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Abstract
Background: Novel therapeutics are urgently needed for high-grade serous ovarian cancer 
(HGSOC). We identified the receptor tyrosine kinase-like orphan receptor 1 (ROR1) as a 
therapeutic target. NBE-002, an antibody–drug conjugate (ADC) consisting of a humanised 
anti-ROR1 antibody, huXBR1-402, linked to a highly potent anthracycline-derivative (PNU), has 
activity in ROR1-positive haematologic malignancies.
Objectives: This study explored the anti-cancer effects of NBE-002 alone and in combination 
with standard HGSOC therapies, carboplatin, paclitaxel and olaparib.
Design: A ROR1-ADC was tested in cell lines and in vivo models of HGSOC.
Methods: Different ROR1-targeting antibodies and payload compositions were  
constructed and tested in vitro. The dose effect of NBE-002 alone and in combination 
with carboplatin, paclitaxel or olaparib was analysed in ROR1+ HGSOC cell lines. Growth 
inhibition and apoptosis were monitored by live cell imaging and combination effects 
determined. Ten HGSOC PDX models were treated with NBE-002 alone, or in combination 
with carboplatin or olaparib, over 4 weeks and tumour volume and overall survival 
evaluated.
Results: Synergistic interaction was observed in two out of five HGSOC cell lines treated 
with NBE-002 and carboplatin (PEO4 and OC023, chemo-resistant), in one out of five treated 
with NBE-002 and olaparib (PEO1, BRCA2 mutated, HR deficient) and none of five treated 
with NBE-002 and paclitaxel. In vivo, NBE-002 exhibited activity in PA-1 xenografts and 
three HGSOC PDX models with high ROR1 expression, platinum sensitivity and homologous 
recombination DNA repair deficient (HRD). When NBE-002 was combined with carboplatin, 
activity was observed in 7 of 10 ROR1-expressing PDX models, regardless of platinum or HRD 
status. The activity was demonstrated in combination with olaparib in both PDX tested, one 
HRD and one HRD reverted.
Conclusion: The ROR1-targeting ADC, NBE-002, has therapeutic potential in HGSOC, with 
single agent activity observed both in vitro and in vivo. Broader clinical applications were 
evident when NBE-002 was combined with carboplatin or olaparib.
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Introduction
New approaches to the treatment of high-grade 
serous ovarian cancer (HGSOC) are needed. 
Although the introduction of poly-(ADP-ribose) 
polymerase (PARP) inhibitors (PARPi) for indi-
viduals carrying BRCA1/2 mutations has 
improved survival for a subgroup of those with 
HGSOC, overall survival (OS) rates remain 
poor (5-year survival rate ~50%1). The primary 
treatment approach involves initial cytoreduc-
tive surgery and platinum–taxane doublet chem-
otherapy. For individuals with BRCA1/2-mutated 
or homologous recombination DNA repair defi-
cient (HRD) HGSOC, maintenance therapy 
with PARPi follows, considered to be standard 
of care (SoC). Despite generally positive 
responses to platinum-based chemotherapy, 
75% of advanced HGSOC patients will encoun-
ter disease recurrence that is ultimately fatal.2 
Up to half of HGSOCs harbour changes in DNA 
response genes or pathway signatures which are 
predicted to result in HRD.3 The approval of 
PARPi for HRD HGSOC which is in response 
to platinum-based first-line chemotherapy has 
significantly enhanced the outlook for those 
individuals. Conversely, those with an HR profi-
cient (HRP) signature (constituting approxi-
mately 50% of women with HGSOC4) experience 
reduced benefits from conventional maintenance 
therapies involving chemotherapy and the vascu-
lar endothelial growth factor (VEGF) inhibitor, 
antiangiogenic agent, bevacizumab or PARPi.5 
For advanced or recurrent ovarian cancer (OC) 
patients, bevacizumab was approved, usually in 
combination with chemotherapy, then as a main-
tenance treatment, based on clinical evidence.6–12 
While clinical trials exploring alternative tar-
geted therapies have been conducted, these 
approaches have faced challenges. Immune 
checkpoint inhibitor (ICI) therapy, alone or in 
combination with chemotherapy, with or with-
out VEGF inhibition, failed to improve the  
progression-free survival (PFS) or OS in  
platinum-resistant or platinum-refractory OC 
patients, and more recently, even in the first line 
as combination treatment followed by mainte-
nance therapy.13,14 However, the post hoc analy-
sis showed that a subgroup of patients with 
PD-L1 and CD8 tumour expression could ben-
efit from such combined therapies.13 It is also 
important to note that in newly diagnosed non-
BRCA-mutated OC, maintenance therapy with 
ICIs combined with PARP inhibitors (PARPi) 
and bevacizumab significantly improved PFS 
compared to bevacizumab alone, although the 

specific contribution of ICI to the efficacy of 
PARPi remains inconclusive.15

The receptor tyrosine kinase-like orphan receptor 
1 (ROR1) represents a promising biomarker in 
HGSOC. Comprising both extracellular and 
intracellular components, ROR1 primarily func-
tions to transmit signals within the non-canonical 
(β-catenin independent) Wnt signalling path-
way.16 While ROR1 signalling regulates cell 
polarity, motility and skeletal arrangement in 
embryonic development, it becomes less essen-
tial, with diminished expression observed in the 
majority of normal tissues throughout adult-
hood.17 Intriguingly, ROR1 displays abnormal 
overexpression in various malignancies including 
HGSOC, where such elevated expression has 
been correlated with poor prognosis.18–20 In our 
previous study involving 178 OC patients, we 
observed a significant upregulation of ROR1 in 
cancer cells compared with the adjacent stroma.21

ROR1 signalling and its downstream effector 
pathways have been extensively investigated in 
the context of malignancy. Upon binding with its 
ligand, Wnt5a, ROR1 initiates a series of down-
stream pathway signals, such as via the Rho fam-
ily of GTPase activators, and the PI3K/AKT and 
Hippo-YAP/TAZ pathways, influencing biologi-
cal processes contributing to tumour prolifera-
tion, progression and chemoresistance.22–24 In 
HGSOC, inhibiting ROR1 significantly reduced 
migration and the invasion potential of OC cells 
in vitro.25,26

A number of ROR1-targeted therapies have been 
examined in preclinical studies and clinical trials, 
and they are of interest due to their unique expres-
sion pattern on tumour cells. A humanised ROR1 
monoclonal antibody (mAb), zilovertamab (also 
known as cirmtuzumab or UC-961), has demon-
strated safety and efficacy in several phase I/II clin-
ical trials in ROR1-associated malignancies, 
including chronic lymphocytic leukaemia (CLL), 
mantle cell lymphoma (MCL) and HER2-negative 
breast cancer.27–29 We previously reported that 
zilovertamab had an anti-proliferative effect in 
HGSOC in vitro.30 Another chimeric anti-ROR1 
Fab antibody (named ROR1-cFab) induced apop-
tosis, exclusively in ROR1-positive malignancies, 
both in vitro and in vivo, while exhibiting no effect 
on ROR1-negative cancers.31,32

Efforts have been made recently to develop  
antibody–drug conjugates (ADCs) targeted to 
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ROR1-expressing cancers. ADCs consist of a 
mAb conjugated via a specialised linker to a cyto-
toxic payload. It is critical that the mAb target 
antigen is expressed specifically on the surface of 
cancer cells and not normal tissues, to ensure tol-
erability and optimal delivery of the ADC to the 
tumour. Engagement with the target antigen is 
followed by internalisation, facilitating the release 
of cytotoxic components intracellularly, ulti-
mately causing cancer cell death. It has been 
demonstrated that bystander or abscopal effects 
also contribute to the activity of ADCs,33 hence 
cleavage of the linker needs to be restricted to the 
cancer environment to reduce on-target and off-
target toxicity whilst supporting a higher drug-to-
antibody-ratio (DAR), which would be associated 
with higher efficacy – both competitive areas of 
ADC development. Currently, only one ADC has 
been approved for the treatment of HGSOC: the 
folate receptor alpha (FRA)-targeting drug, mir-
vetuximab soravtansine, a humanised FRA-
binding IgG1 mAb, M9346A, conjugated to the 
potent microtubule inhibitor, soravtansine 
(DM4).34 The ROR1-targeting ADC, VLS-101, 
consisting of the mAb, zilovertamab, conjugated 
via a linker to another microtubule cytotoxin, 
monomethyl auristatin E (MMAE), has been 
shown to have preclinical activity in Richter syn-
drome and CAR-T relapsed MCL.35,36 A recent 
phase II clinical trial examined the activity of 
VLS-101 in solid cancers, including platinum-
resistant OC (NCT04504916). The ROR1-
targeting ADC, NBE-002 (also known as 
huXBR1-402-G2-PNU), which combines a 
humanised anti-human ROR1 mAb, huXBR1-
402, linked to a payload of LC-G2-EDA-PNU, 
an anthracycline derivative of PNU-159682, has 
demonstrated significant activity in B-cell ALL, 
as well as MCL.37 In this study, we investigated 
the activity of NBE-002 in preclinical models of 
HGSOC, both in vitro and in vivo.

Methodologies
The reporting of this study conforms to the 
ARRIVE (Animal Research: Reporting of In  
Vivo Experiments) guidelines 2.038 (Supplemental 
Table 1).

ROR1 ADCs construction
NBE-002 (huXBR1-402-G2-EDA-PNU) was 
generated as described.39 NBE-002 and its iso-
type control ADC (Qb3-LC-G2-EDA-PNU) 
were diluted in phosphate-buffered saline (PBS). 

Stock solution was stored at −80°C and the work-
ing dilutions were prepared freshly. ADCs were 
prepared in a 3.5-fold serial dilution starting from 
8 µg/mL. PA-1 was plated in 96-well plates and 
incubated with ADCs for 6 days. CellTiter-Glo 
cell viability assay (#G9243; Promega, Madison, 
Wisconsin, USA) was applied to assess the dose–
response following the treatment of the ADCs.

Cell culture
The ovarian teratocarcinoma cell line PA-1 was 
cultured in MEM complete medium (supple-
mented with 10% foetal bovine serum, 1× 
GlutaMax and 1% Pen/Strep). HGSOC cell lines 
OVCAR4, Kuramochi, PEO1, PEO4 and 
OAW28 were cultured in RPMI complete 
medium. All cell lines were incubated at 37°C 
and 5% carbon dioxide, and were tested routinely 
for mycoplasma contamination.

PA-1 cell line xenograft model
Female NMRI-Foxn1nu (BomTac:NMRI-
Foxn1nu) mice were purchased from Taconic, 
Denmark and allowed to acclimate for at least 
5 days before the start of the experiments. All ani-
mals were housed in Macrolon® type III cages in 
groups of 8–10 animals under standardised con-
ditions (21.5 ± 1.5°C temperature, 55% ± 10% 
humidity, 12 h light–dark cycles), and received a 
standardised diet (PROVIMI KLIBA) and auto-
claved tap water ad libitum. Each animal was 
identified using subcutaneous microchips 
implanted under isoflurane anaesthesia. On the 
day of injection, PA-1 cells were harvested by 
centrifugation, washed and resuspended in 5% 
FBS (in PBS 1×) at a concentration of 
1 × 108 cells/mL. The cell suspension was mixed 
at a 1:1 ratio with Matrigel (#356231; Corning, 
New York, USA) to obtain a final concentration 
of 5 × 107 cells/mL and 100 µL of the cell suspen-
sion was injected subcutaneously into the right 
flank of ~7-week-old mice. Tumour volumes (in 
mm3) were determined three times a week via cal-
liper measurements and the following formula: 
Tumour volume = length * width2 * π/6. Once 
tumours reached volumes of 117.18–226.82 mm3, 
mice were randomly distributed across treatment 
and control groups by tumour size using the data 
storage system Sepia. Group sizes were deter-
mined by sample size calculation and animals 
were housed by treatment groups. All compounds 
and vehicle controls were administered i.v. at a 
volume of 5 mL/kg, by experimenters that were 
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not blinded to the treatment. To monitor treat-
ment side effects, mice were inspected daily and 
body weight was measured thrice a week. Animals 
were euthanised by cervical dislocation when 
their tumours exceeded a volume of 1500 mm3, in 
which case the tumour volume was carried for-
ward in the analysis. In the experiment depicted 
in Figure 1(b)–(d), three animals reached humane 
endpoint prior to the end of the experiment (day 

18): two animals in the isotype ctrl ADC, 0.11 mg/
kg group (one emaciated mouse on day 14 and 
one mouse with a tumour volume >1500 mm3 on 
day 16) and one animal in the isotype ctrl ADC, 
0.33 mg/kg group (tumour volume >1500 mm3 
on day 16) had to be sacrificed. The lowest dose 
of NBE-002 was adjusted from 0.11 mg/kg (first 
experiment; Figure 1(b)–(d)) to 0.165 mg/kg 
(second experiment, Figure 1(e)–(i)) to directly 

Figure 1.  (Continued)
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compare the efficacy of the 0.33 mg/kg weekly 
dose administered according to two dose sched-
ules: once and twice split-dose regimen per week. 
A 0.11 mg/kg dose given 3 times/week to maintain 
the same total weekly dose was deemed impracti-
cal due to potential stress on the animals. In 
Figure 1(e)–(i), tumour volume comparisons 
were performed on day 16, as the vehicle and iso-
type control groups had reached a humane end-
point by this time. Additionally, two animals had 
to be euthanised before the experiment endpoint 
in the NBE-002, 0.165 mg/kg, q7d group (one on 
day 25 due to body weight loss and one on day 39 
due to tumour volume >1500 mm3), two in the 
NBE-002, 0.33 mg/kg, q7d group (one on day 42 
and one on day 65 due to tumour volume 
>1500 mm3), two in the NBE-002, 0.33 mg/kg, 
single dose group (both on day 23 due to tumour 
volume >1500 mm3) and two in the NBE-002, 
0.165 mg/kg, q3/4d group (one on day 23 and one 
on day 65 due to tumour volume >1500 mm3).

Ascites-derived primary cell lines
Four HGSOC patient ascites-derived cell lines 
(OC012, OC017, OC018 and OC023) were 
established following the procedure outlined in 
Shepherd et al.40 In summary, the ascites fluid was 
transferred into the culture flasks with the addi-
tion of an equal volume of the complete RPMI 
medium. The medium was replenished every 
3–4 days once most of the cells were established. 
Cells were trypsinised and passaged when conflu-
ent. Only early passages of the cells (less than four 
passages) were applied for cell assays to minimise 
the risk of morphological or other changes that 
may occur with prolonged passaging.

Western blot
Protein was extracted from the cell lines using cell 
lysis buffer (Cell Signalling Technology, Danvers, 
Massachusetts, USA) and supplemented with 
protease and phosphatase inhibitors (Cell 

Figure 1.  ROR1 ADC showed anti-tumour effects in ROR1-high PA-1 models. (a) Dose–response curves 
of PA-1 to a range of ROR1 ADCs at day 6. (b) Tumour growth (left panel; mean ± SEM) and average body 
weight change (right panel) of mice subcutaneously injected with the PA-1 ovarian teratocarcinoma cell line 
(xenograft) and treated with either NBE-002 or its isotype control ADC at the indicated doses and schedules. 
(c) Individual tumour volume in mm3 on day 18 (last day of the experiment) and (d) Change from baseline 
(tumour volume on day 18 normalised to tumour volume at the start of treatment) from the experiment 
depicted in (c). Each dot or bar represents one animal; the horizontal lines in (d) represent the mean tumour 
volume. (e) Tumour growth (left panel; mean ± SEM) and average body weight change (right panel) of mice 
subcutaneously injected with the PA-1 ovarian teratocarcinoma cell line (xenograft) and treated with either 
NBE-002 or its isotype control ADC at the indicated doses and schedules. The last treatment was administered 
on day 22, after which tumour regrowth was monitored. (f) Individual tumour volume in mm3 on day 16 (last 
day of the vehicle control group) and (g) change from baseline (tumour volume on day 16 normalised to tumour 
volume at the start of treatment) from the experiment depicted in (e). Each dot or bar represents one animal. 
(h) Individual tumour volume in mm3 on day 44 (when the first NBE-002-treated group was stopped) and (i) 
change from baseline (tumour volume on day 44 normalised to tumour volume at the start of treatment) 
from the experiment depicted in (e). Each dot or bar represents one animal. The horizontal lines in (f) and 
(h) represent the mean tumour volume. One-sided non-parametric Mann–Whitney–Wilcoxon U tests with 
Bonferroni–Holm adjustments; for (c) and (f), top row: comparison to PBS control, bottom row: comparison to 
the respective isotype control groups. Change from baseline values is capped at 100%.
*p < 0.05. **p < 0.01. ***p < 0.001.
ADC, antibody–drug conjugate; n.s., non-significant (p > 0.05); PBS, phosphate-buffered saline; ROR1, tyrosine kinase-like 
orphan receptor 1.
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Signalling Technology, Danvers, Massachusetts, 
USA). The protein concentration was determined 
using the Pierce bicinchoninic acid assay kit 
(ThermoFisher Scientific, Waltham, 
Massachusetts, USA). Subsequently, Western 
Blot analysis was performed as previously out-
lined.41 Primary antibodies, specifically mono-
clonal rabbit anti-ROR1 (#AF2000; R&D 
Systems, Minneapolis, Minnesota, USA) and 
monoclonal mouse anti-α-Tubulin (#3873; Cell 
Signalling Technology, Danvers, Massachusetts, 
USA), were employed in this analysis.

ROR1 surface flow cytometry
Cell surface ROR1 levels on the HGSOC cells 
were assessed using flow cytometry. In brief, the 
cells were initially blocked with Human TruStain 
FcX (#422302; BioLegend, San Diego, California, 
USA) for 20 min at 4°C. Subsequently, they were 
incubated with either a PE anti-human ROR1 
antibody (#357804; BioLegend, San Diego, 
California, USA) or an isotype control antibody 
(#400112; BioLegend, San Diego, California, 
USA) for 60 min at 4°C in the dark. Cell fluores-
cence of ROR1 (PE channel) was measured using 
the flow cytometer (BD FACSCanto II, BD 
Biosciences, San Jose, California, USA). BD 
Quantibrite beads (#340495; BD Biosciences, 
San Jose, California, USA) were run in parallel as 
internal standards to quantify the PE levels as per 
the manufacturer’s protocol.

Dose–response assays
Cells were plated in 96-well plates within their 
specific media and incubated overnight. On the 
following day, cells were treated with NBE-002 
using 1:2 serially diluted doses ranging from 0.1 to 
20 µg/mL, or vehicle control (0.1% DMSO) in 
triplicates. Annexin V Red Dye at a dilution of 
1:400 was also applied to stain apoptotic cells. 
Cell confluency and red fluorescent cells were 
monitored for a total period of 120 h in the 
IncuCyte S3 Live Imaging system (Sartorius, 
Goettingen, Germany). Both fluorescent and 
phase images were captured every 3 h at a 10× 
magnification. For each cell line, three independ-
ent tests, each with triplicates, were conducted. 
Cell confluence of each time point was normalised 
against the baseline. The relative cell apoptosis 
was calculated by dividing the red fluorescence 
area over the phase confluence area. A non-linear 
regression model was fit to estimate the half maxi-
mal inhibitory concentration (IC50) dose at 120 h.

Interactive analysis of combined treatments
To evaluate the combined effect of NBE-002 in 
conjunction with commonly used therapies, we 
subjected HGSOC cell lines (OVCAR4, 
Kuramochi, PEO1 and PEO4), along with a 
chemoresistant primary cell line (OC023), to var-
ious treatment conditions. Specifically, we treated 
these cells with different concentrations of NBE-
002 (0.625, 1.25, 2.5, 5, 10 µg/mL) either alone 
or in combination with carboplatin (0, 3.125, 
6.25, 12.5, 25, 50 µM), paclitaxel (0, 1.25, 2.5, 5, 
10, 20 nM) or olaparib (0, 3.125, 6.25, 12.5, 25, 
50 µM). SynergyFinder 2.042 was applied to visu-
alise and estimate the combination effects, 
employing the Bliss independence model to cal-
culate combination factors.

ROR1 immunohistochemistry
Formalin-fixed paraffin-embedded PDX 
tumour samples were sectioned and automated 
immunohistochemistry was performed on the 
BOND RX (Leica Biosystems, Nussloch, 
Germany) with anti-ROR1 antibody.17 IHC 
slides were scanned digitally at 20× magnifica-
tion using the Pannoramic Scan II scanner 
(3DHISTECH Ltd., Budapest, Hungary) and 
high-definition images were uploaded into 
CaseCenter (3DHISTECH Ltd., Budapest, 
Hungary). Membranous ROR1 staining was 
scored by a gynaecological pathologist and an 
H-score was determined; H-score = (%strong  
positive × 3) + (%moderate positive × 2) + (%weak  
positive × 1).

PDX generation and in vivo treatment
All animal research was performed according to 
the Australian Code for the Care and Use of 
Animals for Scientific Purposes 8th Edition, 2013 
(updated 2021) and was approved by the WEHI 
Animal Ethics Committee (2019.024 and 
2022.030).

Female NSG (NOD-scid IL2Rgnull) mice 
6–10 weeks of age were obtained from the WEHI-
specific pathogen-free breeding facility and 
allowed to acclimate for at least 3 days before the 
start of the experiments. Animals were housed in 
Tecniplast Emerald IVC enclosures under  
standard conditions (21 ± 3°C temperature, 
55% ± 15% humidity, 14 h/10 h light–dark 
cycles). Each animal was identified using subcu-
taneous microchips implanted under isoflurane 
anaesthesia.
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The following HGSOC PDX models have been 
described previously: #56, #62, #201,43 #32, 
#111, #93144 and #56 pp.45 PDX models #22, 
#419 and #448 were generated from fresh 
biopsy or surgical specimens, which were cut 
into small fragments and transplanted subcuta-
neously on the flank of NSG mice.43 PDX mod-
els were validated by histological review, 
conducted by a gynaecological pathologist, and 
by BROCA panel sequencing (mutation match 
with patient sample). Relevant clinical data and 
key molecular features are presented in 
Supplemental Table 2.

Reagents for in vivo treatments were human 
immunoglobulin (also known as IVIg; Privigen; 
CSL Behring, Parkville, Victoria, Australia), 
NBE-002, Qb3-LC-G2-EDA-PNU (referred to 
as isotype control; anti-Qb3 antibody recognises 
a bacteriophage Qβ protein), carboplatin (Pfizer, 
New York City, New York, USA) and olaparib 
(MedChemExpress, Monmouth Junction, New 
Jersey, USA). Olaparib was prepared in 10% 
DMSO and 10% hydroxypropyl-β-cyclodextrin. 
The vehicle for all other treatments was 
Dulbecco’s phosphate-buffered saline (DPBS). 
NSG mice bearing passage 5–9 tumours (180–
300 mm3 in size) were randomly assigned to the 
following treatment regimens, weekly cycles for 
4 weeks. Rolling enrolment was used, with mice 
being assigned equally across the treatment arms 
as tumours reached the treatment volume. 
Tumour measurement, randomisation and treat-
ments were each performed by separate research-
ers or technicians, with technicians blinded to 
the study hypothesis, design and data analysis. 
Studylog software (Studylog Systems Inc., San 
Diego, California, USA) was used to record and 
track tumour volume and Animal Management 
System software (WEHI, Melbourne, Victoria, 
Australia) to manage animal procedures and 
ethics.

1.	 IVIG day 1 (30 mg/kg, IV) + DPBS day 2
2.	 IVIG day 1 (30 mg/kg, IV) + Isotype con-

trol day 2 (0.33 mg/kg, IV)
3.	 IVIG day 1 (30 mg/kg, IV) + NBE-002 day 

2 (0.33 mg/kg, IV)
4.	 IVIG day 1 (30 mg/kg, IV) + Isotype con-

trol day 2 (0.33 mg/kg, IV) + carboplatin 
day 2 (50 mg/kg, IP)

5.	 IVIG day 1 (30 mg/kg, IV) + NBE-002 day 
2 (0.33 mg/kg, IV) + carboplatin day 2 
(50 mg/kg, IP)

6.	 IVIG day 1 (30 mg/kg, IV) + Isotype con-
trol day 2 (0.33 mg/kg, IV) + olaparib daily 
(100 mg/kg, oral gavage)

7.	 IVIG day 1 (30 mg/kg, IV) + NBE-002 day 
2 (0.33 mg/kg, IV) + olaparib daily (100 mg/
kg, oral gavage)

8.	 Carboplatin d1 (50 mg/kg, IP)

Digital calliper tumour measurements were taken 
twice weekly until tumour volume reached 
>700 mm3 (humane endpoint for tumour vol-
ume, 1000 mm3) or mice reached the experimen-
tal endpoint, 120 days post-treatment. 
Additionally, humane endpoints were reached for 
10 mice that were assessed by a veterinarian. 
Mice were euthanised and post-mortems were 
conducted: three mice had thymic lymphomas 
(days 35, 88 and 108 from the start of treatment), 
which are known to occur occasionally in NSG 
mice; one mouse had an ulcerated tumour (day 
43); three mice had weight loss that reached 
humane endpoint (−20%; days 9, 63, 84) and 
three mice were hunched and appeared unwell 
but post-mortem did not identify a cause (days 
31, 108 and 134). Five mice with weight loss or 
that were hunched were on a carboplatin treat-
ment regimen, one mouse single agent carbopl-
atin, three mice isotype control + carboplatin and 
one mouse NBE-002 + carboplatin. One mouse 
with weight loss received NBE-002 + olaparib 
treatment. These events are censored on the 
Kaplan–Meier survival curves as the tumour vol-
ume endpoint was not reached.

Statistical analysis
One-tailed non-parametric Mann–Whitney–
Wilcoxon U test was performed to compare the 
effect of the treatments on the vehicle control 
group, as well as to compare the effect of each 
dose and schedule of NBE-002 to its respective 
isotype control ADC treatment group in the 
PA-1 xenograft models. Within each subtopic, 
the p values of the efficacy parameters were 
adjusted for multiple comparisons according to 
Bonferroni–Holm. Group analysis was stopped 
when <70% of the animals within the group 
remained and curves were truncated on the 
graphs past those timepoints (in Figure 2 on day 
60 for the NBE-002, 0.165 mg/kg, q7d group, on 
day 44 for the NBE-002, 0.33 mg/kg, single dose 
group and on day 70 for the 0.165 mg/kg, q3/4d 
group). Two-way ANOVA (time and treatment 
as factors) was performed to compare cell 

https://journals.sagepub.com/home/tam


Therapeutic Advances in 
Medical Oncology Volume 17

8	 journals.sagepub.com/home/tam

confluence or tumour growth between various 
treatments. Post hoc Tukey tests were applied to 
correct for multiple comparisons. Kaplan–Meier 
survival analysis (with tumour volume at the end-
point) was performed using the log-rank test. 
Statistical analysis and figure generation were 
carried out using GraphPad Prism (v10.2.0; 
GraphPad Software, San Diego, California, 
USA). Statistical significance representations: 
*p < 0.05, **p < 0.01, ***p < 0.001. Data were 
presented as mean ± standard deviation.

Results

Single-agent NBE-002 was active even at a low 
dose in vitro and in vivo in ROR-high expressing 
preclinical models
We constructed a range of ROR1 ADCs, with  
different ROR1-targeting antibodies and pay-
loads, (DAR shown in Figure 1(a)). The effects  
of the ADCs were evaluated using the high 

ROR1-expressing ovarian teratocarcinoma cell 
line, PA-1. ROR1 ADCs (adc1923, adc1155) 
exhibited a higher level of sensitivity than did 
their corresponding isotype control mAbs target-
ing CD30 (Figure 1(a)). Notably, adc1155, with 
the LC-G2-EDA-PNU payload, exhibited greater 
activity than adc1923, which had a vc-PAB-
MMAE payload. Consequently, adc1155, 
referred to as NBE-002 henceforth, was selected 
for subsequent downstream analysis. In the PA-1 
xenograft model, NBE-002 administered at 0.11 
or 0.33 mg/kg every 7 days (q7d) significantly 
suppressed the tumour growth at day 18 relative 
to the respective isotype control ADC groups 
(Figure 1(b)–(d), p = 0.02 and 0.0003, respec-
tively). Additionally, no average body weight loss 
was observed in any of the treatment groups 
(Figure 1(b), right panel). In the same PA-1 xen-
ograft model, the efficacy of NBE-002 with 
0.33 mg/kg weekly dose was assessed according to 
two dose schedules. Mice received 0.33 mg/kg 
either as a single dose or repeated once a week 

Figure 2.  NBE-002 treatment inhibited the growth of ROR1-expressing HGSOC cell lines in vitro. (a) Western blot of ROR1 (Polyclonal 
Goat IgG, R&D systems, AF2,000) in HGSOC cell lines, as well as high and low ROR1 expressed control cell lines PA-1 and OAW28. 
(b) Cell surface ROR1 expression level of the cell lines was analysed with PE anti-ROR1 antibody (BioLegend, clone 2A2) using 
BD Quantibrite Beads. (c)–(i) Cell confluency of the HGSOC cell lines following ROR1 ADC treatment by IncuCyte S3 imaging for a 
total period of 120 h. Two-way ANOVA (time and treatment as two factors) was performed to assess the mean differences of cell 
confluency across treatments, with Tukey’s multiple comparison test used to adjust the p value. (j) Dose–response curves and IC50 of 
NBE-002 at 120 h. For panels (c)–(j), n = 3, the error bar represents the standard deviation.
*Adjusted p < 0.05. ***Adjusted p < 0.001.
ADC, antibody–drug conjugate; HGSOC, high-grade serous ovarian cancer; n.s., non-significant (p > 0.05); PBS, phosphate-buffered saline; ROR1, 
tyrosine kinase-like orphan receptor 1.
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(q7d x3) or 0.165 mg/kg, either as a single dose or 
repeated twice a week (q3/4d x3). All tested dos-
ing regimens resulted in a significant inhibition of 
tumour growth when compared to the vehicle 
control or the corresponding isotype control ADC 
(at day 16; Figure 1(e)–(g)). Following treatment 
discontinuation, the most prolonged response 
across all tested doses and schedules was observed 
in the animal group which received 0.33 mg/kg 
NBE-002 on a once weekly schedule. The 
responses were sustained overtime (at day 44; 
Figure 1(h) and (i)).

Single-agent NBE-002 treatment inhibited 
HGSOC cell growth in vitro across a range of 
HGSOC cell lines
ROR1 expression was profiled in the HGSOC 
cell lines, OVCAR4, Kuramochi, PEO1, PEO4. 
Derived from the same BRCA2-mutated 
HGSOC, from samples collected at different 
times in the patient trajectory, PEO1 is chemo-
sensitive and HRD, whilst PEO4 is chemoresist-
ant and HRP, due to treatment pressure resulting 
in a secondary BRCA2 reversion mutation. In 
addition, three HGSOC cell lines, OC012, 
OC017 and OC018, were established from 
patient ascites fluid and also used for subsequent 
experiments. Patient clinicopathological charac-
teristics are summarised in Supplemental Table 
3. The ovarian teratocarcinoma cell line PA-1 
and the HGSOC cell line OAW28 were included 
as ROR1 high and low controls, respectively. 
Most of the HGSOC cell lines exhibited a moder-
ate to low level of ROR1 expression (Figure 2(a) 
and (b)). Notably, the more recently derived OC 
cell lines demonstrated higher levels of ROR1 
expression in terms of surface and total protein, 
compared with long-established commercial cell 
lines. Subsequently, we monitored the real-time 
growth of four HGSOC cell lines (OVCAR4, 
Kuramochi, PEO1, PEO4) as well as three cell 
lines recently derived from ascites (OC012, 
OC017 and OC018), following treatment with 
NBE-002 by IncuCyte S3 platform imaging for a 
total period of 120 h (Figure 2(c)–(i)). Treatment 
with NBE-002 at doses of 1 and 10 µg/mL signifi-
cantly inhibited cell growth in all cell lines, except 
for OC017. Notably, for Kuramochi and ascites 
cell lines OC012, a dose of NBE-002 as low as 
0.1 µg/ml was sufficient to significantly suppress 
cell growth. Commercial cell lines exhibited a 
lower IC50 compared with more recently derived 
ascites cell lines (1.89 ± 0.99 vs 4.1 ± 1.53 µg/mL, 
Figure 2(j), relevant p values included).

Single-agent NBE-002 treatment induced 
apoptosis in HGSOC cell lines
To investigate apoptosis following NBE-002 
treatment, cells were incubated with Annexin V 
red dye (Sartorius, Goettingen, Germany) during 
the IncuCyte run. A significantly higher number 
of red-stained cells, indicative of apoptosis, was 
observed in HGSOC cell lines when exposed to 
NBE-002 at doses ranging from 0.1 to 10 µg/mL 
(Figure 3(a)–(n), relevant p values included). At 
the 10 µg/mL dose, a significant portion of cells 
had detached and displayed red staining in all cell 
lines tested; these cells are not included in the 
IncuCyte analysis. Kuramochi, the cell line exhib-
iting the highest sensitivity based on the IC50 
(Figure 2(j)), demonstrated a substantial induc-
tion of apoptosis from the start of treatment (1 h 
prior to the beginning of the IncuCyte run), with 
cells detaching from the plate at the 0.1 µg/mL 
NBE-002 dose (Figure 3(d)).

NBE-002 was synergistic in combination with 
SoC therapies in HGSOC cell lines
To assess the combination effect of NBE-002 with 
SoC therapies used in the clinic, we applied the 
Bliss model within the SynergyFinder 2.0 tool to 
estimate combinatorial effects (Figure 4). Since 
most of the ascites-derived cell lines were nearly 
depleted in earlier experiments, we substituted a 
fourth cell line, derived from a chemo-resistant 
HGSOC patient with ROR1 expression, in the 
combination analysis. A synergistic effect was 
observed when NBE-002 was combined with car-
boplatin in two out of five cell lines (PEO4 and 
OC023, chemo-resistant), and when NBE-002 
was combined with the PARPi, olaparib, in one 
out of five cell lines (PEO1, BRCA2 mutated, HR 
deficient). No synergy was observed for NBE-002 
in combination with paclitaxel in any cell line. For 
the majority of cell lines, combining NBE-002 
with SoC therapies showed an additive effect: 
three out of five cell lines for NBE-002 and carbo-
platin combination, four out of five for NBE-002 
and paclitaxel combination and four out of five for 
NBE-002 and olaparib combination.

The activity of NBE-002 in HGSOC PDX models 
was dependent on ROR1 expression level and 
HR status
ROR1 expression was assessed in 26 PDX mod-
els of HGSOC (Supplemental Table 2). These 
PDX models cover the major contexts of the 
HGSOC patient journey, from chemo-naïve, to 
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Figure 3.  NBE-002 induced apoptosis of HGSOC cell lines in vitro. Figures (a), (c), (e), (g), (i), (k) and (m) displayed a red Annexin V 
positive proportion of HGSOC cell lines over time when incubated with NBE-002 or vehicle control (n = 3 independent experiments), 
as detected by the IncuCyte S3 platform. Figures (b), (d), (f), (h), (j), (l) and (n) include representative images captured by the IncuCyte 
at 120 h, scale bar 200 µm, magnification 10×. The images were selected from one of the three independent experiments. Two-way 
ANOVA (time and treatment as two factors) was performed to assess the mean differences of cell apoptosis% across treatments, 
with Tukey’s multiple comparison test used to adjust the p value.
*p < 0.05. **p < 0.01. ***p < 0.001.
HGSOC, high-grade serous ovarian cancer.
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post-chemotherapy (following a range of num-
bers of lines (1–7 lines)) and post-PARPi; as well 
as covering the major molecular categories rele-
vant for the clinic: HRP, HR deficient and HR 
reversion, having originally been HRD. ROR1 
expression was scored by a pathologist, from 
absent to high expression (0–3) and the percent-
age of the corresponding tumour area was esti-
mated. H-scores were derived, with scores ranging 
from 0 to 285 being observed; with more than 
half of the 26 distinct PDX models (62%) having 
low expression with an H-score <100 (median 
H-score 86.5). Chemo-naïve PDX models had a 
numerically greater representation in the ROR1 
medium-to-high expression group: H-score 
>100, 5 out of 10 chemo-naïve (50%) versus 

H-score <100, 5 out of 16 chemo-naïve (31%). 
Five out of seven (71%) functionally HRD mod-
els (i.e. those models that were responsive to 
PARPi treatment, as well as being molecularly 
consistent with HRD), had a ROR1 H-score 
>100; conversely, only one of eight (12.5%) 
post-PARPi HRD reversion to HRP PARPi-
resistant models had a ROR1 H-score >100 
(Chi-square test p = 0.02). Therefore, it appeared 
that ROR1 expression likely decreased with dis-
ease progression. This was supported by a 
matched PDX pair #56 (H-score 190) and #56pp 
(H-score 83), generated from chemo-naïve and 
post-PARPi samples, respectively, collected 
7 years and five lines of treatment apart, from the 
same patient.

Figure 4.  Analysis of interactions between NBE-002 and standard-of-care therapies in high-grade serous ovarian cancer cell lines 
at 120 h. Dose–response matrices with Bliss synergy scores (values located in the bottom right corner of each panel) estimated via 
SynergyFinder indicated synergistic (>10, highlighted in red), subadditive (<−10, highlighted in green) or additive (−10–10) effect of 
the drug combination.

https://journals.sagepub.com/home/tam


Therapeutic Advances in 
Medical Oncology Volume 17

12	 journals.sagepub.com/home/tam

Ten PDX models with a range of ROR1 IHC 
intensity and known HRP or HRD status were 
selected for in vivo investigation (Figure S1). The 
number of PDX models and the body weights of 
each experimental group are shown in 
Supplemental Tables 4, 5 and Figure S2, respec-
tively. As NOD-scid IL2Rgnull (NSG) mice are 
highly immunodeficient and lack production of 
immunoglobulin, 24 h prior to treatment with 
NBE-002, immunoglobulin (Ig) was adminis-
tered to block Fc receptors. This step reduced the 
Fc-mediated binding of NBE-002, or any ADC, 
to myeloid cells in nontarget organs.46 NBE-002 

significantly suppressed tumour growth and 
improved OS in the ROR1 high HRD model 
PDX#62 (ROR1 H-score 178), compared with 
the mAb isotype control treatment (Figure 5(a) 
and (k); Supplemental Tables 4 and 5). Single-
agent NBE-002 treatment suppressed tumour 
growth of PDX#56 (ROR1 H-score 190, HRD) 
and PDX#22 (ROR1 H-score 90, HRD rever-
sion) without improving survival compared to the 
isotype control, which had activity in these mod-
els (Figure 5(b), (f) and (k); Supplemental Tables 
4 and 5). The combination of NBE-002 with car-
boplatin resulted in a greater reduction in tumour 

Figure 5.  (Continued)
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Figure 5.  NBE-002 inhibited tumour growth as a single agent in ROR1-high HRD and post-HRD reversion PDX 
models and combination with carboplatin. (a–j) Tumour volume (left, mean ± SEM) and Kaplan–Meier survival 
curves (right) for in vivo PDX treatments ((a–b) for HRD models, (c–f) for HRD reversion models, (g–j) for HRP 
models). The ROR1 H-score is shown in each panel adjacent to the PDX ID. Mice were treated for 4 weeks with 
weekly cycles of: IVIg (30 mg/kg) day 1 + DPBS day 2, IVIg (30 mg/kg) day 1 + Isotype control (0.33 mg/kg) day 
2, IVIg (30 mg/kg) day 1 + NBE-002 (0.33 mg/kg) day 2, IVIg (30 mg/kg) day 1 + Isotype control (0.33 mg/kg) day 
2 + carboplatin (50 mg/kg) day 2, IVIg (30 mg/kg) day 1 + NBE-002 (0.33 mg/kg) day 2 + carboplatin (50 mg/
kg) day 2, IVIg (30 mg/kg) day 1 + Isotype control (0.33 mg/kg) day 2 or carboplatin (50 mg/kg) q7d. The PDX 
models #56 and #56pp (pp: post-PARPi) were a matched PDX pair from the same individual: #56 derived from 
a chemo-naïve sample and #56pp derived from a sample collected after multiple lines of treatment, including 
PARP inhibitor. The red bar below the x-axis indicates the treatment interval. For n per treatment arm and 
Kaplan–Meier Log-Rank analysis p values, see Supplemental Table 5. (k, l) The mean difference in tumour 
growth between treatments. Two-way ANOVA (time and treatment as two factors) was performed to assess the 
mean differences in tumour volume across treatments, with Tukey’s multiple comparison test used to adjust 
the p value (Supplemental Table 4). (m) Percentage change in tumour volume from baseline for NBE-002 and 
isotype control-treated tumours at day 28, end of treatment (or earlier for rapidly growing PDX models).
*p < 0.05. **p < 0.01. ***p < 0.001.
DPBS, Dulbecco’s phosphate-buffered saline; HRD, homologous recombination DNA repair deficient; HRP, HR proficient; 
PARPi, poly-(ADP-ribose) polymerase inhibitors; PDX, patient-derived xenograft; ROR1, tyrosine kinase-like orphan receptor 1.

volumes for PDX#62, 931, 22 and 201 compared 
with treatment with either isotype control plus 
carboplatin or NBE-002 (Figure 5(l)). In com-
parison to either single-agent carboplatin or 
NBE-002, PDX#56 and 56pp also showed com-
binatorial activity for NBE-002 delivered together 
with carboplatin (Figure 5(b) and (e); 
Supplemental Table 4).

Apart from two ROR1-high PDX models that 
were resistant to all treatments, PDX #111 and 
#448, the response to single-agent NBE-002 cor-
related with ROR1 expression #56 > #62 > #22. 
For models with lower ROR1 expression, such as 
#201 (H-score 60) and #56pp (H-score 83), no 
single-agent NBE-002 activity was observed. 
However, synergy in combination with carbopl-
atin suggested that these models were not 

completely resistant to PNU, perhaps due to a 
lower dose/delivery of NBE-002, indicating the 
expression of ROR1 was not high enough for sin-
gle-agent activity. As PDX #62 and #56 were 
sensitive to both NBE-002 and carboplatin as sin-
gle agents, lower doses of each agent would need 
to be explored to uncover the full potential of this 
combination. In both PDX, however, the combi-
nation of NBE-002 and carboplatin was the most 
active treatment (Supplemental Tables 4 and 5).

Response to the isotype control ADC (the treat-
ment arm of IVIg plus isotype control) was seen 
in 2 out of 10 PDX: in PDX #56 (ROR1 H score 
190) but not #56pp (ROR1 H score 83) and in 
PDX #22 (ROR1 H score 90) and was unex-
pected. Perhaps as PDX #56 is very sensitive to 
all therapies, in keeping with the very long time 
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for the patient, from first diagnosis to ultimate 
PD on PARPi (3 years), following which she 
retained platinum sensitivity (another 2 years), 
lowering the dose of NBE-002 and of the isotype 
control might have revealed the specific ROR1-
targeted response. Similarly, the isotype con-
trol + carboplatin arm responded better than did 
the carboplatin-alone arm in 4 out of 10 PDX, 
spanning the full range of carboplatin response-
sensitive, mid-responsive and refractory. Despite 
this apparent increased sensitivity to carboplatin 
in the setting of isotype control, it was clear that 
the combination of NBE-002 and carboplatin 
was the best or equal to the best therapeutic arm 
in all 10 PDX.

Additionally, we explored the combination effect 
of NBE-002 with olaparib in two PDX models 
#62 and #931 representing HRD and HRD 
reversion. Combining NBE-002 with olaparib 
led to a decreased tumour size in the HRD model 
PDX #62 compared with treatment with either 
the isotype control plus olaparib or with NBE-
002 (p < 0.001), albeit without a significant 
enhancement in survival compared with either 
monotherapy, as all mice survived until the 
experimental endpoint (120 days; Figure 6 and 
Supplemental Table 5).

Discussion
The high relapse rate of HGSOC has prompted 
the exploration of novel approaches to therapies, 
including in combination regimens. Targeted 
therapies have offered a promising solution by 
focusing on specific mechanisms or pathways, 
either associated with an Achilles’ heel, such as 
the predicted synthetic lethality observed for 
PARPi in HRD OC or with resistance to standard 
chemotherapy. One of the challenges associated 
with targeted therapies involves the need for pre-
dictive biomarkers to identify the population most 
likely to benefit. The ADC class of drugs selec-
tively deliver cytotoxic payload to malignant cells 
expressing a specific antigen, which reduces tox-
icity while enhancing efficacy via their targeting 
capability. ADC technology has evolved from chi-
meric antibodies and unstable linkers causing off-
target toxicity to more effective humanised 
antibodies with stable linkers that enhance the 
specificity of drug release. To date, more than 10 
ADCs have been approved by the FDA to treat 
numerous malignancies, with hundreds more 
being investigated in various stages of clinical 
trials.47

We have identified a clear target, ROR1, in 
HGSOC. Therefore, we conducted the first 
investigation into the effect of ROR1 ADC in 
HGSOC. We examined two different payloads 
(PNU and MMAE) for the ADCs. MMAE has 
been broadly applied in ADCs including the 
ROR1 targeting VLS-101. NBE-002 which con-
tains the LC-G2-EDA-PNU payload, outper-
formed the ADC with vc-PAB-MMAE in prior 
work. Additionally, NBE-002 demonstrated spe-
cific activity in the ROR1 high PA-1 model both 
in vitro and in vivo. For clinical applications of 
NBE-002, we then analysed the surface ROR1 
expression in HGSOC. ROR1 is expressed pre-
dominantly in either 105 or 130 kDa variant, with 
the unglycosylated isoform (105 kDa) correlated 
with more non-progressive pathology in CLL 
patients.48 We observed two protein variants of 
ROR1 sized at 105 and 130 kDa, respectively, in 
HGSOC models. Through flow cytometry analy-
sis, we found the glycosylated ROR1 (130 kDa) 
was the main form exposed on the cell surface in 
HGSOC cells, the same as previously reported 
for CLL.49

Single-agent NBE-002 treatment induced a 
potent cytotoxicity in ROR1 expressing HGSOC 
cell lines in vitro, with relatively low IC50s of 
~6 µg/ml. Notably, Kuramochi cells, which exhib-
ited the highest ROR1 expression among the four 
commercial HGSOC cell lines tested, demon-
strated the greatest sensitivity to NBE-002 and a 
rapid apoptotic response (15% of cells underwent 
apoptosis within 1 h of treatment). This suggested 
a strong dependence on ROR1 expression for 
ADC-mediated cytotoxicity. Newly derived 
HGSOC cell lines with higher ROR1 expression 
levels, in fact, showed higher IC50 values to 
ROR1 ADC compared to commercial cell lines. 
However, it is important to note that commercial 
cell lines, which have been in culture for longer 
than more recently derived cell lines, may have 
developed additional changes, which is why the 
recently generated cell line and PDX preclinical 
models are so important. Notably, we observed 
significantly lower IC50 values for NBE-002 in 
the ascites-derived PEO1 and PEO4 compared to 
recently derived cell lines from ascites in this 
study. Additionally, more apoptosis events were 
observed in NBE-002-treated HGSOC cell lines 
compared to the vehicle control, indicating effec-
tive payload release into the cells.

In terms of the PDX models, the greatest single-
agent NBE-002 activity was observed in 

https://journals.sagepub.com/home/tam


D Liu, CJ Vandenberg et al.

journals.sagepub.com/home/tam	 15

Figure 6.  A combination effect was observed in an HRD model in vivo upon treatment with NBE-002 and 
olaparib. (a, b) Tumour volume (left, mean ± SEM) and Kaplan–Meier survival curves (right) for HRD PDX #62 
(a) and HRD reversion PDX #931 (b). ROR1 H-score is shown in each panel next to the PDX ID. (c) The mean 
difference in the tumour growth between treatments. Two-way ANOVA (time and treatment as two factors) 
was performed to assess the mean differences in tumour volume across treatments, with Tukey’s multiple 
comparison test used to adjust the p value (Supplemental Table 4). For n and Kaplan–Meier log-rank analysis  
p values, see Supplemental Table 5.
***p < 0.001.
HRD, homologous recombination DNA repair deficient; PDX, patient-derived xenograft; ROR1, tyrosine kinase-like orphan 
receptor 1.
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ROR1-high HRD models. This is not surprising 
as in addition to high ROR1 expression, these 
models were derived from chemo-naïve patient 
samples that were also sensitive to platinum treat-
ment. In HRD reversion HRP models, single-
agent activity was observed in the PDX model 
with the highest ROR1 expression, #22. It should 
be noted that we used an isotype control ADC 
which linked the payload to an antibody targeting 
Qb3 to test the specificity of the NBE-002. We 
observed some cytotoxic effects introduced by the 
isotype control, most notably in PDX#56, sug-
gesting potential non-specific interactions of the 
Qb3 isotype control ADC with some tumours, 
which could have been addressed by detailed 
dose-finding studies in each PDX (which is not 
feasible with in vivo models). ROR1 expression 
was extremely high in PA-1 compared to the 
HGSOC cell lines and PDX models, allowing for 
a lower effective dose of NBE-002 without signifi-
cant effects being observed from the isotype  
control. In the HGSOC PDX studies, ROR1 
expression or antibody affinity might be insuffi-
cient to demonstrate a differential response at the 
doses, except for PDX #62.

Prior clinical findings suggest that targeting a sin-
gle pathway may not be adequate, and the effec-
tiveness of combined therapies is impressive in 
many contexts across cancer types. As a result, 
we investigated NBE-002 in combination with 
SoC therapies. A synergistic effect was observed 
when NBE-002 was combined with carboplatin 
in the chemo-resistant cell lines, PEO4 and 
OC023 in vitro. The PEO4 cell line was derived 
from the same patient as PEO1 but after the 
development of resistance to platinum-based 
treatment and restoring HRP via a BRCA2 rever-
sion mutation. The addition of NBE-002 sensi-
tises the PEO4 cells to platinum treatment, 
highlighting its potential clinical significance for 
platinum-resistant HRP reversion HGSOC 
patients. In addition, the combination effect was 
significant in ROR1-positive platinum-respon-
sive PDX models in vivo, when NBE-002 was 
combined with carboplatin, or in two out of two 
ROR1-positive HRD models when combined 
with the PARPi, olaparib. The combination of 
carboplatin with an anthracycline, typically with 
pegylated liposomal doxorubicin (PLD) is effec-
tive as second-line therapy in platinum-sensitive 
relapsed OC.50 Our results with NBE-002 
(anthracycline payload) and carboplatin in 
ROR1-positive PDX models are consistent with 
this. The combination effect was most evident in 

two models, #201 and #55PP, with low ROR1 
expression and no single-agent NBE-002 activ-
ity; this suggested that even lower doses of NBE-
002 (<0.33 mg/kg in this study) could be tested 
in ROR1-high PDX models, to demonstrate the 
potential of carboplatin combinatorial activity, 
an approach which could improve overall tolera-
bility in the clinic. Notably, five of the PDX 
models used in this study had been generated 
from patients with prior PLD treatment: #32, 
#419, #931, #111 and #56pp (Supplemental 
Table 2). Mechanisms of anthracycline resist-
ance may have developed and could explain the 
minimal/lack of combination activity in PDX 
#931 and #111, potentially also #32 and #419 
although ROR1 expression was low in those 
models. We have also profiled the expression of 
the ABCB1 gene (encoding multidrug resistance 
protein 1 or p-glycoprotein 1) in 7 out of 10 
PDX, including #931, #111, #32 and #448. 
Only #448 exhibited high ABCB144 and unpub-
lished data.

Conclusion
In conclusion, we have demonstrated that the 
ROR1 targeting ADC, NBE-002, has activity in 
ROR1-expressing HGSOCs, in vitro, as well as in 
3 out of 10 HGSOC PDX models, predominantly 
those derived from patients who were earlier dur-
ing the patient journey, with platinum-sensitive 
and HRD OC. This was in keeping with the 
response we saw in one out of two HRD PDX,  
for NBE-002 in combination with PARPi. 
Encouragingly, activity was also noted in six out 
of eight platinum-resistant/refractory PDX, in 
combination with carboplatin. These data sup-
port the clinical development of ADCs targeting 
ROR1 in combination with SOC therapies in 
ROR1 high HGSOC.
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