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Abstract. One of the biggest threats to women’s lives and health is breast cancer, with HER2+
breast cancer accounting for a significant proportion of cases. This subtype is characterized by
aggressive behavior, a high recurrence rate, and generally poor prognosis. While traditional
HER2-CAR-T cell therapy has proven to show great success in treating HER2+ breast cancer, it
carries the risk of on-target off-tumor toxicity, which could be life-threatening for patients. This
review outlines the challenges associated with traditional HER2-CAR-T cell therapy and
explores current strategies aimed at mitigating on-target off-tumor toxicity. The review
categorizes these strategies into three main approaches, providing a comprehensive overview to
help the medical and research community better understand the current state and future directions
of HER2-CAR-T cell therapy. By discussing these approaches and the underlying mechanisms
that make them effective, this review aims to inspire further innovation in improving existing
HER2-CAR-T cell therapies. A thorough understanding of the current challenges and promising
avenues for enhancement in HER2-CAR-T cell therapy is essential for advancing future research
and clinical applications.
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1. Introduction

Worldwide, cancer ranks as the second most common cause of death. As stated by the International
Agency for Research on Cancer (IARC) data from 2022, 20 million new cases of cancer are thought to
have been diagnosed, with 9.7 million cancer-related deaths worldwide. Approximately 1 in 5
individuals will develop cancer during their lifetime, with a mortality rate of about 11% in males and
8.3% in females [1].

While many effective cancer therapies have been developed, significantly reducing global incidence
and mortality rates, their limitations—including drug instability and tumor heterogeneity—remain
significant challenges. Cytotoxic chemotherapy, a widely used approach, involves administering
cytotoxic agents based on body surface area (BSA) dosing [2]. These agents are highly effective against
cancer cells but also induce severe side effects by targeting DNA synthesis and protein expression in
both malignant and healthy cells. The side effects, such as nausea, infertility, hair loss, and
immunosuppression, originate from these medications’ non-specific effects on constantly dividing cells,
such as bone marrow and hair follicles [2].

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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The advent of monoclonal antibodies (mAbs) has significantly mitigated the issue of off-target
toxicity associated with chemotherapy. By specifically targeting antigens on the surface of cancer cells,
mADbs can inhibit tumor growth, induce apoptosis, and block immune checkpoints [3].

The concept of Antibody-Drug Conjugates (ADCs), first introduced by Paul Ehrlich in the early
1900s, has ushered targeted cancer therapy into a new and improved era. ADCs combine the powerful
killing potential of cytotoxic drugs with the specificity of mAbs, linked together to achieve a synergistic
effect. The core of an ADC is the mAb, which targets specific epitopes on the cancer cell surface. Upon
binding, the ADC is internalized, leading to the release of the cytotoxic payload via linker cleavage,
ultimately resulting in the death of the cancer cell [4].

T-DMI is an ADC that received FDA approval over a decade ago. It targets the human epidermal
growth factor receptor 2 (HER2) on cancer cells, which is often overexpressed in HER2-positive breast
cancer. T-DM1 effectively eliminates cancer cells by binding to HER2 with its mAb (trastuzumab),
forming the HER2-T-DM1 complex. Once internalized, the linker is degraded, releasing emtansine
(DM1), a potent cytotoxic drug that inhibits microtubule assembly and induces apoptosis [5].

In comparative studies of T-DM1 versus trastuzumab, ADCs have demonstrated notable advantages
over mAbs. T-DM1 increased the disease-free survival rate of HER2+ breast cancer patients by 13.7%,
with an overall survival improvement of 34% compared to trastuzumab, and a statistically significant
46% risk reduction [6].

While ADCs offer reduced side effects and increased specificity, numerous challenges remain in
improving their efficacy, stability, and accessibility. This review will comprehensively explore the
advances, limitations, and future developments in ADC technology.

2. Current clinical status of ADC

According to data from clinicaltrials.gov, there are currently 646 clinical trials investigating ADCs as a
therapeutic approach for treating cancers. Among these, 5 trials are in early phase 1, 288 are in phase 1,
281 in phase 2, 62 in phase 3, 5 in phase 4, and 5 are categorized as non-applicable. Of these trials, 547
involve interventional studies, 4 are observational, and 3 are designed for expanded access. Results have
been posted for 103 trials, while 451 trials do not yet have posted results. Funding sources include the
National Institutes of Health (NIH) for 84 trials, industry funding for 432 trials, and other sources such
as individuals, universities, or organizations for 198 trials. The following sections will focus on FDA-
approved ADCs and their mechanisms of action.

2.1. Trastuzumab Emtansine

Trastuzumab Emtansine, commonly known as T-DM1, was the earliest ADC received approval from
the FDA in 2013. It targets HER2, a receptor that is usually overexpressed on the surface of cancerous
breast cells. T-DM1 is composed of three main parts: the mAb trastuzumab, which acts as a biological
missile targeting HER?2; a stable thioether linker; and the cytotoxic drug emtansine (DM1) [5].

T-DM1 is effective against both HER2+ solid tumors and metastatic tumors [7]. Its mechanism of action
begins with the high-affinity binding of trastuzumab to the HER2 receptor [8]. This binding
downregulates HER2 expression and inhibits its signaling pathways, thereby reducing cancer cell
growth [9]. Additionally, trastuzumab triggers Antibody-Dependent Cellular Cytotoxicity (ADCC),
which recruits immune cells, such as natural killer cells, to the cancer site.

After binding, receptor-mediated endocytosis allows the HER2-T-DM1 complex to be internalized
into the cancer cell, leading to the formation of an early endosome (Figure 1). The thioether linker
remains stable throughout this process, preventing premature drug release. Inside the early endosome,
T-DMI can either be return to the surface of the cell via recycling or degraded by lysosomal enzymes.
When the linker is eventually degraded, it releases the cytotoxic drug DM1, which then kills the cancer
cells by inducing apoptosis, inhibiting microtubule assembly, and causing mitotic arrest, ultimately
reducing tumor size [9],[10].
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Figure 1. A schematic representation of HER2-T-DM1 complex internalization process into cancer cells

[5].

T-DM1 has demonstrated outstanding efficacy in treating HER2+ breast cancer. For instance, a
clinical trial (NCT03530696) conducted a randomized test of T-DM1 in conjugation with palbociclib
for patients with metastatic HER2+ breast cancer. Over a 4-year period, the therapy achieved a 42.9%
overall response rate (OR), an 85.7% disease control rate (DCR), and only 14.3% of patients experienced
disease progression. These results further substantiate the substantial therapeutic efficacy of T-DM1 in
treating HER2+ breast cancer.

However, as with all treatments, T-DM1 has its limitations. Resistance to the drug can develop in
several ways: reduced expression of HER2 on the cellular surface, which impairs T-DM1 binding and
internalization; alterations in intracellular trafficking, such as increased efflux of T-DM1 back to the
cell surface, reducing its intracellular concentration; and increased activity of drug efflux transporters,
which can expel DM1 from the cell, allowing cancer cells to avoid apoptosis and continue proliferating
[11]. T-DM1 is still among the best treatments for HER2+ breast cancer tumour targeting, despite these
difficulties.

2.2. Brentuximab Vedotin

Brentuximab Vedotin was approved by the FDA in 2018 and is a mouse-human chimeric ADC used for
the treatment of Hodgkin’s lymphoma and anaplastic large-cell lymphoma (ALCL). It consists of a mAb,
Brentuximab, which selectively targets cancer cells expressing CD30 antigens on their surface, linked
to the anti-microtubule cytotoxic agent monomethyl auristatin E (MMAE), also known as vedotin) via
a cleavable linker [12].

When Brentuximab binds to the CD30 epitope on the surface of cancerous cell, it triggers
internalization, followed by intracellular trafficking. The cleavable linker is rapidly degraded by
lysosomal enzymes, which then releases vedotin. Vedotin inhibits tubulin polymerization, a key process
in the construction of microtubules, which results in M phase cell cycle arrest and eventually inducing
apoptosis [12].
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Brentuximab Vedotin has shown promising results in treating CD30+ lymphoma cancers. In a
clinical trial (NCT01578499), a comparative study was conducted between Brentuximab Vedotin and
methotrexate or bexarotene in patients with CD30+ T-cell lymphoma. The study revealed that
Brentuximab Vedotin achieved a 54.7% OR, a 17.2% complete response rate (CR), and a 16.7%
progression-free survival (PFS), significantly outperforming the methotrexate or bexarotene treatment
group, which achieved only a 12.5% OR, 1.6% CR, and 3.5% PFS. This indicates the substantial benefit
of Brentuximab Vedotin in treating CD30+ lymphoma [13].

Some common side effects associated with Brentuximab Vedotin include diarrhea, nausea, peripheral
sensory neuropathy, neutropenia, constipation, alopecia, vomiting, and fatigue. However, ongoing
research is focusing on combination therapies aimed at improving the therapeutic efficacy of
Brentuximab Vedotin while minimizing treatment-emergent adverse events (TEAEs) [14].

3. Advances

3.1. Conjugation techniques

In addition to selecting the optimal mAb and the most effective cytotoxic agent based on the type of
targeted cancer, the role of the linker is crucial. For an ADC to successfully deliver its drug to the tumor
site, the linker must meet the following criteria to ensure safe and effective delivery: 1) The linker must
maintain optimal stability to secure the cytotoxic payload and prevent its premature release into the
bloodstream, which could cause unwanted damage to healthy cells. 2) The linker must also be able to
degrade quickly and cleave the payload as soon as the ADC has been internalized [15].

Developing ADC linkers that balance safety and efficacy is challenging, and extensive research has
focused on linker conjugation techniques. The primary conjugation techniques currently in use are
chemical and enzymatic conjugations. The following sections provide a more detailed review of these
conjugation methods.

3.1.1. Chemical conjugations. One of the most commonly used chemical conjugations is lysine amide
coupling. This method involves binding the amino acid lysine residue to a carboxyl group via an amide
bond (Figure 2). The reaction is often facilitated by reagents like N-hydroxy succinimidyl (NHS) or
sulfo-NHS esters [16].

Lysine is abundant on protein surfaces and remains stable at physiological pH, making it highly
accessible for chemical modification. NHS or sulfo-NHS esters are commonly used reagents to facilitate
lysine residue modification. They are highly reactive and commercially available, enabling the
formation of amide bonds within a pH range of 7.0 to 9.0 in a short timeframe. The advantage of amide
bonds in constructing ADC linkers lies in their ability to form resonating structures, which contributes
to their high stability [17].

With more stable bonding, the average drug-to-antibody ratio (DAR) on each ADC can be increased,
thereby improving the drug’s potency. This technique has proven successful in FDA-approved ADCs
such as gemtuzumab ozogamicin and trastuzumab emtansine [15, 16].

Cysteine-based conjugation is another widely used chemical conjugation method for ADC
construction. This approach involves the thiol group of cysteine binding with electrophilic reagents,
quickly forming a stable thioether or disulfide bond [18].

A significant advantage of cysteine-based conjugation over lysine-based conjugation is its limited
conjugation sites, which allows for site-specific antibody conjugation with a DAR distribution ranging
from 0 to 8. This site-specificity improves the homogeneity of ADCs and enhances their
pharmacokinetics and pharmacodynamics compared to lysine-based conjugation [15, 16].
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Figure 2. A schematic representation of lysine amide coupling [15].

3.1.2. Enzymatic conjugations. Enzymatic conjugation is a technique that uses enzymes to modify
specific amino acid sequences in proteins. The binding reaction is catalyzed by the enzyme once the
antibody has attached itself to the payload, forming site-specific conjugation with controlled DAR
distribution [19].

Sortase A from Staphylococcus aureus is one commonly used enzyme in this process. It recognizes
the LPXTG motif in proteins and attaches it to any molecules with oligoglycine [15].
Enzymatic conjugations offer several advantages over conventional chemical conjugations, including
site-specific conjugation, controlled DAR distribution, and improved homogeneity, leading to better
safety and efficacy.

3.2. Bispecific ADC (BsADC)

Since the advent of immunoglobulin antibodies and ADCs as targeted cancer therapies, significant
advances have been made in both safety and efficacy. The rapid growth of the ADC field is largely due
to its high specificity in delivering drugs to targeted cancer cells. However, targeting a single specific
cancer cell is increasingly insufficient for achieving a complete cure, as complex diseases like cancer
involve multiple cell types and signaling pathways for their proliferation and survival.

The introduction of Bispecific ADCs (BsADCs) marks the next generation of ADCs, capable of
targeting two different cancer cell antigens simultaneously to deliver drugs and achieve synergistic
therapeutic effects. The structural difference between a conventional ADC and a BsADC is minimal
(Figure 3); the key distinction is that the BsADC’s linker-payload complex is connected to a bispecific
antibody (bsAb) instead of a mAb.

The concept of bsAb was first proposed by Nisonoff and his collaborators in the 1960s, designed to
target two distinct antigens from different cancer cells or co-expressed antigens from the same cancer
cell. For example, bsAbs targeting Hepatocellular Carcinoma (HCC) can selectively bind to the GPC3-
MUCI13 pair, where both antigens are co-expressed in 30% of malignant hepatocytes but are scarcely
present in other cells [20].

The advantage of dual-epitope binding is improved selectivity and reduced tumor escape. BsAbs are
categorized into two main types: Fragment-based bsAbs and Fc-based bsAbs. Fragment-based bsAbs
are smaller in size compared to Fc-based bsAbs, leading to improved clearance and tissue penetration
in vivo. In contrast, Fc-based bsAbs, despite their larger size, achieve longer half-life by binding to FcRn,
enabling FcRn recycling [21].

The effectiveness of BSADCs holds great promise in addressing cancer heterogeneity, with phase I11

studies for more than 400 variants are presently underway and ten already approved. Zanidatamab, a
BsADC targeting two distinct epitopes on HER?2, is a notable example [22].
According to data presented in 2022 by Zymeworks Inc., a biopharmaceutical company, a study
involving 45 patients with HER2+ metastatic breast cancer who received Zanidatamab in combination
with palbociclib and fulvestrant showed a 33% confirmed objective response rate (cCORR), a 92% DCR,
and a median PFS of 9.6 months [23].

In summary, BsADC represents not just a different type of ADC, but an enhanced version with
improved efficacy. This promising research field is becoming mainstream in the exploration of targeted
cancer treatments, with the potential to overcome many limitations of current therapies.
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Figure 3. A schematic representation of the structural design of BsADCs [10].

4. Limitations

The most significant advantage of ADCs compared to conventional chemotherapy agents is their
specificity. ADCs are designed to precisely target a selective range of cancer cells without causing
unwanted toxicity to the human body. However, one of the biggest challenges encountered in many
clinical trials is off-target toxicity. This could happen when the drug payload is released prematurely
into the bloodstream before reaching the targeted tumor site, damaging healthy tissue cells. This issue
often results from instability in linkers.

Linkers in ADCs could be classified into two types: cleavable and non-cleavable linkers. Cleavable
linkers are designed to remain stable and be quickly released by lysosomal enzymes after the ADC enters
early endosomes. However, in practical trial, these linkers are often hydrolyzed at a significant rate,
leading to premature payload release. Lipophilic payloads, which have higher permeability to the plasma
membrane, can be particularly problematic if released prematurely, as they may be transported to nearby
healthy cells through membrane diffusion, causing off-target toxicity [24].

For example, the hydrazone linker used in some first-generation ADCs, such as gemtuzumab
ozogamicin, was designed to be cleaved in an acidic environment after entering the plasma through
receptor-mediated endocytosis. However, it was found that this linker hydrolyzed long before the ADC
interacted with the tumor cell. This premature release led to a substantial loss of available payload
delivered to targeted cells and an increase in off-target toxicity [24].

In general, non-cleavable linkers are more commonly used in modern ADCs, as they offer a wider
therapeutic window than cleavable linkers. Non-cleavable linkers have better plasma stability, providing
enhanced safety and efficacy compared to their cleavable counterparts [25].

Another limitation frequently encountered in ADC therapy is the bystander effect. The bystander
effect occurs when the payload, after being delivered to the cancer cell, diffuses out of the plasma
membrane and causes off-target toxicity by affecting neighboring non-target cells. This efflux of
payloads is most common among lipophilic molecules with high membrane permeability, facilitated by
transporter-mediated diffusion or passive diffusion. For example, hepatic toxicity was observed in
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patients who received cantuzumab mertansine (Can-M), with the bystander effect on adjacent normal
cells suggested as a possible cause [26].

But there are two sides to the bystander effect. While it can cause off-target toxicity, it may also
provide therapeutic benefits by killing heterogeneous cancer cells, especially in tumors that express
variable antigens [26].

Overall, the bystander effect must be carefully managed. When implemented correctly, it can
enhance tumor-killing efficacy, but if not controlled, it can lead to off-target toxicities.

5. Conclusion

ADC:s are increasingly important in targeted cancer therapies, integrating mAb’s specificity with the
formidable antitumor effects of chemotherapy agents. Their success in clinical applications, such as with
T-DMI1 targeting HER2+ solid tumors and metastatic breast cancer, has significantly improved patient
outcomes and raised the likelihood of disease remission. Despite these successes, challenges such as
off-target toxicity and cancer heterogeneity persist.

Advancements in conjugation techniques and the development of BsADCs offer promising solutions
to these limitations. These innovations have the potential to optimize therapeutic outcomes and minimize
adverse events, thereby enhancing the overall efficacy of ADC-based treatments.

The field of ADCs is rapidly evolving, particularly with the emergence of combination therapies and
personalized ADCs. Combination therapy, where ADCs are used alongside other immunotherapies,
such as immune checkpoint inhibitors, offers a multifaceted approach to improving therapeutic efficacy.
By targeting multiple pathways, combination therapies address the heterogeneous nature of cancer and
overcome drug resistance. For example, a recent clinical trial combining a HER2-targeted ADC with a
PD-1 inhibitor in patients with recurrent HER2+ breast cancer exceeded expectations in treating low-
expressing tumors, surpassing previous treatments like T-DM1. The potent antitumor effect was
attributed to the unique dual mechanisms of action targeting low-expressing HER2. However, the lack
of phase III clinical trials highlights the urgent need for further research to refine these therapies [27].

Personalized ADCs represent another frontier in cancer treatment, tailored to the unique tumor profile
of individual patients. This approach focuses on the safe delivery of payloads and the elimination of off-
target toxicities by customizing the antibody, linker, payload, and DAR to best match the patient's health
system.

The full potential of ADCs has yet to be realized. Ongoing research into conjugation techniques,
bispecific antibody-drug conjugates, combination therapies, and personalized ADCs promises to address
current limitations. As these advancements continue, the future of cancer treatment with more effective
and safer therapies looks increasingly promising.
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