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ABSTRACT
◥

Purpose: Osteosarcoma, the most common bone malignancy
in children, has a poor prognosis, especially when the tumor
metastasizes to the lungs. Therefore, novel therapeutic strategies
targeting both proliferation and metastasis of osteosarcoma are
required. Podoplanin (PDPN) is expressed by various tumors
and is associated with tumor-induced platelet activation via its
interaction with C-type lectin-like receptor 2 (CLEC-2) on platelets.
We previously found that PDPN contributed to osteosarcoma
growth and metastasis through platelet activation; thus, in this
study, we developed an anti-PDPN humanized antibody and eval-
uated its effect on osteosarcoma growth and metastasis.

Experimental Design: Nine osteosarcoma cell lines and two
osteosarcoma patient-derived cells were collected, and we evaluated
the efficacy of the anti-DPN-neutralizing antibody PG4D2 and the
humanized anti-PDPN antibody AP201, which had IgG4 frame-
work region. The antitumor and antimetastasis effect of PG4D2

and AP201 were examined in vitro and in vivo. In addition, growth
signaling by the interaction between PDPN and CLEC-2 was
analyzed using phospho-RTK (receptor tyrosine kinase) array,
growth assay, or immunoblot analysis under the supression of
RTKs by knockout and inhibitor treatment.

Results: We observed that PG4D2 treatment significantly sup-
pressed tumor growth and pulmonary metastasis in osteosarcoma
xenograft models highly expressing PDPN. The contribution of
PDGFR activation by activated platelet releasates to osteosarcoma
cell proliferation was confirmed, and the humanized antibody,
AP201, suppressed in vivo osteosarcoma growth and metastasis
without significant adverse events.

Conclusions: Targeting PDPN with a neutralizing antibody
against PDPN–CLEC-2 without antibody-dependent cell-mediated
cytotoxicity and complement-dependent cytotoxicity is a novel
therapeutic strategy for PDPN-positive osteosarcoma.

Introduction
Osteosarcoma is rare but is the most common primary malignant

bone tumor in children and adolescents. A 2016 survey indicated that
there are 20,000 to 30,000 patients with osteosarcoma per year
worldwide. Standard treatments for osteosarcoma include chemother-
apy and surgery, which are effective to a degree (1). In a recent report,
the 5-year survival rate for patients with osteosarcoma increased to
60% to 70%; however, that for patients with osteosarcoma and
metastasis is about 20% (2). Therefore, effective therapies for osteo-
sarcoma that target the mechanism underlying osteosarcoma metas-
tasis, which is probably related to the tumor microenvironment, in
addition to the standard combination chemotherapy, are needed (3).

Podoplanin (PDPN) is a potential therapeutic target in osteo-
sarcoma because PDPN is frequently highly expressed in clinical
osteosarcoma samples (4–7). A correlation between high PDPN

expression and poor prognosis has been observed (5–7). Moreover,
high PDPN expression from metastases, rather than from the
primary lesion, has been reported (5–8). PDPN is a type I trans-
membrane sialoglycoprotein that is frequently upregulated in sev-
eral tumor types (5, 9–14), and its expression imparts tumor cells
the ability to activate platelets by interacting with C-type lectin-like
receptor 2 (CLEC-2) expressed on the platelet surface (15–17).
The binding of PDPN to CLEC-2 leads to downstream signaling
activation in platelets through Syk/Src phosphorylation and results
in the activation and aggregation of platelets (16, 18, 19). Activated
platelets secrete various growth factors and cytokines that are
deposited within alpha-granules in platelets. Platelet–tumor cell
clusters are then trapped in the microvasculature in the lung or
other organs, which may become a trigger for metastasis. Factors
secreted from platelets, such as TGFb, lysophosphatidic acid (LPA),
or others, may change the morphology and characteristics of cancer
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cells, such as inducing epithelial–mesenchymal transition (EMT) in
the epithelial cancer or increasing cell migration/invasion (20, 21).

As PDPN is highly expressed from various tumor types and
contributes to tumor-induced platelet activation, the PDPN–CLEC-
2 interaction could be a promising target for inhibiting tumor metas-
tasis aswell as growth in PDPN-positive tumors. Currently,many anti-
PDPN mAbs have been developed in our and other laboratories, and
some of these antibodies have been reported to exhibit neutralizing
activity against the PDPN–CLEC-2 interaction (17, 22–25). In par-
ticular, our previously developed mouse anti-human PDPN antibody,
PG4D2, exhibited strong neutralizing activity as it recognizes the
region around PLAG4, which is the most crucial area for PDPN to
bind to CLEC-2 (25). In addition, PG4D2 administration suppressed
the hematogenous metastasis of tail vein–injected human PDPN-
transfected Chinese hamster ovary (CHO) cells (25). These PG4D2-
mediated antimetastatic effects were also observed in bladder squa-
mous cell carcinoma UM-UC-5 cells, which endogenously express
human PDPN (26). In addition, PG4D2 suppressed tumor growth
in vivo partially by inihibiting the secretion of growth factors and
cytokines from activated platelets. PG4D2may have partially exhibited
antitumor activity owing to its antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC),
as a subtype of PG4D2 ismouse IgG2a. However, ADCC/CDC activity
may not be required for PDPN-targeting therapy as we confirmed that
another anti-PDPN antibody, MS-1, of mouse IgG2a subtype with
PLAG3 domain-binding capability reduced the growth of PDPN-
positive lung squamous PC-10 cells xenografted into immunodeficient
NOD/SCIDmice (24). The underlyingmechanismof the promotion of
PC-10 cell growth by platelets could be explained as follows: the
infiltrated platelets leak into the tumor tissue from immature tumor
blood vessels and are activated through the interaction between PDPN
on tumor cells and CLEC-2 on platelets. Then, multiple released
growth factors, such as EGF or PDGF, may promote PC-10 cell
growth (27).

Here, we evaluated PDPNexpression in osteosarcoma tumor tissues
and in originally developed patient-derived as well as publicly available
osteosarcoma cell lines. We then tested antitumor and antimetasis
activity of anti-PDPN antibody PG4D2 in osteosarcoma tumor xeno-
grafts expressing different levels of PDPN. In addition, we examined
how PDPN-mediated platelet activation induced osteosarcoma
growth. For the clinical application, we developed a humanized

PG4D2, AP201 antibody, of the human IgG4 subtype harboring no
ADCC/CDC activity, and evaluated the antitumor and antimetastatic
activity in a PDPN-positive osteosarcoma model. Our results strongly
indicate that our PDPN-neutralizing antibody is a promising thera-
peutic agent for osteosarcoma treatment.

Materials and Methods
IHC staining

Bone and cartilage tissue microarray was purchased from Bio-max
(T262a: https://www.biomax.us/T262a, T263: https://www.biomax.
us/T263, T264a: https://www.biomax.us/T264a), and clinical speci-
mens were retrieved from patients with osteosarcoma treated at the
Cancer Institute Hospital in the Japanese Foundation for Cancer
Research (JFCR) with informed consent following the protocol
approval by the Institutional Review Board (IRB) committee of JFCR.
Information on the patient fromwhom Sa-xeno-147-P0 was retrieved:
a 11-year-old male, pathologically diagnosed with fibroblastic type
grade 1 conventional osteosarcoma, with lung metastasis 7 months
after postoperative chemotherapy. Information on the patient from
whom GCB53-G3 was retrieved: a 13-year-old male, pathologically
diagnosed with conventional giant cell–rich grade 4 osteosarcoma,
with no recurrence or metastasis after postoperative chemotherapy.
The clinical specimens were formalin-fixed and paraffin-embedded
(FFPE); then, representative surgical tissue sections from the paraffin-
embedded blocks were extracted for IHC staining using anti-human
PDPN antibodies (PG4D2; in-house developed mouse anti-human
PDPN mAb and D2-40; Dako #M3619) and hematoxylin–eosin
staining.

Cell lines
Humanosteosarcoma cell lines SJSA-1 (RRID:CVCL_1697),MG63

(CVCL_0426), HOS (CVCL_0312), Saos-2, 143B (CVCL_2270),
MNNG/HOS Cl #5 (CVCL_0439), and KHOS/NP (CVCL_2546),
were purchased from ATCC, NOS-10 (CVCL_4663) from RIKEN
Bioresource Research Center; and NY (CVCL_1613) from JCRB
Cell Bank. They were tested Mycoplasma free by vendors and used
for experiments within a short period of culture from thawing. If
cell stocks were over about five times of passage, cells were
authenticated by short tandem repeat (STR) analysis. Sa-xeno-
147-P0 and GCB53-G3 cell lines established from clinical speci-
mens of patients with osteosarcoma at JFCR Hospital were deter-
mined to be similar to the clinical sample and the primary culture
via STR analysis. The culture method is written in Supplementary
Materials and Methods. PDPN- or PDGFRa/b-knocked out SJSA-
1 or NOS-10 cells were developed using the Dharmacon Edit-R
CRISPR Cas9 Gene Engineering System in which Cas9 expression
plasmid vector (puroRþ), trans-activating CRISPR RNA, and
targeting or nontargeting CRISPR RNA were transfected together
into cells using DharmaFECT Duo Transfection Reagent and
selection with puromycin.

Animals
NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ), NOD-SCID (NOD.CB17-

Prkdcscid/J), and SCID beige (CB17.Cg-PrkdcscidLystbg-J/CrlCrlj), ICR
(Crl:CD1(ICR)) mice were purchased from Charles River Laborato-
ries, Inc. PdpnKI/KIC57BL/6Nmice were developed andmaintained in
our laboratory (28). All animal procedures were performed following
the protocol approved by the Committee for the Use and Care of
Experimental Animals of JFCR in accordance with relevant guidelines
and regulations.

Translational Relevance

Osteosarcoma often affects the bones or joints, especially in
children and young adults. Standard therapies for osteosarcoma are
chemotherapy and surgery. The 5-year survival rate of patients
with osteosarcoma is 60% to 70%; however, that of patients with
metastasis, mostly to the lungs, is reduced to about 20%. Thus, new
therapeutic strategies to inhibit the metastasis and progression of
osteosarcoma are warranted. Podoplanin (PDPN) is expressed by
various tumors and induces platelet activation by binding with
CLEC-2 expressed on the platelets. In this study, we found that
PDPN is expressed in more than half of osteosarcoma. Then, we
developed a humanized anti-PDPN antibody, AP201, that can
neutralize PDPN–CLEC-2 binding, and demonstrated the inhibi-
tion of both the progression and metastasis of osteosarcoma
without antibody-dependent cell-mediated cytotoxicity or com-
plement-dependent cytotoxicity in vivo.
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Development and maintenance of patient-derived
osteosarcoma cells

Clinical specimens were obtained from patients with osteosar-
ocma at the Cancer Institute Hospital in JFCR with informed
consent as per the protocol approved by the IRB committee of the
JFCR. The osteosarcoma clinical samples were subcutaneously
engrafted into NSG or NOD/SCID mice to obtain patient-
derived xenograft (PDX) models. Cell lines were established from

PDX model or directly from a clinical sample as written in Sup-
plementary Materials and Methods.

Human whole blood aggregation assay
Whole blood aggregation induced by osteosarcoma tumor cells was

monitored using the WBA-Carna system. A blood sample was col-
lected in a tubewith 0.38% sodiumcitrate fromhealthy volunteers with
informed consent and was dispensed into 200 mL aliquots per assay

Figure 1.

PDPN expression in osteosarcoma clinical samples and cell lines. A, IHC analysis of PDPN expression was performed with mouse anti-human PDPN mAbs
(PG4D2 or D2–40) and hematoxylin and eosin (H&E) staining against tissue microarrays containing 10 osteosarcoma, seven chondrosarcoma, three
Ewing sarcoma, and normal tissue (Bio-max). Typical samples from each type were selected and are shown. B, PDPN expression in osteosarocoma cell
lines available from public cell banks was detected by immunoblotting with the indicated antibodies. C, Cell surface PDPN expression was detected by flow
cytometry using an anti-PDPN antibody, D2-40. D, PDPN expression in patient-derived osteosarcoma cells was detected by immunoblotting with
the indicated antibodies. E, IHC analysis to detect PDPN expression using PG4D2 and H&E staining was performed against clinical osteosarcoma specimens,
which were used for the establishment of Sa-xeno-147-P0 and GCB53-G3 cell lines. Scale bars, 100 mm.
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cuvette with a stirrer bar. Then, 10 mL of osteosarcoma cells (5 �105

in PBS) was added and induced aggregation was measured after
15 minutes of incubation. To detect the inhibition of aggregation by
anti-PDPN Ab, a titrated concentration series of 10 mL of Ab (final
concentration: 5, 15, or 50 mg/mL) was added to the blood sample,
and after 2 minutes of incubation, the osteosarcoma cells were added.
After incubation for 15 minutes, platelet aggregation was detected
by the system.

Preparation of washed human platelets and platelet
aggregation assay

Human whole blood was collected in a tube with 0.38% of sodium
citrate and washed platelets were prepared as described in a study by
Takagi and colleagues (29). In the assay, washed platelets were adjusted
to 1 � 109/mL, SJSA-1 cells (5 � 104 cells) were added to the platelet
suspension (200 mL), and platelet aggregation was monitored using an
aggregometer (MCMHEMATRACER313M; SSREngineering). After
30 minutes of incubation, the platelet-aggregated or nonaggregated
reactants were collected to obtain platelet-activated or control super-
natants by centrifugation.

Growth assay
Growing cells were seeded into a 96-well plate and co-cultured for

4 days with platelet-activated/control supernatants or PDGF-BB
ligands (50 ng/mL, R & D systems). For inhibitor treatment, sunitinib
or gefitinib (1 mmol/L) were added. Cell growth was measured using
the Premix WST-1 cell proliferation (TaKaRa) or the CellTiter Glo
assay (Promega). For treatment with the platelet supernatant, the
WST-1 assay was used.

Evaluation of the antitumor efficacyof antibodyusing xenograft
and lung metastasis models

For xenograftmodels, SJSA-1 (5� 106),NOS-10 (7� 106), or 143B (5
� 106) prepared as suspensions in 100 mL of Hank’s Balanced Salt
Solution (HBSS; Wako)/mouse were subcutaneously injected into the
right flank of SCID beigemice, and antibody administration by tail vein
injection twice a week was initiated on day 1 or 3 after tumor cell
injection. Long (L) and short diameters (W) of the growing xenograft
tumors were measured, and the tumor volume was calculated approx-
imately using the following formula: 1/2 � L � W2. For hematogenous
metastasis models, intravenous administration of antibody to SCID
beigemicewasperformedoneday before tumor cell injection; for SJSA-1
patient-derived cell lines (4� 105), Sa-xeno-147-P0 (1� 106) cells were
prepared as a suspension in 200 mL of HBSS/mouse. After the
proper period depending on the model, the mice were sacrificed for
lung metastasis dissection. Lungs were excised, picric acid-stained,
and the number of metastatic foci on the lung surface was counted.

Study approvals
All patients with osteosarcoma provided informed consent and

agreed to the use of surgically resected specimens for research purposes
prior to surgery. Blood for the platelet aggregation assay was provided
from healthy volunteers who signed informed consent. This study
using clinical specimens and blood was approved by the IRB of the
JFCR following Ethical Guidelines forMedical and Biological Research
Involving Human Subjects issued by the Japanese government. All
in vivo studies onmice were conducted in line with protocols approved
by the Committee for the Use and Care of Experimental Animals of
JFCR following guidelines related to animal experiments issued by the
Japanese government.

Statistical analysis
The Kruskal–Wallis test was performed to determine the sta-

tistical significance of the in vivo results. Some in vitro results were
analyzed using the Mann–Whitney U or t tests. Significant P values
are shown as �P < 0.05 and ��P < 0.01. All statistical tests were
two sided.

Data availability statement
The data obtained in this study are available upon reasonable

request from the corresponding author.

Results
PDPN overexpression in human osteosarcoma and other
sarcomas

Osteosarcoma has been reported to highly express PDPN on its
surface and to show poor prognosis accompanied with pulmonary
metastasis, and treatment strategies for osteosarcoma remain limit-
ed (7, 30). First, we examined the expression of PDPN in FFPE
specimens of osteosarcoma, chondrosarcoma, and Ewing sarcoma
using the commercially available mouse anti-human PDPN antibody
D2-40 and the mouse anti-human PDPN antibody PG4D2, which
recognizes the PLAG4domain andwas developed by us (25). As shown
in Fig. 1A, the staining patterns of D2-40 antibody and PG4D2 were
similar and concordant to a certain degree, although the staining
intensity with PG4D2 was higher than that with D2-40 antibody.
Staining with PG4D2 suggested that eight of 10 osteosarcoma, six
of seven chondrosarcomas, and one of three Ewing sarcoma
samples were positive for PDPN expression (Fig. 1A). Notably, three
of eight osteosarcoma samples expressed PDPN highly. At higher
magnifications, PDPN was detected on the plasma membrane and
intracellularly in tumor cells. Second, we investigated PDPN expres-
sion in human osteosarcoma cell lines obtained from public cell banks.
On immunoblotting (Fig. 1B) and flow cytometry (Fig. 1C), six cell

Figure 2.
PDPN-dependent platelet aggregation, tumor growth, and metastasis in osteosarcoma. A, Platelet aggregation–inducing activity of osteosarcoma cells (5 � 105 /
0.2 mL /assay); SJSA-1, NOS-10, and 143B cells were evaluated using human whole blood by an aggregometory (WBA-Carna). In the assay, measured and shown
pressure values (%) are regarded as the aggregation level. The average �SD (n ¼ 4) is shown. B, A platelet aggregation assay was performed in the high PDPN-
expressing ostesoarcoma cell lines SJSA-1 and NOS-10 in the presence of the indicated concentrations of PG4D2 (5, 15, or 50 mg/mL) in comparison with control
mouse IgG2a (50 mg/mL). C, PDPN expression level in the established PDPN knockout (PDPN-KO1 or PDPN-KO2) SJSA-1 and NOS-10 cells was examined by
immunoblotting with PG4D2 and anti-b-actin antibody. D, The impact of PDPN-KO on the platelet aggregation activity of osteosarcoma cells was evaluated using a
human whole blood platelet aggregation assay. E, High PDPN-expressing cell lines SJSA-1 and NOS-10, or the low PDPN-expressing 143B cell line, were
subcutaneously inoculated into immunodeficient SCID beige mice (5 � 106, 7 � 106, or 5 � 106 /mouse) and treated with PG4D2 (5 mg/kg) or control mouse
IgG (5 mg/kg) twice a week. Tumor growth was measured at the indicated timepoints and average � SE was shown. F, Antimetastatic activity of PG4D2 on
pulmonary metastasis of osteosarcoma. PG4D2 (1 or 5 mg/kg) or control mouse IgG (5 mg/kg) was intravenously injected one day before SJSA-1 cell intravenous
injection (4 � 105). After 20 days, the mice were euthanized and the number of metastatic foci on the lung surface was counted after picric acid staining. The
representative pictures of lungs and the magnified images surrounded by boxes are shown (graph demonstrating the number of metastatic foci; top, lung photos;
bottom, bars; 5 mm). Statistical analyses of the in vivo data were performed using the Kruskal–Wallis test. � , P < 0.05; �� , P < 0.01.
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lines of nine (67%) were found to exhibit PDPN positivity. Among the
osteosarcoma cell lines, SJSA-1 and NOS-10 highly expressed PDPN
on their cell surfaces, and the PDPN expression levels of these cells
were similar to that in normal lung tissue known to be the highest
expression in themouse body (Supplementary Fig. S1; ref. 28).We also
assessed PDPN expression in osteosarcoma cell lines obtained from
samples surgically resected from patients with osteosarcoma after
obtaining informed consent (Sa-xeno-147-P0 and GCB53-
G3; Fig. 1D). The original tumor specimens of Sa-xeno-147-P0 and
GCB53-G3 were positive for PDPN on IHC staining with PG4D2
(Fig. 1E).

Anti-PDPN-neutralizing antibody PG4D2 inhibited platelet
activation, tumor growth, and metastasis of osteosarcoma

Wepreviously reported that the growth of the osteosarcoma cell line
MG63 was upregulated by platelet-secreted growth factors, such as
PDGF, during osteosarcoma-induced platelet aggregation (29). As the
PLAG4 domain of PDPN is mainly associated with PDPN–CLEC-2
binding and leads PDPN-induced platelet aggregation, targeting the
PLAG4 domain could inhibit osteosarcoma growth; however, this was
not completely evaluated in our previous study (29). Our previously
developed anti-PDPN antibody PG4D2 had high affinity to PDPN and
neutralizing activity against PDPN-CLEC-2 binding (25). In this
study, we evaluated the antitumor activity of PG4D2 on PDPN-
expressing osteosarcoma. We first evaluated the platelet aggregation
activity of osteosarcoma cells and its dependency on PDPN. High
PDPN-expressing osteosarcoma cells (SJSA-1 and NOS-10) exhibited
higher platelet aggregation activity than low PDPN-expressing 143B
cells (Fig. 2A). PDPN-expressing osteosarcoma cells induced platelet
aggregation, and the expression was suppressed following PG4D2
treatment in a dose-dependent manner (Fig. 2B). To further confirm
the importance of PDPN on platelet activation in SJSA-1 and NOS-10
osteosarcoma cells, we introduced guide RNAs against PDPN with
Cas9 and developed PDPN knockout cells (Fig. 2C). As expected,
almost no platelet aggregation was observed in PDPN knockout SJSA-
1 andNOS-10 cells (Fig. 2D). Notably, PDPNknockout in SJSA-1 cells
did not affect their growth in vitro (Supplementary Fig. S2B).

To investigate the contribution of PDPN-dependent platelet aggre-
gation to osteosarcoma tumor growth in vivo, high PDPN-expressing
SJSA-1 and NOS-10 cells or low PDPN-expressing 143B cells were
subcutaneously inoculated into SCID beige mice lacking B-cell,
T-cell, and natural killer–cell activity, but sustained the platelets
and coagulation activity. PG4D2 was intravenously administer-
ed at 5 mg/kg twice per week, which leads a blood PG4D2 con-
centration similar to the concentration we used to suppress
osteosarcoma-induced platelet aggregation in the in vitro platelet
aggregation assay. PG4D2 markedly inhibited the in vivo growth

of the xenografted tumor’s SJSA-1 and NOS-10 cells (Fig. 2E);
however, it did not prevent the growth of low PDPN-expressing
143B cells. These results suggest that the in vivo growth of
high PDPN-expressing SJSA-1 and NOS-10 cells, but not low
PDPN-expressing 143B cells, depends on PDPN. Next, we examin-
ed the inhibitory effects of PG4D2 on the hematogenous meta-
stasis of SJSA-1 cells. SJSA-1 cells were intravenously injected into
the tail vein and pulmonary metastasis was monitored after
1 month. In this metastasis model, the administration of a single
dose of PG4D2 at 1 or 5 mg/kg once a day before SJSA-1 injection
significantly reduced the formation of metastatic foci in the
lungs (Fig. 2F). The suppressive effect of PG4D2 administration
on hematogenous metastasis was also observed when a patient-
derived osteosarcoma cell line, Sa-xeno-147-P0, was intravenously
injected into SCID beige mice (Supplementary Fig. S3A).The
Sa-xeno-147-P0 cell-induced platelet aggregation was also sup-
pressed by PG4D2 in vitro (Supplementary Fig. S3B). Thus, the
antitumor and antimetastatic abilities of PG4D2 in vivo might
not be supported by the ADCC activity of PG4D2.

PDGFR and EGFR ligand secretion from PDPN-activated
platelets contributes to osteosarcoma cell growth

PDPN-expressing SJSA-1 cells showed marked growth inhibition
following anti–PDPN-neutralizing antibody PG4D2 treatment, sug-
gesting that the interaction of PDPN with SJSA-1 and platelet surface
CLEC-2 plays a critical role in tumor growth in vivo.When SJSA-1 cells
and washed human platelets were incubated, platelet activation and
aggregation were immediately induced (Fig. 3A). When SJSA-1 cells
were incubated with SJSA-1–treated activated platelet supernatants,
cell growth was promoted to 1.5 times that of control nonactivated
platelet supernatant-treated SJSA-1 cells (Fig. 3B). Phospho-RTK
(receptor tyrosine kinase) array analysis using SJSA-1 cell lysates
treated with control or activated platelet supernatant revealed that
PDGFRb, EGFR, and Axl were activated after the addition of activated
platelet supernatants (Fig. 3C). PDGFRb is effectively activated by its
ligand, PDGF-BB. Thus, three commercially available and two patient-
derived primary osteosarcoma cell lines were treated with PDGF-BB.
As a result, phosphorylation of PDGFRs and downstream phospho-
AKT were upregulated by PDGF-BB treatment. Treatment with the
PDGFR inhibitor, sunitinib, clearly decreased phospho-PDGFR and
phospho-AKT levels in these PDGFR-expressing cells. As 143B cells
did not express PDGFRs, no phospho-PDGFRs or phospho-AKTs
were observed after PDGF-BB treatment (Fig. 3D). The growth of four
PDGFR-expressing osteosarcoma cell lines was consistently promoted
by PDGF-BB treatment, and treatment with sunitinib ameliorated the
promotion of growth by PDGF-BB (Fig. 3E). In contrast, 143B cells
without PDGFR expression did not respond to PDGF-BB treatment

Figure 3.
PDPN-mediated platelet aggregation and resultant PDGFR activation induce growth promotion in OS. A, SJSA-1 cells or control PBS were incubated with
washed human platelets, and platelet aggregation was monitored using an aggregometor. B, Supernatant collected from nonactivated (incubated with PBS;
Control sup) or activated platelets (coincubated with SJSA-1; Activated sup) was added to na€�ve SJSA-1 cells and incubated for 4 days. The relative cell growth
was estimated using the WST-1 assay. C, A phospho-RTK array was performed using SJSA-1 cell lysate that had been incubated with nonactivated or activated
platelet supernatants. The relative signal intensity of phosphorylated PDGFR, EGFR, or Axl is shown as a bar graph. D, The indicated osteosarcoma cell lines
were treated with or without 10 ng/mL of PDGF-BB in the presence of control DMSO or the PDGFR inhibitor sunitinib (1 mmol/L). After 15 minutes of incubation,
the cell lysate was collected and analyzed by immunoblotting with the indicated antibodies. E, The indicated osteosarcoma cell lines were incubated with 50
ng/mL of PDGF-BB with or without 1 mmol/L of sunitinib for 4 days. The cell growth was measured using a WST-1 assay. The relative cell growth to that of cells
treated with control is shown. F, SJSA-1 cells were incubated with Activated sup or Control sup shown in B in the presence or absence of sunitinib (1 mmol/L).
After 15 minutes of incubation, the cell lysates were collected and analyzed by immunoblotting with the indicated antibodies. G, SJSA-1 cells were incubated
with Activated sup or Control sup in the presence of control DMSO, sunitinib, and/or gefitinib. After 4 days of incubation, cell growth was measured by the
WST-1 assay. PDGFR inhibitor and EGFR inhibitor stopped the growth promoting activity of the activated sup-treated SJSA-1. Average �SD (n ¼ 5) were
shown. Statistical analyses of the data were performed using t test. � , P < 0.05; ��, P < 0.01.
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(Fig. 3E). Immunoblot analysis demonstrated that PDGFR was
expressed in nine of 11 osteosarcoma cells used in this study (Sup-
plementary Fig. S1). The addition of activated platelet supernatants
significantly increased phospho-PDGFR levels, and sunitinib treat-
ment completely inhibited the phospho-PDGFR level in SJSA-1 cells
(Fig. 3F). When SJSA-1 cells were treated with activated platelet
supernatant with or without sunitinib, the promotion of growth was
partially halted, but treatment with sunitinib together with EGFR
inhibitor, gefitinib, almost completely stopped the promotion of
growth induced by the activated platelet supernatant (Fig. 3G). As
sunitinib targets multiple kinases, such as VEGFR, RET, FLT3, and
c-Kit, along with PDGFR, we performed similar experiments using
other selective kinase inhibitors: CP-673451 andorantinib (31, 32).We
found that PDGF stimulated growth of NOS-10 and SJSA-1 were both
inhibited on administration of 30 nmol/L of CP-673451 or 300 nmol/L
of orantininb (Supplemantary Supplementary Fig. S4). Three osteo-
sarcoma cell lines, SJSA-1, Sa-xeno-143-P0, andGCB53-G3, expressed
PDGFRb mainly. On the other hand, NOS-10 cells expressed
PDGFRa (Fig. 3D; Supplementary Fig. S1). Therefore, we knocked
out PDGFRb in SJSA-1 cells and PDGFRa in NOS-10 cells to evaluate
the contribution of PDGFR to osteosarcoma cell growth (Supplemen-
tary Fig. S3). The growth rate in PDGFR-knockout cells did not show
any change compared with that in parental NOS-10 or SJSA-1 cells
(Supplementary Fig. S2B); however, we did observe compromised
growth promotion by PDGF-BB (Supplementary Fig. S2C). These
results suggest that high PDPN-expressing osteosarcoma cells activate
platelets, and the resultant PDGFs, including PDGF or EGFR ligands,
may promote osteosarcoma cell growth. Therefore, inhibition of
PDPN–CLEC-2 binding mediated platelet activation upstream of this
cascade, which might be a promising therapeutic strategy to treat
patients with osteosarcoma.

Development of a humanized anti-PDPN antibody AP201
To further improve the PG4D2 for clinical application, we

developed a humanized PG4D2 antibody, AP201. For humaniza-
tion, we first sequenced the PG4D2 antibody and defined comple-
mentary determining regions (CDR) that function in direct binding
to the antigen (see Supplementary Materials and Methods). The
defined CDRs were then inserted into the framework regions (FR)
of the human IgG4 subtype sequence selected from germline genes
based on its homology to the PG4D2 (Fig. 4A and B). We chose a
human IgG4 subtype lacking ADCC/CDC activity to reduce any
unexpected adverse toxicity against PDPN-positive normal cells,
such as type I alveolar cells in the lungs and podocytes in the kidney.
There was limited information about the toxicity induced by the
ADCC/CDC activity of PG4D2 targeting PDPN-expressing normal
tissues in the early development stage of the humanized antibody.
Recently, no acute toxicity was found in monkeys after a single
high-dose administration of anti-monkey PDPN surrogate antibody
(2F7; ref. 33).

We then checked combinations of PG4D2 CDR and germline genes
and selected FR sequences with high homology to PG4D2 antibody as
the heavy (H) and light (L) chains.We inserted several combinations of
H and L chains into the pCHO 1.0 expression vector and stably
transfected them into CHO cells (Fig. 4B). The released antibodies
were collected and purified using protein A and ion-exchange columns
(see Supplementary Materials and Methods). The purity of the
humanized antibody was confirmed to be over 95% by SDS-PAGE,
and the observed minor bands were related products, as they were
detected by immunoblotting using an anti-human IgG4 antibody, and
the epitope of AP201 antibody was confirmed to be exactly the same as

that of PG4D2 (Supplementary Fig. S5A and S5B). We screened
antibodies showing sufficient binding activity to human PDPN and
neutralizing activity against PDPN–CLEC-2 binding, and we selected
one antibody named AP201 (Fig. 4C). AP201 exhibited high PDPN
binding activity similar to the mouse-human chimeric antibody
(chPG4D2) with CDRs and FRs that were the same as those of PG4D2
antibody. Surface plasmon resonance analysis revealed that the asso-
ciation rate constant (ka) of AP201 was about 6.5� 104M/second, and
the dissociation rate constant (kd) failed to reach a valuemeasurable by
BiacoreX100 owing to the low-level dissociation (Fig. 4D). Thus, the
precise equilibrium dissociation constant (KD) value of AP201 could
not be calculated; however, it was less than 0.3 nmol/L, a value that is
almost the same as that of PG4D2 (25).

We next investigated ADCC and CDC activity (Fig. 4E and F).
ADCC activity was monitored as Fc effector activity using FcgRIIIa/
NFAT luciferase reporter vector-transfected Jurkat and PDPN-
positive target SJSA-1 cells. As SJSA-1 cells abundantly express EGFR,
we used cetuximab, an anti-EGFR human IgG1 subtype antibody, as a
positive control. We also used chimeric MS-1 antibody (chMS-1), a
PLAG3-recognizing anti-human PDPN chimeric antibody of the
human IgG1 subtype (24). AP201 did not exhibit a reporter signal,
whereas cetuximab and chMS-1 exhibited ADCC activity (Fig. 4E),
indicating that AP201 did not exhibit ADCC activity itself. We then
examined CDC activity using an assay system that detects lactate
dehydrogenase (LDH) release from lysed SJSA-1 cells in the presence
of complements and antibodies. Compared with the PG4D2 of the
mouse IgG2a subtype, AP201 of the human IgG4 subtype did not
exhibit CDC activity (Fig. 4F). Thus, we developed AP201 as a human
IgG4 subtype with no ADCC or CDC activity. We then compared the
PDPN-neutralizing activity of AP201 with that of PG4D2. The inhib-
itory activity against PDPN binding to CLEC-2 was estimated using
ELISA (Fig. 5A). The IC50 values of the inhibitory activity were similar
among AP201, PG4D2, and chPG4D2 (359.9, 357.8, and 404.6 ng/mL,
respectively). In addition, the AP201-neutralizing activity of recom-
binant CLEC-2 binding to PDPN expressed on CHO cells was similar
to that of PG4D2 (Fig. 5B andC). Moreover, AP201 suppressed SJSA-
1–induced platelet aggregation similar to PG4D2 (Fig. 5D and E).
Therefore, the neutralizing activity of humanized AP201 may be
sufficient to inhibit tumor progression by suppressing PDPN-
mediated platelet aggregation.

Humanized antibody AP201 exhibited antitumor and
antimetastatic efficacy in a xenografted osteosarcoma
model

Human OS SJSA-1 and NOS-10 cells were subcutaneously injected
into the right flank of an immunodeficient SCID beige mouse.
Treatment of the mouse with AP201 significantly suppressed the
growth of SJSA-1 and NOS-10 xenografted tumors without body
weight changes (Fig. 6A and B). Furthermore, one day before AP201
administration, the number of pulmonary metastases of SJSA-1 cells
decreased (Fig. 6C). In addition, AP201 treatment markedly inhibited
the lung metastasis of patient-derived Sa-xeno-147-P0 osteosarcoma
cells (Fig. 6D). The antitumor and antimetastatic efficacies were
similar to those of PG4D2 administration (Fig. 2E and F). AP201
did not exhibit ADCC/CDC activity (Fig. 4E and F) or suppress
in vitro SJSA-1 cell growth (Supplementary Fig. S5C), suggesting
that the ability of AP201 to neutralize PDPN function was asso-
ciated with antitumor and antimetastatic abilities. In other words,
PDPN-mediated platelet aggregation could partially contribute to
the growth of osteosarcoma and might be a novel therapeutic target
in osteosarcoma.

Takemoto et al.

Clin Cancer Res; 28(12) June 15, 2022 CLINICAL CANCER RESEARCH2640



Safety of AP201 administration
For the clinical development of AP201, we then performed

safety tests using our previously developed human PDPN
knock-in mice (PdpnKI/KI mice). PDPN is expressed in a broad
range of normal organs and tissues, such as type I alveolar epithelial
cells in the lungs and podocytes in the kidney, and is associated
with development and homeostasis in some organs (34). However,
we previously found that a high-dose single administration

(100 mg/kg) of 2F7 surrogate anti-monkey PDPN antibody har-
boring PG4D2-like neutralizing activity did not demonstrate
acute toxicity in cynomolgus monkeys (33). Moreover, we con-
firmed that there was no toxicity or change in hematologic and
biochemical parameters after repeated PG4D2 administration in
PdpnKI/KI mice expressing human/mouse chimeric PDPN in
which the mouse PLAG4 domain was replaced with the human
homologous PLAG4 domain (28).

Figure 4.

The humanization of PG4D2 to ADCC/CDC activity-deficient human IgG4 subtype.A, Schematic representation of PG4D2 (mouse IgG2a) and developed humanized
AP201 (human IgG4). B, Schematic representation of the developed humanized AP201. CDR sequences of PG4D2 were defined (see Materials and Methods) and
inserted into the selected FR sequences of human IgG4. To stabilize the developed human IgG4 holo-complex, serine 228 in the hinge region was replaced with
proline (S228P). The heavy (H) and light (L) chains of the humanized AP201 and the expression vector integrating these sequences are indicated. C, The binding
activity of control human IgG4 (hIgG4), AP201, or chimeric PG4D2antibody (chPG4D2) (human IgG4 subtype) to human recombinant PDPNwasmeasured byELISA.
D, Surface plasmon resonance analysiswas performed using the Biacore X100 systemwith the human PDPNprotein immobilized on the CM-5 tip. PG4D2, AP201, and
its control hIgG4 were spiked, and the response was monitored. Equilibrium dissociation constants (KD) of PG4D2 or AP201 on human PDPN were not calculated as
the kd values were less than the detectable limit in this system, 1� 10�5. E, ADCC activity of AP201 was measured using an ADCC reporter bioassay (Promega) and
SJSA-1 as the target cell and compared with that of human IgG1-like chimeric anti-PDPN antibody, chMS-1, anti-EGFR antibody cetuximab or control IgGs (control
hIgG1 or hIgG4). F, CDC activity of PG4D2 or AP201 was analyzed using a baby rabbit complement and SJSA-1 as the target cell. After 5.5 h of incubation, SJSA-1 cell
lyses were measured using the LDH-Go cytotoxicity assay.
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A high-dose single administration (50 mg/kg) of AP201 did not
exhibit any sign of acute toxicity hematologically and histologically
(Supplementary Tables S1 and S2; Supplementary Fig. S6). These
results strongly indicated that PDPN targeting is a promising strategy
for osteosarcoma therapy with low toxicity. Of note, half-life of the
AP201 in the mouse was calculated as 14.56 days, which is sufficiently
stable and similar to that of PG4D2.

Discussion
In this study, we found that PDPN is expressed in more than half of

all surgically dissected osteosarcoma, chondrosarcoma, and Ewing
sarcoma samples as well as multiple osteosarcoma cell lines that were
examined. PDPN expressed on the cell surface in osteosarcoma
contributed to PDPN–CLEC-2–mediated platelet aggregation and
activation, resulting in tumor growth and metastasis through PDFGR
or other signals induced by factors released by platelets. Our previously
developed potent anti-human PDPN antibody, PG4D2 neutralized
PDPN–CLEC-2 binding and inhibited PDPN-positive tumor growth
and pulmonary metastasis. To further improve this antibody for
clinical application, we developed a humanized anti-PDPN antibody,
AP201. The affinity and neutralizing activity of the humanized AP201
was similar to that of the parental PG4D2. In addition, AP201
exhibited antitumor and antimetastatic activity against publicly avail-
able osteosarcoma cell lines and the newly developed patient-derived
osteosarcoma models in vivo. These results indicate that PDPN is a
promising therapeutic target in osteosarcoma.

As suggested in some reports (14, 20), the metastasis of PDPN-
positive tumor cells relies on PDPN-induced platelet aggregation,
possibly through the promotion of a high frequency of tumor cell
embolization and the upregulation of invasive ability by PDGFs. In this
study, we clearly showed that PDGF released from activated platelets
induced the activation of PDFGRa or PDGFRb in osteosarcoma.
Thus, PG4D2 and AP201, the neutralizing PDPN antibodies devel-

oped by us, inhibited the growth of PDPN- and PDGFR-positive
osteosarcoma cells, such as SJSA-1 and NOS-10, in vivo and may have
suppressed the metastasis of PDPN-positive osteosarcoma by inhibit-
ing PDPN-mediated platelet activation. Previously, we reported that
the growth of the PDPN-overexpressing osteosarcoma cell line MG63
was promoted by PDPN-induced platelet activation via the PDGFRb/
PI3K/Akt signaling pathway andwas partially suppressed by a PDGFR
inhibitor (29). In this study, we found that EGFR activation was also
associated with the promotion of growth by activated platelets.

In epithelial cancers, such as lung squamous cell carcinoma,
platelet-secreted factors such as TGFb, which are released during
PDPN-induced platelet aggregation, induce EMT and upregulate
invasiveness, which results in longer survival in disseminated tissue
owing to extravasation from vessels, leading to metastasis (20). On
the other hand, osteosarcoma originates from mesenchymal cells.
Thus, the EMT may not contribute to disseminated cell survival in
distant organs. However, in our previous report, the migration and
invasive activity of osteosarcoma cells were upregulated on cocul-
ture with platelets (29). Recently, we found that the release of LPA
from activated platelets is a mechanism underlying the promotion
of osteosarcoma metastasis by platelet activation (21). Although
no correlation between the LPAR1 and PDPN expression levels was
observed, some osteosarcoma cells were expressing both LPAR1
and PDPN. Thus, we believe that in high PDPN-expressing osteo-
sarcoma cells, PDPN induces platelet activation that results in
LPA release from platelets, and the released LPA might upregulate
the migration and invasion activity in those osteosarcoma cells.
Considering both our previous results and those of the current
study, platelets may play a crucial role in the growth and metastasis
of osteosarcoma cells. Thus, inhibition of platelet activation medi-
ated by PDPN might be a promising therapeutic strategy for
osteosarcoma; however, further studies are needed to examine
whether PDPN expression could be a biomarker to predict the
therapeutic efficacy of the anti-PDPN antibody. In addition, studies

Figure 5.

The neutralizing activity of AP201 against PDPN-platelet binding and PDPN-induced platelet aggregation. A, The neutralizing activity of AP201,
PG4D2, chimeric PG4D2 (chPG4D2), or control human IgG4 against PDPN–CLEC-2 interaction was evaluated using ELISA. The neutralizing activity of
PG4D2 (B) and AP201 (C) against recombinant CLEC2-His10 binding to CHO cells expressing human PDPN was confirmed by flow cytometry using
Alexa Fluor 488-conjugated anti-penta-His antibody. Control mouse IgG2a and human IgG4 were also examined. The inhibitory effect of PG4D2 (D)
or AP201 (E) against SJSA-1-induced platelet aggregation was evaluated in human whole blood aggregometory using WBA-Carna. Titrated antibodies
(5, 15, 50 mg/mL) or their control IgGs (50 mg/mL) were tested.
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on whether PDPN overexpression plays similar roles in tumor
growth and metastasis through platelet activation in different
cancer types are warranted. It is also important to look for effective
combination therapies to enhance anti-PDPN antibody treatment

as advanced osteosarcomas often show resistance to chemotherapy.
For example, vertical inhibition alone, such as anti-PDPN antibody
with PDGFR inhibition in osteosarcomas, or in combination with
standard chemotherapy or immunotherapy might be useful because

Figure 6.

The suppression of PDPN-positive OS
xenograft tumor growth and meta-
stasis by humanized anti-PDPNAP201.
High PDPN-expressing SJSA-1 (A)
or NOS-10 (B) cells were subcutane-
ously inoculated into mice (5 � 106 or
7.6 � 106 cells/mouse) and treated
with AP201 (5 mg/kg) or control
human IgG4 (5 mg/kg) twice a week.
Tumor size and body weight were
measured and the average � SD are
shown (n¼ 6 or 5). The antimetastatic
effects of AP201 on OS metastasis
was tested as follows: AP201 (1 or
5 mg/kg for SJSA-1, and 5 mg/kg for
Sa-xeno-147-P0) or control human
IgG4 (5 mg/kg) was intravenously
injected one day before the intra-
venous injection of SJSA-1 cells (C)
or Sa-xeno-147-P0 cells (D; 4 � 105

or 1 � 106 cells/mouse, respectively).
After 20 or 33 days, the mice were
euthanized, and the lungs were excis-
ed. The number of metastatic foci on
the lung surface were counted after
picric acid staining. The representa-
tive pictures of lungs and the magni-
fied image surrounded by boxes are
shown [graph demonstrating the
number of metastatic foci with aver-
ages (bars), top; lung photos,
bottom]. Statistical analyses were
performed by the Kruskal–Wallis
test. � , P < 0.05; �� , P < 0.01. Scale
bars, 5 mm.
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tumor–platelet interactions play multiple roles in the cancer micro-
environment, including in immune escape.

In this study, we developed a humanized anti-PDPN antibody
with IgG4 subclass. To develop cells that produce humanized
AP201 with high efficiency, we investigated the type of signal
peptides fused to the N-terminus of both chains and the expression
ratio of the L to H chains. By replacing the original signal peptide
with that of Campath-1H and transducing more than double the
amount of L chains than H chains into cells, we succeeded in
developing a pool of cells with a high antibody production rate.
Furthermore, we developed a high antibody-producing cell line by
sorting the cells that express AP201 on the cell surface. In the
culture process of antibody-producing cells, the concentration
and supplements of the basic medium as well as the culture tempe-
rature were screened to determine the optimal conditions for
antibody production. In the purification process of the antibodies,
strict parameters were set for the following steps: clarification
filtration, Protein A affinity chromatography, virus inactivation by
low pH treatment, two types of ion-exchange chromatography for
host-derived protein and DNA removal, virus removal, concen-
tration, and buffer exchange. Finally, we were able to achieve the
World Health Organization standard of < 100 ppm of host-derived
protein and obtain a high-quality AP201.

We generated AP201 as a human IgG4 subtype antibody that
does not exhibit ADCC/CDC activity. The key mechanism of action
of the antitumor activity of AP201 is the neutralization of the
PDPN–CLEC-2 interaction. Because high-dose AP201 administra-
tion did not induce acute toxicity in PdpnKI/KI mice, where a region
containing mouse PDPN PLAG4 was converted to a human
homologous region, AP201 may be a promising therapeutic agent
for osteosarcoma. We reported that the repeated administration of
PG4D2 with potent ADCC/CDC activity did not exhibit toxicity or
changes in hematologic and biochemical parameters in PdpnKI/KI

mice (28). This result suggests that adding ADCC/CDC activity or
modification as an antibody–drug conjugate would enhance the
efficacy of AP201 therapy.
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