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A B S T R A C T

Traditional chemotherapy is often accompanied by off-target toxicity, resulting in adverse side effects and driving
the development of targeted therapies. Targeted drug conjugates (TDCs) typically comprise targeting ligands,
such as specific antibodies, peptides, or small molecules, attached to a cytotoxic agent via a chemical linker. In
this study, we briefly discussed the molecular aspects of the key components of TDCs and the mechanisms by
which these key factors exert their activity. Moreover, we reviewed FDA-approved TDCs and promising candi-
dates in clinical trials and discussed current challenges and future directions for TDC development, providing
insights for the research and development of novel cancer therapeutics using TDCs. TDCs combine the advantages
of highly specific targeting and a potent killing effect, enabling accurate and efficient cancer cell elimination.
Food and Drug Administration (FDA)-approved antibody-drug conjugates (ADCs) have shown good efficacy in
treating various cancers; however, they still present limitations such as immunogenicity, hematotoxicity, and
complex pharmacokinetics. Smaller peptide-drug conjugates (PDCs) and small molecule-drug conjugates (SMDCs)
may combine the advantages of ADCs while overcoming some of their limitations, thereby presenting more
efficacious and safer alternatives. TDCs enhance the therapeutic effects of cytotoxic agents and reduce their
adverse effects. However, tumor heterogeneity, limited transmembrane permeability, and drug resistance pose
significant challenges for TDCs, potentially affecting their therapeutic efficacy. Nevertheless, TDCs are a prom-
ising therapeutic approach for cancer treatment, achieving precise drug delivery while minimizing toxicity and
side effects on normal cells.
1. Introduction

Traditional cancer chemotherapy involves small-molecule cytotoxic
agents that achieve therapeutic benefits by inhibiting the rapid prolif-
eration of cancer cells or inducing apoptosis of tumor cells. Combinations
of chemotherapeutic agents are gradually changing the paradigm of
chemotherapy. Nevertheless, the therapeutic effects of chemotherapy
may not always be apparent, particularly in metastatic solid tumors. Such
lack of response can result in drug resistance, resulting in a highmortality
rate in patients with metastatic solid tumors [1]. The primary limitation
of traditional small-molecule chemotherapeutic drugs is their lack of
target specificity, inevitably resulting in off-target side effects [2].
Chemotherapeutic drugs can accumulate in certain healthy tissues and
fail to reach pathological sites to exert their effects [3]. Targeted drug
conjugates (TDCs) are a promising approach in cancer therapy and can
achieve precise killing of cancer cells. TDCs are developed through
conjugating cytotoxic agents with highly specific targeting molecules,
enhancing the specificity of cancer treatment and achieving lower sys-
temic toxicity than traditional chemotherapy [4–6]. This enhanced
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specificity and reduced toxicity allow for a broader therapeutic window,
potentially increasing the safety and efficacy of cancer treatment.

Antibodies, as natural immune molecules, have high specificity and
affinity, which allows targeting of specific disease markers. Antibody-
based drugs have become increasingly prevalent in the pharmaceutical
field with advancements in monoclonal antibody (mAb) technology [4].
Antibodies are viable delivery vehicles for cytotoxic agents owing to their
tumor-targeting ability, which allows cytotoxic drug accumulation at
tumor sites, reduces off-target side effects, and improves the cancer
therapeutic index. Antibody-drug conjugates (ADCs) have emerged as a
new modality in cancer therapy, serving to bridge the gap between
monoclonal antibodies (mAb) and cytotoxic drugs and provide patients
with novel therapeutic options [7]. Paul Ehrlich introduced the concept
of “magic bullets” in the early 20th century, a vision for a targeted drug
delivery system that could selectively target and destroy harmful cells
without harming the rest of the body. This innovative idea laid the
groundwork for the development of targeted therapies, including ADCs,
which reached a significant milestone when Pfizer approved the first
ADC, Mylotarg, in 2000 for the treatment of acute myeloid leukemia
(AML) [8]. Since then, technological iterations have broadened the scope
2024
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Abbreviations

ABC ATP-binding cassette
ADC Antibody-drug conjugate
ADCC Antibody-dependent cell-mediated cytotoxicity
ADCP Antibody-dependent cell-mediated phagocytosis
ALCL Anaplastic large cell lymphoma
AML Acute myeloid leukemia
CAIX Carbonic anhydrase IX
CDC Complement-dependent cytotoxicity
CPPs Cell-penetrating peptides
CTPs Cell targeting peptides
DAR Drug-to-antibody ratio
DLBCL Diffuse large B-cell lymphoma
FcRns Fc receptors
FDA Food and Drug Administration
FRα Folate receptor alpha
HER2 Human epidermal growth factor receptor 2
HL Hodgkin's lymphoma

IgG Immunoglobulin G
mAb Monoclonal antibody
MMAE Monomethyl auristatin E
MMAF Monomethyl auristatin F
NETs Neuroendocrine tumors
PAB Para-aminobenzyl
PABC Para-aminobenzyl carbamate
PBD Pyrrolobenzodiazepine
PDC Peptide-drug conjugate
PEG Polyethylene glycol
PSMA Prostate-specific membrane antigen
PRLR Prolactin receptor
SMCC Succinimidyl trans-4-(maleimidylmethyl) cyclohexane-1-

carboxylate
SMDC Small molecule-drug conjugate
SSTR2 Somatostatin receptor 2
TDC Targeting drug conjugate
TF Tissue factor
TROP-2 Trophoblast cell surface antigen 2

G. Jia et al. Pharmaceutical Science Advances 2 (2024) 100048
and effectiveness of ADCs, expanding the range of targets from CD33 to
include human epidermal growth factor receptor 2 (HER2), trophoblast
cell surface antigen 2 (TROP-2), and Nectin-4, among others [9].
Approximately half of Food and Drug Administration (FDA)-approved
ADCs have been approved within the last five years [9]. The clinical
success of ADCs is evident in their enhanced therapeutic window and
significant therapeutic effects; nevertheless, challenges including drug
resistance, intricate pharmacokinetic profiles, and production costs
persist.

Other delivery systems can theoretically replace antibodies consid-
ering the design concept of ADCs, effectively circumventing limitations
such as poor permeability and immunogenicity associated with anti-
bodies. For example, tumor-targeting peptides and small-molecule li-
gands specific to tumor-associated antigens may serve as alternatives to
antibodies. This has resulted in the development of peptide-drug conju-
gates (PDCs) and small molecule-drug conjugates (SMDCs), which have
become increasingly popular amid the rapid advancement of medical
technology [10,11]. This conjugation trend typically follows a trinary
structure targeting ligand-linker-effector molecules. PDCs and SMDCs
may be potential next-generation therapies. Their smaller molecular size
may contribute to enhanced penetration into tumor tissues, simplify
synthesis processes, and potentially reduce adverse effects compared to
those of ADCs [5]. Furthermore, the reduced dimensions of PDCs and
SMDCs frequently present more predictable pharmacokinetic profiles
than the intricate mechanisms of ADCs [12]. ADCs remain clinically
successful; nevertheless, PDCs and SMDCs may emerge as important
adjuvants or alternatives for targeted therapy in the future.

ADCs, PDCs, and SMDCs involve different target ligands and conju-
gation technologies in the field of targeted therapies, and their research
and development reflect technological advances and innovations in tar-
geted drug design and delivery. ADCs utilize the advantage of the high
targeting ability of antibodies to achieve precise killing of cancer cells.
Several ADC drugs have received FDA approval for cancer therapy,
highlighting their precise targeting capabilities and potent cytotoxic ef-
fects for clinical applications [9]. PDCs combine the specificity of pep-
tides with cytotoxicity, lower immunogenicity, and better
pharmacokinetic properties than those of ADCs. PDCs’ reduced molec-
ular size facilitates more efficient penetration into tumor tissues
compared to ADCs, and their diminished immunogenicity mitigates po-
tential adverse effects in patients [13]. In addition, SMDCs employ small
molecules as targeting ligands and are characterized by simple molecular
structures, relatively easy synthesis, and cost-effectiveness. Their small
molecular size enhances tissue penetration and improves drug
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distribution, contributing to their therapeutic efficacy [14].
Several intrinsic limitations in TDC development necessitate inno-

vative solutions, including potential immunogenic responses that may
hinder therapy tolerability and increase costs due to complex production
processes. Moreover, the evolution of drug resistance in tumor cells poses
a significant threat to the long-term efficacy of TDCs, whereas pharma-
cokinetic and pharmacodynamic complexities present analytical chal-
lenges. Clinical trial designs should be critically refined to accurately
assess the safety and efficacy profiles of TDCs. Drug design optimization
aims to enhance the penetration and targeting of tumor tissues, poten-
tially improving therapeutic outcomes. Technological advancements,
particularly in nanotechnology, have refined TDC pharmacokinetics,
potentially reducing production costs and increasing therapeutic indices.
A comprehensive overview of TDCs may offer insight into their thera-
peutic efficacy and limitations, thereby guiding future research and
clinical practice. In this study, we explored the structural components of
TDCs, including the selection of targeting ligands, the design of linkers,
and commonly used payloads. Next, we provided an overview of clinical
advancements in this field. Finally, we discussed the significant chal-
lenges encountered with these drugs and proposed future research di-
rections that may offer valuable insights into the development of
innovative precision cancer therapies.

2. Antibody-drug conjugates

ADCs are an emerging class of potent therapeutics that integrate
chemotherapy and immunotherapy. ADCs constitute mAbs covalently
attached to cytotoxic agents using synthetic linkers. These conjugates
combine the potent antitumor efficacy of small cytotoxic molecules with
the selectivity, stability, and pharmacokinetic properties of mAbs. ADCs
offer a novel approach to targeted cancer therapy and are anticipated to
become alternatives to traditional chemotherapeutic agents in the future.

2.1. Mechanism of action of ADCs

ADCs are intravenously administered to prevent mAb degradation by
gastric acids or proteases [15]. The general mechanism of action of
internalized ADCs can be summarized in six steps (Fig. 1): (1) binding of
ADCs to target antigens on tumor cells, (2) internalization of
ADC-antigen complexes into tumor cells, (3) intracellular transport and
degradation of ADCs, (4) release of free payload and action, (5)
destruction of microtubule proteins or DNA, and (6) induction of
apoptosis in tumor cells. The specific expression of target antigens on the



Fig. 1. Traditional mechanism of action of ADCs. ADCs are generally designed to be internalized by cancer cells and subsequently processed through the endocytic
pathway, resulting in the release of cytotoxic payloads and exerting their therapeutic effect. ADC: Antibody-drug conjugate.
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tumor cell surface is a prerequisite for ADC binding and efficacy [16].
The expression of an ideal target antigen in tumor cells should exceed
three times that in normal cells [17]. The ADC-antigen complex enters
the cell via one of the following internalization pathways, resulting in the
formation of early endosomes: (1) grid protein-mediated endocytosis, (2)
fossa-mediated endocytosis, and (3) non-receptor-mediated endocytosis
[18,19].

Nonetheless, not all cell surface antigens initiate endocytosis, and the
rate of internalization can significantly vary [20]. Internalization causes
the cell membrane to invaginate, resulting in an influx of hydrogen ions
that acidify the endosome. This acidic environment promotes in-
teractions between the Fc fragment of mAbs and the neonatal Fc receptor
(FcRn) [21]. Following binding to FcRns, certain ADCs are typically
excluded from cells and re-enter the circulation or peritumor environ-
ment under physiological conditions (pH ¼ 7.4) [22]. Endothelial cells
express a significant quantity of FcRns [23]; therefore, this circulation
mechanism serves to effectively remove ADCs from cells to prolong their
half-life [24] while also preventing injury to normal endothelial cells
[25]. ADC-containing vesicles typically progress to the late endosome
stage [26], where they fuse with lysosomes, resulting in acidification.
This acidic environment and lysosomal proteases, such as cathepsin B
and plasmin, result in the degradation of ADC linkers and mAbs, thereby
releasing free cytotoxic payloads into the cytoplasm. These payloads
disrupt cellular mechanisms either by binding to DNA or microtubule
proteins, ultimately inducing cell death [21,27–30].

Non-internalized ADCs also deliver their payload to targeted tumor
tissue. Cytotoxic payloads are released by proteolytic enzymes or
reducing factors in the extracellular tumor environment and diffuse into
tumor cells to exert their cytotoxic effects. Furthermore, proteases or
reductants released from apoptotic tumor cells can facilitate payload
release [31]. Payloads from non-internalized ADCs can also diffuse into
neighboring tumor cells, even those that do not express the target anti-
gen, resulting in a bystander effect [32].
2.2. Monoclonal antibodies in ADCs

The optimal target antigen should exhibit differential expression on
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normal and tumor cell surfaces, with an abundance in tumor cells (>105/
cell) [33]. Antigens should possess a satisfactory internalization pathway
and efficiency [24,34], although some ADCs may function effectively
without internalization [31]. The target antigen should exhibit sufficient
affinity to prevent off-target ADC internalization and ensure the efficient
aggregation and sustained residence of ADCs at the tumor site [35,36].
Furthermore, the target antigen on tumor cells must be sufficiently
expressed to allow ADCs to deliver a cytotoxic payload at a lethal con-
centration [34]. Among the targets of ADCs approved by the FDA, five are
indicated for hematological cancers, including CD22, CD30, CD33,
CD79b, and BCMA, whereas four are indicated for solid tumors, namely
HER2, nectin-4, Trop-2, and EGFR [9]. More than 50 targets have been
implicated in ADC development, with rapid advancements in ADCs tar-
geting CD19, Mesothelin, prostate-specific membrane antigen (PSMA),
EGFR, Nectin-4, CD56, CD138, and CD74.

mAbs that act as carriers for cytotoxic payloads and form the core of
ADCs must exhibit high targeting selectivity and affinity, allowing pre-
cise binding to tumor cell surface antigens [21]. Additionally, these mAbs
should exhibit low cross-reactivity with normal cells and possess a long
plasma half-life to minimize off-target effects and maximize therapeutic
efficacy, respectively. The Fc fragment of mAbs should have suitable
attachment sites for cytotoxic payloads, ensuring no interference with
antigen binding [37,38].

Current mAbs used in ADC drugs are predominantly immunoglobulin
G (IgG) molecules, which offer numerous advantages, including high
affinity for target antigens, long circulation half-life, abundant natural
coupling sites, and modifiable active sites. Therefore, IgG molecules are
highly favorable for ADC development [39–41]. IgG molecules are
typically classified into four categories: IgG1, IgG2, IgG3, and IgG4. IgG1,
commonly used in ADCs, is the most abundant IgG subtype in serum and
can induce robust effector functions, such as antibody-dependent cell--
mediated cytotoxicity (ADCC), antibody-dependent cell-mediated
phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC),
owing to its high binding affinity for Fc receptors. IgG2 provides addi-
tional coupling sites owing to its four disulfide linkages [42]; however, it
is rarely used owing to its unique isomeric disulfide structure and com-
plex hinge regions. IgG2 also tends to form dimers and aggregates,
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reducing ADC concentration [43]. Similar to IgG1, IgG3 exhibits robust
secondary immune responses, including ADCC and CDC. However, IgG3
is limited by its relatively short circulating half-life and rapid clearance
rate, affecting its therapeutic utility [44]. Human IgG4 induces ADCP
[45]; however, a propensity for Fab fragment exchange has been
observed in IgG4, which may lead to the formation of new hybrid IgG4
molecules [46].

Previous studies have demonstrated that the Fc region of ADCs in-
teracts with immune cells, inducing ADCC, ADCP, and CDC and
enhancing antitumor immunity [47] Emerging evidence indicates that
certain ADCs can induce immunogenic cell death in cancer cells, causing
the release of damage-associated molecular patterns (DAMPs) that acti-
vate innate and adaptive tumor-specific immune responses [48,49].
ADCs bearing pyrrolobenzodiazepine (PBD) and tubulysin payloads eli-
cited immunogenic cell death and exhibited greater antitumor activity in
immunocompetent mice than in immunodeficient mice [49]. These
findings highlight the contribution of the immune system to ADC activ-
ity. ADC payloads, such as microtubule-destabilizing agents, directly
influence dendritic cell maturation and activation, thereby stimulating
T-cell priming and expansion [50]. ADCs employing such payloads may
contribute to more potent and specific anti-tumor immunity. This im-
mune response activation contributes to the long-term effectiveness of
cancer treatment by directly killing cancer cells and stimulating a
memory response.

Moreover, mAbs should demonstrate low immunogenicity. First-
generation ADCs mostly employ mouse-derived mAbs, which have
been observed to trigger serious immunogenicity-related side effects in
humans [4]. Mouse-derived antibodies were subsequently replaced with
chimeric antibodies with the emergence of recombinant technology.
However, anti-chimeric antibody responses were observed in humans,
reducing the therapeutic efficacy of ADCs [51]. Currently, most mAbs are
humanized antibodies that include only the complementary determining
regions (CDRs) of the mouse variable region [51]. mAbs can exert direct
antitumor effects by inhibiting the signaling pathways used in promoting
tumor progression. Furthermore, unmodified mAbs, or ‘naked’ mAbs,
have been effectively used as single-agent therapies, as demonstrated by
trastuzumab for HER2-positive tumors and cetuximab for colorectal
cancer [52,53].

Bispecific antibodies equipped with two antigen-binding sites can
enhance binding specificity and therapeutic efficacy. Certain antigens,
such as prolactin receptor (PRLR), may not be highly expressed on the
surface of breast cancer cells but rather demonstrate a sustained low
Fig. 2. Chemical structures of non-cleavable and cleavable linkers in ADCs. (A) Suc
(B) Maleimidocaproyl linker; (C) Val-Cit peptide-based linker; (D) β-Glucuronide lin
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expression level. ADCs designed with bispecific antibodies targeting both
HER2 and PRLR can enhance the binding capacity of antibodies to an-
tigens and effectively eradicate breast cancer cells compared to those
targeting a single antigen [54]. However, research on ADCs that employ
bispecific antibodies remains limited, andmany candidates are still in the
preclinical phase [55].
2.3. Linkers in ADCs

The linker is a crucial component of ADCs used to effectively connect
mAbs to their cytotoxic payload. Linkers must possess high stability in
circulation, ensuring that the payload is not released until the target is
reached, thereby minimizing off-target effects [56]. ADC linkers should
exhibit high water solubility to facilitate conjugation with mAbs and
prevent the formation of inactive ADC aggregates [56]. They must be
nontoxic and designed to avoid provoking an immune response.
Furthermore, the linker should enable the effective release of cytotoxic
payloads or their metabolites at the tumor site [57]. The choice of an
appropriate linker is typically guided by the target antigen and cytotoxic
agent, considering ADC-antigen internalization dynamics, intracellular
degradation pathways, and intrinsic characteristics of the payload [41].
This selection was further refined based on the mechanism of drug
release, classifying the linkers into cleavable and non-cleavable classes
(Fig. 2). These classifications are crucial for determining the pharmaco-
kinetics, safety, therapeutic indices, and overall clinical efficacy of ADCs
[58].

The drug-to-antibody ratio (DAR), a critical quality attribute of ADCs,
indicates the average number of cytotoxic drug molecules attached to the
antibody. Utilizing this index is essential to ensure the homogeneity of
the ADCs and balance their potency and safety profiles. A lower DAR can
reduce the potency of ADCs, whereas a higher DAR can affect their
pharmacodynamics and toxicity [51]. Determination of the DAR pri-
marily depends on the number of antibody binding sites, toxicity level of
the payload, and conjugation method of the ADC [51].

2.3.1. Non-cleavable linkers in ADCs
Non-cleavable linkers in ADCs require the internalization of ADCs and

subsequent degradation of mAbs within lysosomes, resulting in the
release of a linker-payload complex. Therefore, these ADCs require tar-
geted cell internalization and subsequent intracellular degradation to
exert their effects [59]. The presence of charged amino acid attachments
can limit cellular permeability to released payloads, potentially limiting
cinimidyl trans-4-(maleimidylmethyl) cyclohexane-1-carboxylate (SMCC) linker;
ker; (E) Acid-sensitive linker; (F) Disulfide linker.
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the diffusion of the cytotoxic agent into neighboring cells and compro-
mising the therapeutic efficacy of ADCs. Furthermore, the introduction of
charged or hydrophilic linkers can enhance the charge or polarity of the
ADCs, which may restrict their efflux via drug efflux pumps, thereby
decreasing the likelihood of drug resistance in cancer cells [60].

Commonly used non-cleavable linkers in ADC design include thio-
ether and maleimide linkers. These linkers exhibit enhanced plasma
stability and are less prone to degradation by proteases than cleavable
linkers, contributing to improved tolerability and allowing for more
predictable off-target toxicity profiles [61]. The released payload de-
rivatives must effectively kill tumor cells and offer a broader therapeutic
window, causing them to be particularly suitable for treating hemato-
logical malignancies or solid tumors with high expression levels of target
antigens [33,61].

2.3.2. Cleavable linkers in ADCs
Cleavable linkers can exploit specific physiological environments to

facilitate the release of cytotoxic drugs. Cleavable linkers have broader
applications than their non-cleavable counterparts; however, they tend to
exhibit lower circulation stability. Hence, the key characteristic of a
successful cleavable linker is its capacity to harness the discrepancy be-
tween the bloodstream and tumor microenvironment or intracellular
conditions, thereby enabling efficient drug delivery (Fig. 2). For example,
internalization enables ADCs to access lysosomes with a low pH and high
levels of hydrolases, whereas tumor cells have higher glutathione con-
centrations in the cytoplasm than in the extracellular environment. The
plasma stability of cleavable ADCs depends on the attachment site of the
linker to the antibody because certain binding sites can protect against
hydrolase-mediated degradation [62]. The development of reliable
cleavable linkers is crucial for optimizing the delivery of cytotoxic pay-
loads to target cells, considering the limited tumor permeability of mAbs
and the challenges associated with internalization, intracellular trans-
port, and drug release.

Acid Cleavable Linkers: Acid-cleavable linkers capitalize on the
acidic conditions within endosomes (pH 5.5–6.2) and lysosomes (pH
4.5–5.0) to hydrolyze acid-labile moieties, such as hydrazones, which
remain stable at the neutral pH of blood (pH 7.4). However, hydrazone-
based linkers may still be degraded in the extracellular environment
owing to slow hydrolysis at physiological pH [63]. A notable success is
Gemtuzumab with a hydrazone-based linker, also known as ozogamicin
(mylotarg), which has undergone two separate approval processes. Re-
ports have suggested that a carbonate-containing acid-cleavable linker
conjugated to SN-38 exhibits enhanced stability in isolated human serum
[64]. Specifically, the incorporation of a para-aminobenzyl (PAB) moiety
into a carbonate linker significantly improves the plasma stability of
ADCs [57]. This enhancement is crucial for the controlled release of
therapeutic agents and the mitigation of adverse effects associated with
premature drug release.

Reducible Disulfide Linkers: Reducible disulfide linkers selectively
release cytotoxic drugs by harnessing the significant difference in
reduction potential between the plasma and cytoplasm. Disulfides are
stable in the blood but vulnerable to nucleophilic attack by thiols. Despite
the presence of high concentrations of human serum albumin, which
serves as a major source of thiols in plasma, residue (Cys34)-containing
free thiols exhibits limited reducing power for disulfide bonds owing to
their deep location within the protein structure [65]. In contrast, the
cytoplasm contains significantly higher levels of thiol-containing gluta-
thione, typically ranging from 1 to 10 mmol/L. These levels are consid-
erably higher than that in plasma, which is approximately 5 μmol/L [65,
66]. The concentration of reduced glutathione in the cytoplasm of tumor
cells is typically approximately 1000 times that in normal cells. Tumor
cell proliferation and oxidative stress often lead to a significant release of
glutathione [67,68]. Additionally, protein disulfide isomerase (PDI)
within tumor cells may contribute to the reduction of
disulfide-containing ADCs. The more common collocation involves
engineered cysteine residues on mAbs, designed to form direct disulfide
5

bonds with the thiol groups in maytansinoids [65]. For example,
HuC242, a humanized mAb-targeting cancer-associated antigen (canAg),
is conjugated to maytansinoid via a reducible disulfide linker, resulting in
huc242-SPDB-DM4, a novel ADC capable of transportingmaytansinoid to
pancreatic cancer cells [69].

Cathepsin B-sensitive Linkers: Cathepsin B is a cysteine protease
predominantly located in advanced endosomes and lysosomes of healthy
mammalian cells and is frequently overexpressed in various types of
tumor cells [70]. ADCs that incorporate cathepsin B-sensitive peptide
linkers require selective internalization into cancer cells via
receptor-mediated endocytosis to exert their therapeutic effects. Pay-
loads are attached to the C-terminus of the dipeptide linker, which is
cleaved by the carboxy-dipeptidase activity of cathepsin B. These
dipeptide linkers demonstrate stability in the bloodstream and ensure
exclusive release of the drug within target cells [70]. Furthermore,
cathepsin B preferentially recognizes sequences, such as Val-Cit and
Phe-Lys, where the protease breaks the peptide bonds at the C-terminus
of Val-Cit, Val-Ala, or Phe-Lys. Payloads with large steric volumes should
be coupled with a stable spacer unit that does not alter the drug char-
acteristics, allowing the active site of cathepsin B to fully access the
cleavage site. The para-aminobenzyl carbamate (PABC) bond is one of
the most commonly used spacers because it spontaneously undergoes 1,
6-elimination following proteolysis, thereby releasing the unmodified
payloads [57]. Phe-Lys-PABC and Val-Cit-PABC linkers have been
effectively developed for ADCs using monomethyl auristatin E (MMAE)
as a payload. The Phe-Lys-PABC linker has a plasma half-life of 12 h,
whereas the Val-Cit-PABC linker exhibits a significantly longer half-life of
80 h. The shorter half-life of Phe-Lys-PABC suggests potential
non-specificity, possibly resulting in off-target toxicity [71].

Glycosidase-Sensitive Linkers: β-Glucuronidase, a hydrolytic enzyme
in the glycosidase family, is located within lysosomes and plays a key role
in catalyzing the degradation of β-glucuronic acid residues in poly-
saccharides. This enzyme is secreted into the necrotic regions of certain
tumors, where it retains extracellular enzymatic activity [72]. The
glycosidic bond of the glucuronic acid-containing linker is selectively
cleaved by glucuronidase, facilitating the targeted release of cytotoxic
payloads. The development of hydrophilic β-glucuronic acid allowed the
synthesis of heavily loaded ADCs with a DAR of 8, without inducing
aggregation or compromising hydrophobicity. This advancement has
significantly improved plasma clearance and in vivo efficacy [73].

The β-galactoside-based linker represents an alternative glycosidase-
sensitive linker hydrolyzed by β-galactosidase, an enzyme similar to
glucuronidase and often over-expressed in certain tumor cells [74]. ADCs
with trastuzumab conjugated with a β-galactoside linker and MMAE
showed greater potency than those with trastuzumab conjugated with
the Val-Cit-PABC linker and MMAE. Furthermore, trastuzumab conju-
gated with a β-galactoside linker and the drug DM1 demonstrated su-
perior efficacy compared to the approved trastuzumab emtansine
(T-DM1), particularly for the treatment of HER2þ breast tumors [57,74].

2.4. Payloads in ADCs

The cytotoxic payload is a critical component of ADCs and is
responsible for their therapeutic efficacy by determining the lethality of
ADCs against target tumor cells. Several criteria are essential for an
effective cytotoxic payload. (1) Cytotoxic molecules must exhibit high
lethality because only a small quantity of cytotoxic molecules can enter
the cell owing to the low expression levels and limited internalization
efficiency of tumor cell surface target antigens [75]. Therefore, payloads
are usually required to induce tumor cell death at subnanomolar and
picomolar concentrations. Previous evidence indicated that achieving an
IC50 value of 1 μM for a therapeutic molecule requires the expression of
over 100 million receptors on the cell surface [76]. (2) Cytotoxic mole-
cules must possess appropriate water solubility to prevent antibody ag-
gregation and ensure prolonged ADC circulation. Additionally, they
should remain stable in the bloodstream to prevent premature release or
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degradation. (3) Moreover, cytotoxic molecules should have modifiable
sites to enable the introduction of functional groups, thereby facilitating
their interaction with mAbs. (4) Finally, cytotoxic molecules should not
elicit immune responses. Clinically used chemotherapeutic drugs are
initially selected as payloads in the early stages; however, their thera-
peutic efficacy when conjugated with mAbs is often insufficient [77].

Approved and investigational ADCs predominantly use microtubule-
targeting and DNA-damaging agents as payloads, specifically designed
to engage distinct intracellular targets (Table 1) [78]. Additionally,
ongoing research is focused on developing novel payloads that inhibit
crucial enzymes for cellular survival, such as α-amanitin, a selective in-
hibitor of RNA polymerase II [41,79].

Microtubule-Targeting Agents:Microtubules are attractive targets for
therapeutic intervention owing to their polymerization and depolymer-
ization kinetics. They play crucial roles in various cellular processes,
including cell morphology, division, signal transduction, and intracel-
lular material transport. Microtubule-targeting agents interact with
microtubule proteins by promoting or inhibiting microtubule assembly.
These agents disrupt the normal structure and function of spindle fila-
ments, which are composed of microtubules, thereby impeding sister
chromatid separation during mitosis. This disruption ultimately leads to
cell cycle arrest in the G2/M phase, followed by apoptosis. These agents
exhibit pronounced anti-tumor effects while reducing toxicity to normal
cells because cancer cells divide much faster than most healthy cells [80].
Microtubule-targeting agents are classified into two principal categories
based on their mechanisms of action: (a) tubulin polymerization pro-
moters, exemplified by Auristatins, which bind to the β-tubulin subunit of
α-β tubulin dimers and induce unregulated microtubule growth, and (b)
microtubule assembly inhibitors, such as maytansinoids, which impede
the polymerization of α-β tubulin dimers, thereby preventing the for-
mation of stable microtubule structures [81]. Microtubules feature six
established binding sites for various compounds, including vinca
Table 1
The representative cytotoxic payloads employed in ADCs.

Type Name Structure

Microtubule-targeting
agent

Auristatins

Maytansinoids

DNA-damaging agents PBD

Duocarmycins

Exatecans

Calicheamicins

ADC: Antibody-drug conjugate; PBD: Pyrrolobenzodiazepine.
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alkaloids, colchicine, taxanes, maytansinoids, laulimalides, and pir-
onetin. Auristatin and maytansinoids are potential inhibitors of micro-
tubule assembly because they bind near the vinblastine-binding site on
tubulin.

Auristatin, a synthetic anticancer agent, evolved from the natural
compound dolastatin 10 (DLS 10) [82]. However, clinical trials for DLS
10 were halted owing to concerns about nonspecific toxicity, significant
systemic side effects, and potent adverse reactions [71,83,84]. In
response, auristatin was developed as a synthetic analog of dolastatin,
addressing these issues while improving water solubility relative to the
parent compound [85].

Two innovative synthetic derivatives of auristatin, monomethyl
auristatin E (MMAE) and monomethyl auristatin F (MMAF), have been
widely employed as payloads for ADC drugs to improve the stability of
payloads within lysosomes and their therapeutic efficacy. MMAF in-
cludes a charged phenylalanine at its C-terminus and demonstrates
reduced activity and limited cell membrane penetration compared to
MMAE. The enhanced permeability of MMAE enables it to affect adjacent
cells, thereby inducing a bystander effect that amplifies its therapeutic
efficacy [81]. Brentuximab vedotin, commercially known as Acetris, is an
FDA-approved ADC that employs MMAE as the payload. It features an
antibody (brentuximab or cAC10) targeting the CD30 receptor conju-
gated to warhead MMAE using a cathepsin-cleavable linker [86].

Maytansinoids originate from maytansines, which are natural toxins
known for their macrolide structure [85]. They have a similar mechanism
of action to that of vinblastine and other vina alkaloids but possess
significantly higher levels of toxicity [87]. Despite their limited tumor
cell specificity and risk of severe systemic side effects, maytansinoids are
utilized in the development of targeted therapeutic agents in oncology
owing to their potent cytotoxic properties. However, certain ADCs con-
taining maytansinoids are susceptible to substrate recognition by multi-
drug resistance protein 1 (MDR1), a vital membrane protein that actively
pumps various exogenous substances outside the cell. In addition, many
payloads in ADCs are hydrophobic, contributing to antibody aggregation
[88]. However, the introduction of a series of hydrophilic linkers into the
structural design of ADCs can prevent aggregation. These hydrophobic
linkers increase the drug content (DAR) of mAbs and polarity of ADCs,
facilitating greater delivery of cytotoxic drugs to target cells and allowing
the formation of maytansinoid metabolites that are less susceptible to
MDR1 efflux, respectively [1]. Maytansines undergo a series of de-
rivatizations to incorporate sulfhydryl groups owing to the absence of a
suitable functional group directly conjugated to the linker, resulting in
compounds such as DM1 and DM4. The maytansine derivatives DM1 and
DM4 have been successfully employed in approved ADCs [89].

DNA-Damaging Agents: DNA-damaging agents exert potent cytotoxic
effects by binding to the minor groove of the DNA double helix. This
interaction results in DNA alkylation, double-strand breakage, interca-
lation, or cross-linking, ultimately triggering apoptotic mechanisms and
inducing cell death [41]. Representative compounds include PBD, duo-
carmycin, doxorubicin, and calicheamicin, all of which exhibit potent
cytotoxicity. ADCs constructed with DNA-damaging agents are particu-
larly advantageous for treating tumors with relatively low expression
levels of target antigens [90]. DNA-damaging agents display excellent
activity across all phases of the cell cycle and have shown remarkable
efficacy against both dividing and non-dividing cells, including
non-dividing cancer stem cells (CSCs). Additionally, they can be effec-
tively combined with drugs that inhibit DNA repair mechanisms to
enhance their therapeutic potential [91,92].

PBD, identified from Streptomyces sp. As an antitumor and antimi-
crobial agent, can intercalate into the minor groove of the DNA double
helix and covalently bind to the C2-amino groups of guanine residues,
forming a PBD-DNA complex. This complex disrupts the binding of
transcription factors to DNA and the normal function of various enzymes,
thereby interfering with cellular processes [93]. PBD dimers are formed
by connecting two PBD monomers at the C8 position, each of which can
then covalently bind to the C2-amino groups of guanine residues, causing



G. Jia et al. Pharmaceutical Science Advances 2 (2024) 100048
DNA interstrand cross-linking damage and inhibiting DNA replication
[94].

Duocarmycins, initially discovered in Streptomyces spp., have recently
been identified as potential antimicrobial agents [95]. They exhibit sig-
nificant cycle-independent cytotoxicity in vitro against various rapidly
dividing cancer cells, with IC50 values in the picomolar range [96].
Duocarmycins exert their effects by alkylating the minor groove of DNA,
which is abundant in AT-base pairs. This alkylation results in DNA strand
breaks, ultimately inducing apoptosis [97].

Calicheamicins are potent antitumor agents derived from Micro-
monospora echinospora and are characterized by their ability to induce
DNA double-strand breaks by interacting with a specific DNA sequence in
the minor groove, typically TCCTAGGA. Their cytotoxicity is evidenced
by IC50 values in the picomolar range, indicating their high potency.
However, calicheamicins lack specificity for cancer cells and can poten-
tially cause substantial DNA damage in normal cells. This lack of speci-
ficity limits their use as a standard cancer treatment. Researchers are
currently exploring strategies to harness their cytotoxic properties while
minimizing off-target effects, which can be achieved by combining them
with other therapies or employing targeted delivery systems. Cal-
icheamicins tend to be favorable payload candidates for ADCs owing to
their unique characteristics, including small molecular weight, potent
cytotoxicity, and a well-defined mechanism of action [85].
2.5. FDA-approved ADCs

Recent innovations in ADC technology have significantly enhanced
their therapeutic efficacy, addressed previous constraints, and expanded
their application in oncology. The evolution of ADCs spans three gener-
ations and is characterized by advancements in antibodies, payloads, and
linkers. Numerous ADCs are currently being evaluated in different clin-
ical trial phases, reflecting the ongoing momentum of this targeted
therapeutic approach for cancer treatment [98,99].

The FDA has approved 13 ADCs targeting 11 different antigens that
are prominently expressed on the surface of cancer cells (Table 2, Fig. 3)
[8]. These approaches underscore the progress in targeted cancer ther-
apies. Approved ADCs are primarily indicated for the treatment of he-
matologic malignancies, such as CD30 (expressed on Hodgkin lymphoma
and certain T-cell lymphomas, targeted by brentuximab vedotin), CD79b
(part of the B-cell receptor complex found on B-cell non-Hodgkin lym-
phomas, targeted by polatuzumab vedotin), CD33 (expressed on acute
myeloid leukemia cells, targeted by gemtuzumab ozogamicin and lisoa-
zamotan), CD22 (expressed on B-cell leukemias and lymphomas, tar-
geted by inotuzumab ozogamicin), CD19 (expressed on B-cell lineage
cancers, targeted by blinatumomab and loncastuximab tesirine), and
CD38 (expressed on multiple myeloma cells, targeted by belantamab
Table 2
FDA-approved ADCs.

Drugs (Commercial Name) Approval Time Target Antibody Type

Gemtuzumab ozogamicin (Mylotarg) 2000; 2017 CD33 Humanized IgG4
Brentuximab vedotin (Adcetris) 2011 CD30 Chimeric IgG1
Trastuzumab emtansine (Kadcyla) 2013 HER2 Humanized IgG1
Inotuzumab ozogamicin (Beponsa) 2017 CD22 Humanized IgG4
Moxetumomab pasudotox (Lumoxiti) 2018 CD22 Humanized IgG4
Polatuzumab vedotin (Polivy) 2019 CD79B Humanized IgG1
Enfortumab vedotin (Padcev) 2019 Nectin-4 Human IgG1
Trastuzumab deruxtecan (Enhertu) 2019 HER2 Humanized IgG1
Sacituzumab govitecan (Trodelvy) 2020 TROP-2 Humanized IgG1
Belantamab mafodotin (Blenrep) 2020 CD38 Humanized IgG1
Loncastuximab tesirine-lpyl (Zynlonta) 2021 CD19 Humanized IgG1
Tisotumab vedotin (Tivdak) 2021 TF Human IgG1
Mirvetuximab Soravtansine (Elahere) 2022 FRα Humanized IgG1

ADC: Antibody-drug conjugate; FDA: Food and Drug Administration; DLBCL: Diffu
auristatin E; MMAF: Monomethyl auristatin F; DM1: Maytansine derivate; ALCL: An
phocytic leukemia; UC: Urothelial cancer; HCL: Hairy cell leukemia; TF: Tissue factor;
HL: Hodgkin's lymphoma: DAR: Drug-to-antibody ratio.
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mafodotin). Targets for solid tumors include human epidermal growth
factor receptor 2 (HER2, expressed on breast and gastric cancers, targeted
by trastuzumab emtansine and fam-trastuzumab deruxtecan), nectin-4
(expressed on various epithelial tissues and tumors, targeted by enfor-
tumab vedotin), TROP-2 (expressed on a range of epithelial cancers,
targeted by sacituzumab govitecan), tissue factor (TF, involved in coag-
ulation and expressed on certain cancer cells, targeted by mirvetuximab
soravtansine), and folate receptor alpha (FRα, overexpressed on certain
epithelial cancers, targeted by Mirvetuximab soravtansin) [9,98].

The development of ADCs represents a significant advancement in
personalized medicine, offering more precise and less toxic treatment
options for patients with specific cancer types. Continued research and
clinical trials are required to expand the range of targets and indications
for ADCs.

Gemtuzumab ozogamicin (mylotarg), developed by Pfizer, was the
first ADC drug to be approved by the FDA. Gemtuzumab ozogamicin is a
first-generation ADC developed using a mouse monoclonal anti-CD33
antibody linked to calicheamicin via a cleavable linker (Fig. 3). The
payload, calicheamicin, is released using the pH gradient within the
target cancer cells, causing DNA damage and ultimately leading to cell
death. This drug was initially approved in May 2000 for the treatment of
CD33-positive acute myeloid leukemia (AML), representing a novel
strategy in cancer therapy [100,101]. However, after approval, phase IV
trials failed to validate the initial benefits, prompting concerns regarding
its safety profile owing to the increased incidence of mortality and liver
toxicity [102]. Consequently, gemtuzumab ozogamicin was voluntarily
withdrawn from the market in September 2010 owing to safety concerns.
Subsequent research has continued to explore the potential of gemtu-
zumab ozogamicin, leading to a re-evaluation of its role in AML treat-
ment. New clinical data showing its efficacy and safety with appropriate
use resulted in the FDA reapproval of gemtuzumab ozogamicin in
September 2017. It is now approved for treating adults with newly
diagnosed CD33-positive AML and for children aged � 2 years with
relapsed or refractory CD33-positive AML [8,103,104].

First-generation ADC drugs encounter several challenges. The limited
number of target antigens expressed on the cell surface restricts the
permeability of ADC drugs [58]. The hydrazone linker used in gemtu-
zumab ozogamicin is designed to be cleaved by acids in endosomes or
lysosomes, utilizing the pH gradient between these organelles and the
systemic circulation (pH 7.4). However, the hydrazone bond can also
hydrolyze in the systemic circulation, resulting in off-target effects and
reduced drug delivery to target cells [105,106]. Additionally, the IgG4
antibody used in gemtuzumab ozogamicin treatment was ineffective in
mediating ADCC and CDC. The conjugation technology presents several
challenges. Low coupling efficiency results in the lack of attachment of
certain mAbs to the cytotoxic payload. Furthermore, attaching the
Linker Payload DAR Indication

hydrazone Calicheamicin derivative 2–3 CD33-positive AML
mc-VC-PABC MMAE 4 HL, ALCL
thioether DM1 3.5 Breast cancer
hydrazone Calicheamicin derivative 5–7 ALL
mc-VC-PABC PE38 1.8 HCL
mc-VC-PABC MMAE 3.5 DLBCL
mc-VC-PABC MMAE 3.8 UC
GGFG Tetrapeptide DXd 7–8 Breast cancer
CL2A SN-38 7.6 Breast cancer, UC
Non-cleavable MMAF 4 Multiple myeloma
mc-VC-PABC PBD dimer 2.3 DLBCL
mc-VC-PABC MMAE 4 Cervical cancer
Sulfo-SPDB Dm4 3.3–5 Ovarian cancer

se large B-cell lymphoma; PBD: Pyrrolobenzodiazepine; MMAE: Monomethyl
aplastic large cell lymphoma: AML: Acute myeloid leukemia; ALL: Acute lym-
TROP-2: Trophoblast cell surface antigen 2; PABC: Para-aminobenzyl carbamate;



Fig. 3. Structures of FDA-approved ADCs. PBD: Pyrrolobenzodiazepine; MMAE: Monomethyl auristatin E; MMAF: Monomethyl auristatin F; DM1: Maytansine
derivate; TROP-2: Trophoblast cell surface antigen 2; DAR: Drug-to-antibody ratio.
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payload to the mAb via lysine residues results in a highly heterogeneous
DAR. Variability in the DAR can affect the pharmacokinetics, stability,
and efficacy of ADC [8].

The challenges associated with first-generation ADC drugs provide
valuable insights for the development of subsequent ADC generations.
Researchers have addressed these limitations by improving linker sta-
bility, selecting antibodies capable of mediating effector functions,
optimizing the DAR, and enhancing conjugation methods to improve the
overall therapeutic index of ADCs. These advancements have enabled
second-generation ADCs to overcome the shortcomings of their pre-
decessors and offer improved cancer treatment outcomes.

Brentuximab vedotin (Fig. 3), a second-generation ADC developed by
Seagen and marketed as Adcetris, was granted FDA approval in August
2011 for the treatment of Hodgkin's lymphoma (HL) and systemic
anaplastic large cell lymphoma (sALCL) [107]. Its structure integrates
three components: anti-CD30 brentuximab (cAC10), the microtubule
inhibitor MMAE, and a dipeptide (Val-Cit) cleavable linker. Each bren-
tuximab molecule carries an average of four MMAE [108]. This drug has
received FDA approval for the treatment of high-risk pediatric diseases
and is increasingly being used in combination therapies.

Brentuximab vedotin represents a significant advancement over
earlier ADCs, addressing several issues to improve efficacy and safety. It
employs a humanized antibody with a high affinity for the CD30 target
8

antigen, thereby reducing cross-reactivity with normal tissues and
minimizing immunogenicity. Furthermore, it employs an IgG1 isotype,
improving its capability to mediate ADCC, CDC, and ADCP effects [81,
109]. The payload, monomethyl auristatin E (MMAE), is attached via
cysteine residues, resulting in a more homogenous distribution of DARs
at positions 2, 4, and 6. This approach is preferred over lysine attach-
ment, which results in a wider range of DARs, potentially affecting sta-
bility and efficacy. The selection of MMAE as a cytotoxic agent is critical
because it is more potent than the payloads used in first-generation ADCs
and can induce bystander effects, thereby expanding the therapeutic
window [110–113].

Trastuzumab emtansine, also known as Kadcyla, was developed by
Roche. It is composed of trastuzumab (IgG1), which targets HER2, con-
jugated to DM1, a highly potent cytotoxic agent, through a stable thio-
ether linker (MCC). Each trastuzumab molecule typically carries
approximately 3–4 DM1 molecules (Fig. 3) [89,114]. Trastuzumab
emtansine was first approved by the FDA in 2013 for the treatment of
patients with HER2-positive metastatic breast cancer who had previously
received trastuzumab and taxane chemotherapy [8]. Notably, trastuzu-
mab emtansine was the first approved ADC drug featuring a
non-cleavable linker, ensuring that the cytotoxic payloads remain cova-
lently attached to the antibody until they reach the tumor cell. This
design enhances the stability of ADC drugs in circulation and reduces
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systemic exposure to cytotoxic agents. Additionally, trastuzumab
emtansine was the first ADC approved for the treatment of solid tumors,
signifying a new era of targeted therapy against HER2-positive breast
cancer and offering an alternative or subsequent treatment option with
proven benefits regarding efficacy and safety [8].

Inotuzumab ozogamicin (Besponsa), developed by Pfizer, uses a hu-
manized mAb specific to CD22, a protein found on the surface of B cells,
conjugated to the potent anticancer drug calicheamicin. Inotuzumab
ozogamicin was granted accelerated approval by the FDA in August 2017
for the treatment of adults with relapsed or refractory B-cell precursor
acute lymphoblastic leukemia (ALL) [115]. Second-generation inotuzu-
mab ozogamicin contains the same linker-payload complex as the
first-generation gemtuzumab ozogamicin; however, the DAR value of
inotuzumab ozogamicin is significantly higher than that of gemtuzumab
ozogamicin (Fig. 3) [8]. The difference in the DARs between these ADCs
can be attributed to factors related to the choice of antibodies and
technological innovations applied in their design and development.

Polatuzumab vedotin (Polivy) and enfortumab vedotin (Padcev),
which are similar to brentuximab vedotin, are designed using a linker-
payload system featuring a dipeptide linker and the microtubule inhib-
itor MMAE (Fig. 3) [8]. Polatuzumab vedotin employs a humanized IgG1
mAb targeting CD79b, whereas enfortumab vedotin employs a recom-
binant humanized IgG1 mAb targeting Nectin-4, with an average DAR of
approximately 3.5. Polatuzumab vedotin was approved by the FDA in
June 2019 for relapsed or refractory diffuse large B-cell lymphoma
(DLBCL), whereas enfortumab vedotin was approved in December 2019
for advanced urothelial carcinoma.

Trastuzumab deruxtecan (Enhertu) is a humanized IgG1 monoclonal
antibody targeting HER2 conjugated to a potent topoisomerase I inhib-
itor, the exatecan derivative (DXd), via a cleavable tetrapeptide (Gly Gly
Phe-Gly) linker (Fig. 3) [116]. It was approved by the FDA in December
2019 and has been indicated for HER2-positive, unresectable, or meta-
static breast cancer after anti-HER2 therapy [116]. Its rapid approval
underscores its significant clinical efficacy andmanageable safety profile.
Trastuzumab deruxtecan and trastuzumab emtansine are designed to
target HER2; however, they exhibit distinct structural differences that
reflect advancements in ADC technology. Trastuzumab deruxtecan em-
ploys a cleavable linker, which allows for the precise release of the
payload within cancer cells, enhancing efficacy while reducing systemic
exposure to cytotoxins. Additionally, it uses site-specific conjugation to
ensure uniform payload distribution while maintaining a high DAR of 8
[117]. Conversely, Trastuzumab emtansine utilizes a non-cleavable
linker and traditional random conjugation methods, potentially result-
ing in a less homogenous payload distribution (DAR ¼ 3.5) and reduced
therapeutic effect. These improvements highlight ongoing developments
in ADC technology aimed at increasing the specificity, potency, and
safety of cancer treatments [118].

Sacituzumab govitecan (Trodelvy) is a Trop-2-targeting ADC with a
CL2A cleavable linker and the topoisomerase I inhibitor SN-38. It was
approved by the FDA in 2019 for the treatment of metastatic triple-
negative breast cancer (mTNBC) after at least two prior therapies
(Fig. 3) [119]. Belantamab mafodotin (Blenrep) employs a humanized
IgG1 mAb targeting BCMA conjugated to the microtubule inhibitor
MMAF through a non-cleavable linker. It was granted accelerated FDA
approval in 2020 for the treatment of relapsed or refractory multiple
myeloma (MM) in patients who had received at least four prior regimens,
including proteasome inhibitors, immunomodulatory agents, and
anti-CD38 monoclonal antibodies [8]. Loncastuximab tesirine-ipyle
(Zynlonta) constitutes an anti-CD19 human IgG1 mAb conjugated to
the PBD dimer, SG3199, through a protease-cleavable linker, with a DAR
of approximately 2.3. It was approved by the FDA in 2021 for the
treatment of relapsed or refractory diffuse large B-cell lymphoma
(DLBCL) after at least two prior regimens of systemic therapy [8]. Lastly,
tisotumab vedotin is an anti-TF ADC with a valine-alanine dipeptide
cleavable linker and an MMAE payload. It was approved by the FDA in
9

2021 for the treatment of recurrent or metastatic cervical cancer after at
least one prior therapy, representing a significant scientific milestone and
offering a novel treatment option for patients with this aggressive disease
[119].

Mirvetuximab soravtansin employs an FRα-targeted antibody linked
to a microtubule inhibitor via a cleavable linker. FRα is typically
expressed at low levels in normal tissues, whereas it is overexpressed in
certain types of epithelial ovarian cancer, endometrial adenocarcinoma,
triple-negative breast cancer, and non-small cell lung cancer. Clinical
trials have demonstrated the potential of mirvetuximab soravtansin for
treating patients with FRα-positive, platinum-resistant ovarian cancer. A
phase I study (NCT01609556) reported an objective response rate (ORR)
of 26 %, with a median progression-free survival (PFS) of 4.8 months and
a median duration of response (DOR) of 19.1 weeks [120]. Common
treatment-related adverse events (TRAEs) include diarrhea, blurred
vision, nausea, and fatigue. The SORAYA study, a phase II trial, reported
an ORR of 32.4 % and a median DOR of 6.9 months in patients with
platinum-resistant ovarian cancer with high FRα expression [121]. A
phase III study compared mirvetuximab sorafenib to chemotherapy,
showing a comparable safety profile with fewer TRAEs, without meeting
the primary endpoint of improved PFS [122]. Mirvetuximab soravtansin
represents a significant advancement in the treatment of FRα-positive
cancers, offering a targeted therapy with the potential to improve patient
outcomes.

The heterogeneity observed in first- and second-generation ADCs,
characterized by variable payload attachment locations and the number
of mAbs (Table 2), presents considerable challenges in predicting phar-
macokinetics and efficacy [118]. Significant advancements have been
undergone in the development of third-generation ADCs that employ
site-specific coupling technologies. These advancements enhance the
predictability and performance of ADC drugs by employing techniques
such as the introduction of specific amino acids into the amino acid
sequence of mAbs by antibody engineering, the use of enzyme-mediated
site-specific coupling techniques, and the acquisition of site-specific
mAbs from natural antibodies [118]. The increasing sophistication of
ADC design is driven by the aim to improve therapeutic effects. Selecting
superior target antigens is crucial to allow specific binding of ADCs to
tumor cells while sparing normal cells. Antibody optimization involves
enhancing binding affinity, improving internalization rates, and reducing
potential immunogenicity. Exploring different linkers enables the cus-
tomization of ADC properties, such as stability during circulation and
controlled release of the payload upon reaching the tumor microenvi-
ronment. Cytotoxic payloads must be carefully selected based on their
ability to effectively induce cell death while minimizing systemic
toxicity. Finally, the development of site-specific coupling techniques
ensures homogeneity of payload attachment, resulting in more predict-
able pharmacokinetics, decreased off-target effects, and improved effi-
cacy. Collectively, these advancements in ADC technology hold promise
in delivering more effective and safer treatments for various cancers.

3. Peptide-drug conjugates

PDCs are an emerging class of therapeutic agents inspired by ADC
development that use a peptide as the targeting moiety [10]. This stra-
tegic shift offers several potential advantages, including enhanced tissue
penetration, reduced immunogenicity, and simplified manufacturing
processes [123–125]. Despite the high specificity and potency of ADCs,
challenges such as their large sizes, high immunogenicity, complex
manufacturing processes, and limited tissue penetration have driven the
exploration of alternative delivery systems such as PDCs [126]. PDCs
share structural similarities with ADCs, comprising three essential com-
ponents: the targeting peptide, linker, and cytotoxic payload [10]. PDCs
have emerged as a promising therapeutic approach, particularly in
oncology, aiming to overcome the limitations of ADCs while maintaining
the benefits of targeted drug delivery.
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3.1. Targeting peptides in PDCs

Ideal peptides that serve as carriers in PDCs should have strong target-
binding affinity, high stability, low immunogenicity, efficient internali-
zation, and a prolonged plasma half-life [127,128]. PDC peptides are
generally categorized into cell-penetrating peptides (CPPs), such as
Pep-1, Pentratin, PepFact14, and Transportan, and cell-targeting pep-
tides (CTPs), including PEGA, somatostatin analogs, bombesin analogs,
and RGD peptides. These peptides enhance the local concentration of
cytotoxic agents at the tumor site while reducing systemic toxicity,
thereby mitigating adverse reactions and ultimately achieving thera-
peutic effects (Fig. 4). However, the selection and design of these pep-
tides are critical for the efficacy and safety of PDCs. In recent years, rapid
advancements in phage display combinatorial libraries, One-bead One--
compound (OBOC) combinatorial libraries, and Positional
Scanning-synthetic Peptide Combinatorial Libraries (PSSPCLs) have led
to the discovery and rational design of numerous novel peptides suitable
as carriers for PDCs [129–131]. These innovative peptide discovery
platforms have significantly accelerated the development of PDCs by
providing diverse and tailored targeting options.

The CPPs used in PDCs are short peptides with specific biological
properties that enable them to traverse cell membranes and enter the
intracellular space. These peptides typically comprise 5–30 amino acids
and possess defined sequences and structures that facilitate cell mem-
brane interactions and internalization [132]. CPPs should have good cell
membrane permeability, stability, biocompatibility, and low toxicity.
However, the mechanism of CPP cellular entry remains unclear. Certain
CPPs are hypothesized to penetrate cells through energy-dependent
endocytosis or receptor-mediated pathways, whereas others employ
energy-independent nonendocytic mechanisms [133–135]. Additionally,
reports have indicated that certain CPPs can transport cytotoxic mole-
cules directly across the phospholipid bilayer into cells [134]. CPPs
encompass various types, including those derived from natural sources,
such as Tat peptide (from HIV-1 virus), penetratin (from Antennapedia
protein), and pVEC (from frog skin), and synthetically designed peptides
or lipopeptides [136]. CPPs possess a distinctive capability to penetrate
cell membranes; however, their limited target specificity causes them to
be less favorable candidates for targeted drug delivery vehicles [136].
Fig. 4. (A) The mechanism of action involves the internalization process where the P
and the resulting cytotoxic agent diffuses into the cell. PDC: Peptide-drug conjugate
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Various strategies have been developed to overcome these limitations,
such as sequence engineering, fusion with targeting peptides, and the use
of cleavable linkers to generate activatable CPPs (aCPPs) that combine
targeting and penetration functionalities [137].

CTPs are vital for PDC success in cancer therapy, providing a means of
delivering drugs with high precision to cancer cells, which is essential for
improving treatment outcomes and patient prognosis. These peptides
must meet several requirements to effectively target cells, including high
affinity and specificity for the target receptor, stability under physio-
logical conditions, minimal immunogenicity, and efficient cellular
internalization. Mechanistically, cell-targeting peptides recognize and
bind to specific cell surface receptors, triggering downstream signaling
pathways that lead to the internalization of the peptide-drug complex
(Fig. 4). This process is often mediated by clathrin-coated pits or cav-
eolae, resulting in either endosomal trapping or lysosomal degradation
[138,139]. One advantage of CTPs over mAbs used in ADCs is their
smaller sizes, allowing for better tissue penetration and potentially
higher tumor uptake. Moreover, peptides can be synthesized at a lower
cost and with greater scalability than mAbs when designing TDCs.
However, mAbs provide higher target specificity and a longer circulating
half-life, resulting in improved tumor targeting and reduced off-target
effects.

Several methods have been developed to improve the stability and
cell permeability of peptides [140,141]. Cyclization modifications are
often used to determine the secondary structure of peptides to improve
their binding affinity to the target and increase their absorption, distri-
bution, metabolism, and excretion (ADME) [141]. Amino acid modifi-
cation involves using D-amino acids instead of L-amino acids or
introducing unnatural amino acids. This strategy aims to reduce the risk
of peptide degradation by proteases, ultimately enhancing their chemical
stability and biological activity [141]. Peptides are typically conjugated
to chemical macromolecules such as polyethylene glycol (PEG), poly-
sialic acid (PSA), or fatty chains, enhancing their lipophilicity [140]. This
modification decreases the renal clearance rate of peptides, prolongs
their blood circulation time, and improves their bioavailability. Dosage
modifications such as penetration enhancers, acid-stable coatings, and
nanocarriers have been shown to enhance the oral bioavailability of
peptides [140]. These strategies protect peptides from gastric acid and
DCs are cleaved within the lysosome; (B) The PDCs are cleaved extracellularly,
.
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intestinal enzymes, facilitate crossing into epithelial cells, and improve
intracellular delivery efficiency. Therefore, enhancing the overall
chemical and enzymatic stability of peptides using these approaches may
improve the stability and ADME properties of PDCs [140].
3.2. Linkers in PDCs

Linkers are important components of PDCs that connect the peptide
carrier and drug payload, affecting the stability, specificity, and efficacy
of PDCs. Linkers can be classified into cleavable and non-cleavable
linkers (Fig. 5) [142]. Cleavable linkers can be cleaved by chemical or
enzymatic triggers, such as pH, glutathione, or proteases. Many chemical
bonds are pH sensitive, including acetals, hemiacetals, imines, salicy-
laldehydes, hydroxyacetals, and hydroxybenzaldehydes. These linkers
can be cleaved in the acidic environment of tumor cells to release drugs.
Glutathione can cleave a variety of chemical bonds, including disulfides,
thioethers/selenium/tellurium, diesel/disulfides, ferrocenes, and metal
thiols [140]. Dipeptides, including Val-Ala and Val-Cit, serve as sub-
strates for upregulated enzymes in cancer cells and exhibit good stability
in circulation [142]. Recent advancements in cleavable linkers include
the development of aryl sulfate linkers, which are cleaved by lysosomal
sulfatases. After cleavage, the aryl sulfate linker undergoes 1,6-elimina-
tion to release the unmodified drug [143]. Non-cleavable linkers use
chemical components such as succinimidyl thioethers, oximes, and tri-
azoles to bind chemotherapeutic drugs to target peptides (Fig. 5). Non-
cleavable linkers do not respond to external stimuli and release drugs
solely through peptide metabolism. This ensures the stability of PDCs in
the blood circulation, preventing premature and non-specific drug
release.

PDCs and ADCs share commonalities in their release mechanisms;
nevertheless, notable differences exist in the design and composition of
their respective linkers. PDC linkers tend to be shorter and more flexible
than those used for ADCs [142]. This may be attributed to the smaller size
of the peptides, which do not require the same level of structural support
as antibodies. Conversely, ADC linkers are typically longer and more
intricate to accommodate the larger antibody dimensions. Moreover,
ADC linkers may incorporate spacer units to mitigate steric hindrance
and maintain the mAb binding capability. The distinctive features of
PDCs and ADCs dictate their design and functionality in the context of
Fig. 5. Chemical structures of common linkers in PDCs. (A) Ester and/or an amide
Triazole linker; (F) Hydrazone bond linker; (G) Disulfide linker; (H) Oxime linker. P
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their respective drug delivery systems.

3.3. Payloads in PDCs

Cytotoxic agents are the key components that enable ADCs and PDCs
to exert their therapeutic effects. However, significant differences exist in
the specific cytotoxic molecules used between these technologies. Anti-
bodies demonstrate impressive specificity and affinity; however, their
tissue penetration and internalization efficiency are limited [144,145].
Conversely, peptides may exhibit a comparatively lower affinity than
antibodies, but their smaller molecular size facilitates improved tissue
and cellular penetration. Therefore, ADCs typically carry highly cytotoxic
agents, such as N-acetyl-calicheamicin (calicheamicin derivatives),
MMAE/MMAF, and DM-1/DM-4. These agents may cause severe sys-
temic toxicity when used in isolation [146]. ADC design requires a
delicate balance between efficacy and safety. Conversely, smaller cyto-
toxic molecules, such as doxorubicin, paclitaxel, camptothecin, and their
derivatives, are commonly used in PDCs for clinical monotherapy or
combination chemotherapy (Fig. 6), without the need for pharmacolog-
ical re-evaluation, thereby significantly shortening the development
cycle and cost of PDCs [140]. Overall, the differences in the cytotoxic
molecules carried by ADCs and PDCs, including variations in molecular
size, structural complexity, and toxicity, reflect their distinct designs and
applications as drug delivery systems.

In addition to the aforementioned chemotherapeutic agents, certain
protein-based drugs with poor targeting ability and low bioavailability,
such as interferons and tumor necrosis factors, have demonstrated anti-
tumor effects by inhibiting protein synthesis and inducing apoptosis.
Additionally, small interfering RNAs (siRNAs) and antisense oligonu-
cleotides (AONs) are emerging in tumor therapy [147,148].
Peptide-protein conjugates, formed by combining targeting peptides
with protein-based drugs, offer a viable approach to address the limita-
tions of protein-based therapies [128,149,150].

3.4. Advances of PDCs in clinical applications

PDCs are a promising class of TDC therapeutics. Several PDCs have
been approved by the FDA, including Lutathera and Pepaxto, and these
innovative compounds have revolutionized the landscape of cancer
linker; (B) Carbamate linker; (C) Peptide-based linker; (D) Thioether linker; (E)
DC: Peptide-drug conjugate.



Fig. 6. Structures of payloads used within the peptide-drug conjugate field.
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treatment (Table 3). Additionally, Table 3 lists the PDCs that are
currently being investigated in clinical trials, highlighting the significant
advancements and future potential of PDCs in the field of targeted
therapy and encouraging further research and development [5].

Melflufen, marketed as Pepaxto, is a pioneer PDC that received
accelerated FDA approval in February 2021. It is indicated for the
treatment of adult patients with relapsed or refractory multiple myeloma
(MM) who have received at least four prior therapy regimens and whose
disease is refractory to at least one proteasome inhibitor, one immuno-
modulatory agent, and one monoclonal antibody targeting CD38 [151].
Melflufen is a lipophilic dipeptide composed of melphalan and para-f-
luoro-L-phenylalanine. Melphalan, a potent DNA alkylating agent, is a
prototype drug for the effective treatment of MM. Its mechanism involves
the alkylation of DNA guanine bases, leading to abnormal linkages within
or between DNA strands, which results in DNA breaks and ultimately
Table 3
FDA-approved PDCs and clinical research progress.

Name Target Targeting ligand Linker

177Lu-DOTATATE
(Lutathera)

Somatostatin receptor Somatostatin
peptide analog

DOTA

Melflufen
(Pepaxto)

Aminopeptidase Di-amino acid Enzyme

ANG-1005 Low-density lipoprotein receptor Angiopep-2 Succinic

zoptarelin
doxorubicin

Gonadotropin-releasing hormone
receptor

D-Lys6-LHRH Amide

NGR-hTNF Aminopeptidase N CNGRCG Amide

CBX-12 TOP1 pH-Low insertion
peptide

An intra-
cleavable

BT8009 Nectin-4 Peptide targeting
Nectin-4

A cleava

BT-1718 Metalloproteinase 14 MT1-MMP binde Disulfide

BTP-277 SSTR2 fCYwKTC C (2,7
SS)

Disulfide

G-202 PSMA DγEγEγEγE Amide

CBP-1008 FRα CB-20BK Amide

TH-1902 Sortilin receptor TH19P01 Succinic

SOR-C13 Transient receptor potential cation
channel subfamily V member

Folate Amide

FDA: Food and Drug Administration; PDC: Peptide-drug conjugate; MMAE: Monome
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induces cell death. However, its high hydrophilicity limits its therapeutic
efficacy [152]. Aminopeptidases are present in all human cells and are
overexpressed in a variety of tumors, including MM [153]. Melflufen is
rapidly absorbed by myeloma cells owing to its high lipophilicity. Once
inside the cell, the peptide conjugated to melflufen is immediately
cleaved by aminopeptidases and esterases, releasing the hydrophilic
alkylating agent payload, melphalan (Fig. 7) [153–155]. Melflufen has
been reported to exhibit cytotoxic effects on myeloma cells resistant to
multiple therapies and inhibit DNA repair and angiogenesis [156].

Lutetium Lu-177 dotatate, marketed as Lutathera, is a radiopharma-
ceutical that received FDA approval in January 2018 for the treatment of
somatostatin receptor-positive gastroenteropancreatic neuroendocrine
tumors (GEP-NETs), including foregut, midgut, and hindgut neuroen-
docrine tumors in adults [157]. Lutathera consists of the radiotherapy
drug 177Lu chelated to a somatostatin analog peptide (octreotide, Fig. 7)
Payload Indication Approval Time/
Clinical status

177Lutetium Gastroenteropancreatic
neuroendocrine tumors

2018

cleavable Melphalan Relapsed or refractory multiple
myeloma

2021

acid Paclitaxel Various types of cancer Phase III
(NCT00539383)

Doxorubicin Various types of cancer Discontinued
(NCT01767155)

hTNF Malignant pleural Phase III
(NCT00483509)

cellular
linker

Exatecan Various types of cancer Phase I/II
(NCT06315491)

ble linker MMAE Various types of cancer Phase I/II
(NCT04333057)

DM1 Solid tumors Phase I/II
(NCT03486730)

DM1 Endocrine cancer and small cell
lung cancer

Phase I/II
(NCT03159293)

Thapsigargin Solid tumors Phase II
(NCT01734681)

MMAE Advanced solid tumors Phase I
(NCT04740398)

acid Docetaxel Various types of cancer Phase I
(NCT04706962)

MMAE Advanced malignant solid
tumors

Phase I
(NCT03784677)

thyl auristatin E; DM1: Maytansine derivate.



Fig. 7. (A) Chemical structure of melflufen, melphalan, and the aminopeptidase-mediated cleavage site; (B) Chemical structure of dotatate.
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via the high-affinity binding agent 1,4,7,10-tetraazacyclododecane-N,N0,
N,N0-tetraacetic acid (DOTA) [158]. DOTA-TATE has a high affinity for
the somatostatin receptor 2 (SSTR2). Neuroendocrine tumors (NETs) are
neoplasms derived from stem cells, characterized by neuroendocrine
markers that produce bioactive amines and/or peptide hormones.
GEP-NETs are the most common subtype of highly differentiated NETs,
comprising > 70 % of these tumors. They predominantly originate in the
pancreas and gastrointestinal system [159]. Somatostatin receptors are
expressed in approximately 80 % of well-differentiated NETs, with
SSTR2 being the most prevalent. The high expression level of SSTR2
causes it to be an attractive target for the development of therapeutic
drugs to treat NETs [160]. Lutathera captures tumor cells through re-
ceptor ligand-targeted recognition, thereby introducing radionuclides
into the tumor tissue. The attached lutetium-177 emits beta radiation,
which penetrates nearby tumor cells, damaging their DNA and causing
tumor cell death [157,158]. Table 3 lists the currently investigated PDCs
in clinical trials, excluding the two drugs approved for the market.

In 2021, Bicycle Therapeutics (Nasdaq: BCYC) unveiled three inves-
tigational bicyclic peptide-toxin conjugates, BT1718, BT5528, and
Fig. 8. The structural model of bicycle-toxin conjugates BT5528 (A), BT8009 (A),
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BT8009 (Fig. 8), all of which are currently in phase I/II clinical devel-
opment [161–163]. BT1718 is a novel bicyclic peptide anticancer drug
that targets membrane type I matrix metalloproteinase and releases its
toxic payload DM1 [163]. The peptide component of BT1718 is known as
a bicycle, characterized by a short linear peptide that forms two rings
under the action of a “scaffold.” The BT1718 linker is 4-thiopentanoic
acid, one end of which is connected to DM1 via a disulfide bond and
the other end connected to the bicycle via an amide bond. BT5528 has
shown preliminary antitumor activity as a drug targeting EphA2 [161].
The BT5528 linker is a short peptide sequence (pentanedioic acid--
valine-glycine-para-aminobenzyloxycarbonyl) connected to bicycles and
MMAE via amide bonds. BT8009, as a nectin-4 targeting PDC drug,
demonstrated anti-tumor activity [164]. The BT8009 linker is a short
peptide sequence (pentanedioic acid-valine-glycine-para-aminob
enzyloxycarbonyl) connected to bicycles and MMAE via amide bonds.
BT8009 is primarily used for the treatment of Nectin-4-expressing tu-
mors, including advanced and metastatic urothelial carcinomas [162,
164].
and BT1718 (B). MMAE: Monomethyl auristatin E; DM1: Maytansine derivate.
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4. Small molecule-drug conjugates

Small organic ligands can be used as alternatives to antibodies and
peptides for tumor-targeting applications. Small molecule-drug conju-
gates (SMDCs) are attracting increasing interest as an alternative
approach to antibodies for drug delivery and tumor-targeting applica-
tions owing to their advanced tumor penetration, contrasting with high-
molecular-weight ADCs [11]. An SMDC typically constitutes a targeting
ligand, spacer, cleavable linker, and therapeutic payload. The ratio of
payload to small-molecule-targeting ligands in the preparation of SMDCs
is more precisely controlled than that of ADCs. Moreover, SMDCs present
strengths such as manageable synthesis and a non-immunogenic nature.
The molecular weights of SMDCs are typically low, potentially enhancing
cell permeability in solid tumors and improving in vitro and in vivo sta-
bility [165,166]. However, the small size of SMDCs is the primary reason
for their extremely short half-life in circulation, which in turn limits their
gradual uptake by tumors and compromises their therapeutic efficacy
[167,168].

Mechanistically, endosomes arise from receptor-mediated endocy-
tosis and fuse with lysosomes to release cytotoxic payloads into the
cytoplasm (Fig. 9) [12]. In particular, certain SMDCs release cytotoxic
molecules directly onto the surface of tumor cells. They employ disulfide
or peptide bonds to attach cytotoxic payloads to targeting ligands,
leveraging the elevated levels of glutathione or proteases in the extra-
cellular tumor environment compared to those in normal tissue. This
design allows for selective cleavage of the linker and subsequent payload
release, as demonstrated by SMDCs targeting carbonic anhydrase IX
[169,170].

The parallels between ADCs and SMDCs highlight the potential of
SMDCs as a promising therapeutic strategy and suggest that research on
ADCs could accelerate the development and optimization of SMDCs. This
field has promising potential for future research and development in the
field of TDCs.
4.1. Targeting ligands in SMDCs

Several factors must be considered in SMDC development, including
the selectivity, binding affinity, penetration, and retention of targeted
Fig. 9. Cellular Processing of SMDCs. Endosomes arise from receptor-mediated en
cytotoxic payload into the cytoplasm. SMDC: Small molecule-drug conjugate.

14
ligands. The size of SMDCs is a critical aspect, as evidenced by the lim-
itations in cell penetration observed in ADCs with larger molecular sizes.
The permeability, retention effects, mechanism of cellular entry, and
excretion of SMDCs are influenced by their size. Identification of ligands
with extremely high affinities remains challenging. Target ligands with a
dissociation constant (KD) of at least 10 nM are often required to ensure
adequate selectivity and affinity, which can aid in minimizing the drug
dose [167]. Identifying suitable targets for SMDCs is challenging owing
to the limited availability of targets. An ideal target allows recycling and
rapid regeneration [167]. Current targets, such as folate receptor (FR),
prostate-specific membrane antigen (PSMA), somatostatin receptor,
carbonic anhydrase IX (CAIX) [11], phosphatidylserine [171], amino-
peptidase N [14], low-density lipoprotein receptor-related protein 1
[172], and glucose transporter 1 [173], have shown promise.

The initial targeting ligands, which are analogs of natural receptor
ligands, show promise in SMDCs. These include folate derivatives for FR,
glutamic acid urea derivatives for PSMA, somatostatin analogs for so-
matostatin receptor, and aromatic sulfonamides for CAIX (Fig. 10) [169,
174–176]. The emergence of DNA-encoded chemical library technolo-
gies has simplified the development of tailored ligand lead compounds
with higher affinities compared to traditional high-throughput screening
methods. This technology could potentially accelerate the discovery and
development of novel SMDCs [177].
4.2. Linkers in SMDCs

The linker design in both SMDCs and ADCs is pivotal for their
structural integrity and functionality. Linker design plays a crucial role in
preserving the function of targeting ligands and payloads, optimizing the
therapeutic agent release at the target site and regulating the pharma-
codynamic and pharmacokinetic properties of drug conjugation [167].
The distinction is that the SMDC linker generally comprises a spacer and
a cleavable bridge (Table 4). The spacer distances the drug from the
targeting ligand, reducing potential spatial interference between the two
components [178]. Adding a water-soluble spacer such as polyethylene
glycol (PEG), peptidoglycan, or hydrophilic amino acids can greatly in-
crease the water solubility of the final SMDCs, considering that targeted
ligands or cytotoxic molecules are generally extremely lipophilic, which
docytosis and subsequently fuse with lysosomes, facilitating the release of the



Fig. 10. Structures of the most promising small molecule targeting ligands.

Table 4
The classification of linkers and their application in TDCs.

Cleavage
condition

Linker TDC Example

Non-
cleavable

thioether ADC HTI-1066 [186]
PDC RSDOX [187]

oxime PDC GnRH-III–[4Ser/Lys (Bu), 6Aaa,
8Lys (Dau ¼ Aoa)] [188]
NGR-Dau conjugates [189]

triazole (123B9)2�L2�paclitaxel [190]
Reducible disulfide ADC Gemtuzumab ozogamicin [191]

PDC PDPH-DOX [192]
BT1718 [163]

SMDC EC145 [193]
EC118 [194]

Acide-
cleavable

Hydrazone ADC Gemtuzumab ozogamicin [191]
PDC T10-ERK-DOX [195]
SMDC EC118 [194]

EC140 [196]
PAB-carbonate ADC CPT-11 [197]

PDC 7-[MuHis-Ser-Ser-Lys-Leu-Gln-
PABC]Paclitaxel [198]

Enzyme-
cleavable

Peptides Val-Cit ADC RC48 [199]
PDC RVCDOX [187]
SMDC

Val-
Ala

ADC rovalpituzumab tesirine [200]

Ala-
Ala-
Asn

PDC Pro-MMAE-2 [201]

β-Glucuronide ADC PEG12-glucuronide-MMAE [202]
SMDC Folate-monomethyl auristatin E

conjugate [203]
Ester PDC GnRH�Gemcitabine Conjugate

[204]
SMDC AEZS-108 [205]

Carbamate PDC CPT-L2-BA3 [206]
SMDC PEN-866 [207]

TDC: Targeted drug conjugate; ADC: Antibody-drug conjugate; PDC: Peptide-
drug conjugate; SMDC: Small molecule-drug conjugate; PAB: Para-aminobenzyl.

G. Jia et al. Pharmaceutical Science Advances 2 (2024) 100048
benefits receptor binding and membrane permeability [167]. The char-
acteristics of spacers have not yet been fully elucidated; nevertheless,
rigid spacers perform better than flexible spacers in certain cases [14,
167,179]. The evolution of spacer technology in SMDCs shifted from the
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early use of carbohydrates, acidic residues, and saccharoamino acids to
the introduction of glutamic acid and glutamine [180]. Recently, Val-Cit
and Val-Ala spacers were used in acetazolamide-drug conjugates,
demonstrating improved plasma stability and therapeutic efficacy [181].

On the other hand, cleavable linkers are frequently utilized in the
design of SMDCs. SMDCs can rapidly bind to receptors and are cleared by
the kidneys in vivo; therefore, they do not require linkers with the same
stringent criteria as those required for ADCs [182]. Two types of cleav-
able linkers are commonly used in SMDCs. Disulfide-containing cleav-
able linkers are triggered to break by the high levels of oxidants present
in tumor cells. They undergo 1,2-elimination and 1,6-elimination under
physiological conditions (37 �C and pH 7.4), thereby releasing their
cytotoxic payload [183]. Acid-sensitive cleavable linkers contain
acid-sensitive functional groups such as acetals, hydrazones, and esters,
which are sensitive to environmental pH changes [184,185]. The
fundamental linker requirements are similar between SMDCs and ADCs;
however, the precise design and composition of the linker can vary
depending on the delivery system.

4.3. Payloads in SMDCs

The success of an SMDC depends on the ability of the cytotoxic
payload to deliver a potent attack on target cells. These FDA-approved
payloads, including vincristine, paclitaxel, mitomycin C, microtubulin
inhibitors, and the irinotecan metabolite SN-38, have been meticulously
selected for their proven therapeutic efficacy and safety profiles (Fig. 11).
They primarily function by inhibiting crucial cellular processes,
including DNA replication, apoptosis resistance, cell division, protein
synthesis, and key metabolic pathways such as glycolysis [167,208].
SMDC potency depends on various payload-related factors, including
their inherent cytotoxicity, efficient release from the ligand-linker com-
plex, evasion of drug efflux pumps, intracellular metabolism, and effi-
ciency in reaching specific intracellular targets [167]. Payloads with high
therapeutic potential typically exhibit strong binding affinities, reducing
the risk of multidrug resistance and minimizing intracellular metabolism
[167]. The efficacy of SMDCs can be improved by attaching multiple
therapeutic agents to a single homing ligand; however, this presents
significant challenges [209]. Moreover, the therapeutic payload should
be adaptable to modification by featuring functional groups, such as
carboxyl, amine, sulfhydryl, and aldehyde groups, to facilitate conjuga-
tion. To achieve optimal therapeutic efficacy, the payload must have



Fig. 11. Representative cytotoxic agents in SMDC design. SMDC: Small molecule-drug conjugate.

Table 5
SMDC products in clinical research stages.

Product Receptor Payload Clinical
stage

Indication

Vintafolide FR Vinblastine Phase III/
IIb
(failure)

Platinum-resistant
ovarian cancer/
non-small cell lung
cancer

PEN-866 Heat shock
protein

SN-38 Phase II Advanced solid
tumors

177Lu-
PSMA-617

PSMA 177Lu Phase II Metastatic
castration-
resistant prostate
cancer

Epofolate
(BMS-
753493)

FR Epothilone Phase II Advanced solid
tumors

EC1456 FR Tubulysin Phase I Advanced solid
tumors

EC1169 PSMA Tubulysin Phase I Metastatic
castration-
resistant prostate
cancer

EC0489 FR Vinblastine Phase I Advanced solid
tumors

EC0225 FR Mitomycin
C

Phase I Advanced solid
tumors

PEN-221 Somatostatin
receptor 2

DM-1 Phase I Advanced solid
tumors

SMDC: Small molecule-drug conjugate.
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sufficient membrane permeability and hydrophobicity to escape the
endosomal compartment and prevent SMDC aggregation and precipita-
tion [73].

4.4. Advances of SMDCs in clinical applications

SMDCs offer significant advantages over traditional small-molecule
therapeutics. They provide a promising avenue for small-molecule
drugs that have proven safety and efficacy but are limited by off-target
toxicity. However, SMDC development remains in its early stages, and
the target variety is significantly lower than that in ADCs. Currently, only
a few active products are being investigated in SMDC research and
development, and no relevant products have been approved for mar-
keting (Table 5).

Nine products are currently registered at ClinicalTrials.gov, and all
these products are in the early stages of development, with three in phase
II and five in phase I clinical trials, except for vintafolide. Vintafolide is a
potent folate-targeting vinca alkaloid and SMDC drug. Vintafolide has
reached phase II clinical trials; however, it failed to improve progression-
free survival in a phase III clinical trial for platinum-resistant ovarian
cancer and showed no superiority over standard chemotherapy, leading
to study termination in 2014 [208].

SMDCs are primarily indicated for solid tumors, contrasting with ADC
indications. This can be attributed to the lowmolecular weight of SMDCs,
which allows for greater distribution and permeability into tumor tissues.
The aforementioned nine SMDCs target only four binding targets: five
target FR and two target PSMA. This highlights the challenges in iden-
tifying appropriate binding receptors and targeted ligands in SMDC
development. Despite these challenges, SMDCs may be promising alter-
natives to ADCs. Their non-immunogenicity, low molecular weight, and
controlled synthesis are potential advantages that can be exploited for
future TDC advancement.

5. Challenges

TDCs represent a class of precision medicine that aims to more
effectively treat diseases such as cancer by specifically targeting cancer
cells while sparing normal cells [210]. The fundamental elements of
TDCs depend on three critical components: the targeting ligand, linker,
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and payload. Regarding targeting ligands, ongoing research is being
conducted to identify and develop new molecules with greater functions
and potency that can selectively bind to tumor cell markers. These
include innovative forms such as bispecific antibodies, which can target
two different antigens; single-domain antibodies (also known as nano-
bodies), which offer stability and can penetrate tissues deeply; and
peptides, which can be engineered for high specificity. Traditional TDCs
often carry cytotoxic agents that kill cancer cells. However, a trend to-
wards exploring non-cytotoxic molecules with novel mechanisms of ac-
tion exists. These include radioelements for targeted radiation therapy
and oligonucleotides that modulate gene expression. The linker connects

http://ClinicalTrials.gov


G. Jia et al. Pharmaceutical Science Advances 2 (2024) 100048
the targeting ligand to the payload and must be carefully designed to
maintain the stability of the conjugate in the bloodstream and release the
payload only at the tumor site. Innovation in linker technology involves
creating linkers that can be cleaved under specific enzymatic conditions
prevalent in tumor cells or the tumor microenvironment, ensuring
controlled and efficient payload release. Regarding conjugation methods,
the evolution from random to site-specific conjugation represents a sig-
nificant advancement. Site-specific conjugation ensures that each TDC
molecule carries a consistent and predetermined number of payloads,
enhancing pharmacokinetic predictability, stability, and safety profiles.
Furthermore, this controlled strategy aids in achieving consistent thera-
peutic effects.

ADCs combine the specificity of mAbs with the potency of cytotoxic
agents to effectively target cancer cells. However, several challenges are
encountered in ADC development and application, despite their advan-
tages regarding selectivity, low off-target toxicity, and potency. ADCs can
inadvertently bind to non-tumor cells when target antigens are not
uniquely expressed by cancer cells, resulting in reduced therapeutic
specificity and an increased risk of off-target cytotoxicity. This limitation
narrows the therapeutic window, causing challenges in administering
effective doses without causing unacceptable levels of toxicity in healthy
tissues [211]. Instability in the linker connecting the antibody to the
cytotoxic agent can result in premature release of the payload into the
bloodstream. Such non-specific release contributes to systemic toxicity
and diminishes the therapeutic benefits of ADCs [212]. Moreover, ADCs
can cause adverse events such as thrombocytopenia, neutropenia,
leukopenia, anemia, or peripheral neuropathy. Proactively anticipating
and managing these side effects, often through dose adjustments, is
crucial to minimize patient risks [213]. ADCs exhibit more complex
pharmacokinetic properties than traditional cytotoxic agents, primarily
owing to their prolonged half-life and dynamic interactions within the
circulation [8], causing difficulty in characterizing the clinical profile of
ADCs and guiding the design of new ADCs.

The rapid advancements in ADCs in recent years have introduced
mixed therapeutic effects in cancer treatments. Despite their success, the
emergence of tumor resistance is a significant challenge associated with
ADC development and application, substantially affecting their efficacy
and clinical application. Resistance mechanisms to ADCs are multifac-
eted and can be influenced by various factors arising from each compo-
nent of the ADC or by pathways involved in the mechanism of action of
ADCs [214]. Cancer cells may downregulate or mutate the target anti-
gens recognized by ADCs, thereby reducing the binding affinity of the
antibody component and compromising the efficacy of ADC therapy.
Lysosomal degradation is a crucial step in the intracellular processing of
ADCs, in which the linker is cleaved to release the active drugs. Impaired
lysosomal protein hydrolysis or acidification can hinder this process,
resulting in reduced drug release and cytotoxicity [214]. Tumor cells may
upregulate the expression of multidrug resistance transporters, such as
ATP-binding cassette (ABC) transporters, which actively pump out the
cytotoxic payload delivered by ADCs. This efflux mechanism prevents
intracellular accumulation of drugs and confers resistance to ADC ther-
apy [214]. Resistance to brentuximab vedotin has been associated with
loss of CD30 antigen expression in patients with anaplastic large-cell
lymphoma [215]. Resistance to gemtuzumab ozogamicin, brentuximab
vedotin, and T-DM1 has been correlated to drug efflux pumps [216].
Furthermore, the presence of antigenic ligands and defects in the inter-
nalization pathway may lead to ADC resistance.

Additionally, the use of mutant proteins with higher levels of ubiq-
uitination than wild-type proteins as targets [217], bispecific antibodies
[218] and in ADCs carrying two distinct payloads offers opportunities for
advancing ADC development [219]. Nonetheless, smaller peptide frag-
ments and single-chain variable fragments (scFvs) are being explored as
alternatives to full-length mAbs, particularly in PDC technology.

PDCs are promising therapeutic agents with advantages over ADCs,
including smaller sizes and potentially greater tissue penetration [220].
However, their small size presents challenges, particularly related to
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rapid renal clearance, which limits their ability to effectively accumulate
at pharmacological sites [221]. To overcome these limitations, several
strategies have been developed to extend the half-lives of PDCs in cir-
culation. PEGylation involves attaching PEG molecules to the peptide
component of the PDC. PEG is hydrophilic and increases the hydrody-
namic volume of the molecule, reducing its renal clearance rate and
consequently prolonging its half-life in the circulation [222]. Another
strategy is fusing PDC with human serum albumin (HSA) or the Fc region
of antibodies. These proteins naturally circulate in the bloodstream for
long periods and can utilize the FcRn-mediated recycling pathway to
avoid degradation and extend the half-life of the conjugate [223,224].
Both strategies increase the molecular size of the PDC, which can miti-
gate the advantage of high tissue permeability from the smaller size of
the peptides. Moreover, the specificity and targeting of peptides are
marginally inferior to those of ADCs.

As a part of targeted therapy, SMDC research faces significant chal-
lenges owing to the lack of active products in the development pipeline.
Only a limited number of targeting ligands have been systematically
assessed, with a focus on folate receptors [208]. Certain SMDCs exhibit
renal uptake to some extent, which may remain residual during renal
clearance [225]. Additionally, the limited oral bioavailability of SMDCs
restricts their flexibility and convenience of administration. This can be
attributed to their poor solubility, necessitating further research to
overcome this limitation.

No single delivery format or fixed development paradigm in targeted
drug therapy suits most indications. Continuous innovation in the fields
of targeting systems, linkers, and payloads and advancements in conju-
gation techniques hold promise in improving the therapeutic index of
TDCs and providing more effective treatment options for patients with
cancer.

6. Conclusion

TDCs have emerged as a promising therapeutic approach to cancer
treatment [146]. TDCs can achieve precise delivery by coupling payloads
with specific targeting ligands, thereby improving the selectivity and
efficacy of cytotoxic payloads while minimizing toxicity and side effects
on normal cells. TDCs typically comprise three components, a targeting
ligand, a linker, and an effector, all of which influence their stability,
selectivity, and toxicity. In this article, we compared three different types
of TDCs, namely ADCs, PDCs, and SMDCs, and discussed their designs,
mechanisms of action, and current research status.

The targeting capabilities of TDCs vary significantly depending on the
nature of their targeting moieties. ADCs utilize the high affinity of mAbs
for antigens, providing precise targeting, albeit with limitations in tissue
penetration owing to the relatively large size of antibodies. Conversely,
PDCs employ peptides for targeting, which are smaller than antibodies
and can achieve better tissue penetration [13]. Peptides can target a wide
range of epitopes, including those inaccessible to antibodies. SMDCs rely
on small molecules for target binding and can more effectively penetrate
cancer tissues [6]. These molecules may have lower specificities than
antibodies and peptides. Identifying additional effective small-molecule
ligands as targets is necessary. Variations in the targeting capabilities
significantly influence TDC pharmacokinetics. ADCs typically have a long
circulation time owing to the long half-life of antibodies [4], which can
be advantageous for sustained therapeutic effects but may also lead to
prolonged exposure and potential toxicity. In contrast, PDCs are smaller
than ADCs, resulting in faster tissue penetration and shorter circulation
times [10]. This can be advantageous for targeting tumors with dense
stroma or poor vascularization. PDCs are generally metabolized and
cleared from the body faster than ADCs, which reduces their systemic
toxicity. SMDCs are characterized by their very small size and may
exhibit rapid distribution and elimination kinetics [6]. This can be
beneficial for rapid targeting and release of the payload but may also
result in a shorter duration of action. The clinical applicability of these
conjugates is influenced by their targeting capabilities and
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pharmacokinetic profiles. ADCs are the most clinically advanced drugs,
with several FDA-approved drugs for various cancers. ADCs have
demonstrated significant efficacy; however, challenges such as potential
immunogenic responses, hematotoxicity, and low cell permeability can
still be encountered owing to the antibody component [9]. PDCs are
emerging as alternatives to ADCs, with the potential for improved tar-
geting and reduced immunogenicity compared to ADCs. Two PDCs have
already been approved by the FDA; nevertheless, their development re-
mains in its early stages. SMDCs have the potential for high permeability
and low immunogenicity but face challenges in development, such as
identifying stable and effective small-molecule ligands and optimizing
linker chemistry for drug release. However, the low specificity of small
molecules increases the risk of off-target effects, which should be care-
fully and preemptively managed in clinical applications.

The design and development of TDCs require a comprehensive
consideration of various factors, including the expression level and
internalization capability of the target antigen; affinity and immunoge-
nicity of the targeting ligand; stability and cleavability of the linker; and
toxicity and permeability of the effector molecule to achieve optimal
efficacy and safety. The classification and innovation of TDCs primarily
depend on their targeting systems, such as antibodies, peptides, and
small molecules, which possess their own characteristics and are indi-
cated for different types of tumors and treatment options.

The field of targeted therapy is undergoing rapid evolution. In addi-
tion to the well-established ADCs, PDCs, and SMDCs, a plethora of
innovative conjugation technologies are being developed to treat various
diseases, particularly cancer. These include radionuclide drugs (RDCs),
immune-stimulating antibodies conjugates (ISACs), antibody degraders
conjugates (ADeCs), antibody fragment conjugates (FDCs), virus-like
drugs conjugates (VDCs), antibody-oligonucleotides conjugates (AOCs),
antibody-cells conjugates (ACCs), and antibody-biopolymer conjugates
(ABCs), among others. Technological progress continues to advance the
field of TDCs, and diverse choices of targeting systems, linkers, and ef-
fectors have been utilized, resulting in field segmentation. The current
over-segmentation in the field of TDCs has resulted in a crossover be-
tween different concept drugs; nevertheless, each technology presents
unique opportunities and challenges.
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