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A B S T R A C T

Background: Most HER2-positive breast or gastric cancers eventually become resistant to the approved anti-HER2 
antibody-drug conjugates (ADC) trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd). Dis
itamab vedotin (DV) is a novel anti-HER2 ADC that binds to a different epitope on HER2 compared to trastu
zumab. We assessed the efficacy of DV in breast and gastric cancer cell lines and xenografts, including tumor 
models resistant to T-DM1 and T-DXd. Additionally, we investigated whether combining two anti-HER2 ADCs 
could enhance the efficacy of the individual ADCs.
Methods: The efficacy of DV, T-DM1, and T-DXd, both as single agents and in combinations, was assessed using an 
AlamarBlue cell proliferation assay in HER2-positive breast and gastric cancer cell lines, including those resistant 
to T-DM1 and T-DXd. The efficacy of DV was evaluated also in breast and gastric cancer SCID mouse xenografts 
that had progressed on T-DM1 and/or T-DXd. ADC combinations were tested in breast and gastric cancer 
xenografts.
Results: DV was effective in cell lines resistant to T-DM1 and/or T-DXd, and it inhibited the growth of breast and 
gastric cancer xenografts that had progressed on T-DM1 and/or T-DXd. The combinations of DV plus T-DM1 and 
DV plus T-DXd showed greater efficacy than the corresponding single agents in both breast and gastric cancer cell 
lines and xenografts.
Conclusions: DV was effective in treating breast and gastric cancer xenograft tumors resistant to T-DM1 and/or T- 
DXd. The combination of DV with T-DM1 or T-DXd demonstrated promising activity.

Introduction

The human epidermal growth factor receptor-2 (HER2), overex
pressed in 15–20 % of breast and gastric cancers, represents an impor
tant therapeutic target [1,2]. Trastuzumab emtansine (T-DM1) and 
trastuzumab deruxtecan (T-DXd) are trastuzumab-based antibody-drug 

conjugates (ADCs) designed to selectively deliver a cytotoxic payload to 
HER2-expressing cells. T-DM1 delivers a maytansine derivative (DM1), 
while T-DXd delivers an exatecan derivative (deruxtecan) [3–5]. T-DM1 
has been approved by the U.S. Food and Drug Administration (FDA) for 
HER2-positive early and advanced breast cancer [6–8] but not for 
gastric cancer [9]. T-DXd is approved for HER2-positive and HER2-low 

* Corresponding author at: Biomedicum Helsinki, Haartmaninkatu 8, Helsinki 00290, Finland.
E-mail address: mark.barok@helsinki.fi (M. Barok). 

Contents lists available at ScienceDirect

Translational Oncology

journal homepage: www.elsevier.com/locate/tranon

https://doi.org/10.1016/j.tranon.2025.102284
Received 20 September 2024; Received in revised form 27 December 2024; Accepted 13 January 2025  

Translational Oncology 53 (2025) 102284 

1936-5233/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0001-8153-8563
https://orcid.org/0000-0001-8153-8563
https://orcid.org/0000-0003-2157-3265
https://orcid.org/0000-0003-2157-3265
https://orcid.org/0000-0001-6870-3819
https://orcid.org/0000-0001-6870-3819
https://orcid.org/0000-0002-9620-095X
https://orcid.org/0000-0002-9620-095X
https://orcid.org/0000-0003-0281-2507
https://orcid.org/0000-0003-0281-2507
https://orcid.org/0000-0002-9585-7669
https://orcid.org/0000-0002-9585-7669
mailto:mark.barok@helsinki.fi
www.sciencedirect.com/science/journal/19365233
https://www.elsevier.com/locate/tranon
https://doi.org/10.1016/j.tranon.2025.102284
https://doi.org/10.1016/j.tranon.2025.102284
http://creativecommons.org/licenses/by/4.0/


advanced breast cancer, as well as HER2-positive advanced gastric 
cancer [10–12] (Supplementary Table S1). Unfortunately, resistance to 
T-DM1 and T-DXd eventually develops during the treatment [8,13,14]. 
Advanced breast and gastric cancers are ultimately lethal, and patients 
with resistant disease have limited therapeutic options, highlighting the 
need of new treatment strategies.

In this study, we investigated the efficacy of disitamab vedotin (DV), 
a novel anti-HER2 ADC, in breast cancer and gastric cancer cell lines and 
xenografts that are resistant to T-DM1 and/or T-DXd. DV has been 
conditionally approved by the National Medical Products Administra
tion of China for the treatment of HER2-positive advanced gastric cancer 
and urothelial cancer [15–17]. DV contains a novel HER2-targeting 
monoclonal antibody, hertuzumab, which binds to a different epitope 
on HER2 compared to trastuzumab. DV delivers a monomethyl auri
statin E (MMAE) cytotoxic payload into cancer cells [18]. We recently 
found that T-DXd and DV inhibited the growth of lung metastases more 
effectively than T-DM1 in a HER2-positive breast cancer lung metastasis 
model [19].

In the current study, we also assessed the combination of two ADCs 
to enable the delivery of two distinct cytotoxic payloads to cancer cells. 
To our knowledge, there has been limited prior research on this strategy. 
We found that DV was often effective in preclinical models for treating 
cancer resistant to T-DM1 and/or T-DXd, and that DV shoved promising 
activity in combination with T-DM1 or T-DXd.

Materials and methods

Cell lines

We studied five HER2-positive human breast cancer cell lines (BT- 
474, EFM-192A, JIMT-1, SKBR-3, and UACC812), one HER2-negative 
breast cancer cell line (Hs-578T) as a control line, and five HER2- 
positive human gastric cancer cell lines (OE19, N87, RN87, ROE19, 
and SNU-216) (Supplementary Table S2). Seven of these cell lines were 
T-DM1-sensitive (BT-474, EFM-192A, JIMT-1, SKBR-3, N87, OE19, and 
UACC-812), while three were T-DM1-resistant (RN87, ROE19, and SNU- 
216) [20–24]. We generated the T-DM1-resistant gastric cancer cell lines 
RN87 and ROE19 by treating the N87 and OE19 cells, respectively, with 
increasing concentrations of T-DM1 (Roche Ltd., Basel, Switzerland) 
[21,22]. The authenticity of all cell lines was confirmed using short 
tandem repeat analysis. Cells were cultured according to the recom
mended specifications and tested mycoplasma-free.

Cell viability assay

The effects of T-DM1 (Roche Ltd., Basel, Switzerland), T-DXd 
(AstraZeneca, Cambridge, UK), and DV (MedChemExpress, Monmouth 
Junction, NJ, USA) on cell growth were studied using the AlamarBlue 
assay (Thermo Fisher Scientific, Waltham, USA) [21,22]. Briefly, the 
cells were trypsinized and plated in 96-well flat-bottomed tissue culture 
plates. The efficacy of each ADC as a single agent was tested at con
centrations of 0.0001, 0.0006, 0.003, 0.016, 0.08, 0.4, 1, 2, and 10 
µg/mL. Next, two ADC combinations were investigated: (1) increasing 
concentrations of T-DM1 with a fixed concentration of DV, and (2) 
increasing concentrations of DV with a fixed concentration of T-DM1. 
The tested concentrations of T-DM1 or DV were 0.0001, 0.0006, 0.003, 
0.016, 0.08, 0.4, 1, and 2 µg/mL. The fixed ADC concentration was 
chosen so that the ADC as a single agent had no or only minor inhibitory 
effect on cell growth. Further details are provided in the Supplement.

Mouse xenograft models

To establish xenograft tumors, five- to six-week-old female SCID 
mice (C.B-17/IcrHan Hsd-Prkdcscid, Envigo RMS B.V., Horst, The 
Netherlands) were injected subcutaneously with 1 × 107 JIMT-1 cells, 9 
× 106 N87 cells, or 1.1 × 106 RN87 cells in 100 µL of cell culture 

medium.
To investigate the effects of the single ADCs, T-DM1 (0.5 mg/kg or 5 

mg/kg), T-DXd (5 mg/kg), or DV (0.5 mg/kg or 5 mg/kg) was admin
istered intravenously at 7-day intervals. Three ADC combinations were 
also evaluated: [1] T-DM1 plus T-DXd (5 mg/kg of each), [2] T-DM1 
plus DV (0.5 mg/kg, or 5 mg/kg of each), and [3] T-DXd plus DV (5 
mg/kg of each). In the xenograft tumor models, each treatment group 
consisted of five to six mice unless otherwise specified.

Tumor diameters were measured using a digital caliper, and tumor 
volume was calculated using the formula Tvol = π/6 × larger diameter ×
(smaller diameter)2. A complete response was defined as tumor 
shrinkage to non-palpable levels, partial response as a tumor volume 
reduction of ≥ 20 % but < 100 %, and tumor progression as a volume 
increase of ≥ 20 % compared to the previous measurement, with a 
minimum size of 1.1 mm³, provided the volume remained stable or 
increased in subsequent measurements. The general condition of the 
mice was assessed through visual inspection, weight measurements, and 
the body condition score [25]. Mice were euthanized if they lost ≥ 20 % 
of their body weight, the body condition score deteriorated, any tumor 
dimension exceeded 15 mm, or tumor ulceration occurred.

Flow cytometry

T-DM1 was conjugated with the fluorescent dyes AlexaFluor488 or 
AlexaFluor647 (Thermo Fisher Scientific) according to the manufac
turer’s instructions.

To assess the competitive binding of T-DM1 with T-DXd or DV to 
HER2, N87 cells were first incubated with either unlabeled T-DXd (50 
µg/mL) or unlabeled DV (50 µg/mL) for 30 min on ice. After washing, 
the cells were incubated with AlexaFluor488-labeled T-DM1 for an 
additional 30 min on ice. As a control, the cells were incubated only with 
AlexaFluor488-labeled T-DM1. After washing twice with phosphate- 
buffered saline (PBS) and fixation in 2 % formaldehyde, the cells were 
analyzed using a BD Accuri C6 Plus Flow Cytometer (Becton Dickinson, 
NJ, USA).

To study T-DM1 internalization, JIMT-1 cells were incubated at 37 
◦C for 15 or 30 min with either 50 µg/mL AlexaFluor647-labeled T-DM1 
or a combination of 50 µg/mL DV and AlexaFluor647-labeled T-DM1. 
The samples were then treated with an acid strip buffer (0.5 M NaCl, 0.1 
M glycine, pH 2.5) for 3 min on ice, washed, resuspended in 2 % 
formaldehyde, and analyzed using a BD Accuri C6 Plus Flow Cytometer. 
The internalized fraction of T-DM1 was calculated by dividing the mean 
fluorescence intensity of the acid-stripped sample by that of the non- 
acid-treated control [26]. Further detais are provided in the 
Supplement.

Immunohistochemistry

Xenograft tumor samples were analyzed by immunohistochemistry 
using formalin-fixed, paraffin-embedded tissue as the starting material 
as previously described [19,21] and detailed in the Supplement. HER2 
expression was assessed semi-quantitatively using a scale of negative 
(0), weakly positive (+), moderately positive (++), or strongly positive 
(+++), and quantitatively with the publicly available ImmunoMem
brane HER2 IHC analysis web application, which generates scores for 
membrane staining intensity and completeness [27].

Statistical analysis

In the xenograft tumor models, each treatment group consisted of 
five to six mice unless otherwise stated. Descriptive data are presented as 
the mean ± standard deviation. Groups were compared using one-way 
analysis of variance (ANOVA) or two-way repeated measures ANOVA. 
All treated animals were included in the survival analyses. Time to 
tumor progression was calculated using the Kaplan-Meier method, 
starting from the date of first treatment or from the date of tumor cell 
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inoculation to the date of tumor progression or death, whichever 
occurred first. Overall survival was calculated from the date of first 
treatment or the date of inoculation to the date of death. Survival dif
ferences between groups were compared using the log-rank test. All P 
values are two-sided. Statistical analyses were carried out using IBM 
SPSS version 24 (IBM, Armonk, USA).

Results

Efficacy of single-agent T-DM1, T-DXd, and DV in breast and gastric 
cancer cell lines

T-DM1, T-DXd, and DV were not active in the HER2-negative breast 
cancer control cell line Hs-578T or in the HER2-positive gastric cancer 
lines SNU-216 and ROE19 in vitro. Among the remaining eight HER2- 
positive cell lines, DV exhibited at least comparable activity to T-DM1 
and T-DXd, whereas T-DM1 had slightly greater activity than DV in the 
EFM-192A cell line. Additionally, DV inhibited the growth of RN87 
gastric cancer cells, which were insensitive to T-DM1 and T-DXd 
(Table 1).

Interactions between T-DM1, T-DXd, and DV in binding to HER2

When HER2-positive N87 gastric cancer cells were preincubated 
with unlabeled T-DXd and subsequently with AlexaFluor488-labeled T- 
DM1, low binding of AlexaFluor488-labeled T-DM1 was observed. In 
contrast, when N87 cells were preincubated with unlabeled DV, 
AlexaFluor488-labeled T-DM1 still bound to the N87 cells, but there was 
less binding compared to when no preincubation was performed. This 
suggests that T-DM1 and DV partially compete for binding to HER2 
(Fig. 1A).

DV increased T-DM1 internalization into JIMT-1 breast cancer cells. 
JIMT-1 cells internalized more AlexaFluor647-labeled T-DM1 when co- 
treated with DV compared to when AlexaFluor647-labeled T-DM1 was 
incubated alone, either for 15 min or 30 min (Fig. 1B).

Activity of DV in combination with T-DM1 in breast and gastric cancer cell 
lines

Cells were then treated with increasing concentrations of T-DM1 or 
DV, both administered as single agents or in combination with the sec
ond ADC at a fixed concentration. The fixed concentrations of T-DM1 

and DV used in the combinations were selected so that they exhibited 
only limited single-agent activity at these concentrations. T-DM1 plus a 
fixed dose of DV was more efficacious than T-DM1 alone in UACC-812, 
EFM-192A, and OE19 cells, but not in the HER2-negative Hs-578T cells 
(Supplementary Fig. S1). Additionally, DV plus a fixed concentration of 
T-DM1 resulted in improved activity compared to DV alone in all 
investigated HER2-positive cell lines (UACC-812, OE19, N87, and JIMT- 
1), but not in HER2-negative Hs-578T cells (Supplementary Fig. S1).

DV as a single agent and in ADC combinations in breast and gastric cancer 
xenografts

When mice with macroscopic JIMT-1 xenografts were treated with 5 
mg/kg of DV, T-DM1, or T-DXd, tumors treated with T-DM1 continued 
to grow, the tumors treated with T-DXd shrank slightly before pro
gressing, and tumors treated with DV responded (Fig. 2A). Anti-tumor 
efficacy was further improved when either 5 mg/kg T-DM1 or 5 mg/ 
kg T-DXd was combined with 5 mg/kg DV, indicating that the DV plus T- 
DM1 and DV plus T-DXd combinations inhibited tumor growth more 
effectively than the corresponding single treatments (Fig. 2A). Mice in 
the combination groups survived longer than those in the single ADC 
groups (Fig. 2B), and tumors treated with the combinations progressed 
later than those treated with single ADCs (Supplementary Fig. S2A).

DV showed greater efficacy compared to T-DM1 in a JIMT-1 breast 
cancer xenograft model. In this model, treatment with T-DM1 (5 mg/ 
kg), DV (5 mg/kg), or T-DM1 plus DV (each 5 mg/kg) was started at the 
time of JIMT-1 cell inoculation. Macroscopic tumors were observed in 
all treatment groups by day 7 after inoculation, and the tumors 
responded to the treatments later (Fig. 2C). Sixteen of the 17 tumors in 
the T-DM1-group began to grow around day 32 after inoculation (one 
mouse remained tumor-free until the end of the study), whereas in the 
DV and DV plus T-DM1 groups, the tumors disappeared in all treated 
mice. Tumors disappeared sooner in the T-DM plus DV group compared 
to the DV group (Supplementary Fig. S3).

Single-agent T-DM1 and DV showed substantial and similar activity 
for N87 gastric cancer xenografts at a dose of 5 mg/kg (Supplementary 
Fig. S4). Therefore, the mice were treated with a lower ADC dose (0.5 
mg/kg) to evaluate the efficacy of the drug combination. The T-DM1 
plus DV combination was more effective than the single ADCs in this 
model. N87 tumors treated with 0.5 mg/kg T-DM1 plus 0.5 mg/kg DV 
were smaller than those treated with either 0.5 mg/kg T-DM1 or 0.5 mg/ 
kg DV (Fig. 2D), and the mice treated with 0.5 mg/kg T-DM1 plus 0.5 
mg/kg DV also survived longer than those that received the single-agent 
treatments (Supplementary Fig. S5).

The combination therapies were well tolerated, and the weight of the 
mice treated with an ADC combination was similar to that of mice 
treated with a single agent (Supplementary Fig. S6A-C).

In summary, DV demonstrated substantial antitumor activity in both 
breast cancer and gastric cancer xenograft models, and its efficacy was 
further enhanced when co-administered with either T-DM1 or T-DXd.

DV inhibits breast and gastric cancer xenografts that progress after T-DM1 
and T-DXd treatment

In a JIMT-1 breast cancer model described above (Fig. 3A), 16 of the 
17 mice treated with T-DM1 had progressed by day 40. Of these, five 
tumors were treated with DV, five with T-DXd, and five with T-DM1, 
while the remaining mouse, which had a large tumor, was euthanized. 
Tumors treated with T-DM1 or T-DXd progressed, whereas all tumors 
treated with DV responded. We then switched the treatment of the five 
tumors that had progressed on T-DXd from T-DXd to DV, and all five 
tumors responded. Three of these five tumors remained small until the 
end of the study, while two progressed (Fig. 3A,B).

Both T-DXd and the T-DM1 plus T-DXd combination showed sub
stantial efficacy against RN87 gastric cancer tumors, but neither treat
ment eradicated the tumors (Fig. 4A). A second course of seven T-DXd 

Table 1 
In vitro efficacy of trastuzumab emtansine, trastuzumab deruxtecan, and dis
itamab vedotin.

Cell 
line

Trastuzumab 
emtansine Mean IC50 

(± SD)a µg/mL

Trastuzumab 
deruxtecan Mean 
IC50 (± SD)a µg/mL

Disitamab 
vedotin Mean 
IC50 (± SD)a µg/ 
mL

SKBR-3 0.017 (± 0.006) 0.159 (± 0.017) 0.007 (± 0.001)
UACC- 

812
0.033 (± 0.002) 0.046 (± 0.010) 0.012 (± 0.000)

EFM- 
192A

0.011 (± 0.003) 0.053 (± 0.011) 0.033 (± 0.002)

BT-474 0.036 (± 0.009) 0.090 (± 0.060) 0.033 (± 0.002)
JIMT-1 1.143 (± 0.243) Not reached 0.050 (± 0.002)
OE19 0.249 (± 0.072) Not reached 0.038 (± 0.001)
N87 0.132 (± 0.051) 0.106 (± 0.009) 0.028 (± 0.008)
SNU- 

216
Not reached Not reached Not reached

ROE19 Not reached Not reached Not reached
RN87 Not reached Not reached 0.239 (± 0.031)
Hs- 

578T
Not reached Not reached Not reached

Abbreviations: HER2, human epidermal growth factor receptor 2; IC50, half- 
maximal (50 %) inhibitory concentration; SD, standard deviation.

a The mean of three experiments.
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injections stabilized five of the six tumors that had progressed after prior 
T-DXd treatment. However, when the treatment was switched to DV, all 
five tumors responded (one mouse was sacrificed for histology sampling 
before starting DV) (Fig. 4B). Similarly, a course of T-DXd stabilized the 
RN87 tumors that had progressed after prior T-DM1 plus T-DXd treat
ment, but when the treatment was switched to DV, all tumors shrank 
(Fig. 4C). By the end of the study, eight of the nine DV-treated tumors 
were small, and only one was progressing (Fig. 4B,C).

In these models, DV was effective in treating breast cancer and 
gastric cancer xenograft tumors that were resistant to T-DM1, T-DXd, or 
their combination.

Efficacy of T-DXd in T-DM1-resistant gastric cancer RN87 xenograft 
tumors

The RN87 gastric cancer cell line was insensitive to T-DM1 and T- 
DXd in vitro (Table 1). In line with this, the RN87 xenograft tumors 
treated with T-DM1 progressed, while they responded rapidly to T-DXd 
(Fig. 4A). When the T-DXd-treated tumors began to re-grow, subsequent 
T-DXd treatments stabilized five of the six tumors (Fig. 4B). The activity 
of the T-DM1 plus T-DXd combination was lower than that of T-DXd 
alone in the RN87 xenografts (Fig. 4A). The body weight of the mice 
treated with the T-DM1 plus T-DXd combination remained similar to 
that of mice in the single-agent treatment groups (Supplementary 
Fig. S6D).

Effect of ADC treatments on HER2 expression

JIMT-1 breast cancer xenografts treated with T-DM1 or T-DXd 
typically expressed less HER2 in immunohistochemistry (usually 1+ on 
a scale from 0 to 3+) compared to JIMT-1 xenografts treated with PBS 
(typically 2+; Fig. 5). The tumors that relapsed after T-DM1 treatment 
and that subsequently responded to DV but later progressed (as shown in 
the model in Fig. 3B) had lost HER2 expression (Fig. 5C,E,F). In contrast, 
RN87 gastric cancer xenografts that progressed on T-DM1, T-DXd, or 
both, or progressed on DV (as shown in the model in Fig. 4A), still 
expressed HER2 strongly (Supplementary Fig. S7A-E). Giant multinu
cleated cells were present in RN87 tumors that had first responded to T- 
DXd but subsequently progressed, and then either stabilized or pro
gressed on subsequent T-DXd treatment (as shown in the model in 

Fig. 4A) (Supplementary Fig. S7C).

Discussion

T-DM1 and T-DXd are recommended treatments for both early and 
advanced HER2-positive breast cancer, as well as advanced gastric 
cancer [28]. However, most patients treated eventually progress [8,12,
14], and such patients have limited therapeutic options. In this study, we 
evaluated the efficacy of DV, T-DM1, and T-DXd both as single agents 
and in combinations across several experimental models of 
HER2-positive breast and gastric cancer. We found that DV was effective 
in both breast and gastric cancer cell lines, as well as in mouse xenograft 
tumors resistant to T-DM1, T-DXd, or both. Moreover, combinations of 
DV with T-DM1 and DV with T-DXd were more effective than the cor
responding single ADCs (Supplementary Fig. S8).

The three ADCs investigated bind to HER2, but they are highly 
distinct constructs. Hertuzumab, the antibody backbone of DV, has a 
higher affinity for HER2 than trastuzumab [18], which is the antibody 
backbone of both T-DM1 and T-DXd. Although both trastuzumab and 
hertuzumab evoke antibody-dependent cellular cytotoxicity (ADCC), 
which is preserved in T-DM1, T-DXd, and DV [3,18,20,29], hertuzumab 
induces ADCC more potently than trastuzumab [18]. DV and T-DM1 
deliver a microtubule assembly inhibitor payload (MMAE and DM1, 
respectively) to cancer cells, whereas T-DXd carries the topoisomerase I 
inhibitor deruxtecan [5,13,18]. Both deruxtecan and MMAE are 
membrane-permeable and can enter neighboring cells, causing 
bystander cell death. In contrast, T-DM1 lacks this bystander effect 
because its active metabolite (lysine-MCC-DM1) is not cell 
membrane-permeable [5,30,31].

The data from our xenograft models suggest that DV is effective 
against HER2-positive cancers that progress on T-DM1 and/or T-DXd or 
stabilize during T-DXd treatment. HER2 was downregulated but still 
detectable in JIMT-1 breast cancer xenografts (immunohistochemistry 
score 1+) that had progressed on both T-DM1 and T-DXd, suggesting 
that these cross-resistant tumors remain potentially targetable with anti- 
HER2 therapies. Indeed, DV was highly effective in these tumors. Our 
findings are consistent with observations from a recent retrospective 
clinical study, which suggests that DV is effective following 
trastuzumab-based ADC therapy in breast cancer [32].

A few JIMT-1 tumors that eventually progressed even during 

Fig. 1. Interactions between T-DM1, T-DXd, and DV in binding to HER2. (A) Competitive binding of ADCs to HER2-positive N87 cancer cells was assessed with flow 
cytometry. 10,000 cells were measured per sample. (B) T-DM1 internalization was assessed with flow cytometry after incubating JIMT-1 cells with either 
AlexaFluor647-labeled T-DM1 (A647-T-DM1) or A647-T-DM1 plus DV for 15 and 30 min. Data shown are mean ± SD of three independent experiments. Means were 
compared using one-way ANOVA with Tukey’s honestly significant difference post hoc test.
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subsequent DV treatment were found to be HER2-negative by immu
nohistochemistry. Loss of HER2 expression has also been linked with 
resistance to next-generation anti-HER2 ADCs, such as ARX788 and 
XMT-1522, in breast cancer xenografts [21,22]. HER2 was not down
regulated in RN87 gastric cancer xenograft tumors that were 
cross-resistant to T-DM1 and T-DXd, and these tumors responded to 
subsequent DV treatment. In addition to HER2 downregulation, the 
expression of ABC transporters or increased expression of the human 
epidermal growth factor receptor may partially explain drug resistance 
in the current models [21,22,33,34]. RN87 cells strongly express the 
multidrug resistance-inducing drug transporters ABCC1, ABCC2, and 
ABCG2 [21,22]. Nevertheless, these cells were sensitive to DV, sug
gesting that MMAE may be a less avid substrate for these transporters 
compared to lysine-MCC-DM1, the active metabolite of T-DM1, or der
uxtecan, the payload of T-DXd.

Other suggested molecular mechanisms that may contribute to 
resistance to T-DM1 or T-DXd in cancer include the loss of solute carrier 
family 46 member 3 (SLC46A3), phosphatase and tensin homolog 
(PTEN) deficiency, caveolin 1 (CAV1) overexpression, multidrug resis
tance protein 1 (MDR1) expression, depletion of SLX4 structure-specific 
endonuclease subunit, and overexpression of voltage-dependent anion 
channel 3 (VDAC3)-derived circular RNA [35–38]. Whether these 

mechanisms influence the efficacy of DV in the treatment of T-DM1- or 
T-DXd-resistant breast or gastric cancers warrants further investigation.

The combinations of T-DM1 plus DV and T-DXd plus DV had a 
stronger anti-tumor effect than the respective single ADCs, whereas the 
combination of T-DM1 plus T-DXd did not demonstrate enhanced effi
cacy. In fact, the T-DM1 plus T-DXd combination was less effective in 
RN87 gastric cancer xenografts than T-DXd alone, likely due to T-DM1 
interfering with the binding of T-DXd, which was the more effective 
drug in this model. Combining ADCs with different antibody backbones 
may provide a more rational approach. Indeed, co-treatment with T- 
DM1 plus DV resulted in a greater efficacy compared to the respective 
single ADCs in several breast and gastric cancer cell lines (EFM-192A, 
UACC-812, JIMT-1, OE19, and N87) in vitro. Additionally, mice treated 
with T-DM1 plus DV had smaller N87 gastric cancer xenografts than 
those treated with the single ADCs. Similarly, mice with JIMT-1 breast 
cancer xenografts treated with either T-DM1 plus DV or T-DXd plus DV 
had smaller tumors and survived longer than those treated with the 
single ADCs. Furthermore, in another JIMT-1 breast cancer model, 
where treatments were administered starting from the day of tumor 
inoculation, the T-DM1 plus DV combination eradicated the tumors 
more rapidly than DV alone, while the tumors in the T-DM1-only group 
progressed. To our knowledge, this is the first study to report that the 

Fig. 2. DV-containing ADC combinations are more effective than the single ADCs in breast and gastric cancer xenografts. (A) Mice bearing a JIMT-1 breast cancer 
xenograft were treated twice (black arrows) with either T-DM1, T-DXd, DV, T-DM1 plus concomitant DV, or T-DXd plus concomitant DV. Tumors treated with DV 
were smaller than the tumors in the T-DM1 (P = 0.003) or T-DXd (P = 0.004) groups (**, two-way repeated measures ANOVA with Tukey’s honestly significant 
difference test). Tumors treated with T-DM1 plus DV or T-DXd plus DV were smaller than those in the DV treatment group (*, P = 0.023 and P = 0.011, respectively). 
(B) Overall survival since the day of tumor inoculation. Log-rank test, P < 0.001, comparing combination treatments to single-agent treatments. (C) Mice injected 
with JIMT-1 breast cancer cells were treated twice with either T-DM1 (5 mg/kg), DV (5 mg/kg), or T-DM1 plus concomitant DV (5 mg/kg of each) (black arrows). 
The first treatment was administered at the time of JIMT-1 cell inoculation (day 0). DV and T-DM1 plus concomitant DV eradicated all six tumors, whereas T-DM1 
alone eradicated only one of the 17 tumors. (D) Mice bearing N87 gastric cancer xenografts were treated once (black arrow) with either T-DM1, DV, or T-DM1 plus 
concomitant DV. Tumors treated with T-DM1 plus DV (each 0.5 mg/kg) were smaller than those in the single-agent groups (*, P = 0.015, two-way repeated measures 
ANOVA). The mean (± SD) values are shown.
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combination of two anti-HER2 ADCs may have greater anti-tumor effi
cacy than the corresponding single-agent ADCs.

A combination of antibodies targeting two non-overlapping epitopes 
on HER2 may induce receptor cross-linking and clustering, which trig
gers rapid internalization [39,40]. In agreement with these observa
tions, we found that co-treatment with T-DM1 and DV increased T-DM1 
internalization, despite T-DM1 and DV interact upon binding to HER2. 
Therefore, co-administration of DV with T-DM1 or T-DXd could enhance 
efficacy in two ways: (1) by exposing cancer cells to two cytotoxic 
payloads instead of one, mimicking combination chemotherapy, and (2) 
by inducing rapid ADC internalization, leading to faster accumulation of 
cytotoxic payloads within the cancer cells. Both DM1 and MMAE are 
microtubule assembly inhibitors, but they bind to different sites on 
tubulin and inhibit microtubule polymerization in distinct ways 
[41–43], while deruxtecan is a topoisomerase I inhibitor [13]. A cocktail 
of anti-HER2 ADCs with distinct binding sites on HER2 and carrying 
different payloads could further improve efficacy. Some of the 
anti-HER2 ADCs currently being developed harbor antibodies that bind 
to epitopes different from trastuzumab, suggesting they may be 
well-suited for inclusion in an ADC cocktail [18,22,44]. Novel 
anti-HER2 ADCs with structural innovations are being developed [37,
45], and combinations of anti-HER2 ADCs with other types of 
anti-cancer agents such as immune checkpoint inhibitors, tyrosine ki
nase inhibitors, or CDK4/6 inhibitors are also being investigated [37,
46].

The safety profile of DV suggests that its co-administration with T- 
DXd or T-DM1 is feasible, but this remains to be confirmed in clinical 
trials. In a phase I trial evaluating DV, the most frequently observed 
grade 3 or higher adverse events were neutropenia (18 % of patients), 
elevated blood gamma-glutamyl transferase concentration (13 %), and 
asthenia (11 %). Grade 1 or 2 peripheral neuropathy, an off-target effect 
of the MMAE payload, was common, but no grade 3 or higher neurop
athy occurred in those patients who received 10 mg of intravenous 
dexamethasone prior to each DV infusion. Interstitial lung disease and 
cardiac toxicity were infrequent [47].

A randomized clinical trial demonstrated superior efficacy of T-DXd 
compared to T-DM1 in patients with advanced breast cancer [13], and 

T-DXd has proven effective in treating breast cancer patients who 
progress on T-DM1 [14]. Consistent with these findings, we observed 
that T-DXd was more active than T-DM1 in JIMT-1 breast cancer xe
nografts and inhibited the growth of T-DM1-resistant JIMT-1 breast and 
RN87 gastric cancer xenografts.

We observed giant multinucleated cancer cells in RN87 xenografts 
treated with T-DXd. These cells are a hallmark of mitotic catastrophe 
and have also been observed in breast and gastric cancers treated with T- 
DM1 or XMT-1522 [20,22,24]. To our knowledge, this is the first study 
to report that T-DXd treatment may lead to the formation of giant 
multinucleated cancer cells. Topoisomerase I inhibitors can induce DNA 
damage and cell cycle arrest [48,49], which may lead to mitotic catas
trophe [50] and could explain the formation of giant multinucleated 
cancer cells induced by T-DXd.

The study has some limitations. The contribution of the adaptive 
immune system to ADC efficacy could not be assessed due to the immune 
deficiencies in the SCID mice. We did not conduct toxicity studies, but 
we observed no weight loss or deterioration in the body condition score 
in the mice treated with the single ADCs or their combinations.

Conclusion

The findings support investigating the efficacy of DV in patients with 
HER2-positive breast or gastric cancer who have progressed during or 
after treatment with T-DM1 or T-DXd. Additionally, the data suggest 
that administering DV in combination with T-DM1 or T-DXd may result 
in superior efficacy compared to using the single ADCs alone.
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Animals (Scientific Procedures) Act 1986 and associated guidelines, EU 
Directive 2010/63 on the protection of animals used for scientific pur
poses. The reporting in the manuscript follows the recommendations in 

Fig. 3. DV inhibits breast cancer xenografts that progress after T-DM1 and T-DXd treatment. (A) Mice injected with JIMT-1 breast cancer cells were treated twice 
with either PBS or T-DM1 on day 0 and day 7 (black and green arrows, respectively). Tumors that relapsed after T-DM1 were treated with either DV (blue arrows), T- 
DXd (brown arrows), or further T-DM1 (grey arrows) from day 40 onwards. Tumors treated with DV after T-DM1 were smaller than those in the T-DXd after T-DM1 
group (*, P = 0.005, two-way repeated measures ANOVA). Treatment of mice in the T-DXd after T-DM1 group was switched to DV (yellow arrows; from day 68 
onwards), which resulted in tumor shrinkage. (B) Details of the JIMT-1 tumors that relapsed after T-DM1 treatment and progressed on subsequent T-DXd treatment 
(the brown boxed curve in panel A). The tumors responded when T-DXd treatment (5 mg/kg, brown arrows) was switched to DV (yellow arrows, 5 mg/kg). The mean 
(± SD) values are shown.
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Fig. 4. DV inhibits gastric cancer xenografts that progress after T-DM1 and T-DXd treatment. (A) Mice with RN87 gastric cancer xenografts were treated three times 
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and later with two doses of DV (orange arrows, 5 mg/kg). Tumors treated with T-DM1 plus T-DXd were smaller than those in the T-DM1 group (*, P = 0.032), but 
larger than those in the T-DXd group (***, P = 0.0005, two-way repeated measures ANOVA). (B), (C) Detailed presentation of the individual RN87 tumors that 
relapsed after T-DXd (B) or relapsed after T-DM1 plus T-DXd (C). All relapsed RN87 tumors responded when the treatment was switched to DV. The mean (± SD) 
values are shown.
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