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marked the initiation of cancer-targeted ADC therapy 
in 2000 by approving the ADC drug Mylotarg for treat-
ing patients with acute myeloid leukemia (AML) meet-
ing specific criteria (i.e., first relapse, over 60 years old, 
CD33-positive, and unsuitable for cytotoxic chemo-
therapy) [4]. Since the introduction of the first ADC, 
13 ADCs have secured FDA approval, and over 100 
ADCs are currently undergoing various stages of clinical 
research [5].

An ADC comprises three primary components: 
human-derived monoclonal antibodies (mAbs), a linker, 
and a cytotoxic drug [6]. The mAb within the ADC rec-
ognizes antigens on the target cell’s membrane, facilitat-
ing its entry into the cell through endocytosis. In most 
cases, the mAb is translocated to early endosomes and 
subsequently to lysosomes. The acidic environment and 
protein hydrolases within these compartments result in 
ADC degradation, releasing the cytotoxic drug into the 

Introduction
Cancer has emerged as the second-largest global threat 
to people’s health, causing ∼ 10 million deaths in 2020 [1]. 
Traditional antitumor therapies, such as chemotherapy 
and radiotherapy, exhibit numerous drawbacks [2]. To 
address this challenge, scientists have identified a novel 
class of cancer therapy drugs known as antibody‒drug 
conjugates (ADCs), which offer enhanced safety and effi-
cacy [3]. The U.S. Food and Drug Administration (FDA) 

Molecular Cancer

†Kaifeng Liu, Meijia Li and Yudong Li contributed equally to this 
work.

*Correspondence:
Hongwei Liu
lhwhongwei@gdmu.edu.cn
1Laboratory of Urology, Affiliated Hospital of Guangdong Medical 
University, Zhanjiang 524001, China
2The First Clinical College, Guangdong Medical University,  
Zhanjiang 524023, China

Abstract
While strategies such as chemotherapy and immunotherapy have become the first-line standard therapies for 
patients with advanced or metastatic cancer, acquired resistance is still inevitable in most cases. The introduction 
of antibody‒drug conjugates (ADCs) provides a novel alternative. ADCs are a new class of anticancer drugs 
comprising the coupling of antitumor mAbs with cytotoxic drugs. Compared with chemotherapeutic drugs, ADCs 
have the advantages of good tolerance, accurate target recognition, and small effects on noncancerous cells. 
ADCs occupy an increasingly important position in the therapeutic field. Currently, there are 13 Food and Drug 
Administration (FDA)‒approved ADCs and more than 100 ADC drugs at different stages of clinical trials. This review 
briefly describes the efficacy and safety of FDA-approved ADCs, and discusses the related problems and challenges 
to provide a reference for clinical work.
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cytoplasm. The released cytotoxic drug then binds to 
DNA or microtubule proteins, causing cell cycle arrest 
and eventual apoptosis [7] (Fig. 1).

As a novel and promising therapeutic agent, ADCs 
have a wide range of potential applications. This paper 
will provide a brief review of the efficacy and safety of 
FDA-approved ADCs (Table  1), offering references for 
both clinical application and scientific research.

ADCs and their role in cancer therapy
Gemtuzumab ozogamicin (GO)
GO, the pioneering ADC drug developed by Pfizer, holds 
the distinction of being the first ADC to receive global 
market approval. Comprising a humanized mAb target-
ing CD33 and a cytotoxic N-acetyl-γ-calicheamicin con-
nected via a cleavable hydrazone linker, GO operates on 
a therapeutic principle designed for patients with AML 
[8]. The mechanism involves GO binding to the CD33 
antigen, forming the GO–CD33 complex, which is then 
internalized into AML primary cells [9]. Following posi-
tive outcomes from three early clinical trials, the FDA 
granted approval of GO in 2000, specifically for the treat-
ment of patients with CD33-positive AML aged over 60 
who were ineligible for cytotoxic chemotherapy [10].

However, safety concerns surfaced during the South-
west Oncology Group (SWOG) S0106 study, designed 
to assess the efficacy of GO across all cytogenetic risk 
groups in adult patients below 60 years of age with 
AML. The study revealed a higher fatal induction toxic-
ity rate in the GO + cytarabinealone group compared to 
the cytarabinealone group (5.5% vs. 1.4%) [11]. Conse-
quently, Pfizer withdrew the product from the market 
in June 2010. The safety and therapeutic efficacy of GO 
were reevaluated at a lower dose (3 mg/m²) in combina-
tion with chemotherapy in the Acute Leukemia French 

Association (ALFA)-0701 phase III clinical trial. The 
study indicated varying incidences of grade ≥ 3 adverse 
events (AEs) in the GO combined with chemotherapy 
and chemotherapy alone groups, including veno-occlu-
sive liver disease (2% vs. 0%), hemorrhage (18% vs. 9%), 
and infections (47% vs. 39%), respectively [12].

Additional trials, namely MyloFrance-1 and AML-19, 
were conducted to assess the safety and efficacy of GO 
[4, 13]. The MyloFrance-1 study demonstrated significant 
toxicities associated with GO treatment, such as myelo-
suppression, infusion reactions, infections, bleeding, 
and hepatotoxicity. However, the data suggested that the 
anticipated clinical benefits for patients with CD33-posi-
tive relapsed/refractory AML outweighed safety concerns 
when treated with 3 mg/m² GO on days 1, 4, and 7 [4]. 
In the AML-19 study focusing on overall survival (OS), 
results indicated a promising improvement in OS for 
elderly patients with AML unsuitable for intensive che-
motherapy compared to best supportive care. The tox-
icity was manageable, with no additional adverse effects 
observed [13]. Based on these studies, the FDA granted 
approval of GO in 2017 [14]. Subsequently, in pediatric 
AML, the Children’s Oncology Group’s AAML0531 trial 
demonstrated improved prognosis for pediatric patients 
treated with GO [15].

The final efficacy and safety update from the open-
label, phase III ALFA-0701 trial revealed that the addi-
tion of GO to standard chemotherapy significantly 
extended event-free survival (EFS) in patients with newly 
diagnosed de novo AML [16]. In a randomized, open-
label, multicenter phase III trial (AMLSG 09–09), the 
primary investigation focused on the efficacy of inten-
sive chemotherapy with or without GO in patients with 
NPM1 mutant AML. The results demonstrated a signifi-
cant reduction in the cumulative relapse rate when GO 

Fig. 1  Structure and mechanism of action of ADCs
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was combined with chemotherapy. AEs (grade ≥ 3) and 
their incidence in the GO combined with chemotherapy 
and chemotherapy alone groups included febrile neutro-
penia (47% vs. 41%), thrombocytopenia (90% vs. 90%), 
pneumonia (25% vs. 22%), and sepsis (29% vs. 25%), 
respectively [17].

A retrospective analysis gathered data on 35 children 
with refractory or relapsed AML treated with GO in 
Poland from 2008 to 2022. Outcomes indicated that 18 
children achieved complete response (CR), 14 did not 
respond to treatment, and 3 progressed. Among the 18 
children with CR after GO treatment, allogeneic hema-
topoietic stem cell transplantation was performed. The 
5-year OS for the entire cohort post-GO treatment was 
37.1% ± 8.7%. Patients with strong CD33 expression 
(more than 50% positive cells) demonstrated a trend 
towards better outcomes compared to those with low 
CD33 expression. Common AEs included bone marrow 
aplasia, unexplained fever, infections, and elevated liver 
enzymes [18].

In the UK NCRI AML18 trial, investigators explored 
the benefits of fractionated versus single-dose GO in 
elderly patients with AML. Results indicated that a 
fractionated regimen was more effective than a single 
dose in clearing leukemia in older individuals without 
adverse genetic risk [19]. In a phase IV study evaluating 
the QT interval, pharmacokinetics, and safety after frac-
tionated GO administration in patients with relapsed/
refractory CD33-positive AML, findings suggested that 
a fractionated GO dosing regimen did not pose a clini-
cally significant safety risk for QT interval prolongation. 
Treatment-emergent adverse events (TEAEs) were con-
sistent with the previously reported safety profile of GO 
[20].

Evidence has shown that GO, when combined with 
standard induction chemotherapy, enhances the prog-
nosis for newly diagnosed intermediate cytogenetic risk 
AML [21]. The use of GO in combination with fludara-
bine, cytarabine, granulocyte colony-stimulating factor, 
and idarubicin has demonstrated improved EFS in young 
patients newly diagnosed with AML, and enhanced OS 
in patients with NPM1 and FLT3 mutations [22]. Col-
lectively, these findings suggest that GO, whether admin-
istered as a standalone agent or in combination, slows 
disease progression and is deemd safe, efficacious, and 
feasible in patients with CD33-positive AML at their ini-
tial diagnosis.

Brentuximab vedotin (BV)
BV, initially developed by Seagen (formerly Seattle Genet-
ics) and later co-developed with Takeda, stands as the 
second approved ADC drug. It comprises brentuximab, 
a chimeric IgG1 mAb targeting CD30, a maleimide linker 
moiety (a cleavable dipeptide linker, mc–VC–PABC), and 

monomethyl auristatin E (MMAE). BV specifically tar-
gets the CD30 antigen expressed in Hodgkin lymphoma 
(HL) and anaplastic large cell lymphoma (ALCL) [23].

In a phase I study evaluating the efficacy and safety of 
BV for the treatment of HL and ALCL, 45 patients with 
relapsed/refractory CD30-positive hematological malig-
nancies received BV at doses ranging from 0.1 to 3.6 mg/
kg of body weight every 3 weeks. Results indicated objec-
tive response in 50% of cases, with a median duration of 
response (DOR) lasting at least 9.7 months. Most AEs 
were of grade 1 and 2 severity, with the common ones 
including fatigue, fever, diarrhea, nausea, neutropenia, 
among others [24]. In a phase II trial, BV demonstrated 
effectiveness in 75% and 87% of patients with HL (102 
patients) and ALCL (30 patients), respectively [25].

A phase III study exploring BV in the treatment 
of cutaneous T-cell lymphomas revealed significant 
improvement in mycosis fungoides or primary cutaneous 
ALCL. Moreover, BV demonstrated the ability to allevi-
ate itch and pain caused by lymphoma without negatively 
impacting the patients’ quality of life (QoL) [26]. In 2018, 
the FDA approved BV in combination with CHP (i.e., 
cyclophosphamide, doxorubicin, and prednisone) for 
treating adult patients with previously untreated systemic 
ALCL or other CD30-expressing peripheral T-cell lym-
phomas (PTCL), including angioimmunoblastic T-cell 
lymphoma and PTCL not otherwise specified [27].

In a multicenter real-world study conducted between 
2020 and 2022, researchers enrolled 104 patients with 
lymphoma receiving BV for the first time. The results 
demonstrated an objective response rate (ORR) of 
64.5%, with 6-month progression-free survival (PFS) and 
OS rates reaching 77.2% and 90.1%, respectively. The 
12-month PFS and OS rates were reported at 77.2% and 
79.9%, respectively. The most prevalent AEs were hema-
tological disorders, particularly neutropenia [28].

In an open-label, single-arm, multicenter phase I/
II trial, 41 patients with HIV-related HL received BV in 
combination with doxorubicin, vinblastine, and dacarba-
zine. Results indicated that all 37 patients who completed 
treatment achieved CR. The 2-year PFS was 87%, and the 
OS rate was 92%. The most common grade 3 or worse 
AEs included peripheral sensory neuropathy (10%), neu-
tropenia (44%), and febrile neutropenia (12%) [29].

Trastuzumab emtansine (T-DM1)
T-DM1 is an ADC drug formed by linking the HER2-
targeting drug trastuzumab with emtansine (also known 
as DM1) via a thioether linker. The targeting action of 
trastuzumab selectively transports the highly active cyto-
toxic small molecule drug DM1 into tumor cells with 
HER2 overexpression, releasing the drug through endo-
cytosis. This mechanism not only significantly reduces 
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toxicity and side effects but also enhances the targeting 
role [30].

The international multicenter phase III clinical trial, 
EMILIA, conducted by Verma et al., affirmed the clinical 
role of T-DM1 in HER2-positive advanced breast cancer. 
In patients with HER2-positive metastases or advanced 
breast cancer treated with trastuzumab and paclitaxel, 
T-DM1 demonstrated enhanced treatment efficacy, a 
higher safety profile, and fewer adverse effects [31]. In 
the TDM4450g study, T-DM1 showed generally favor-
able tolerance in patients with HER2-positive metastatic 
breast cancer. TEAEs with an incidence rate of > 40% 
included fatigue (49.3%), nausea (49.3%), an increase 
in serum aspartate aminotransferase (43.5%), pyrexia 
(40.6%), and headache (40.6%) in the T-DM1 group [32].

The TH3RESA study validated the effectiveness of 
T-DM1 in breast cancer patients who progressed after 
second-line and above treatment. Results indicated 
a significantly improved median PFS in the T-DM1 
group, along with a prolonged median OS and a lower 
proportion of ≥ 3 adverse reactions compared to the 
control group [33]. A real-world study presented at the 
2019 European Society for Medical Oncology (ESMO) 
congress from a US database confirmed the benefit of 
T-DM1 in patients who had failed dual-target therapy 
with trastuzumab and pertuzumab [34]. The NCCN 
Breast Cancer Guidelines designate T-DM1 as the pre-
ferred second-line treatment for HER2-positive advanced 
breast cancer [35].

In adjuvant therapy for residual invasive HER2-posi-
tive early breast cancer, T-DM1 plays a crucial role. The 
KATHERINE study indicated that the T-DM1 group 
exhibited an improved 3-year disease-free survival (DFS) 
rate and a significantly reduced risk of recurrence or 
death. This study establishes T-DM1 as the new standard 
treatment for patients with residual lesions after neoad-
juvant therapy for HER2-positive breast cancer [36].

In the ATEMPT trial, the objective was to assess 
whether T-DM1 treatment resulted in lower toxic-
ity compared to paclitaxel plus trastuzumab, while still 
achieving clinically acceptable invasive DFS in patients 
with stage I HER2-positive breast cancer. The study 
revealed that the 3-year invasive DFS for T-DM1 reached 
97.8%, and patients treated with T-DM1 experienced less 
neuropathy and alopecia than those treated with pacli-
taxel plus trastuzumab [37].

In the WSG-ADAPT-TP phase II trial involv-
ing 375 hormone receptor-positive or HER2-pos-
itive patients, randomization into three groups 
(T-DM1,  T-DM1 + endocrine therapy, trastu-
zumab + endocrine therapy) resulted in similar 5-year 
invasive DFS rates (88.9%, 85.3%, and 84.6%, respectively) 
and OS rates (97.2%, 96.4%, and 96.3%, respectively) [38].

A phase I trial enrolled 12 patients with HER2-positive 
breast cancer and brain metastases, investigating the 
combination of T-DM1 and metronomic temozolomide. 
The study indicated low-grade toxicity and potential 
activity in the secondary prevention of HER2-positive 
brain metastases. Grade 3 or 4 AEs included thrombocy-
topenia, neutropenia, lymphopenia, and CD4 reduction 
[39].

Additionally, in the phase II KAMELEON study 
(NCT02999672), the aim was to explore tumor HER2 
expression and its impact on T-DM1 response in patients 
with HER2-positive urothelial carcinoma (UC), pancre-
atic cancer, or cholangiocarcinoma. Results showed that 
some patients with HER2-positive UC or pancreatic can-
cer could benefit from T-DM1 treatment [40].

Inotuzumab ozogamicin (InO)
The CD22 antigen, a 135-kDa type I transmembrane 
sialoglycoprotein, is found in the cytoplasm of nearly all 
B lineage cells and is specifically expressed on B cells. The 
CD22 antigen is predominantly expressed in IgM+ IgD+ 
B cells [41]. InO is an ADC drug created by conjugating 
the human IgG4 mAb targeting CD22 with the cytotoxic 
chemotherapeutic drug calicheamicin through an acid-
unstable splice. The binding of InO to CD22-expressing 
tumor cells initiates endocytosis of the InO-CD22 com-
plex, leading to hydrolysis of the N-acetyl-γ-khakimycin 
dimethylhydrazide junction. Activation of N-acetyl-γ-
kadzimycin dimethylhydrazide induces double-stranded 
DNA breaks, subsequently causing cell cycle arrest and 
cell death [42]. InO plays a crucial role in the treatment 
of acute lymphoblastic leukemia (ALL) by targeting can-
cer cells that abnormally express CD22, thereby inducing 
cell cycle arrest and apoptosis [43].

InO seems to be an effective salvage measure for 
patients with advanced ALL, enabling more patients to 
undergo stem cell transplantation and achieve long-term 
survival [44]. A phase III trial of InO in relapsed/refrac-
tory ALL has been completed. In this study, patients 
treated with InO exhibited significantly higher CR rates, 
lower disease burden in remission, and longer duration 
of remission compared to the group treated with stan-
dard chemotherapy [45]. Meanwhile, patients treated 
with InO showed improved clinical outcomes and QoL 
[46]. A multicenter, parallel, open-label phase III trial was 
conducted to assess the efficacy of InO in adult patients 
with recurrent/refractory ALL. The results indicated a 
higher CR or CR with incomplete hematologic recovery 
rate in the InO group compared to the standard-of-care 
(SoC) group. The median OS was 7.7 months in the InO 
group and 6.2 months in the SoC group [47]. In a study 
evaluating the antitumor activity and safety of InO for 
the treatment of CD22-positive relapsed/refractory ALL, 
the results showed that all treated patients had a median 
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PFS of 3.9 months and a median OS of 7.4 months. The 
most common AEs with any grade included neutrope-
nia (28%), increased AST (26%), nausea (21%), vomiting 
(17%), fatigue (15%), and febrile neutropenia (15%) [48].

In a phase II trial, InO was investigated as a monother-
apy in pediatric patients with relapsed/refractory ALL. 
The study included a total of 32 enrolled patients, with 
28 receiving treatment, and 27 being evaluable for effi-
cacy. The results revealed a 1-year EFS rate of 36.7% and 
an OS rate of 55.1% [49]. In a multicenter study focusing 
on low-dose post-transplant InO for preventing relapse 
in ALL, it was found that the maximum tolerated dose 
of InO was 0.6 mg/m2. The study reported a 1-year non-
relapse mortality rate of 5.6%, a PFS of 89%, and an OS of 
94% [50].

The detection of measurable residual disease stands out 
as a significant predictor of relapse in ALL. In a phase 
II study investigating InO for the palliation of measur-
able residual disease in ALL, the results indicated a 69% 
response rate, leading to measurable residual disease 
negativity. The  2-year relapse-free survival rate for the 
entire cohort was 54%, and the a 2-year OS rate was 60%. 
Most AEs were of lowgrade. Consequently, InO dem-
onstrates favorable survival rates, measurable residual 
disease negativity, and safety for patients with ALL and 
measurable residual disease positivity [51].

Moxetumomab pasudotox (MP)
Developed by AstraZeneca and granted FDA approval 
in 2018, MP is a recombinant immunotoxin comprising 
moxetumomab targeting CD22, a 38  kDa fragment of 
pseudomonas exotoxin A, and the linker mc–VC–PABC. 
It is utilized for treating adult patients with relapsed/
refractory hairy cell leukemia (HCL) who have not 
responded to at least two systemic therapies (including 
purine nucleoside analogues). MP marks the first drug 
approved for HCL treatment in over 20 years [52].

The FDA approval of MP relies on data from the phase 
III clinical study, Study 1053, which was a single-arm, 
multicenter study involving 80 patients diagnosed with 
HCL or an HCL variant. These patients had undergone 
at least two systemic treatments. The treatment involved 
intravenous injection of 40  µg/kg MP on the 1st, 3rd, 
and 5th day of each 28-day cycle, totaling 6 cycles. The 
primary endpoint was CR, defined as achieving CR and 
maintaining hematologic remission for over 180 days. 
The data revealed that MP monotherapy achieved an 
ORR of 75%, a CR of 41%, and a durable CR of 30%. The 
most common AEs (grade 3–4) included decreased lym-
phocyte count (20%), asymptomatic hypophosphatemia 
(10%), and anemia (10%) [53]. Updated data confirmed 
that MP exhibited high durable response rates and a min-
imal residual disease negative rate in heavily pre-treated 

patients with HCL. It was deemed safe, manageable, and 
a new feasible treatment option [54].

Polatuzumab vedotin (PV)
Developed by Genentech, PV is an ADC composed of 
the antibody CD79b linked to MMAE through a cleav-
able dipeptide linker (mc–VC–PABC). It received its 
initial approval for the treatment of adult patients with 
relapsed/refractory diffuse large B-cell lymphoma 
(DLBCL) who have undergone at least two prior thera-
pies in conjunction with bendamustine and rituximab 
(BR) [55].

The approval was based on findings from an open-label, 
global, multicenter, phase Ib/II clinical study known as 
GO29365. In this study, 80 patients with relapsed/refrac-
tory DLBCL, who had previously undergone at least 
one treatment regimen, were randomly assigned to two 
groups. One group received BR with PV, while the other 
group received BR alone. Both groups underwent a total 
of six 21-day cycles of treatment. The study assessed CR 
rate as primary endpoint. Results demonstrated a higher 
CR rate in the BR with PV group compared to the BR 
alone group, with a significantly elevated CR rate evalu-
ated by the independent review committee at the end of 
treatment (40.0% vs. 17.5%). In the BR with PV group, the 
most common grade 3–4 AEs included thrombocytope-
nia (41%), neutropenia (46.2%), infection and infestation 
(23.1%), and anemia (28.2%). Additionally, among trans-
plant-ineligible patients with relapsed/refractory DLBCL, 
the BR with PV group exhibited a 58% lower risk of death 
compared to the BR group [56]. The phase III POLARIX 
study (NCT03274492) further demonstrated PV as 
an effective option for treating patients with relapsed/
refractory DLBCL [57]. It revealed that PV in combina-
tion with rituximab plus cyclophosphamide, doxorubicin, 
and prednisone (Pola-R-CHP) significantly improved PFS 
compared to R-CHOP in both Asian and global popula-
tions, with comparable safety profiles between Pola-R-
CHP and R-CHOP [58].

A preclinical investigation demonstrated that PV 
induces the degradation of the BCL-2 protein family 
member MCL-1 through the ubiquitin/proteasome sys-
tem. When PV was used in combination with venetoclax 
and anti-CD20 antibodies obinutuzumab or rituximab, 
the targeted MCL-1 antagonistic effect led to tumor 
regression in preclinical non-Hodgkin lymphoma (NHL) 
models. Importantly, these regressions were sustained 
even after discontinuation of treatment. In the phase Ib 
clinical trial, severely pre-treated patients with recurrent 
or refractory NHL received the combination therapy of 
PV, venetoclax, and an anti-CD20 antibody. A significant 
proportion of patients responded positively to the treat-
ment, with 76% of patients with follicular lymphoma and 
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29% of patients with DLBCL achieving either complete or 
partial responses [59].

In a phase Ib/II trial evaluating the safety and activ-
ity of mosunetuzumab plus PV in relapsed/refractory 
aggressive large B-cell lymphoma (LBCL), the best ORR 
was 59.2%, the CR rate was 45.9%, median PFS was 11.4 
months, and median OS was 23.3 months. The most 
common grade ≥ 3 AEs were neutropenia and fatigue. 
These findings suggest that the combination of mosu-
netuzumab with PV exhibits good safety and a highly 
persistent response, making it suitable as a second-line 
treatment for patients with relapsed/refractory LBCL 
who are not eligible for transplant [60].

However, a single-arm, phase Ib/II study revealed that 
PV combined with rituximab and lenalidomide in treat-
ing patients with relapsed/refractory DLBCL did not 
meet the threshold of predetermined activity. The CR 
rate was 31%, and the most common grade 3–4 AEs were 
neutropenia and thrombocytopenia [61].

Enfortumab vedotin (EV)
Nectin-4, a type I transmembrane protein, is notably 
overexpressed in various malignant tumors, including 
bladder cancer. Its overexpression plays a role in promot-
ing tumor cell proliferation, differentiation, and invasion 
through the activation of the PI3K/AKT signaling path-
way, contributing to malignant tumorigenesis, metasta-
sis, and recurrence [62, 63]. Consequently, Nectin-4 has 
emerged as a promising target for systemic therapy in 
locally advanced or metastatic urothelial carcinoma (la/
mUC). EV is an ADC that combines a human antibody 
against Nectin-4 with the cytotoxic MMAE through a 
cleavable junction. Upon binding to Nectin-4, EV forms 
a complex that internalizes within Nectin-4-expressing 
cells. The released MMAE binds to tubules, disrupting 
the cellular microtubule network and leading to cell cycle 
arrest and apoptosis [64].

In the phase I dose-escalation study EV-101, incre-
mental administration of 1.25 mg/kg EV occurred on the 
1st, 8th, and 15th day of a 28-day cycle. Results from the 
study involving 112 patients with mUC treated with sin-
gle-agent EV showed an investigator-assessed confirmed 
ORR of 43%, with a DOR lasting 7.4 months. The median 
OS was 12.3 months, and the 1-year OS rate reached 
51.8%. The most frequently reported treatment-related 
adverse events (TRAEs) with an incidence rate of ≥ 30% 
included fatigue, alopecia, decreased appetite, dysgeu-
sia, nausea, peripheral sensory neuropathy, pruritus, and 
diarrhea [65].

In a two-cohort, single-arm, phase II study (EV-201) 
involving 125 patients with metastatic UC, a final ORR of 
44%, a CR rate of 12%, and a median DOR of 7.6 months 
were confirmed. This demonstrated a more favorable 
treatment outcome compared to standard chemotherapy 

[66]. The EV-301 trial further showcased the ability of 
EV to prolong the OS of patients compared to standard 
chemotherapy, with a 30% reduction in the risk of death, 
as indicated by a hazard ratio (HR) of 0.70 (95% confi-
dence interval[CI] 0.58–0.85). PFS also improved with 
EV compared to chemotherapy, with an HR of 0.63 (95% 
CI 0.53–0.76). The incidence of TRAEs was 93.9% for EV 
and 91.8% for chemotherapy, with the incidence rates of 
grade ≥ 3 AEs being 52.4% and 50.5%, respectively. AEs 
associated with EV were manageable [67].

Subsequent retrospective studies of EV monotherapy 
have demonstrated its effectiveness in treating individu-
als in important patient populations previously excluded 
from clinical trials, including those with conditions such 
as diabetes. This highlights the maturation of research on 
EV with a broader population of recipients [68].

The FDA granted breakthrough therapy designation 
to the combination of EV with pembrolizumab (EV + P), 
approving it as a first-line treatment for patients with la/
mUC who are not suitable for cisplatin [64]. In a phase II 
trial study, cisplatin-ineligible patients received treatment 
with EV + P, leading to demonstrated tumor shrinkage 
in a majority of the patients [69]. EV + P showcased the 
preservation or improvement of QoL, functioning, and 
symptoms in cisplatin-ineligible patients with la/mUC. 
Notable and clinically meaningful improvements were 
observed in European Organization for Research and 
Treatment of Cancer Quality of Life Questionnaire-Core 
Questionnaire (EORTC QLQ-C30) scores at weeks 12 
and weeks 24 in the EV + P group. Additionally, there was 
a significant decrease in worst pain scores measured by 
the Brief Pain Inventory Short Form (BPI-SF). In patients 
receiving EV monotherapy, the overall QoL assessed by 
the EORTC QLQ-C30 remained stable. These findings 
suggest that both EV + P and EV monotherapy have a 
positive impact on QoL, functioning, and symptom man-
agement in patients with la/mUC who are ineligible for 
cisplatin-based therapy [70].

In another study involving patients with la/mUC ineli-
gible for cisplatin therapy, EV + P demonstrated a high 
confirmed ORR and a persistent response as first-line 
therapy [71].

Trastuzumab deruxtecan (T-DXd)
T-DXd is an ADC that combines trastuzumab (a human-
ized mAb targeting HER2) with an exatecan derivative (a 
topoisomerase I inhibitor) through a linker designed for 
the targeted delivery of cytotoxic agents into cancer cells. 
In comparison to T-DM1, T-DXd can deliver a higher 
payload of cytotoxic drugs, and its improved membrane 
permeability allows it to kill more tumor cells through 
the “bystander effect” [72, 73]. The FDA has approved 
T-DXd for the treatment of adult patients with unresect-
able or metastatic HER2-positive breast cancer who have 
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previously received two or more anti-HER2 therapies 
[74].

In an open-label, dose-escalation, and dose-expansion 
phase I trial, investigators assessed the safety, tolerability, 
and activity of T-DXd in advanced solid tumors express-
ing HER2. The results revealed a confirmed objective 
response in 66 out of 111 patients, with disease control 
confirmed in 104 out of 111 patients. The median follow-
up was 9.9 months, and the median time to response, 
DOR, and PFS were 1.6 months, 20.7 months, and 22.1 
months, respectively. All patients experienced at least one 
TEAE. Common grade 3 or more severe TEAEs included 
anemia (17%), neutropenia (14%), leukopenia (9%), and 
thrombocytopenia (8%). Moreover, 19% of patients expe-
rienced at least one serious TEAE, and interstitial lung 
disease, organizing pneumonia, or pneumonitis occurred 
in 20 patients [75].

In the phase II DESTINY-Breast01 trial, T-DXd dem-
onstrated sustained antitumor activity in patients with 
HER2-positive metastatic breast cancer who had pre-
viously received ≥ 2 anti-HER2 treatments, including 
T-DM1 [76]. Subgroup analysis from DESTINY-Breast01 
indicated markedly improved patient outcomes when 
T-DXd was used to treat HER2-positive metastatic breast 
cancer, showcasing durable efficacy even in cases with 
brain metastases [77]. Updated results further supported 
the evidence that T-DXd maintains sustained antitumor 
activity and consistent safety in HER2-positive metastatic 
breast cancer with brain metastases [78]. In the open-
label, single-arm phase II trial TUXEDO-1, designed for 
patients with HER2-positive breast cancer with brain 
metastases after prior therapy, T-DXd demonstrated a 
high response rate in these patients [79].

In DESTINY-Breast02, a randomized phase III trial, 
patients with HER2-positive metastatic breast cancer 
who had progressed after a trastuzumab-containing 
regimen were randomly assigned to two groups: one 
receiving T-DXd treatment, and the other receiving 
treatment of the physician’s choice. The median PFS 
was 17.8 months in the T-DXd group compared to 6.9 
months in the treatment of the physician’s choice group. 
The most common TEAEs were nausea in both groups 
(73% vs. 37%). However, more grade 3 or worse TEAEs 
occurred in the T-DXd group (53% vs. 44%) [80]. In the 
DESTINY-Breast03 phase III trial, T-DXd demonstrated 
a significant improvement in OS compared to T-DM1 in 
HER2-positive metastatic breast cancer patients. T-DXd 
also displayed a manageable safety profile and a longer 
treatment duration [81, 82]. Additionally, based on the 
outcomes of the DESTINY-Breast04 trial [83], T-DXd 
was approved as the first therapy for the treatment of 
HER2-low metastatic breast cancer [84].

Sacituzumab govitecan (SG)
Trophoblast cell surface antigen 2 (Trop-2), a 40-kDa gly-
coprotein also known as tumor-associated calcium signal 
transducer-2, plays a crucial role in the development and 
metastasis of various solid tumors [85]. SG comprises an 
anti-Trop-2 antibody, a SN-38 payload (an active metab-
olite of irinotecan), and a CL2A linker. Noteworthy fea-
tures of SG include the use of the moderately toxic drug 
SN-38, the utilization of a moderately stable conjugate, 
and a high drug‒antibody ratio (7–8:1), resulting in low 
off-target toxicity [86]. In April 2020, SG received accel-
erated approval from the FDA for the treatment of adult 
patients with metastatic triple-negative breast cancer 
(TNBC) who have undergone at least two prior treat-
ments for metastatic disease [87].

In the initial clinical trial of SG, it demonstrated 
encouraging antitumor activity in patients with meta-
static solid tumors, including pancreatic cancer, TNBC, 
colorectal cancer, small cell lung cancer (SCLC), gastric 
cancer (GC), UC, among others [88]. In a single-arm, 
multicenter trial, SG was administered to 108 patients 
with metastatic TNBC who had undergone at least two 
anticancer treatments before. Results revealed a median 
DOR of 7.7 months, PFS of 5.5 months, and OS of 13.0 
months. The most common AEs included nausea, neu-
tropenia, diarrhea, fatigue, and anemia [89]. The TROP-
iCS-02 study, a randomized, multicenter, phase III trial, 
evaluated the efficacy of SG in patients with pretreated, 
endocrine-resistant hormone receptor-positive, HER2-
negative metastatic breast cancer. Among the 543 
patients randomized into the SG group (n = 272) and the 
chemotherapy group (n = 271), the median OS was signif-
icantly longer in the SG group (14.4 months) compared 
to the chemotherapy group (11.2 months). The ORR in 
the two groups was 21% and 14%, respectively [90]. The 
NeoSTAR trial assessed the efficacy and feasibility of 
neoadjuvant SG in patients with localized TNBC. In this 
trial, 98% of patients completed four rounds of SG, 30% 
achieved partial CR, and 64% achieved ORR. Common 
AEs included nausea, fatigue, alopecia, neutropenia, and 
rash [91].

SG received FDA approval as a second-line treatment 
for patients with la/mUC who had previously received 
platinum and PD-1/PD-L1 inhibitors [86]. In the IMMU-
132-01 trial, among the 45 patients with mUC, the ORR 
was 31%. Specifically, in patients with visceral involve-
ment, the ORR was 27%, and in those who had previously 
received immune checkpoint inhibitors (ICIs) treatment, 
the ORR was 23%. The clinical benefit rate for all patients 
was 47%, with a median DOR of 12.9 months, median 
PFS of 7.3 months, and median OS of 16.3 months. These 
findings indicate that SG demonstrates clinical activity in 
patients with relapsed/refractory mUC, including those 
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previously treated with ICIs and those with visceral dis-
ease [92].

The TROPHY-U-01 trial, an open, multi-cohort phase 
II clinical trial (NCT03547973), aimed at evaluating 
the efficacy and safety of SG treatment in patients with 
locally advanced or metastatic UC who had failed plati-
num- and ICI-based therapies. Among the 113 patients 
receiving SG (10 mg/kg body weight) on the 1st and 8th 
day of a 21-day cycle, the ORR was 27%, with median 
DOR, PFS, and OS of 7.2 months, 5.4 months, and 10.9 
months, respectively. The main grade ≥ 3 TRAEs included 
neutropenia, leukopenia, anemia, diarrhea, and febrile 
neutropenia [93]. Updated data confirmed a sustained 
high ORR with longer follow-up (28%), and median PFS, 
OS, and TRAEs were consistent with previous outcomes 
[94]. Moreover, some studies suggest that cells resistant 
to EV remain sensitive to SG, making SG potentially 
effective in most subtypes of bladder cancer, includ-
ing those treated with EV, marking a significant devel-
opment in the treatment of patients with UC [95]. In a 
phase I trial evaluating the safety and efficacy of SG plus 
EV in mUC, results showed an impressive ORR of 70%, 
with grade ≥ 3 AEs occurring in 78% of patients. The most 
common grade ≥ 3 TRAEs included neutropenia, anemia, 
urinary tract infection, fatigue, and diarrhea [96].

Disitamab vedotin (RC48)
RC48, developed by RemeGen, represents the third 
marketed HER2-targeted ADC. It comprises a novel 
humanized HER2 antibody, a histone-cleavable linker 
(mc–VC–PABC), and a cytotoxic agent (i.e., MMAE) 
[97]. In June 2021, the National Medical Products 
Administration granted approval for RC48 as a treatment 
for patients with locally progressive or metastatic GC 
(including gastric junction adenocarcinoma) who exhibit 
HER2 overexpression and have undergone at least two 
rounds of systemic chemotherapy [98]. Notably, it is the 
inaugural ADC drug approved for marketing in China.

In a dose-escalating, dose-expanding phase I clini-
cal trial (NCT02881190), RC48 demonstrated promis-
ing safety and antitumor activity in HER2-positive solid 
tumors. The study results revealed dose-dependent anti-
tumor activity, showcasing an ORR of 21.0%, with a PFS 
of 3.5 months. Common grade 3 and higher AEs included 
neutropenia, leukopenia, hyperalgesia, and elevated 
bound blood bilirubin [99].

In a single-arm Phase II clinical trial (NCT03556345), 
which enrolled 125 patients with HER2-positive locally 
advanced or metastatic GC (including gastroesophageal 
junction adenocarcinoma) previously treated with sec-
ond-line or higher regimens, the study reported an ORR 
of 24.8%, a PFS of 4.1 months, a median time to disease 
progression of 4.2 months, and an OS of 7.9 months. The 
most frequent AEs included decreased white blood cell 

count, asthenia, hair loss, decreased neutrophil count, 
and others [100].

An observational multicenter real-world study enrolled 
45 cases of advanced and metastatic GC with a history 
of failure with two or more prior therapies. Patients were 
subjected to either RC48 monotherapy or a combina-
tion of RC48 and ICIs as third-line therapy until disease 
progression, death, or intolerable toxicity ensued. Both 
groups received an intravenous injection at a dose of 
2.5 mg/kg every 2 weeks. In the RC48 plus ICIs treatment 
group, tislelizumab was intravenously administered at a 
dose of 200  mg every 3 weeks. The results revealed an 
ORR and disease control rate (DCR) of 24.4% (11/45) and 
66.7% (30/45), respectively. Patients treated with RC48 
in combination with ICIs demonstrated a superior ORR 
(36.0% vs. 10.0%) and DCR (80.0% vs. 50.0%) compared 
to those receiving RC48 monotherapy. Additionally, the 
median PFS in the RC48 plus ICIs treatment group sur-
passed that in the RC48 monotherapy group (6.2 months 
vs. 3.9 months). This study illustrated that the combina-
tion of ICIs with RC48 exhibited superior therapeutic 
efficacy as a third-line or later treatment in patients with 
HER2-positive or HER2-low advanced and metastatic 
GC. Importantly, this combined treatment demonstrated 
a manageable safety profile compared to RC48 mono-
therapy [101].

In recent years, ADC agents have showcased compel-
ling efficacy and survival advantages for patients with la/
mUC [102, 103]. In a phase II clinical study (RC48-C005), 
43 patients with HER2-positive la/mUC that had pro-
gressed after at least one prior systemic chemotherapy 
were enrolled. The study results demonstrated an ORR 
of 51.2%, a DCR of 90.7%, a median PFS of 6.9 months, 
and an OS of 13.9 months. The most frequently observed 
TRAEs included hypoesthesia, alopecia, and leukope-
nia [104]. Based on these findings, RC48 has received 
approval as a second-line treatment for patients with 
mUC who have experienced progression after receiving 
platinum-based chemotherapy and exhibit HER2 over-
expression. A combined analysis of two phase II clinical 
trials (RC48-C005 and RC48-C009) assessed the safety 
and efficacy of RC48 in patients with HER2-positive la/
mUC refractory to at least one prior systemic chemo-
therapy. The confirmed ORR was 50.5%, and the median 
DOR, PFS, and OS were 7.3 months, 5.9 months, and 
14.2 months, respectively. The most common TRAEs 
included peripheral sensory neuropathy, leukopenia, 
increased glutamic oxaloacetic transaminase, and neu-
tropenia [105].

To date, multiple studies have assessed the efficacy 
and safety of combining RC48 with immunotherapy for 
la/mUC). In a retrospective, multicenter study involving 
36 patients with la/mUC, the median PFS in the RC48 
alone group was 5.4 months, while in the RC48 plus 
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immunotherapy group, it was 8.5 months. The primary 
TRAEs included anemia, hypoesthesia, fatigue, and ele-
vated transaminase [106].

In a two-center real-world study, nine patients with la/
mUC received intravenous injections of RC48 along with 
tislelizumab or toripalimab, resulting in a confirmed ORR 
of 88.9%. CRs were observed in five patients, and the 
median radiological PFS was 12.0 months [107]. Another 
retrospective, multicenter study reported an ORR of 
63.2% and a DCR of 89.5% in patients with la/mUC who 
received tislelizumab in combination with RC48. The 
median PFS was 8.2 months, and the median DOR was 
7.3 months. Common TRAEs included anemia, anorexia, 
asthenia, hypoesthesia, and others [108].

The HOPE-03 study, a multicenter, single-arm, phase 
Ib/II trial, aimed to evaluate the safety and efficacy of 
combining RC48 with tislelizumab as novel neoadju-
vants in patients with HER2-positive la/mUC. The dose-
escalation phase of the study recommended a dosage of 
2.0 mg/kg for RC48 in the phase II stage, and a total of 45 
patients were included in the phase II study [109].

Loncastuximab tesirine (LT)
LT is an ADC with a CD19-targeting mechanism. It 
comprises a humanized anti-human CD19 mAb con-
nected to a pyrrolobenzodiazepine dimer toxin through 
a valine-alanine linker. This ADC was approved for treat-
ing patients with relapsed/refractory LBCL who have 
undergone second-line or above systemic treatment, 
encompassing unspecified DLBCL, DLBCL caused by 
low-grade lymphoma, and high-grade B-cell lymphoma 
[110].

An open, single-arm, phase I study aimed to investigate 
the safety and tolerability of LT. The results indicated that 
LT exhibited high single-agent antitumor activity and an 
acceptable safety profile in patients with NHL [111]. In 
a subsequent single-arm, phase II clinical trial evaluat-
ing LT monotherapy in patients with relapsed/refractory 
DLBCL (LOTIS-2, NCT03589469), the ORR was 48.3%, 
with a median DOR of 10.3 months, a median PFS of 4.9 
months, and a median OS of 9.9 months. The most com-
mon TEAEs included neutropenia, thrombocytopenia, 
and increased gamma-glutamyltransferase, and 39% of 
patients experienced serious AEs, including neutropenia, 
pleural effusion, anemia, pericardial effusion, and non-
cardiac chest pain [112]. Updated analyses from LOTIS-2 
revealed that 48.3% of patients achieved an ORR, with 
24.8% achieving a CR, and the median OS for all treated 
patients was 9.5 months. Grade ≥ 3 TEAEs occurred in 
73.8% of the patients [113]. Moreover, similar responses 
were observed in both younger (age < 70 years old) and 
older (age ≥ 70 years old) groups. The ORR was 48.4% 
in the younger group and 48.0% in the older group. The 

median time to CR for the young and older groups was 
42 days and 41 days, respectively [114].

Tisotumab vedotin (TV)
Tissue factor (TF), also known as thrombospondin 
kinase, coagulation factor III, or CD142, is a transmem-
brane glycoprotein whose primary function is to initiate 
the exogenous coagulation pathway [115]. TF is often 
expressed on the surface of cancer cells and plays an 
essential role in tumor growth, angiogenesis and metas-
tasis. TF is aberrantly expressed in a variety of solid 
tumors, including cervical cancer, breast cancer, ovarian 
cancer, non-small cell lung cancer (NSCLC), and glio-
blastoma [116]. TV contains a fully human mAb target-
ing TF that is conjugated with MMAE. TV was approved 
for the treatment of recurrent or metastatic cervical can-
cer (r/mCC) in adult patients with a disease progression 
during or after chemotherapy [117].

The safety, tolerability, pharmacokinetic profile and 
antitumor activity of TV were evaluated in LA and/or 
metastatic solid tumors with TF expresssion in a phase 
I/II open-label, dose-escalation, and extension study 
(innovaTV201; NCT02001623). Patients were those with 
recurrent, advanced or metastatic ovarian cancer, endo-
metrial cancer, cervical cancer, prostate cancer, bladder 
cancer, oesophageal cancer, head and neck squamous cell 
cancer or NSCLC. The dose-escalation phase showed a 
maximum tolerated dose of 2.0 mg/kg. The dose-expan-
sion phase showed an ORR of 15.6% for all tumor types, 
with an ORR of 24% in the cervical cancer group. The 
median DOR and PFS was 5.7 months and 3.0 months, 
respectively. Any grade of TEAEs included epistaxis, 
fatigue, nausea, alopecia, conjunctivitis, et al [118]. Inno-
vaTV 204 (NCT03438396) was a multicenter, single-arm, 
phase II study in which a total of 101 patients with r/
mCC received at least one intravenous injection of TV. 
The results showed an ORR of 24%, a DCR of 72%, and 
a median OS of 12.1 months. The most common TRAEs 
were alopecia, epistaxis, nausea, conjunctivitis, fatigue 
and dry eye [119]. Based on this study, TV was approved 
for second-line treatment of r/mCC.

The innovaTV 206 study, a single-arm, open-label 
phase I/II trial, assessed the safety and efficacy of TV 
in Japanese patients with recurrent or metastatic cervi-
cal cancer (r/mCC). The confirmed ORR was 29.4%, 
with a median DOR of 7.1 months and a median time to 
response of 1.2 months. The most frequently reported 
TEAEs included anemia, nausea, alopecia, epistaxis, and 
diarrhea [120]. The innovaTV 205/GOG-3024/ENGOT-
cx8 Study, an open-label, multicenter phase Ib/II clinical 
trial (NCT03786081), included 41 r/mCC patients in the 
dose-escalation study and 101 patients in the dose-expan-
sion study. Patients received TV in combination with 
bevacizumab, pembrolizumab, or carboplatin. Results 
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indicated an ORR of 54.5% with first-line TV + carbo-
platin, 40.6% with first-line TV + pembrolizumab, and 
35.3% with second-line/third-line TV + pembrolizumab. 
The median DOR was 8.6 months and 14.1 months in 
the first-line TV + carboplatin group and the second-line/
third-line TV + pembrolizumab group, respectively [121].

Mirvetuximab soravtansin (MIRV)
Folate receptor α (FRα) possesses a high affinity for 
folate, facilitating its transport to the cytoplasm through 
endocytosis. While FRα is typically expressed at low lev-
els in normal tissues [122, 123], it is often abnormally 
expressed in various epithelial tumors, including epithe-
lial ovarian cancer, endometrial adenocarcinoma, TNBC, 
and NSCLC [124–126]. MIRV, an ADC, employs a FRα-
targeted antibody linked to a microtubule inhibitor via 
a cleavable linker. It received approval for treating adult 
patients with positive FRα expression, platinum-resistant 
epithelial ovarian, fallopian tube, or primary peritoneal 
cancer who have previously undergone 1–3 systemic 
treatment regimens [127, 128].

In a phase I expansion clinical trial (NCT01609556), 46 
patients with platinum-resistant epithelial ovarian, fallo-
pian tube, or primary peritoneal cancer and positive FRα 
expression were administered MIRV once every 3 weeks 
at a dose of 6.0  mg/kg. Results revealed a confirmed 
ORR of 26%, a median PFS of 4.8 months, and a median 
DOR of 19.1 weeks. Common TRAEs included diarrhea, 
blurred vision, nausea, and fatigue [129]. Another phase I 
expansion study demonstrated an ORR of 31% and a PFS 
of 5.4 months in recurrent ovarian cancer with the high-
est FRα expression level [130].

The SORAYA study, a single-arm, phase II study, 
assessed the safety and efficacy of MIRV in patients with 
platinum-resistant epithelial ovarian cancer and high 
FRα expression who had undergone 1–3 prior therapies. 
Results showed an ORR of 32.4% and a median DOR of 
6.9 months. The most common TEAEs of MIRV were 
blurred vision, keratoconus, and nausea [131].

In a randomized, phase III study involving 366 patients 
randomized into the MIRV group (n = 243) and the che-
motherapy group  (n = 109), MIRV did not significantly 
improve PFS compared to chemotherapy. However, 
fewer TRAEs were observed in the MIRV group than in 
the chemotherapy group [132]. In a subsequent global, 
open-label, controlled trial, the MIRV group exhibited 
a median PFS of 5.62 months compared to 3.98 months 
in the chemotherapy group. The ORR in the MIRV 
group was significantly higher (42.3% vs. 15.9%), and the 
median OS in the MIRV group was 16.46 months, while 
in the chemotherapy group, it was 12.75 months [133].

Currently, ongoing studies are exploring the safety and 
efficacy of combining MIRV with other drugs in patients 
with ovarian cancer. In a phase Ib escalation study, the 

safety and antitumor activity of MIRV plus carboplatin 
in the treatment of relapsed, platinum-sensitive epithelial 
ovarian or fallopian tube cancer patients were evaluated. 
The study demonstrated a confirmed ORR of 71%, with a 
median PFS of 15 months [134].

Another phase Ib study assessed the safety and efficacy 
of the combination therapy of MIRV and bevacizumab in 
platinum-resistant ovarian cancer patients with positive 
FRα expression. The study revealed a confirmed ORR of 
39% and a median PFS of 6.9 months. The most common 
TRAEs included diarrhea, blurred vision, nausea, and 
fatigue [135]. Additionally, in a cohort of 94 patients with 
platinum-resistant ovarian cancer treated with MIRV 
and bevacizumab, the ORR was 44%, with a median PFS 
of 8.2 months and a median DOR of 9.7 months. The 
most frequently observed TRAEs were blurred vision, 
diarrhea, and nausea [136].

Conclusion and future perspectives
ADCs have undergone three generations of technologi-
cal changes. The first-generation ADCs, represented by 
Mylotarg, contain murine or chimeric antibodies with 
unstable linkers, low titer strength of coupled cytotoxic 
drugs and random coupling, so the effectiveness is not 
high, and toxic side effects are substantial. Second-gen-
eration ADCs, such as BV and T-DM1, contain human-
ized mAbs that are more stable in their linkers but still 
cause off-target toxicity in random-coupled connections. 
Third-generation ADCs use fully humanized antibod-
ies coupled with more efficient cytotoxic drugs and site-
conjugation technology to achieve better efficacy, but the 
toxic side effects of highly toxic drug delivery still exist 
[137].

Off-target effects can occur due to a single drug, either 
standardized chemotherapy or mAb therapy. The previ-
ous ADC coupling methods and the selection of cyto-
toxic drugs have been improved, and the selection of 
composition and mode of component binding is gradu-
ally maturing with further exploration. Optimizing dos-
age and reducing drug side effects and resistance, which 
are also the ultimate challenges that must be overcome in 
the clinical use of these drugs, are critical to ensuring the 
safety and widespread use of ADCs. In addition to their 
use as a single drug, ADCs in combination with mono-
clonal antibodies, ICIs or chemotherapy drugs have also 
attracted much attention [22, 58, 138].

Despite decades of development, treatment with ADCs 
still has much room for improvement. When ADCs enter 
the body, the rate at which antibodies penetrate into tis-
sues from plasma is slower relative to the rate of small 
molecules, and the number of antigens on the surface of 
the target cells limits the number of antibodies retained 
in tumor tissue [139]. In fact, multiple studies have shown 
that the percentage of effector molecules delivered by 
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ADCs to target cells is much less than 1%, with the most 
optimistic estimate being as low as 1.5% [140]. The aver-
age drug-to-antibody ratio (DAR) of most current clinical 
ADCs is limited to 3.5-4, so the amount of drug deliv-
ered by ADCs to tumor cells is low. Many of the cyto-
toxic drugs used in ADCs are hydrophobic and tend to 
induce antibody aggregation, which should be avoided to 
ensure a long shelf life and limit the use of the drug [141]. 
Increasing the hydrophilicity of cytotoxic metabolites, for 
example, through charged groups, can reduce the rate of 
transmembrane transfer, thereby increasing cell retention 
while minimizing the bystander effect [142, 143]. In addi-
tion, cytotoxic drugs are also a difficult problem in ADC 
research, and conventional chemotherapy drugs are not 
powerful enough to act as ADC payloads [141].

In terms of ADC coupling methods, the non-site-spe-
cific coupling method is the method used in early ADC 
research; it offers poor stability, easy aggregation, and 
nontherapeutic toxic side effects due to the easy shedding 
of cytotoxins and a narrow therapeutic window. Fixed-
point coupling technology usually requires modification 
of antibodies to improve the uniformity of ADCs, and the 
ADCs obtained by this technology have a suitable DAR, 
which increases the therapeutic window. Fixed-point 
coupling will become the trend of ADC development 
and innovation in the future [144, 145]. As an important 
direction of therapeutic agent, ADC has received increas-
ing attention and is becoming a key means of cancer 
treatment. With ongoing improvements related to tar-
geting, reducing toxicity from off-target effects, reduc-
ing drug resistance and stability of joints, we believe that 
ADCs are likely to play an enormous role in tumor ther-
apy in the future.
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