pathogenesis infor-
mation and develop therapeutic measures against SARS-
CoV-2.

SARS-CoV-2 can lead to severe sepsis and systemic in-
flammation in human patients, which induce multiple organ
dysfunctions.®” Among them, acute kidney injury is pre-
dictive of mortality in the patients. Beyond the cytokine
storm and hemodynamic instability, SARS-CoV-2 might
directly cause kidney injury, including acute tubular necrosis,
podocytopathy (podocyte injury), and microangiopathy in
the glomeruli. Francis et al. reported kidney histology in
SARS-CoV-2-infected golden hamsters and observed acute
tubular inflammation and injury.®® Although PDPN is
known to be expressed in kidney podocytes,® the reactivity
of 281-mG,,-f to kidney podocytes was weak (Fig. 6). Fur-
ther studies are required to confirm the reactivity of 281-
mGg,-f in the kidney. The 281-mG,,-f might contribute to the
analysis of kidney injury in SARS-CoV-2-infected animals.
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