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Abstract
This study aimed to investigate the cytotoxicity of a cluster of differentiation 70 
antibody- drug conjugate (CD70- ADC) against ovarian cancer in in vitro and in vivo 
xenograft models. CD70 expression was assessed in clinical samples by immunohis-
tochemical analysis. Western blotting and fluorescence- activated cell sorting analy-
ses were used to determine CD70 expression in the ovarian cancer cell lines A2780 
and SKOV3, and in the cisplatin- resistant ovarian cancer cell lines A2780cisR and 
SKOV3cisR. CD70 expression after cisplatin exposure was determined in A2780 cells 
transfected with mock-  or nuclear factor (NF)- κB- p65- small interfering RNA. We 
developed an ADC with an anti- CD70 monoclonal antibody linked to monomethyl 
auristatin F and investigated its cytotoxic effect. We examined 63 ovarian cancer 
clinical samples; 43 (68.3%) of them expressed CD70. Among patients with advanced 
stage disease (n = 50), those who received neoadjuvant chemotherapy were more 
likely to exhibit high CD70 expression compared to those who did not (55.6% [15/27] 
vs 17.4% [4/23], P < .01). CD70 expression was confirmed in A2780cisR, SKOV3, 
and SKOV3cisR cells. Notably, CD70 expression was induced after cisplatin treat-
ment in A2780 mock cells but not in A2780- NF- κB- p65- silenced cells. CD70- ADC 
was cytotoxic to A2780cisR, SKOV3, and SKOV3cisR cells, with IC50 values ranging 
from 0.104 to 0.341 nmol/L. In A2780cisR and SKOV3cisR xenograft models, tumor 
growth in CD70- ADC treated mice was significantly inhibited compared to that in 
the control- ADC treated mice (A2780cisR: 32.0 vs 1639.0 mm3, P < .01; SKOV3cisR: 
232.2 vs 584.9 mm3, P < .01). Platinum treatment induced CD70 expression in ovarian 
cancer cells. CD70- ADC may have potential therapeutic implications in the treatment 
of CD70 expressing ovarian cancer.
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1  | INTRODUC TION

Ovarian cancer is the fifth leading cause of cancer- related deaths 
among women in the United States, with 13,940 registered ovarian 
cancer deaths in 2020.1 Platinum agents are key chemotherapeu-
tic drugs currently used as a first- line OvCA treatment2,3; however, 
women with recurrent OvCA treated with second- line or later- line 
therapeutic agents have a median survival of 9- 12 months with a 
response rate of approximately 20% for subsequent therapies.4- 6 
Several chemotherapeutic and target therapy agents have been 
evaluated in clinical trials for recurrent OvCA, including cytotoxic 
agents, target therapy, poly (adenosine diphosphate- ribose) poly-
merase inhibitors, and immune checkpoint inhibitors; however, 
these agents exhibit only modest clinical responses.6- 11

Antibody- drug conjugates are novel therapeutic agents that 
enhance the therapeutic indices of cytotoxic anticancer agents by 
combining the antigen selectivity of a monoclonal antibody with 
the cytotoxicity of an anticancer drug.12 The pace of clinical trials 
for ADC is accelerating, with the number of agents evaluated in 
clinical trials being increased by more than three times in the last 
5 years.13 To date, more than 150 ADCs have been investigated in 
clinical trials and more than 35 ongoing clinical trials for treatment- 
refractory solid tumors have been published to date;12- 14 however, 
the currently available ADCs demonstrate modest survival effects 
in patients with OvCA.15

Cluster of differentiation 70 is a member of the tumor necrosis 
factor superfamily and the ligand for CD27.16,17 It was first identified 
in activated T-  and B- lymphocytes. The binding of CD70 to CD27 on 
activated lymphocytes signals the co- stimulation of T, B, and natu-
ral killer cells,18,19 and also regulates cell differentiation and T- helper 
1/2 switching.20 CD70 is frequently expressed in various malignant 
diseases, including renal clear cell carcinoma (RCC 60%) and non- 
Hodgkin lymphoma (NHL 87%),21,22 but is minimally expressed in nor-
mal tissues.23

Previous studies have shown that anti- CD70 monoclonal an-
tibodies (CD70 mAb) and CD70- ADC (CD70 mAb conjugate with 
MMAF) exhibit antitumor effects in xenograft models of CD70 ma-
lignant diseases, such as lymphoma, NHL, and RCC.21,24- 26 Based on 
the positive results of preclinical studies, a phase- I study of CD70- 
ADC in patients with CD70- positive relapsed/refractory NHL or 
metastatic RCC was conducted; however, CD70- ADC exhibited 
modest effects on these diseases with tolerable side effects.22

Studies that examined OvCA cells/clinical samples27- 29 have 
reported that CD70 is expressed in OvCA cells and is a potential 
predictor of platinum resistance.30 Given that the effectiveness of 

CD70- ADC therapy in patients with OvCA has been poorly studied, 
we examined the antitumor activity of CD70- ADC in OvCA cases.

2  | MATERIAL S AND METHODS

Detailed information is provided in Document S1.

2.1 | Patient and tissue samples

Sixty- three high- grade serous OvCA surgical specimens were obtained 
from women who had undergone surgical treatment between 2012 
and 2020 at Osaka University Hospital (Table S1). The histopathological 
analysis and diagnosis of the tissues were performed by board- certified 
gynecologic pathologists. Informed consent was obtained from the 
patients prior to sample collection and examination. Tumor staging 
was based on the 2014 International Federation of Gynecology and 
Obstetrics staging system.31 The study was approved by the Institutional 
Review Board of Osaka University Hospital (Approval No. 18236).

Among 63 OvCA surgical specimens, there were 29 women who 
received NACT before cytoreductive surgery. Of those, nine women 
underwent surgical biopsy before NACT in our institution and three 
women were excluded from the investigation as the samples were 
too small to perform immunohistochemistry. Thus, the expression of 
CD70 was compared before and after NACT in six patients (Table S2).

2.2 | Immunohistochemistry

All clinical samples were paraffin- embedded, fixed in 10% neutral 
buffered formalin, sliced into 4- µm tissue sections, deparaffinized, 
and rehydrated in graded alcohols. Immunostaining was performed 
using mouse monoclonal anti- CD70 antibody (MAB2738, 1:100; 
R&D Systems) as the primary antibody, followed by the Vectastain 
ABC kit (Vector Laboratories) as previously described.23,32- 35 The 
immunostained sections were photographed using a Visualix Pro2 
camera (Olympus).

Three cases with advanced renal cell cancer (clear cell carcinoma) 
were immune- stained as positive controls,36 and three healthy 
ovary specimens were used as negative controls28 (formalin- fixed, 
paraffin- embedded sections were obtained from surgical treatment 
cases at Osaka University Hospital).

The intensity and density of positive staining were scored by 
three independent gynecological pathologists (SM, RN, and MS) 
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who were blinded to clinico- pathological information, as described 
in the Supporting Information Materials and Methods section.

2.3 | Cell lines and culture

The human ovarian carcinoma cell lines A2780 and SKOV3 were ob-
tained from the European Collection of Authenticated Cell Culture 
(Salisbury, Scotland) and the American Type Culture Collection 
(Manassas, VA, USA), respectively.37 The human ovarian carcinoma 
cell lines OVISE, OVTOKO, and RMG- I were purchased from the 
Japanese Collection of Research Bioresources Cell Bank (Osaka, 
Japan). RMG- 1 was cultured in Ham's F12 medium (Thermo Fisher 
Scientific Inc.) containing 10% fetal bovine serum (FBS), 100 U/mL 
penicillin, and 100 µg/mL streptomycin (Nacalai Tesque). A2780, 
SKOV3, OVTOKO, and OVISE were cultured in RPMI 1640 medium 
(FUJIFILM Wako Pure Chemical Corporation, Ltd) containing 10% 
FBS (Hyclone Laboratories), 100 U/mL penicillin, and 100 µg/mL 
streptomycin at 37°C in a humidified atmosphere with 5% CO2. The 
identity of each cell line was confirmed by DNA fingerprinting using 
short tandem repeat profiling.32,33,38

2.4 | Establishment of cisplatin (platinum)- 
resistant cells

To develop platinum- resistant OvCA cell lines, A2780 and 
SKOV3 cells were treated with increasing concentrations of cis-
platin;39 these cells were designated A2780cisR and SKOV3cisR. 
A2780 paclitaxel- resistant cell lines were generated using a 
similar method. Platinum- resistant cell lines were designated as 
A2780cisR and SKOV3cisR, and the paclitaxel- resistant cell line 
was designated as A2780pacR.

2.5 | Western blotting

The cells were prepared as described previously.23,32- 34,38 The pro-
teins were transferred to polyvinylidene difluoride membranes and 
incubated with goat polyclonal anti- CD70 antibody (1:500, sc- 1741; 
Santa Cruz Biotechnology). Subsequently, the western blotting (WB) 
samples were incubated with donkey anti- goat horseradish peroxi-
dase (HRP)- conjugated secondary antibodies (1:10 000, sc- 2020; 
Santa Cruz Biotechnology).

In an investigation of CD70, NFkB- p65, and AP- 1 expres-
sion after cisplatin exposure, rabbit monoclonal anti- NFkB- p65 
antibody (1:1000, #3034, Cell Signaling Technology), rabbit 
monoclonal anti- phosphorylation NFkB- p65 (1:1000, #3033, 
Cell Signaling Technology) and rabbit monoclonal anti- c- Jun an-
tibody (1:1000, #9165, Cell Signaling Technology) were used. 
Donkey anti- rabbit HRP- conjugated secondary antibodies 
(1:5000, GE Healthcare Bio- Sciences) were used for subsequent 
visualization.

2.6 | Fluorescence- activated cell sorting analysis

The cells were washed in phosphate- buffered saline (PBS) (Nacalai 
Tesque) and were detached with 0.02% ethylenediaminetetraacetic 
acid solution (Nacalai Tesque).23,33,35 The cells were washed twice with 
fluorescence- activated cell sorting (FACS) buffer (PBS with 1% FBS and 
0.1% sodium azide) and then incubated with mouse monoclonal antihu-
man CD70 antibody (1:50, clone Ki- 24; BD Biosciences) as the primary 
antibody.

2.7 | Preparation and transfection of siRNA

To silence CD70 expression, siRNA- CD70 (Hs_TNFSF7_1; _3; Qiagen) 
against CD70 was transfected using Lipofectamine RNAiMAX rea-
gent (#13778150; Invitrogen) as previously described.32,38 Selective 
silencing of CD70 was confirmed by WB analysis. For cytotoxicity 
assays, the cells were seeded onto 96- well plates after a 4- h trans-
fection, and measurements were performed on day 7.

For NFkB- p65 knockdown, siRNA- NFkB- p65 (#6261, Cell 
Signaling Technology) against NFkB- p65 was transfected as 
aforementioned. NFkB- p65- silencing cells were designated as 
A2780- NFkB- p65- silencing cells. Selective silencing of NFkB- p65 
expression was confirmed by WB analysis.

2.8 | CD70 expression after cisplatin exposure

After transfection of siRNA- NkB- p65 and control siRNA for 48 h, 
the A2780 cells were incubated with nontreated cells and 20 µmol/L 
cisplatin for 1, 4, 8, and 12 h, followed by the preparation of protein 
extracts. The prepared protein extract was analyzed by WB analysis 
using CD70, c- Jun, NF- κB- p65, and phospho- NF- κB- p65 antibodies.

2.9 | CD70 confirmation after paclitaxel exposure

The expression of CD70 was determined in A2780 cells by WB 
using the protein extracts at 1, 4, 8, and 12 h after administration 
of 10 nmol/L paclitaxel and 10 nmol/L paclitaxel exposing cells fol-
lowed by the preparation of protein extracts.

2.10 | Real- time quantitative reverse 
transcription PCR

A2780- NF- kB- p65- silenced cells were incubated with 5 μM cisplatin 
for 0, 1, or 2 h, followed by RNA extraction for real- time quantita-
tive RT- PCR. CD70 expression in A2780 cells was determined using 
RT- PCR. Total RNA extraction and cDNA synthesis were performed 
according to the manufacturer's protocol.23,34

PCR was performed using TB Green Premix Ex Taq II (#RR820A, Takara 
Bio, Shiga, Japan) and specific primers. PCR primers were also purchased 



3658  |     SHIOMI et al.

from Takara Bio. The sequences of the primers used were as follows: 
human CD70 (180 bp), forward primer 5- GCCCTATGGGTGCGTCCTGC- 3 
and reverse primer 5- AGCCTGGGGTCCTGCTGAGG- 3; β- actin (174 bp), 
5- AGCCTCGCCTTTGCCGA- 3 (forward), and 5- CTGGTGCCTGGGGCG- 3 
(reverse).

2.11 | ADC development

Using previously described methods,23 commercially available anti- 
human- CD70 mAb (vorsetuzumab, TAB- H76; Creative Biolabs)40 
and isotype control human- IgG1 mAb (clone QA16A12; BioLegend) 
were used to generate CD70- ADC and control- ADC, respectively. 
MMAF was used as a payload for ADCs, and the conjugation was 
performed by Moradec LLC. The mAbs were conjugated with MMAF 
using a maleimide- cysteine method, wherein the mAb inter- chain di-
sulfide bonds were first reduced with tris(2- carboxyethyl) phosphine 
at 37°C and the maleimide moiety of the drug was subsequently 
linked to the reduced cysteines.

Conjugated ADCs were separated from the free drug on Sephadex 
G- 50 columns. Next, the buffer was replaced with PBS, and the re-
sultant ADC containing solution was filtered. The drug distribution 
was examined using hydrophobic interaction chromatography.

2.12 | Cytotoxicity assay

Cytotoxicity assays of anti- CD70 mAb, human- IgG1- isotype control 
antibody, CD70- ADC, control- ADC, and MMAF were performed. 
The cells were evaluated using a flat- bottomed 96- well white pol-
ystyrene plate (Thermo Fisher Scientific Inc.) and 1000 cells were 
seeded per well in RPMI containing 10% FBS. After 24 h of incu-
bation, anti- CD70 mAb, human-  IgG1- isotype control antibody, 
CD70- ADC, control- ADC, and MMAF were added at different con-
centrations in hexaplicate wells in a humidified 5% CO2 atmosphere. 
After incubation for 6 days at 37°C, cell viability was determined 
using the CellTiter- Glo Luminescent Cell Viability Assay (Promega) 
and luminescence values were measured using a microplate reader 
(Lumat3 XS LB9508; Berthold Technologies).

The results are reported as the IC50, defined as the concentration 
of a compound needed to reduce the viability by 50% compared with 
the control cells (control = 100%).33

2.13 | In vivo efficacy

All animal experiments were conducted according to the institutional 
ethical guidelines for animal experimentation of Osaka University 
(registered protocol number 28- 032- 013).23 The in vivo treatment 
schedule is presented in Figure S1.

A2780cisR and SKOV3cisR xenografted mice were randomly di-
vided into three groups (n = 6) when the mean tumor size reached 

approximately 90 mm3. CD70- ADC (3 mg/kg), control- ADC (3 mg/
kg), or PBS was intravenously administered in 100 µL of PBS every 
4 days for a total of four days (days 0, 4, 8, and 12). The xenografted 
tumors were removed and weighed on day 28.

2.14 | Phospho- histone H3 staining

To investigate the pharmacologic effect of CD70- ADC at the cel-
lular level, PHH3, which is a mitotic marker, was examined.3,11- 14 
A2780cisR xenograft mice were intravenously administered with 
PBS, control- ADC (3 mg/kg), or CD70- ADC (3 mg/kg), and the tu-
mors were excised 24 h later. The tumor sections were sliced into 
4- μm formalin- fixed paraffin- embedded tissue sections.

PHH3 (Ser10) staining was recorded as the ratio of PHH3 pos-
itive cells to all tumor cells in five fields (×400 magnification).23,41

2.15 | Statistical analysis

The results are expressed as means with standard deviations for the 
in vitro data and as means with standard errors of the mean for the 
in vivo experiments. Student's t test, Mann- Whitney U test, Kruskal- 
Wallis H test, Pearson's chi- square test, and Fisher's exact test were 
used to assess the difference between groups, as appropriate. All 
statistical analyses were based on two- tailed hypothesis. JMP 13 
(SAS Institute) was used for statistical analysis. P values <.05 were 
considered significant.

3  | RESULTS

3.1 | CD70 was highly expressed in patients with 
OvCA who received NACT

CD70 expression in OvCA clinical samples was evaluated by im-
munohistochemistry (Table 1). There were 63 OvCA samples and all 
samples were of high- grade serous type. Of those, 22 (34.9%) and 21 
(33.3%) were in the CD70- high and CD70- low groups, respectively 
(Figure 1A,B). On univariate analysis, CD70 expression was not as-
sociated with age, stage, residual disease, or serum CA- 125 levels (all 
P > .05). The median follow- up duration was 33.0 (interquartile range 
[IQR] 19.5- 52) months (Table S1). Women in the CD70- high group 
were more likely to receive NACT compared to those in the CD70- low/
negative group (72.7% [16/22] vs 29.3% [12/41], P < .01; Table 1).

Among patients with stage III- IV (advanced) diseases (n = 50), 
34 (68.0%) patients showed CD70 expression. Of those, 19 (38.0%) 
and 15 (30.0%) showed high and low CD70 expression. Among the 
patients with advanced OvCA, those in the NACT group were more 
likely to show high CD70 expression compared to those in the non- 
NACT group (55.6% [15/27] vs 17.4% [4/23], odds ratio 3.2, 95% 
confidence interval 1.2- 8.3, P < .01; Table S3).
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Nine out of 29 women underwent surgical biopsy in the NACT group 
and three women were excluded from the investigation as the samples 
were too small to perform immunohistochemistry. Of those (n = 6), the 
expression of CD70 was examined before and after NACT in the same 
patients. Significantly higher intensity score was observed in the after 
NACT group compared to that in the before NACT group (Figure 1C; 
median score 6 vs 2, P = .03). These findings suggested that platinum- 
based NACT had the potential to induce CD70 expression in OvCA cells.

3.2 | Platinum- resistant OvCA cells 
overexpressed CD70

CD70 expression in OvCA cells was examined using WB and FACS. 
The cisplatin toxicity IC50 values in the cisplatin- resistant models 

(A2780cisR and SKOV3cisR cells) were significantly higher than 
those in their parental counterparts (344.1 vs 0.62 µmol/L and 
45.6 vs 3.7 µmol/L, respectively [all P < .01]) (Table S4). WB results 
showed strong CD70 expression in A2780cisR and SKOV3cisR cells, 
moderate expression in SKOV3 cells, and no expression in A2780 
cells (Figure 1D). CD70 overexpression in A2780cisR, SKOV3, and 
SKOV3cisR cells was confirmed using FACS (Figure 1E).

3.3 | Silencing CD70 did not affect cisplatin 
sensitivity or cell proliferation

To explore the CD70 expression effect on platinum sensitivity 
and cell proliferation in OvCA cells, CD70 expression was silenced 
using siRNA (Figures 2A and S2). On cytotoxicity analysis, the IC50 
values of cisplatin were similar in two A2780cisR- CD70- silenced 
(363.1 and 382.6 µmol/L) and A2780cisR mock cells (372.7 µmol/L, 
P = .28 and P = .13, respectively). Similarly, no significant change 
in IC50 was observed in two variants of SKOV3cisR- CD70- silenced 
(74.0 and 77.3 µmol/L) and SKOV3cisR mock cells (72.9 µmol/L, 
P = .51 and P = .83, respectively) (Figure 2B). The proliferation rates 
of CD70- silenced A2780cisR, SKOV3, and SKOV3cisR cells were 
similar (Figure 2C).

3.4 | Cisplatin exposure induces CD70 expression

To explore the mechanism of CD70 induction after cisplatin admin-
istration, the expression levels of c- Jun and NF- κB- p65 were deter-
mined. The WB results revealed positive NF- κB- p65 and negative 
c- Jun expressions in A2780 cells (Figure 3A).

To examine the role of NF- κB- p65 in CD70 induction, CD70 
messenger ribonucleic acid (mRNA) was measured in A2780 mock 
and A2780- NF- κB- p65- silenced cells (Figure 3B). The A2780 
mock cells expressed progressively higher CD70 mRNA expression 
at 1 h (1.63, P = .04) and 2 h (2.99, P < .01) of treatment compared 
to the corresponding untreated cells. Conversely, CD70 mRNA 
expression after cisplatin treatment did not increase in A2780- 
NF- κB- p65- silenced cells, relative to that in the untreated cells 
(P = .06; Figure 3B).

CD70 expression was compared between the A2780 mock 
and A2780- NF- κB- p65- silenced cells after cisplatin treatment 
(Figures 3C and S3). The knockdown of NF- κB- p65 and phosphor-
ylated NF- κB- p65 expression was confirmed by WB analysis. The 
expression of NF- κB- p65 and phospho- NF- κB- p65 continuously 
increased after 1, 4, 8, and 12 h of cisplatin exposure in A2780 
mock cells. CD70 expression gradually increased in A2780 mock 
cells starting at 1 h of cisplatin exposure, whereas no significant 
change in CD70 expression was observed in A2780- NF- κB- p65- 
silenced cells. Concerning the paclitaxel exposure, CD70 was not 
induced in A2780 parent cells after 1, 4, 8, and 12 h of paclitaxel 
exposure and CD70 was not expressed in A2780- paclitaxel resis-
tant cells (Figure 3D).

TA B L E  1   Correlation between CD70 expression levels and 
clinicopathological characteristics in serous ovarian carcinoma

Characteristics
CD70
high

CD70
low/negative

P valueNo. (%) n = 22 n = 41

Median age (years) 61.5 (52- 70) 61 (52- 70.5) .76

FIGO stage

I 2 (9.1%) 7 (17.1%) .99

II 1 (4.6%) 3 (7.3%)

III 16 (72.7%) 25 (61.0%)

IV 3 (13.6%) 6 (14.6%)

Residual disease*

Yes 9 (40.9%) 15 (36.6%) .79

No 13 (59.1%) 26 (63.4%)

Serum CA- 125 level

Normal 3 (13.6%) 7 (17.1%) .99

Abnormal 19 (86.4%) 34 (82.9%)

NACT

Yes 16 (72.7%) 12 (29.3%) <.01

No 6 (27.3%) 29 (70.7%)

NACT regimen

TC 9 (56.2%) 5 (41.7%)

TC+Bev 7 (43.8) 6 (50.0%)

DC 0 (0%) 1 (8.3%)

Median FU (months) 45 (26.3- 61.3) 30 (17- 46) .03

Note: Median (IQR) or number (percentage per column) is shown. 
Chi- square test or Student's t test was performed for univariate 
analysis. Mann- Whitney U test was used to compare two groups with 
nonparametric data. Significant P values are given in bold font.
Abbreviations: Bev, bevacizumab; CD70, cluster of differentiation 
70; DC, docetaxel and carboplatin; FIGO, International Federation of 
Gynecology and Obstetrics; FU, follow- up; IQR, interquartile range; 
NACT, neoadjuvant chemotherapy; TC, paclitaxel and carboplatin.
*Residual disease after cytoreductive surgery.
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3.5 | The anti- CD70 mAb did not inhibit cell 
proliferation

As shown in Figure 4A, neither the anti- CD70 mAb nor the anti- 
human- IgG1- isotype control antibody inhibited the cell proliferation 
of A2780, A2780cisR, SKOV3, and SKOV3cisR cell lines.

3.6 | Bioengineering of CD70- ADC

Each of the anti- CD70 mAb and the isotype control antibody was di-
rectly conjugated to MMAF (Figure 4B), with drug- to- antibody ratios 
of 3.59 and 3.64, respectively.

3.7 | CD70- ADC showed cytotoxicity in CD70- 
expressing OvCA cells

MMAF demonstrated cytotoxicity in OvCA cell lines, including 
those that were cisplatin- resistant; IC50 values ranged from 19.5 to 
67.8 nmol/L (Table S4). As MMAF has poor cell membrane permeabil-
ity, CD70 mAb conjugated MMAF was more likely to be sensitive com-
pared to unconjugated MMAF in CD70- expressing cells. CD70- ADC 
showed a concentration- dependent inhibition of tumor growth among 
the CD70- expressing cell lines A2780cisR (IC50: 0.104 nmol/L), SKOV3 
(IC50: 0.205 nmol/L), and SKOV3cisR cells (IC50: 0.341 nmol/L), whereas 
no such inhibition was observed in the CD70- nonexpressing cell line 
A2780 and in the control- ADC treated cells (Figure 4C and Table S5).

F I G U R E  1   Confirmation of cluster of differentiation 70 (CD70) expression in serous ovarian carcinoma cells and surgical specimens. 
A, Representative CD70 staining in clinical samples. The immunohistochemistry score divided clinical samples into three groups: high 
(>4 points), low (1- 3 points), and negative (0 points). Scale bar: 100 μm. B, Among the 63 samples, 22 (34.9%), 21 (33.3%), and 20 (31.7%) 
represented the CD70- high, CD70- low, and CD70- negative groups, respectively. C, The comparison of CD70 expression before and after 
neoadjuvant chemotherapy is shown. CD70 staining was assessed according to the intensity score. The black bar indicates the median score 
of intensity. Significantly higher scores are observed in the after neoadjuvant chemotherapy (NACT) group compared to those in the before 
NACT group (P =.03). (Mann- Whitney U test was used to compare the groups). D, CD70 expression was determined using western blotting 
analysis in four serous ovarian carcinoma cell lines and three ovarian clear cell carcinoma cell lines. Strong CD70 expression was observed in 
A2780cisR and SKOV3cisR cells, moderate CD70 expression was observed in SKOV3 cells, and no CD70 expression was observed in A2780, 
OVTOKO, OVISE, and RMG- I cells. E, In fluorescence- activated cell sorting analysis, CD70 expression was detected in A2780cisR, SKOV3, 
and SKOV3cisR cells using an anti- CD70 monoclonal antibody. The gray- shaded areas show isotype control
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3.8 | Cisplatin sensitivity of tumors in mouse 
xenograft models

To determine the platinum sensitivity of tumors derived from 
A2780, A2780cisR, SKOV3, and SKOV3cisR cells, xenograft mod-
els were established for each cell line (Figure 5A- D). In A2780 and 
SKOV3 xenograft mice, the tumor growth rate was significantly 
lower in the cisplatin- treated than in the PBS- treated group (A2780: 
841.9 vs 1991.5 mm3, P < .05; SKOV3: 254.4 vs 706.4 mm3, P < .01) 
(Figure 5A,B). In the SKOV3 xenograft mice, the tumor weight was 
significantly lower in the cisplatin than in the PBS group (263.3 vs 
503.3 mg, P < .05) (Figure 5E).

In A2780cisR and SKOV3cisR xenograft mice, the growth rate 
of tumors (A2780cisR: 1548.4 vs 1829.8 mm3, P = .10; SKOV3cisR: 
605.0 vs 733.4 mm3, P = .45) and weight on day 28 post- 
administration (A2780cisR: 1260 vs 1340 mg, P = .75, SKVO3cisR: 
531.7 vs 561.7 mg, P = .52) were similar in the cisplatin and PBS- 
treated groups (Figure 5C- E).

3.9 | CD70- ADC significantly inhibited 
tumor growth in A2780cisR and SKOV3cisR 
xenograft models

The effects of CD70- ADC were evaluated in the A2780cisR-  and 
SKOV3cisR- based xenograft models. SKOV3- xenografted tumors 
were not assessed because of the absence of CD70 expression 
(Figure S1). In the A2780cisR xenograft model, the tumor size (32.0 
vs 1639.0 mm3, P < .01) and weight (140 vs 983.3 mg, P < .01) on day 
28 after administration were significantly lower in the CD70- ADC 
than in the control- ADC group (Figure 6A,B), with no significant total 
body weight loss in any group (Figure 6C). Likewise, in SKOV3cisR 
xenograft models, the tumor size (232.2 vs 584.9 mm3, P < .01) and 
weight (260 vs 476.7 mg, P < .01) were significantly lower in the 
CD70- ADC than in the control- ADC group (Figure 6D,E), with no 
significant difference in body weight across all groups (Figure 6F). 
Similar tumor sizes were observed between the control- ADC and 
PBS groups (A2780cisR, P = .92; SKOV3cisR, P = .20) (Figure 6B,E).

F I G U R E  2   Silencing cluster of differentiation 70 (CD70) expression was not associated with platinum resistance and proliferation. A, 
CD70 expression was silenced by CD70 small interfering RNA (siRNA) transfection in A2780cisR and SKOV3cisR cells. Silencing of CD70 
expression was confirmed by western blotting analysis. B, IC50 values for cisplatin were determined in A2780cisR and SKOV3cisR cells. IC50 
values of cisplatin in A2780cisR- siCD70- 1 and A2780cisR- siCD70- 3 cells were similar to those in A2780cisR- C cells. IC50 values of cisplatin 
were not significantly different among SKOV3cisR- C, SKOV3cisR- siCD70- 1, and SKOV3cisR- siCD70- 3 cells. Kruskal- Wallis H test was 
used to compare groups. C, Proliferation assays were performed in mock cells and two types of CD70- silenced cells in A2780cisR, SKOV3, 
and SKOV3cisR cells. No significant difference in proliferation between mock cells and CD70- silenced cells was observed in each cell line. 
Kruskal- Wallis H test was used to compare groups. Abbreviations: No treat, no treatment; NS, not significant
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To assess the pharmacological effect of CD70- ADC, immu-
nohistochemistry was performed to assess the expression of the 
mitotic marker PHH3 (Ser10). A significantly higher percentage 
of mitotic cells was observed in the CD70- ADC- treated than in 
the control- ADC group (6.40% [IQR 4.85%- 7.0%] vs 3.48% [IQR 
3.0%- 4.0%], P < .01) (Figure 6G, H). Conjugation with anti- CD70 
mAb led to the successful delivery of MMAF into OvCA cells, 
where it induced mitotic arrest via the inhibition of tubulin 
polymerization.

4  | DISCUSSION

4.1 | Principal findings

The key findings of this study were as follows: (i) CD70 expression 
was induced when the OvCA cells were treated with cisplatin (this 
appeared to be mediated by the NF- κB transcription pathway); (ii) 
a significantly higher CD70 expression was observed in the NACT 
group compared to that in the non- NACT group; and (iii) CD70- ADC 

F I G U R E  3   Cluster of differentiation 70 (CD70) expression after cisplatin and paclitaxel exposure. A, The expression of AP- 1 (c- Jun) was 
determined in groups with no treatment and after 1, 4, 8, and 12 h of cisplatin exposure. c- Jun expression was not observed in any of the 
groups. B, mRNA level of CD70 expression was examined in A2780 mock cells and A2780- NF- κB- p65- silenced cells 1 and 2 h after cisplatin 
exposure. The expression levels of CD70 mRNA were corrected with those of GAPDH mRNA. CD70 expression was induced by short- term 
exposure to cisplatin in A2780 mock cells, whereas CD70 was not induced on cisplatin exposure in A2780- NF- κB- p65- silenced cells. C, 
The expression of CD70, NF- κB- p65, and phospho- NF- κB- p65 was determined in A2780 mock cells and A2780- NF- κB- p65- silenced cells 
at 0 h and after 1, 4, 8, and 12 h of cisplatin exposure. Knockdown of NF- κB- p65 and phospho- NF- κB- p65 was observed in A2780- NF- 
κB- p65- silenced cells. In A2780 mock cells, the expression of NF- κB- p65 and phospho- NF- κB- p65 was induced after cisplatin exposure 
and CD70 expression was also induced after cisplatin exposure. In A2780cisR cells, NF- κB- p65 suppression led to a substantial decrease 
in CD70 expression. D, The expression of CD70 was determined at 0 h and after 1, 4, 8, and 12 h of paclitaxel exposure in A2780 cells and 
at 0 h in A2780pacR cells. The expression of CD70 was not observed in any of the cells. Abbreviations: CDDP, cisplatin; mRNA, messenger 
ribonucleic acid; pacR, paclitaxel resistant cells; P- NF- κB, phospho- NF- κB; PTX, paclitaxel
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exhibited a significant inhibitory effect in CD70- expressing OvCA 
cells, both in vitro and in vivo.

4.2 | Results

Recently, NACT use for advanced OvCA has been significantly 
increased.42- 45 Approximately 10%- 30% of women with advanced 
OvCA received NACT in the early 2000s, and the rate of NACT use has 
nearly doubled in the following decade.42,44 RCTs that demonstrated 
that NACT was noninferior concerning the overall survival compared 
to PDS may have influenced the adoption of NACT.46,47 Although 
previous RCTs have demonstrated the noninferior overall survival of 
NACT, some studies have shown that the recurrence risk (platinum- 
resistant OvCA) is higher with NACT use than with PDS.48,49 NACT 
use has a potential to induce the expression of CD70, and CD70- ADC 
may show an antitumor effect even in platinum- resistant OvCA when 
the tumor showed CD70 expression. Therefore, CD70- ADC may be 
an attractive agent for women with OvCA treated with NACT.

ADCs constitute a novel technology for targeting rapidly prolif-
erating cells by combining monoclonal antibodies that are highly spe-
cific for tumor antigens with effective cytotoxic agents.50 Progress 
has been made in the clinical application of ADCs in several cancer 
types, and there are seven FDA- approved ADCs;51 however, none of 
them is indicated for OvCA cases.

IMGN853 is an ADC designed to target the folate receptor alpha, 
which is moderately or strongly expressed in 66% of patients with 
OvCA.52 This ADC consists of a humanized anti- folate receptor 
alpha mAb attached via a cleavable disulfide linker to the cytotoxic 
maytansinoid DM4, which inhibits tubulin polymerization. Based 
on its favorable tolerability and activity in a phase 1/2 study,53 a 
randomized phase 3 trial (FORWARD I) was conducted to compare 
the safety and efficacy of IMGN853 and single- agent chemother-
apy in women with medium or high folate receptor alpha expression. 
Although IMGN853 is the most advanced ADC for OvCA that is pre-
sented under clinical development for OvCA, IMGN853 showed a 
modest improvement in progression- free survival (hazard ratio 0.98, 
P = .897) and overall survival rates (hazard ratio 0.81, P = .248).13

F I G U R E  4   In vitro cell growth activity. A, A2780, A2780cisR, SKOV3, and SKOV3cisR cells were exposed to anti- cluster of 
differentiation 70 (CD70) monoclonal antibody or anti- human- IgG1- isotype control antibody for 144 h. Cytotoxicity assays showed no 
significant growth inhibition in these cell lines. The y axis shows relative growth compared with that in the no treatment group. B, The 
structure of CD70- antibody- drug conjugate (ADC) consists of an anti- CD70 antibody conjugated to the monomethyl auristatin F (MMAF) 
payload. Reused data from Nakae et al23, Figure 2B Copyright (2020) with permission from Elsevier. C, Cells were exposed to CD70- ADC 
and human- IgG1- control- ADC. Compared with the control ADC, CD70- ADC significantly inhibited the growth of CD70- positive A2780cisR, 
SKOV3, and SKOV3cisR cells. Cytotoxicity assays showed no significant growth inhibition in the CD70- negative A2780 cell line. The y axis 
shows relative growth compared with that in the no treatment group. Abbreviations: ADC, antibody- drug conjugate, mAb; monoclonal 
antibody
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Several CD70- ADCs, including SGN- 75 (MMAF- conjugated), 
SGN- 70A (pyrrolobenzodiazepine- conjugated), and MDX- 1203 
(duocarmycin- conjugated), have been evaluated clinically to 
date.22,54,55 For targeting platinum- resistant OvCA via ADC, 

acquired cross- resistance between platinum drugs and other che-
motherapeutic agents should be noted. Several studies have demon-
strated that there is no cross- resistance between platinum drugs and 
antimicrotubule agents.56,57 Consistent with the findings in previous 

F I G U R E  5   Antitumor activity of cisplatin in A2780, A2780cisR, SKOV3, and SKOV3cisR xenograft mouse models. Antitumor efficacy 
of cisplatin was investigated in the A2780, A2780cisR, SKOV3, and SKOV3cisR xenograft mouse models. Tumor- bearing mice were 
administered PBS or cisplatin (3 mg/kg) twice weekly (days 0, 4, 8, and 12) four times. Dots represent observed values and bars represent 
SEM. NS, not significant, *P < .05, **P < .01; Mann- Whitney U test was used to compare the groups). A and B, A2780 xenografted mice 
treated with PBS were sacrificed on day 16 after drug administration because of the tumor size. In the A2780 xenograft model, tumor size 
in the cisplatin treatment group was significantly more suppressed than that in the PBS group on day 16 after drug administration (841.9 
vs 1991.5 mm3, P < .05). Similarly, tumor size in the cisplatin treatment group was more inhibited than that in the PBS group (254.4 vs 
706.4 mm3, P < .01) in the SKOV3 xenograft model on day 28. C and D, In A2780cisR and SKOV3cisR xenograft models, tumor growth in 
the cisplatin group was similar to that in the PBS group (A2780cisR: 1548.4 vs 1829.8 mm3, P = .10 and SKOV3cisR: 605.0 vs 733.4 mm3, 
P = .45). Platinum resistance was confirmed in A2780cisR and SKOV3cisR xenograft models. Mice in the PBS group were the same as those 
used to determine the effect of the cluster of differentiation 70- antibody drug conjugate. E, In A2780 xenograft mice treated with PBS, the 
mice were euthanized on day 16 due to the excessive tumor size. In the SKOV3 xenograft mice, the tumor weight was significantly lower 
in the cisplatin group than in the PBS group (263.3 vs 503.3 mg, P < .05). In A2780cisR and SKOV3cisR xenograft mice, the tumor weight 
on day 28 post- administration (A2780cisR: 1260 vs 1340 mg, P = .75, SKVO3cisR: 531.7 vs 561.7 mg, P = .52) were similar in the cisplatin 
and PBS- treated groups. The bar graph shows the average tumor weight with SEM. Abbreviations: PBS, phosphate- buffered saline; CDDP, 
cisplatin; NA, not applicable; NS, not significant
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studies, MMAF was effective in A2780cisR and SKOV3cisR cells 
(Table S4). Based on this finding, a CD70- ADC conjugated with 
MMAF was generated in this study. CD70- ADC significantly inhib-
ited the proliferation of CD70- expressing OvCA cells in vitro and in 
vivo and the tolerability of CD70- ADC has been widely investigated 
in previous studies.21,22,25,58 Clinical trials are warranted to examine 
the efficacy of CD70- ADC in recurrent OvCA.

4.3 | Clinical implication

To the best of our knowledge, the mechanism of CD70 induction 
after cisplatin exposure has not been examined. Some transcription 
factors related to proliferation and platinum resistance may facilitate 
cell survival during cisplatin exposure; however, they seem not to 
induce CD70.

F I G U R E  6   Antitumor activity of cluster of differentiation 70- antibody- drug conjugate (CD70- ADC) in vivo. Antitumor efficacy of 
CD70- ADC was investigated in the A2780cisR (A- C) and SKOV3 cisR (D- F) xenograft mouse models (n = 6). Tumor- bearing mice were 
intravenously administered PBS, control- ADC (3 mg/kg), or CD70- ADC (3 mg/kg) twice weekly (days 0, 4, 8, and 12) four times. Dots 
represent observed values and bars represent SEM. *P < .05, **P < .01; Kruskal- Wallis H test was used to compare the groups). In (A) and 
(D), * or ** indicates the significant difference between control- ADC group vs PBS treatment group. A- C, The average tumor volume at each 
time point is shown in the graph. Similar tumor sizes were observed between the control ADC and PBS groups (P = .92). Tumor size in the 
CD70- ADC treatment group was significantly suppressed relative to that in the control ADC group. Tumors were resected and weighed 
28 days after implantation in the A2780cisR xenograft mouse model. The bar graph shows the average tumor weight with SEM. Relative 
bodyweight changes are shown in the right panel. D- F, The average tumor volume at each time point is shown in the graph. The average 
tumor volume at each time point is shown in the graph. Similar tumor sizes were observed between the control ADC and PBS groups (P = .2). 
Tumor size in the CD70- ADC treatment group was significantly suppressed relative to that in the control ADC group. Tumors were resected 
and weighed on day 28 after implantation in the SKOV3cisR xenograft mouse model. The bar graph shows the average tumor weight with 
SEM. Relative bodyweight changes are shown in the right panel. G, A single dose of PBS, control- ADC, or CD70- ADC was administered 
to A2780cisR xenograft mice. The percentage of mitotic cells after CD70- ADC administration significantly increased relative to that after 
control- ADC administration. Scale bar: 100 μm. H, Phospho- histone H3 (Ser10) staining was assessed quantitatively as the ratio of mitotic 
cells to the total number of tumor cells in five fields (×400 magnification). The black bar indicates the median rate of mitotic cells. **P < .01; 
Kruskal- Wallis H test was used to compare groups. Abbreviations: ADC, antibody- drug conjugate; PBS, phosphate- buffered saline; NS, not 
significant; SEM, standard error of the mean
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The transcription factors c- Jun and NF- κB have been reported 
to induce CD70 expression.59 As c- Jun was not expressed after 
cisplatin exposure in A2780 cells, we focused on NF- κB. Notably, 
quantitative RT- PCR assays showed that CD70 mRNA was not el-
evated in A2780- NF- κB- p65- silenced cells, whereas CD70 mRNA 
was elevated in A2780 mock- transfected cells. These results sug-
gested that NF- κB- p65 expression may play a role in inducing CD70. 
Moreover, CD70 expression following platinum drug administration 
is an NF- κB- mediated pathway that may not be specific to OvCA 
cells, therefore this finding is crucial as it could be applicable to other 
malignancies.

4.4 | Research implications

Although CD70 was not found to be associated with proliferation, 
previous studies involving murine fibrosarcoma, melanoma, and 
colon cancer models have shown that CD70- CD27 signaling in-
creases the number of CD4+- CD25+- Treg cells and promotes tumor 
growth and metastasis in vivo.60 To investigate the effect of CD70 
on OvCA tumor prognosis in vivo, further investigation is warranted.

Our study focused on the inhibitory effect of CD70- ADC in 
OvCA cells. Based on our immunohistochemistry data, we hypoth-
esized that platinum administration may induce CD70 expression in 
women with OvCA and this finding was confirmed in vitro. These 
findings suggested that platinum- based NACT followed by CD70- 
ADC administration may be effective therapies. Therefore, CD70- 
ADC could ultimately be effective for approximately 70% of patients 
with advanced OvCA (CD70- high/low).

Targeting platinum drug- induced membrane proteins via ADC is 
a novel concept. The relative and absolute quantification and com-
parison of membrane proteins in OvCA cells using methods such as 
isobaric tags before and after platinum treatment35,61,62 would be 
important to establish and design new treatment modalities for this 
disease.

4.5 | Strengths and limitations

To our knowledge, this is the first study to demonstrate that CD70 is 
induced in OvCA cells treated with cisplatin. Moreover, CD70- ADC 
demonstrated a therapeutic effect against CD70- expressing OvCA 
cells.

However, several limitations should be noted. First, CD70 expres-
sion was not examined in platinum- resistant OvCA clinical samples 
because they could not be obtained, therefore we could not deter-
mine the efficacy of CD70- ADC in a patient- derived xenograft mouse 
model of platinum- resistant OvCA. Second, as a human antibody was 
used to generate CD70- ADC, the adverse effects of CD70- ADC in 
xenograft models could not be investigated. As similar CD70- ADCs 
have been reported to be tolerable in clinical trials, ours may also be 
safe. Third, a multivariate analysis could not be performed between 
the CD70- high and CD70- low/negative groups because of the small 

sample size, therefore further studies including a larger number of 
cases are needed to assess the role of CD70 in OvCA prognosis.

Fourth, although CD70 was not associated with platinum resis-
tance in vitro examination, the association between platinum/chemo 
resistance and the CD70 expression could not be determined be-
cause of the limited samples and various NACT regimens. Further 
studies that would examine the effect of CD70 expression on chemo 
resistance in clinical OvCA samples are warranted.

5  | CONCLUSION

CD70- ADC inhibits the proliferation of CD70 expressing OvCA cells 
both in vitro and in vivo. As the tolerability of CD70- ADC has been 
demonstrated in phase- 1/2 clinical trials for treatment refractory 
malignancies, data from our preclinical OvCA models merit further 
investigation for OvCA in a clinical trial setting.
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