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Abstract: HER2 overexpression is associated with aggressive and poor patient outcome. HER2 has become a crucial 
target in cancer treatment, and the discovery of effective HER2-targeted therapies marked a significant milestone 
in treating HER2-positive cancers. This led to the approval of trastuzumab, the first HER2-targeted monoclonal anti-
body. Later, trastuzumab was used to develop antibody-drug conjugates (ADCs) for breast cancer, which have shown 
promising results. ADCs are combined trastuzumab with a cytotoxic drug to improve effectiveness while reducing 
side effects. Two ADCs, trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan (T-DXd), have been approved 
by the FDA for treating HER2-positive breast cancer. However, drug resistance has become a serious issue, reduc-
ing the long-term success of these treatments. This review explores key mechanisms of ADCs resistance including 
alteration in HER2 expression, antibody and payload-related resistance, altered cell signaling, impaired lysosomal 
and intracellular activity, and tumor microenvironment. By analyzing recent studies in ADCs resistance, this review 
provides an insight into ADC resistance mechanisms and potential strategies for improving therapeutic outcomes 
HER2 positive breast cancer.
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Introduction

Breast cancer (BC) is the most common cancer 
diagnosed in women in the United States, 
accounting for about 30% of all new cancer 
cases. It remains a major cause of cancer-relat-
ed illness and death in women aged 20 to 59 
[1]. BC is classified into several subtypes based 
on key markers: estrogen receptor (ER), proges-
terone receptor (PR), human epidermal growth 
factor receptor 2 (HER2), and Ki-67 expression 
[2]. HER2 belongs to the HER receptor family, 
which includes EGFR (HER1), HER2, HER3, and 
HER4. These tyrosine kinases regulate cell 
growth and differentiation, and their dysregula-
tion can lead to uncontrolled cell proliferation. 
Approximately 20-30% of BC shows overex-
pression of HER2, which is classified as HER2-
positive BC, a feature associated with more 

aggressive disease and poor clinical outcomes 
compared to ER-positive BC [3, 4]. However, 
advances in pathology, molecular biology, and 
drug development have significantly improved 
outcomes of this subtype. This progress began 
in the 1980s with the discovery of the HER2 
gene (also known as ERBB2), which led to the 
development of HER2-targeted therapies su- 
ch as trastuzumab [5, 6]. Trastuzumab is the 
first humanized monoclonal antibody (mAb) for 
HER2 and was approved nearly 25 years ago.  
It binds to the extracellular domain of HER2, 
inhibiting downstream signaling pathways, and 
activating immune responses such as antibody-
dependent cell-mediated cytotoxicity (ADCC) to 
eliminate tumor cells [7, 8]. The clinical success 
of trastuzumab was a major breakthrough and 
laid the foundation for subsequent HER2-tar- 
geted treatments, significantly improving out-
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comes in HER2-positive BC [9]. Subsequently, 
trastuzumab was used to develop antibody-
drug conjugates (ADCs) for BC which have 
shown promising results. ADC is typically com-
posed of mAbs attached to a cytotoxic drug via 
a chemical linker. It combines both the advan-
tages of highly specific targeting ability and 
highly potent killing effect to achieve accurate 
and efficient elimination of cancer cells. This 
targeted approach increases efficacy, thus it is 
referred to as the “biological missile” [10]. That 
increases the therapeutic index by enabling 
chemotherapy to be directed to cells that 
express a particular target antigen [11, 12]. To 
date, the U.S. Food and Drug Administration 
(FDA) has approved 15 ADCs (Table 1), with 
more than 100 others in clinical development. 
These trials showed ADCs have good progress 
and promising. In the BC treatment, two ADCs, 
trastuzumab emtansine (T-DM1) and trastu-
zumab deruxtecan (T-DXd), have been used for 
treating HER2-positive BC while sacituzumab 
govitecan is used to treat ER-positive and tri-
ple-negative BC (TNBC) [13].

T-DM1 is an ADC approved in 2013 that com-
bines trastuzumab with the maytansine-derived 
microtubule inhibitor DM1 via a stable linker. 
With a drug-to-antibody ratio (DAR) of approxi-
mately 3.5, T-DM1 disrupts mitosis and induc-
es apoptosis in HER2-overexpressing tumor 
cells, even in cells resistant to trastuzumab or 
lapatinib. The EMILIA Phase III clinical trial de- 
monstrated that T-DM1 significantly improved 
progression-free survival (PFS) and overall sur-
vival (OS) compared to the combination of 
capecitabine and lapatinib, leading to its FDA 
approval for HER2-positive metastatic BC 
(MBC) [14, 15]. Later, T-DXd was approved in 
2019 for patients with HER2-positive metastat-
ic or unresectable BC who had received two or 
more prior HER2-targeted therapies [16, 17]. 
T-DXd consists of trastuzumab and the potent 
topoisomerase I inhibitor DXd, via a cleavable 
tetrapeptide-based linker. This ADC features a 
high DAR of 8. Upon intracellular uptake, the 
cytotoxic payload is efficiently released within 
tumor cells, reducing off-target toxicity. More- 
over, the high membrane permeability of DXd 
also enables a bystander effect, allowing it to 
kill neighboring tumor cells with low or no HER2 
expression. T-DXd has also been evaluated for 
various tumors with low HER2 expression [18, 
19].

Although T-DM1 and T-DXd have been shown to 
be highly effective in BC treatment, drug resis-
tance has been observed in many patients who 
have received the treatment, highlighting the 
need for a better understanding of the mecha-
nisms that drive drug resistance. Cancer cells 
can evade the effect of ADC through various 
mechanisms, such as reduced antigen expres-
sion, altered intracellular transport pathways, 
or acquired payload resistance. The Intrinsic 
and acquired resistance to ADCs has become a 
clinical issue. Therefore, this review summa-
rized the mechanisms of drug resistance to 
T-DXd and T-DM1 and aims to provide insights 
to overcome these challenges.

Mechanisms of HER2-targeted ADCs resis-
tance

The development of resistance to ADCs re- 
mains a significant challenge in oncology, 
despite their high specificity and potent antitu-
mor effects compared to traditional chemo-
therapy. While many cancer patients initially 
respond well to ADC therapy, most of them 
eventually develop resistance. ADCs work 
through multiple steps from binding to target 
antigens on cancer cells to cellular uptake, 
lysosomal sorting, lysosomal degradation, and 
payload release, leading to cell death (Figure 
1). Each of these steps can be a cause of re- 
sistance. For example, alterations in the anti-
gen-antibody binding, impaired cellular uptake 
and drug transport, impaired lysosomal func-
tion, increased drug efflux, and changes in the 
tumor microenvironment (TME) can all contrib-
ute to resistance. In addition, resistance to  
payload itself and enhanced cancer cell sur- 
vival also contribute to therapeutic failure. The 
mechanisms underlying resistance to HER2-
targeted ADCs in breast cancer are summa-
rized in Figure 2. Understanding these diverse 
resistance mechanisms is crucial for improving 
the efficacy of ADC therapies and overcoming 
their limitations in clinical settings.

HER2 related resistance: reduced HER2 ex-
pression and inhibition of antibody binding

ADCs first specifically bind to tumor antigens 
and, after internalization, release their cytotox-
ic payload into the cytoplasm, leading to tar-
geted cancer cell death. Therefore, one of the 
mechanisms of resistance is related to the first 
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Table 1. FDA Approved ADCs
ADCs Trademark Target Disease Linker Payload DAR Approved
Telisotuzumab vedotin-tllv Emrelis c-Met mNSCLC valine-citrulline peptide linker MMAE ~3.5 2025

Datopotamab Deruxtecan Datroway Trop2 Metastatic triple-negative breast cancer Tetrapeptide DXd ~4 2025

Mirvetuximab soravtansine ELAHERE FRα Platinum-resistant epithelial ovarian Sulfo-SPDB DM4 ~3.5 2022

Tisotumab vedotin-tftv Tivdak Tissue factor Recurrent or metastatic cervical cancer MC-Val-Cit-PABC MMAE ~4 2021

Loncastuximab tesirine-lpyl Zynlonta CD19 Diffuse large B-cell lymphoma Val-Ala dipeptide PDB dimer ~2.3 2021

Belantamab mafodotin-blmf Blenrep BCMA Relapsed or refractory multiple myeloma MC MMAF 4 2020; withdrawn 2022

Sacituzumab govitecan Trodelvy Trop-2 Metastatic triple-negative breast cancer Carbonate SN38 ~7:6 2020

Trastuzumab deruxtecan Enhertu HER2 Unresectable or metastatic HER2-positive breast cancer Tetrapeptide DXd ~8 2019

Enfortumab vedotin Padcev Nectin-4 Advanced or metastatic urothelial carcinoma MC-Val-Cit-PABC MMAE ~4 2019

Polatuzumab vedotin-piiq Polivy CD79 Relapsed or refractory diffuse large B-cell lymphoma MC-Val-Cit-PABC MMAE ~3.5 2019

Moxetumomab pasudotox Lumoxiti CD22 Relapsed or refractory hairy cell leukemia MC-Val-Cit-PABC PE38 2018

Inotuzumab ozogamicin Besponsa CD22 B-cell acute lymphocytic leukemia Hydrazone N-acetyl-γ calicheamicin ~6 2017

Trastuzumab emtansine Kadcyla HER2 HER2-positive breast cancer SMCC DM1 ~3.5 2013

Brentuximab vedotin Adcetris CD30 Anaplastic large-cell lymphoma, Hodgkin lymphoma MC-Val-Cit-PABC MMAE ~4 2011

Gemtuzumab ozogamicin Mylotarg CD33 Acute myeloid leukemia Hydrazone N-acetyl-γ calicheamicin ~2.5 2000; reapproved 2017
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Figure 1. Schematic representation of the mechanism of action of HER2-targeted antibody - drug conjugate. HER2-
targeted ADCs function by specifically binding to HER2 antigens expressed on the surface of cancer cells. Upon 
binding, the ADCs-antigen complex is internalized and trafficked through the endosomal-lysosomal pathway. Within 
the lysosome, cleavable linkers are degraded by proteolytic enzymes or acidic conditions, resulting in the release 
of cytotoxic payloads into the cytoplasm. These payloads can disrupt cellular function, leading to apoptosis or cell 
death due to bystander effects.

step, the recognition of these antigens by 
mAbs.

Both preclinical and clinical studies have shown 
that HER2 depletion frequently occurs after 
trastuzumab treatment [20]. This is a key re- 
sistance mechanism common to T-DM1 and 
T-DXd. For example, a phase II clinical trial 
revealed a strong association between higher 
HER2 levels and increased efficacy of T-DM1. 
Conversely, in vitro studies using T-DM1-
resistant cell lines demonstrated diminish- 
ed HER2 expression and binding, implicating 

HER2 loss as a primary contributor to resis-
tance [21-23]. HER2 downregulation reduces 
not only the binding and internalization of ADCs 
but also the release of cytotoxic payloads,  
ultimately impairing therapeutic efficacy. Se- 
veral mechanisms can drive HER2 depletion, 
including mutations and deletions in the ERBB2 
gene that cause reduced HER2 protein produc-
tion and binding affinity of ADCs.

Moreover, specific HER2 variants further con-
tribute to resistance. One notable example is 
the HER2Δ16 splice variant (p95HER2), which 
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Figure 2. Mechanisms of resistance to HER2-targeted ADCs in breast cancer. Schematic overview of mechanisms 
of resistance to HER2-Targeted ADCs. Multiple resistance mechanisms limit the efficacy of HER2-targeted ADCs, 
including reduced HER2 expression, activation of alternative signaling pathways, impaired intracellular trafficking 
and lysosomal processing, drug efflux, resistance to apoptosis, and modulation by the tumor immune microenviron-
ment.

lacks part of the extracellular domain essential 
for trastuzumab binding. p95HER2 is express- 
ed in approximately 2-9% of HER2-positive can-
cers and is associated with reduced trastuzum-
ab efficacy. p95HER2 retains potent oncogenic 
activity ten times than full-length HER2, en- 
hancing the activation of signaling pathways 
such as PI3K/AKT to promote tumor growth 
and survival [24].

It has also been observed that T-DM1 and 
T-DXd resistance in HER2-positive BC cell lines 

is associated with genomic alterations affect-
ing the HER2 locus. Specifically, resistant cells 
exhibited decreased HER2 mRNA levels, ac- 
companied by elevated alternative splicing indi-
ces in genes located within the ERBB2 ampli-
con, including ERBB2, MIEN1, MIR4728, and 
PGAP3. These splicing events likely contribute 
to gene downregulation and loss of HER2 pro-
tein expression [25]. In the DAISY trial, which 
aimed to identify T-DXd resistance pathways 
[26]. HER2 IHC 1+ tumors exhibited lower in- 
tratumoral distribution of T-DXd compared with 
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HER2 IHC 2+ tumors, indicating the signifi-
cance of the HER2 protein level in controlling 
drug uptake. In addition, resistance to T-DXd 
has been linked to the ERBB2 D582N mutation 
[26, 27].

Beyond HER2 itself, other molecules can inter-
fere the binding of trastuzumab to HER2 on cell 
surface. For instance, the glycoprotein MUC4, 
can sterically hinder trastuzumab binding by 
associating with HER2, HER3, and HER4. Stu- 
dies have shown that MUC4 knockdown can 
restore trastuzumab sensitivity in resistant  
cell lines such as JIMT-1 [28, 29]. Similarly, 
MUC1 has also been reported to interact with 
HER2 and be involved in trastuzumab resis-
tance [30].

In summary, reduced expression, structural 
changes, or blockade of antibody binding of 
HER2 impairs target recognition by ADCs, re- 
sulting in reduced therapeutic efficacy. These 
mechanisms limit ADC therapy, especially in 
tumors with high HER2 heterogeneity or unsta-
ble HER2 expression [31, 32]. Moreover, pro-
longed treatment may lead to reduced HER2 
expression or structural alterations, resulting in 
resistance [33].

Alternative cell signaling

HER2 antibodies such as trastuzumab function 
at least in part by suppressing HER2 signaling. 
HER2-ADCs also have this effect, but the pri-
mary effect of ADCs is due to the cytotoxicity of 
their payloads, and the impact of HER2 signal-
ing suppression on ADC resistance is likely to 
be minimal. In fact, it has been shown that 
HER2-ADCs are effective against trastuzumab-
resistant cells. However, activation of AKT and 
other survival kinases is involved in resistance 
to various stresses, including chemotherapy 
and DNA damage, and may therefore also con-
tribute to ADC resistance.

It has been reported that HER2 mediates its 
oncogenic activity through the formation of 
homodimers and heterodimers with other re- 
ceptors, including HER1, HER3, HER4, and 
insulin-like growth factor 1 receptor (IGF-1R) 
[34, 35]. While HER2 heterodimer activity can 
be influenced by ligand binding, homodimers 
tend to be constitutively active. A key down-
stream pathway activated by HER2 overex- 
pression is the PI3K/AKT/mTOR signaling cas-

cade, which plays a central role in promoting 
cell proliferation and survival while suppressing 
apoptosis. Consequently, HER2-positive breast 
cancers often show hyperactivation of PI3K sig-
naling, driving tumor progression. Trastuzumab 
targeting HER2 can inhibit tumor growth by 
blocking HER2-mediated signaling. However, 
this inhibition is frequently incomplete, particu-
larly when cancer cells adapt or activate com-
pensatory pathways. One notable mechanism 
of resistance is the loss or decreased expres-
sion of PTEN, a tumor suppressor that negati- 
vely regulates PI3K/AKT/mTOR signaling. PTEN 
dephosphorylates PIP3, thereby inhibiting AKT 
activation. When PTEN is absent or functionally 
impaired, AKT remains active despite HER2 
inhibition, allowing cancer cells to bypass 
trastuzumab-induced blockade and continue 
proliferating [29, 36]. Studies show that in 
HER2-positive cancers, resistance is often driv-
en by upregulation of EGFR, IGF-1R, and PI3K 
signaling, even in the presence of trastuzumab. 
In a study of 155 metastatic breast cancer 
patients treated with trastuzumab, approxi-
mately 25% developed resistance due to such 
mechanisms [37]. Numerous investigations 
have demonstrated that, in contrast to the 
MAPK and PI3K/Akt/mTOR pathways, Trastu- 
zumab can’t totally stop signaling because, in 
addition to HER2, other HER family receptors, 
including EGFR/HER1, HER3, and HER4, may 
develop dimers and mediate signaling [38]. 
Trastuzumab resistance is linked to the upregu-
lation of the PI3K-mediated signaling pathway, 
EGFR, and IGF-1R, according to a study of 155 
individuals who developed metastases and 
had Trastuzumab treatment [39]. Overexpre- 
ssion of IGF-1R also contributes to resistance. 
IGF-1R activates pathways similar to HER2 and, 
when co-expressed at high levels with its ligand 
IGF-I, can promote tumor cell proliferation and 
metastasis independently of HER2. Even if 
trastuzumab inhibits HER2, IGF-1R can contin-
ue to support tumor progression through alter-
native signaling. Similarly, high levels of TGF-α 
(a ligand for the EGFR family) can bypass HER2 
signaling, reducing the efficacy of trastuzumab 
[40].

Another mechanism of resistance involves 
DARPP-32 and its truncated isoform, t-DARPP. 
These proteins are highly expressed in HER2-
positive breast tumors and are associated with 
poor prognosis. t-DARPP enhances trastuzum-
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ab resistance by persistently activating the  
AKT pathway, promoting HER2/IGF-1R dimer-
ization, and supporting glycolytic metabolism 
[41]. Studies have demonstrated that t-DARPP 
also facilitates HER2 interaction with HSP90, 
stabilizing the receptor and further contributing 
to drug resistance [42, 43].

In addition, activation of the Wnt/β-catenin 
pathway promotes drug resistance in ADCs. 
The role of Wnt3 in trastuzumab resistance has 
been described by Y. Kim et al. Overexpression 
of Wnt3 leads to increased expression of 
β-catenin, increased growth rate and inva- 
siveness, and trastuzumab resistance in these 
cells [44]. Furthermore, one study revealed 
EPHA5 deficiency promotes trastuzumab re- 
sistance in HER2-positive breast cancers by 
increasing cancer stem cell-like traits such as 
NANOG, CD133+, E-cadherin expression, and 
CD44+/CD24-/low phenotypes. This leads to 
higher tumor malignancy, linked to the upregu-
lation of BCSC-related markers and activation 
of Notch1 and PTEN/AKT pathways [45]. Taken 
together, these parallel pathway activations 
represent a general mechanism contributing 
drug resistance signaling.

Payload related resistance

Beyond antigen loss or altered internalization, 
resistance to ADCs can stem from changes 
affecting the payload’s activity or its intracellu-
lar processing. One key factor is drug efflux 
[22]. Overexpression of ATP-binding cassette 
(ABC) transporters such as ABCC2, ABCG2, and 
ABCB1 enhances the cytotoxic payload efflux of 
HER2+ cancer cells, reducing the intracellular 
concentration of DM1 and the efficacy of ADCs. 
Blocking these transporters can restore the 
sensitivity of T-DM1 [46-48]. Additionally, apop-
tosis resistance via LIFR-mediated STAT3 ac- 
tivation upregulates anti-apoptotic proteins 
(Bcl-xL, Bcl-2, Mcl-1), undermining therapeutic 
effect and offering a potential vulnerability 
through STAT3 inhibition [49]. Cell cycle dysreg-
ulation and alterations in DNA repair pathways 
are critical contributors to resistance against 
T-DM1 and related ADCs. T-DM1 induces mitot-
ic arrest by disrupting microtubules, but cancer 
cells may circumvent this block [50, 51]. High 
levels of Polo-like kinase 1 (PLK1) can enable 
drug-resistant cells to bypass cell cycle arrest, 
while PLK1 inhibitors (such as volasertib) can 

restore sensitivity to T-DM1 in these cells [52]. 
It has been reported that reduced Cyclin B1 
expression allows cells to bypass. T-DM1-in- 
duced mitotic arrest, promoting resistance [53, 
54]. In addition, the overexpression of CDK12 
has been linked to enhanced DNA repair and 
Wnt signaling, contributing to trastuzumab and 
ADC resistance [55]. In T-DXd-resistant models, 
CCNE1 overexpression disrupts cell cycle con-
trol, while its knockdown restores drug sensitiv-
ity [56]. Moreover, loss of SLX4 compromises 
DNA damage response, requiring higher ADC 
concentrations to achieve cytotoxic effects 
[57]. A recent 2024 study employing proteo- 
mic profiling revealed that HER2-ADC-resistant 
cells (T-DM1R and T-DXdR) exhibit broad upreg-
ulation of DNA damage response pathways, 
including homologous recombination, nonho-
mologous end joining, and checkpoint signal-
ing. In HER2-ADC resistant cell lines, ATR, pATR, 
ATM, Chk1, Chk2 were observed to be upregu-
lated compared to their parent cell lines [25].

Impaired lysosomal activity

ADCs rely on efficient intracellular trafficking 
and lysosomal degradation to release their 
cytotoxic payload. Following receptor-mediated 
internalization, ADCs are routed to lysosomes, 
where acidic pH and proteolytic enzymes facili-
tate linker cleavage and drug release. However, 
lysosomal dysfunction can block this critical 
step, as shown by studies indicating that HER2-
positive breast cancer cells resistant to T-DM1 
exhibited elevated lysosomal pH, impairing pro-
teolytic activity and leading to reduced drug 
activation. These resistant cells retained nor-
mal HER2 expression and internalization, but 
failed to process T-DM1 effectively [58].

Another resistance mechanism involves im- 
paired transport of payloads from lysosomes  
to the cytoplasm, particularly relevant for ADCs 
with non-cleavable linkers. Hamblett et al. iden-
tified SLC46A3 as a transporter required for 
the cytoplasmic translocation of maytansine 
catabolites. Loss of SLC46A3 resulted in pay-
load accumulation within lysosomes and di- 
minished cytotoxicity [59]. Additionally, T-DM1 
relies on lysosomal proteolysis to release 
lysine-MCC-DM1, which is then transported to 
the cytoplasm to inhibit microtubule polymer-
ization. However, reduced lysosomal acidity 
caused by decreased V-ATPase activity disrupts 
this process, leading to T-DM1 resistance [60].



Mechanisms of resistance to HER2-targeted ADCs in breast cancer

3824	 Am J Cancer Res 2025;15(9):3817-3834

Impaired cellular trafficking

ADCs selectively bind to tumor antigens and, 
upon internalization, release their cytotoxic 
payload within endosomes and lysosomes, 
inducing targeted cancer cell death. However, 
alterations in intracellular trafficking can under-
mine this process and contribute to drug resis-
tance. In HER2-positive cancer cells, resistance 
to trastuzumab emtansine (T-DM1) has been 
linked to disruptions in endocytosis, particu- 
larly through caveolae-mediated pathways. 
Studies have shown that T-DM1-resistant NCI-
N87 cells exhibit upregulation of Caveolin-1 
(CAV1) and cavin-1, which are essential for 
caveolae formation. This may promote drug 
uptake while limiting lysosomal degradation, 
ultimately reducing T-DM1 efficacy [61]. En- 
dophilin A2 (Endo II), a mediator of clathrin-
independent endocytosis, has also been impli-
cated in ADC sensitivity. Its downregulation dis-
rupts HER2 internalization and diminishes the 
cytotoxic effects of both trastuzumab and 
T-DM1, as shown in HCC1954 and SKBR3 cell 
lines [62]. These findings suggest that Endo II 
deficiency contributes to resistance. Overall, 
alterations in intracellular trafficking influence 
drug resistance, underscoring the need for fur-
ther investigation into these mechanisms.

Tumor microenvironment

The tumor immune microenvironment plays a 
critical role in cancer progression, metastasis, 
and response to therapy, including ADCs. It 
consists of stromal cells, cytokines, immune 
cells such as MDSCs, Tregs and TAM, which 
interact with cancer cells to influence treat-
ment outcomes [63, 64]. Although the mecha-
nisms underlying ADC resistance are intricate, 
they are typically associated with resistance to 
the payload or antibody [50]. Physical obsta-
cles like the binding site barrier can cause 
resistance to the overall ADC complex [65]. A 
clinical trial reveals that Pertuzumab can help 
restore T-DM1 activity by blocking HER2 and 
HER3 dimerization, but combining this treat-
ment only shows small improvements, making 
it hard to fully overcome this resistance [66]. 
When breast cancer cells develop resistance to 
ADCs, their metabolic pathways undergo repro-
gramming, shifting from reliance on endoge-
nous fatty acid (FA) synthesis to the uptake of 
exogenous fatty acids. Studies have shown that 

HER2 is closely associated with endogenous  
FA synthesized by fatty acid synthase (FASN). 
Inhibition of the HER2 signaling pathway reduc-
es FASN activity, leading to decreased FA syn-
thesis and impaired cell proliferation [67]. In 
breast cancer, immunosuppressive cells con-
tribute to a microenvironment that limits im- 
mune-mediated clearance and fosters resis-
tance to trastuzumab and T-DM1. On the other 
hand, T cells, NK cells, and dendritic cells (DCs) 
can mount an anti-tumor response [68]. In 
HER2+ breast cancer, one key immune resis-
tance pathway is the JAK1-STAT3 axis. High  
IL-6 levels trigger autocrine activation of JAK1-
STAT3, promoting the expansion of breast  
cancer stem cells (BCSCs), which are linked  
to drug resistance and recurrence [69, 70]. 
Trastuzumab-treated HER2+ tumors show 
increased PD-L1 expression, driven by IFNγ 
secretion from T cells and NK cells. PD-L1 binds 
to PD-1 on immune cells, suppressing their 
activity and allowing tumors to escape immune 
destruction. This mechanism contributes to 
trastuzumab resistance [71-73]. These find- 
ings highlighting the PD-1/PD-L1 axis as a 
promising target. Moreover, patients with poor 
response to HER2-targeted therapies often 
exhibit increased expression of CD73 and ele-
vated infiltration of immunosuppressive Tregs. 
These features contribute to an immune-ex- 
cluded phenotype and resistance to ADCs like 
T-DM1 [74]. Some studies also show that com-
bining T-DM1 with anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and PD-L1 treat-
ment significantly improves efficacy compared 
to monotherapy approaches [75]. Additionally, 
long-term exposure to trastuzumab can alter 
cytokine expression. Genes like CCL5, CXCL10, 
and CXCL1 have been linked to resistance. In 
particular, CCL5 activates the ERK signaling 
pathway, which promotes trastuzumab resis-
tance. Elevated CCL5 also attracts Tregs into 
the tumor microenvironment, reducing immune-
mediated tumor clearance and lowering the 
pathological complete response (pCR) after 
neoadjuvant therapy [76, 77]. These findings 
suggest that trastuzumab resistance mecha-
nisms may also contribute to T-DM1 or T-DXd 
resistance; however, more research is needed. 
The interplay between the tumor immune 
microenvironment and intracellular signaling 
pathways significantly influences resistance to 
HER2-targeted therapies such as trastuzumab 
and T-DM1.
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Potential strategies to overcome ADC resis-
tance in breast cancer

ADCs are an important class of cancer thera-
peutics, with several FDA-approved ADCs pres-
ently available for treating various cancers. 
Despite all the advancements in cancer thera-
py, inherent and acquired drug resistance  
continue to be major obstacles to successful 
treatment.

As previously discussed, resistance to ADC  
can arise through a variety of mechanisms. 
Therefore, the development of strategies to 
overcome ADC resistance requires multiprong- 
ed strategies, including improved 1. ADC design 
optimization, 2. Combination Therapy, 3. Dual-
Targeting Strategies, 4. Targeting Intracellular 
Processing. Potential strategies to overcome 
resistance to HER2-targeted ADCs are summa-
rized in Figure 3.

ADC design optimization

The effectiveness of ADCs depends critically  
on the stability and cleavability of linkers. 
Selective payload release is ensured via cleav-
able linkers, which are sensitive to tumor-spe-
cific factors like pH or enzyme activity [78, 79]. 
T-DXd has superior antitumor activity as com-
pared to TDM1, owing to its cleavable linker, 
higher DAR, and more potent payload [80]. 
Another strategy to develop new ADCs is to 
modify the linker to make it more hydrophilic 
and reduce MDR expression [48]. Optimizing 
ADC payloads to increase the bystander effect 
is crucial to overcoming tumor heterogeneity-
related resistance. The neutral catabolite emis-
sion from DM4 indicates that the effect is 
dependent on the payload charge [81, 82]. 
Advancements in site-specific conjugated ADCs 
with defined drug-to-antibody ratios (DARs) 
have improved the therapeutic index and 
decreased off-target effects, which will help to 
overcome resistance [83]. ADC payload trans-
port modeling quantifies the effectiveness of 
payload targeting untargeted tumor cells and 
indicates a range of bystander potential [84]. 
Although direct ADC action is more effective, 
we evaluated the tissue penetration of bystand-
er payloads and found that bystander effects 
are important in cancer with mixed or antigen-
negative expression [85].

Combination therapy

PI3K/AKT/mTOR pathway inhibitors: Combin- 
ing ADCs with agents that target critical signal-

ing pathways is another promising strategy. In 
HER2-positive breast cancer, PI3K/AKT/mTOR 
and MAPK pathway mutations contribute to 
resistance. Oncogenic mutations in PI3K/Akt/
mTOR and MAPK pathways are strongly as- 
sociated with resistance to HER2 inhibitors. 
Preclinical studies indicate that integrating 
PI3K inhibitors with HER2 inhibition is effica-
cious in PIK3CA-mutant HER2+ breast cancer. 
Similarly, in the ER-/HER2+ BC cell lines 
HCC1954 and UACC893, both of which had 
PIK3CA mutations, combination treatment with 
the PI3K inhibitors alpelisib or GDC-0077 
(inavolisib) plus trastuzumab resulted in anti-
proliferative effects and significant apoptosis 
compared to single-drug therapies. p4EBP1 
could be used as both a diagnostic and predic-
tive biomarker for such a combination [86, 87]. 
Three types of PI3K inhibitors can be distin-
guished: Pan-PI3K inhibitors (Pan-PI3Ki) are 
effective against all PI3K1 isoforms. Dual PI3K/
mTOR inhibitors (Dual PI3K/mTORi) target both 
PI3K and mTOR. Isoform-specific PI3K inhibi-
tors (IS PI3Ki) target individual PI3K isoforms. 
This category includes specific inhibitors for the 
PI3Kα, PI3Kβ, and PI3Kδ isoforms [88, 89]. 
Allosteric AKT inhibitors bind to an allosteric 
location on AKT, altering its conformation and 
hence decreasing its activity. Similarly, mTOR 
inhibitors are rapamycin analogs that suppress 
mTOR by attaching to its intracellular receptor 
FKBP12. ATP-competitive mTOR kinase inhibi-
tors (TORKi) compete with ATP for binding to 
the kinase domain of mTOR and hence de- 
crease its activity. HER2 and EGFR co-expres-
sion or dimerization cause targeted treatment 
resistance [90, 91]. B2C4-MMAE targets both, 
which helps to circumvent resistance. Its effec-
tiveness depends on the interaction between 
the two arms [91, 92]. Inhibition of BCL-2 and 
BCL-XL via navitoclax/ABT-263 combined with 
TDM1 enhance its cytotoxicity in advance 
breast cancer model [93, 94].

DNA damaging agents: Clinical research shows 
that the combination of PARPi and chemothera-
py stops DNA damage repair, induces apopto-
sis, and leads to better outcomes than chemo-
therapy alone (27). PARP inhibitors such as 
veliparib, olaparib, and Niraparib demonstrat- 
ed effective outcomes when combined with 
platinum-based chemotherapy [95]. AZD5305 
showed safety and effectiveness in BRCA-
mutated TNBC during the phase 1/2 PETRA 
trial, achieving a 25% ORR and a 53% DCR. 
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While initial findings are encouraging, addition-
al clinical trials are needed to assess the effec-
tiveness of both combination and monotherapy 
in TNBC [96].

Although T-DM1 in combination with Docetaxel 
was effective, it resulted in serious side effects 

for almost 50% of the patients [97]. Evidence 
suggests that T-DXd combined with the next-
generation PARP1 inhibitor AZD5305 showed 
preclinical activity in HRD and HR proficient 
models [98]. Preclinical findings indicate that 
T-DXd and elimusertib are a promising combi-
nation for HER2 ADC-resistant BC, supporting 

Figure 3. Potential Strategies to Overcome ADCs resistance in breast cancer. Schematic overview of therapeutic 
approaches to overcome resistance to HER2-targeted antibody-drug conjugates (ADCs), including trastuzumab, 
T-DM1, and T-DXd. Strategies are categorized into four major areas: (1) Optimization of ADCs design, including 
cleavable linkers, site-specific conjugation, payload modification, and enhancement of the bystander effect. (2) 
Combination therapy such as co-treatment with PI3K/AKT/mTOR pathway inhibitors and DNA damage response 
modulators to sensitize tumors and overcome oncogenic resistance. (3) Dual-targeting strategies utilizing bispe-
cific ADCs that co-target HER2 and alternative receptors (e.g., EGFR) to improve internalization, overcome antigen 
escape, or incorporate dual payloads for broader cytotoxic effects. (4) Targeting intracellular processing, including 
modulation of intracellular trafficking, enhancement of lysosomal degradation, and improved payload release to 
increase cytotoxic efficacy.
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the use of DNA repair inhibitors in treatment 
[25, 99]. HER2 stability in HER2+ cancer 
depends on HSP90, and its inhibition causes 
HER2 to degrade through a ubiquitin-depen-
dent process [100].

Immune checkpoint therapy: Cancer immuno-
therapy employs cutting-edge technologies, 
including ICIs such as those targeting PD-1, 
PD-L1, CTLA-4, and CAR-T cell therapies. 
Combining ADC and IC1 treatments can boost 
the effectiveness of immunotherapy by increas-
ing the recruitment of CD8+ T lymphocytes to 
tumor tissues [101]. ADCs combined Immuno- 
therapies primarily targeting PD-1/PD-L1 and 
CTLA-4, driving immune effects via cell death, T 
cell infiltration, immune modulation, and den-
dritic cell maturation [102]. Recent clinical 
reports suggest Higher intra-tumoral CD8+ T 
cells predict better response to checkpoint 
therapy, highlighting the potential of combining 
immune-oncology drugs [103]. Müller et al. 
demonstrated that combining T-DM1 with anti 
CTLA-4/anti PD-1 was more effective than 
monotherapy in activating both innate and 
adaptive immunity [104]. In addition, combin-
ing ADCs with agents like pembrolizumab mod-
ulates immune infiltration and enhance cyto-
toxicity. Concurrent administration of pembro- 
lizumab enhanced DS-8201 efficacy by the 
increase in CD3+ T cells in the blood and CD8+/
CD4+ T cell ratio [105].

Anti-angiogenesis: In comparison to primary 
breast tumors or regional metastases, meta-
static breast tumors now exhibit higher levels 
of a VEGF profile made up of 13 genes [106],  
its higher level associated with poor prognosis 
[107]. Novel bevacizumab-based ADCs with 
multifunctional theranostic capabilities demon-
strated stable reactive oxygen generation, ra- 
pid drug release, and antigen-binding ability. 
They also exhibited antiangiogenesis activity 
and vascular normalization effects, providing a 
basis for further evaluation of antitumor activi-
ty in clinical trials [108]. This approach may 
hold therapeutic potential for breast cancer 
treatment.

Dual targeting strategies

To circumvent resistance from HER2 downre- 
gulation or receptor heterodimerization (e.g., 
with EGFR), bispecific ADCs are being devel-
oped. These ADCs can recognize and bind to 
two distinct antigens or epitopes, improving 

internalization and cytotoxicity. Bispecific anti-
body-drug conjugates target two distinct epit-
opes on a single cell. This dual-targeting meth-
od can improve ADC efficiency, and internali- 
zation accumulation at the tumor site [109]. 
e.g. B2C4-MMAE targets both HER2 and EGFR 
which help to overcome the downregulation 
resistance issue. Enhance efficient binding and 
elimination of tumors by targeting two separate 
antigens [92, 110].

Additionally, dual-payload ADCs (e.g., Tmab-
vcMMAE-SMCC-DM1) exhibited had a superior 
cytotoxic effect than Trastuzumab alone. In- 
dicating that combining multiple payloads can 
help to tackle treatment resistance and tumour 
recurrences [111]. HER3-targeting ADCs such 
as patritumab deruxtecan have also demon-
strated improved immune infiltration and re- 
sponsiveness to immune checkpoint therapy 
[112].

Targeting intracellular processing pathways

Several intracellular factors influence ADCs effi-
cacy, particularly after internalization and lyso-
somal trafficking. Cathepsin B-cleavable ADCs 
like SYD985 induce cytotoxicity in tumors with 
low antigen expression or defective uptake, 
broadening the potential target spectrum [113-
115]. In addition, ABC transporter upregulation 
was associated with resistance to DS-8201, 
Besides, RAB5A, a small GTPase that controls 
the vesicle fusion to early endosomes during 
clathrin-mediated endocytosis, has been impli-
cated in ADC resistance [116]. Several studies 
show that RAB5A-HER2 interaction plays a sig-
nificant role in T-DM1 sensitivity and its high 
expression leads to better outcomes [117, 
118]. Hunter et al. recently suggested that the 
activity of V-ATPase in lysosomes can serve as 
a novel predictor of T-DM1 resistance [119]. 
The expression of SLC46A3, a lysosomal drug 
efflux transporter, may serve as an indirect pre-
dictor of resistance to ADCs [120]. Therefore, 
modulating expression of V-ATPase and SLC- 
46A3 may overcome ADCs resistance. Taken 
together, these findings highlight the impor-
tance of intracellular trafficking, lysosomal 
activity, and transporter expression in deter-
mining ADC efficacy.

Conclusion

Despite the remarkable success of HER2-
targeted ADCs like trastuzumab, T-DM1, and 
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T-DXd, ADCs resistance remains a major clini-
cal hurdle. Tackling this challenge requires 
approaches, including rational ADC design,  
synergistic drug combinations, dual-targeting 
strategies, and interventions that target in- 
tracellular processing or microenvironmental 
barriers. Ongoing clinical trials (e.g., NCT- 
06533826, NCT04739761, NCT04538742, 
NCT0453993, NCT06956690, NCT04494425, 
NCT06827236, NCT06439693, NCT059509- 
45, NCT04829604, NCT04450732) are inves-
tigating combination plus monotherapy to over-
come ADCs resistance in breast cancer, with a 
particular focus on HER2-positive breast can-
cer. This review summarizes the diverse me- 
chanisms contributing to ADC resistance, dis-
cusses potential strategies for improving the- 
rapeutic improvement in HER2 positive breast 
cancer.
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