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HIGHLIGHTS GRAPHICAL ABSTRACT

e ADCs play a crucial role in the man-
agement of solid tumours and haema-
tological malignancies.

e ADCs aim for selective toxicity, but
dose-limiting toxicity remains a key
challenge for this treatment approach.

e Adjusting dosage regimen design and
frequencies can improve ADC thera-
peutic index.

o Biomarkers of ADC related toxicity are
required to stratify patients for potential
subpopulations.

e Emerging trends in ADC design are dis-
cussed in this review.

ARTICLE INFO ABSTRACT

Antibody-drug conjugates (ADCs) are rapidly emerging as an effective multimodal approach for the targeted

Key‘_” or dg delivery of cytotoxic small molecules to tumours with aberrantly overexpressed markers. Recent advances in
Antibodies . ! . . .

Tareetin antibody engineering and the emergence of highly potent cytotoxic drugs have created unprecedented scope for
Antigbo df— drug Conjugates precision-based design of novel ADCs against chemotherapy-resistant tumours. However, their clinical trans-
Oncology lation faces the challenge of balancing efficacy and toxicity. Innovations in conjugation chemistries and antibody
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mediated endocytosis; ScFv, single-chain variable fragment; TAA, tumour-associated antigen; TNBC, triple-negative breast cancer.
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engineering are addressing these challenges, yet a more comprehensive in vitro — in vivo correlation is critical to
accelerating their clinical translation. This review examines the latest advancements in ADC-based therapies for

hard-to-treat cancers, focusing on design considerations that define their efficacy in breast cancer and glio-
blastoma multiforme. Additionally, we highlight current challenges in reconciling ADC quality attributes
influencing their in vivo performance, which impedes their clinical translation. By integrating cutting-edge ad-
vancements in antibody engineering with industrial insights, this review casts a spotlight on the pivotal role of
ADCs as a powerful biomolecular toolbox for delivering next-generation therapies to address unmet clinical need.

1. Introduction

Since the approval of Mylotarg® (Gemtuzamab Ozogamicin) in
2000, the field of ADCs has seen a remarkable growth trajectory in the
number of products under clinical evaluation, with 14 clinically-
approved ADCs and >80 in clinical trials for a range of oncology in-
dications [1]. With this level of industry-wide uptake of ADCs into
development pipelines, there is a critical driver for strategies that can
define key ADC design attributes dictating their clinical efficacy and
translational potential.

In the field of oncology, ADCs leverage the targeting ability of
antibody molecules to selectively target overexpressed tumour-
associated antigens through non-covalent binding interactions, while
sparing adjacent non-cancerous cells. The ADC molecule comprises an
antibody that is covalently attached to a payload, via a linker, which
may contain a spacer as site of attachment, or additional solubility
enhancing moieties (Fig. 1). ADCs are typically heterogeneous mixtures
consisting of several molecular species, and a varying number of payload
drug molecules per antibody molecule- referred to as the drug-to-
antibody ratio (DAR) and are linked at different antibody amino acid
residues (cysteine versus lysine) based on the linker chemistry (linker-
anchoring chemistry combination) approach employed.

For effective malignant cell killing, the antibody moiety of an ADC
binds to a cell-surface antigen, which facilitates internalisation via
receptor-mediated endocytosis (Fig. 2). This process is driven by the
formation of clathrin-coated endocytic vesicles, which subsequently
mature into early endosomes containing bound ADC [2]. As these early
endosomes transition into late endosomes and fuse with lysosomes, the
lumen pH decreases. This acidic environment, coupled with an abun-
dance of proteolytic enzymes in the lysosome, is essential for payload
release via linker cleavage or mAb degradation.

Once released, the payload must escape the endosome to reach its
target, located either in the cytosol or within other intracellular com-
partments, such as the nucleus. The efficiency of endosomal escape is
dictated by several factors, including linker chemistry, the

physicochemical properties of the payload, ADC recycling, the endo-
somal environment (pH and enzymatic activity), [3] and antibody af-
finity. Following intracellular release of the cytotoxic payload from the
ADC, some cytotoxic payloads can diffuse into neighbouring cells within
the tumour microenvironment. This mechanism of ADC activity,
referred to as the bystander effect, can enhance ADC therapeutic efficacy
particularly in tumours with heterogenous antigen expression, where
neighbouring cells express low levels of target antigen [4]. Cleavable
linkers are crucial for enabling the bystander killing effect in anti-
body-drug conjugates (ADCs), as they allow the release of the free,
active payload. In contrast, non-cleavable linkers often yield payloads
that remain bound to amino acid residues after lysosomal degradation,
restricting their ability to diffuse out of the target cell. Payloads that are
small, lipophilic, and uncharged can passively diffuse into neighbouring
cells, where they exert cytotoxic effects independent of target antigen
expression. A recent study investigated the enhanced bystander killing
of human epidermal growth factor receptor (HER2) low/negative cells
with exatecan payload released via a new Asp-Glu-Val-Asp (DEVD) tet-
rapeptide linker, which is a substrate for caspase-3—an enzyme upre-
gulated in the tumour microenvironment [5].

The engineered components of ADCs endow them with multifunc-
tional capabilities following intravenous administration. In addition to
leveraging the antigen-targeting specificity of antibodies, ADCs can
retain their immune effector functions, including antibody-dependent
cellular cytotoxicity (ADCC), antibody-dependent cellular phagocy-
tosis (ADCP) and complement-dependent cytotoxicity (CDC) [6].
Furthermore, the antibody moiety significantly alters the pharmacoki-
netic profile of the traditional small molecule cytotoxic drug, offering
more localised distribution (and reduced off-target toxicity), and an
increased systemic half-life through neonatal Fc receptor (FcRn) recy-
cling, extending up to three weeks [7]. The extended half-life of the
payload is primarily due to its conjugation to the antibody, preventing
rapid clearance. Many payloads are highly hydrophobic and may
otherwise complex with bloodstream proteins or diffuse into off-target
cells, further highlighting the critical role of the antibody in stabilising
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Fig. 1. Key ADC structural components. Created in Biorender®.
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Fig. 2. ADC classical mechanism of action and the bystander effect in achieving tumour cell kill. Created in Biorender.

and directing the therapeutic agent to its intended target.

Conceptualised in the 1900s with Paul Ehlrich’s magic bullet theory,
ADCs benefit from increased specificity compared to classical chemo-
therapeutic agents, with the tuned affinity from the antibody moiety for
specific tumour associated antigens (TAAs), delivering potent tumour
cell killing with reduced off-target toxicity [7]. Predominantly, the
immunoglobulin G subclass 1 (IgG1) scaffold accounts for >40 % of all
ADCs in clinical development [8]. However, the ADC landscape is
evolving to include novel antibody formats such as bispecifics, bipar-
atopics, conditionally activated mAbs, single-chain variable region
fragments (scFv) and alternative IgG subclasses to tailor pharmacoki-
netic profiles (systemic half-life, endocytosis), tumour penetration effi-
ciency and effector functions (FcyR activation and specificity).

The selection and design of chemotherapeutic payloads or anchoring
site-linker combinations play a crucial role in the ability of the ADC to
deliver potent tumour cell killing. The addition of a payload generally
enhances membrane permeability, [9] promoting the aforementioned
bystander effect [10]. Finally, the choice of linker chemistry for anti-
body conjugation to the payload influences stability, payload release,
pharmacokinetics, toxicity and overall therapeutic efficacy of the ADC
[11]. The stability of the linker is essential to mitigate premature
payload release and off-target toxicity. Moreover, linkers may be
designed to enhance the physicochemical properties (i.e., solubility) of
the conjugate, while retaining mAb and payload stability and potency,
and preventing ADC aggregation [12].

Earlier ADC designs targeted easily accessible tumour-associated
antigens in hematologic malignancies, such as CD30-targeting Adcent-
ris® (brentuximab vedotin) for relapsed or refractory Hodgkins’s lym-
phoma. More recently, advancements in ADC design rules have seen the
emergence of a new wave of ADCs indicated for harder-to-treat solid
tumours, including Kadcyla® (trastuzumab emtansine) and Enhertu®
(trastuzamab deruxtecan) for the treatment of metastatic breast cancer.
Despite the early success of ADCs, their long-term growth in successful
clinical translation hinges upon achieving greater payload diversifica-
tion beyond topoisomerase inhibitors, DNA alkylating agents, and an-
timitotics, which currently limit the range of clinical indications in
which they can be used. Additionally, site-specific and controlled release

of the cytotoxic molecular payload remains a critical challenge in
achieving acceptable therapeutic index.

The ADC landscape is rapidly advancing, driven by advancements in
precision medicine identifying novel tumour-associated antigens to
enhance tumour cell killing, the design of novel linker technologies to
minimize adverse events associated with ADC off-target and on-target
toxicity, and antibody engineering efforts to achieve site-selective
conjugation to therapeutic molecular payload. With the emergence of
drug resistance to chemotherapeutic agents such as receptor tyrosine
kinase inhibitors [13] and platinum DNA-damaging agents [14], the
requirement for therapies with increased sensitivity, selectivity and
potency is paramount.

In this review, we provide an overview of the clinical status of ADCs
in hard-to-treat cancers, focusing on breast and brain malignancies. We
then highlight emerging trends in ADC design as a platform technology
for treating cancer, considering trends from ADCs in the clinic, and
discuss critical developability and pre-clinical considerations required
for their successful clinical translation. Finally, we highlight key chal-
lenges and opportunities for improving ADC implementation in the
oncology space.

2. ADCs in hard-to-treat cancers

The pursuit of ADCs against novel TAAs in combination with diverse
molecular payloads remains a focus in the clinical development of novel
pharmacological interventions for hard-to-treat cancers. ADCs combine
the TAA targeting specificity of monoclonal antibodies with the cyto-
toxic potency of chemotherapy payloads to improve therapeutic index
and reduce adverse events associated with off-target toxicity that are
observed with traditional chemotherapy-based approaches.

2.1. Breast cancer

Currently there are five ADCs approved for the treatment of breast
cancer, with Kadcyla® being the first approved in 2013 for indication in
breast cancer, also representing the first ADC for use against solid
tumour indications. Since the approval of Kadcyla® (trastuzumab
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A summary of clinical trials, clinical particulars and endpoints in which T-Dxd has been evaluated. PFS: progression-free survival; OS: overall survival, ORR: overall

response rate; RR: recurrence rate; DoR: duration of response.

Trial Phase/ number of Inclusion Criteria

participants

Dosage Regimen Clinical Endpoints

DESTINY-GastricO1 II

HER2-positive advanced gastric or gastroesophageal

6.4 mg/kg administered once every OS 12.5 months;

junction 3 weeks ORR 51.6 %
DESTINY-Pan II(111) HER2-expressing solid tumours 5.4 mg/kg administered every 3 6.9 PFS/13.4 OS
Tumour 2 weeks
DESTINY-Breast 12 IIb/1V (504) HER2 + metastatic breast/brain cancer 6.4 mg/kg administered every 3 12 month PFS, 61.6 % for
weeks brain
DESTINY-Breast06 111 (834) HR-positive, HER-2 (ultra)low metastatic breast cancer ~ 6.4 mg/kg administered every 3 PFS > 1 year;
weeks RR > 60 %
DESTINY-Breast04 I HER-2 (ultra)low metastatic breast cancer after > 1 5.4 mg/kg administered every 3 PFS 10 months;
chemotherapy weeks 0OS 23.9 months
DESTINY-Lung01 11Q17) HER2-mutant non-small cell lung cancer (NSCLC) 6.4 mg/kg administered every 3 ORR 61.4 %;
weeks DoR 9.7 months

emanstine), Enhertu® (trastuzumab deruxtecan- approved in 2019) has
shown great promise in patients with HER2-low metastatic breast can-
cer, and Trodelvy® (sacituzumab govitecan- approved in 2020) in pa-
tients with hormone receptor-positive, HER2- and triple-negative
(TNBC) breast cancer subtypes, cancer types typically associated with
limited treatment options. More recently, Datroway® (dapotomab der-
uxtecan), was approved in 2025 for patients with metastatic or
hormone-receptor positive, HER2 negative breast cancer. Approved in
2021, Ujvira® represents the first biosimilar of an ADC (Kadcyla®). At
the time of this review, >50 ADCs are undergoing clinical evaluation for
breast cancer-related indications.

Triple-negative breast cancer (TNBC).

TNBC, a distinct subtype of breast cancer lacking hormone receptors
(oestrogen, progesterone, and HER2) accounts for up to 20% of all breast
cancers worldwide, associated with poor overall patient prognosis and
resistance to standard of care chemotherapy. Systemic chemotherapy
remains a primary therapeutic modality for TNBC, with the use of
immunotherapy and poly(ADP)ribose polymerase (PARP) inhibitors,
leading to improvements in patient outcomes [15].

To overcome chemoresistance, the focus of TNBC drug development
and clinical trials has shifted from single pharmacological agents to
multi-pathway, multimodal interventions targeting signalling pathways.
ADCs are emerging as a promising strategy for the treatment of TNBCs,
offering a targeted approach combining the specificity of monoclonal
antibodies with the cytotoxic power of chemotherapy payloads. A
notable example is sacituzumab govitecan (Trodelvy®- SG), which is
composed of an anti-trophoblast cell-surface antigen (Trop-2) antibody
scaffold, bound by a disulfide linker via a cleavable CL2A (poly-
ethyleneglycol (PEG8)-para-aminobenzylcarbonyl (PABC) peptide)
linker to SN-38, a topoisomerase I inhibitor. SG characterised by a DAR
of 7.6, relies on cellular internalisation and cleavage of the hydrolysable
CL2A linker in the endolysosomal compartment to release SN-38, which
interferes with DNA replication in target cells and diffuses to neigh-
bouring cells to exert the bystander effect. Tumour cell exposure to SN-
38 results in the accumulation of DNA double strand breaks and even-
tual cell cycle arrest. Trop-2 implicated in aberrantly dysregulated
cyclin D1, NF-xkB, and ERK/MEK pathways in cancer is frequently
overexpressed in TNBC, with expression levels reported to be up to 93%
in TNBC in comparison to 50% in ER+ and 74% in HER2+ breast can-
cers [16].

Challenging the ADC design rule conventions of ultra-high potency
payloads, high clinical doses can be achieved with the use of SG. This has
been attributed to lower serum levels of glucuronidated SN-38, which
results in reduced adverse events and lower treatment discontinuation
incidences. Clinical endpoints and trial findings from SG are reviewed
elsewhere [15].

Since the clinical success of SG, another anti-Trop-2 ADC to be
approved is dapotomab deruxtecan (DD- Datroway®), conjugated to a
topoisomerase I payload (average DAR 4) via a maleimidocaproyl

cleavable tetrapeptide (Gly-Gly-Phe-Gly (GGFG)) linker. Datroway® has
shown significant promise in the metastatic setting, particularly for
hormone-positive, HER2-negative tumours, improving tumour sensi-
tivity to immune checkpoint inhibitors. DD has been evaluated in
combination with PARP inhibitors, where it has demonstrated efficacy
in patients with TNBC.

Sacituzumab tirumotecan (ST) is another Trop-2 targeting (hRS7
antibody) ADC, conjugated to a belotecan-derived topoisomerase I in-
hibitor via a pH- and protease-responsive peptide linker (average DAR
7.4). ST is under clinical trial evaluation (TroFuse-010) as monotherapy,
or in combination with pembrolizumab in patients with HR+/HER2 —
unresectable locally advanced or metastatic breast cancer. The
OptiTROP-Breast01 study demonstrated the efficacy of ST in patients
with TNBC, showing improved progression-free survival and overall
survival (median 12.1 months) compared to chemotherapy [17].

Metastatic and triple-positive breast cancers.

Trastuzumab emanstine (T-DM1)

T-DM1, Kadcyla®, consists of an anti-HER2 IgG1 antibody (trastu-
zumab) conjugated via a non-cleavable thioether linker to mertansine
(DAR 3.5) is directed against aberrant HER2 overexpression in solid
tumours. HER2 overexpression and mutation is correlated with an
aggressive tumour phenotype, an increased risk of cancer recurrence,
poor overall patient prognosis and response to chemotherapy across a
range of solid tumour types. Overall, there remains a limited range of
standard-of-care treatment choices for patients with metastatic HER2 +
malignancies and T-DM1 is indicated in patients not responding to prior
trastuzamab and taxane treatment. T-DM1 mediates its activity via
multiple mechanisms, including HER2 signalling blockade and ectodo-
main shedding, Fc-mediated immune effector functions, and payload-
mediated microtubule depolymerisation [18]. The efficacy of T-DM1
in the adjuvant, neoadjuvant and metastatic settings has been evaluated
in several randomised control trials to-date, including EMILIA,
KATHERINE, MARIANNE, TH3RESA, demonstrating significant overall
risk reduction in the recurrence of invasive disease, and implementation
in the management of breast cancer [19,20].

Trastuzumab deruxtecan (T-Dxd)

T-Dxd, Enhertu®, is composed of trastuzumab, a maleimidocaproyl
tetrapeptide linker (Gly-Gly-Phe-Gly (GGFG)), and a potent topoisom-
erase I payload, with a drug-to-antibody ratio (DAR) of 8. This high DAR
enables an increased payload delivery per antibody, enhancing its
therapeutic potential. Similar to T-DM1, Enhertu® is specifically
designed to treat HER2 overexpressing malignancies and is typically
reserved for patients who have not responded to first-line standard of
care chemotherapies, offering a crucial alternative for hard-to-treat
cancers. T-Dxd was first approved for HER2-expressing breast and
gastric cancers, and HER2-mutant lung cancer. A global multicentre
phase 1II trial of T-Dxd, DESTINY-Pan tumouro2, demonstrated tumour-
agnostic activity of T-Dxd with equivalent safety profiles in patients with
HER2 solid tumours pre-treated with other chemotherapies,
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ADC Drug TAA Linker Payload (target) Indication Clinical Stage
Disitamab vedotin [24] HER2 Protease-cleavable, maleimidocaproyl- MMAE (microtubule) HER2 + breast cancer Phase II
valine-citrulline linker (NCT04484142)
PF-06647020 [25] Protein Protease-cleavable valine-citrulline Auristatin-0101 Breast carcinoma Phase I
kinase 7 (microtubule) TNBC (NCT02222922)Phase
protein Gedatolisib I
(PI3K) (NCT03243331)
Ladiratuzumab vedotin LIV-1 Protease cleavable linker MMAE (microtubule) Metastatic TNBC Phase Ib/II
[26] (NCT03310957)
Mirvetuximab Folate Cleavable disulfide ((4-(2-pyridinyldithio)-2- DM4 (microtubule) TNBC Phase II
soravtansine [27] receptor sulfo-1-(2,5-dioxo-1-pyrrolidinyl) ester) (NCT03106077)
Patritumab deruxtecan HER3 Acid-cleavable tetrapeptide linker (GGCG) Deruxtecan HER2 + unresectable locally- ~ Phase Ib/II
(U3-1402) [28] (topoisomerase I advanced or metastatic breast (NCT04676301)
inhibitor) cancer
Sacituzumab tirumotecan Trop2 CL2A (methylsulfonylpyrimidine) KL610023 HER2 + breast cancer Phase II
(SKB263/MK-28070) (topoisomerase I (NCT04826119)
[29] inhibitor)
MGCO018 [30] B7-H3 Protease-cleavable valine-citrulline Duocarmycin (DNA Advanced solid tumours, Phase 1/11
alkylating agent) including TNBC (NCT03729596)
DHESO0815A [31] HER2 Protease-cleavable PBD-MA (DNA Advanced/metastatic HER2 Phase I
alkylating agent) -+ metastatic breast cancer (NCT03451162)
DB-1303 [32] HER2 Cathepsin-cleavable maleimide tetrapeptide P1003 (topoisomerase I ~ HER2 + breast cancer Phase I/11
(GGFG) inhibitor) HER2-low metastatic breast (NCT05063786)Phase
cancer 111
(NCT06018337)
AGX101 TMA4SF1 Not disclosed (microtubule) Metastatic breast cancer Phase I
(NCT06440005)
9 MW2821 [33] Nectin-4 Disubstituted maleimide with protease- MMAE (microtubule) TNBC Phase I/11
cleavable valine-citrulline linker (NCT03729596)
1KS014 [34] HER2 Beta-glucuronide MMAF (microtubule) HER2 + advanced/metastatic ~ Phase I-III
breast cancer (NCT05872295)

demonstrating its potential for indication in a broader range of malig-
nancies [21]. More recently, in the phase 3 DESTINY-Breast06 trial, T-
Dxd demonstrated significant efficacy and progression-free survival or
death (36% reduction) relative to conventional chemotherapy in pa-
tients with hormone receptor-positive metastatic breast cancer with
HER2-low (IHC 1+) or —ultra low (IHC 0) expression levels [17]
(Table 1).

The remarkable clinical success of T-Dxd in HER2-low and negative
breast malignancies has recently been attributed to the susceptibility of
the GGFG tetrapeptide linker to tumour microenvironment proteases.
While limited in vitro cellular uptake of T-Dxd was observed in HER2-
low or negative tumours, free Dxd payload was observed within the
tumour microenvironment, suggesting that extracellular proteases in the
tumour microenvironment facilitate this extracellular release of Dxd
payload. Therefore, the aberrant abundance of cysteine cathepsins,
typically associated with poor prognosis in hard-to-treat breast cancers
has been implicated in the successful efficacy of T-Dxd in HER2-low and
negative tumours in vivo [22].

Beyond the notable advantages conferred by the T-Dxd linker design,
the immunomodulatory profile of T-Dxd has been differentiated from T-
DML1. In a comparative study, Tsao et al. demonstrated immunogenic cell
death induced by T-Dxd, a form of cytotoxicity that enhances tumour
antigen presentation and activates both innate and adaptive immune
responses [22] Dxd-mediated cytotoxicity triggered the release of
damage-associated molecular patterns (e.g., HMGB1 and extracellular
ATP), which activated TLR4 and STING signalling pathways in myeloid
cells.

While both ADCs engage Fcy receptors to induce ADCP, T-Dxd elicits
a more pronounced immunostimulatory response. Notably, it upregu-
lates CD47 expression on tumour cells that combined with CD47/SIRPa
checkpoint inhibitor blockade, has demonstrated synergistic anti-
tumour effects [23].

Collectively, these findings position T-Dxd as a dual action thera-
peutic- exerting both direct cytotoxicity and immune system engage-
ment, which likely contribute to its efficacy in patients with HER2-low
and heterogenous breast cancer.

As of 2025, five ADCs are approved for breast cancer indications.
These approvals highlight the significant strides made in developing
targeted ADCs against chemoresistant breast cancers. Beyond the
approved ADCs, there is a rich pipeline of novel and emerging ADCs with
diverse antibody, linker and payload portfolio combinations currently
under clinical evaluation.

A detailed summary of ADCs currently under clinical evaluation for
breast cancer indications is presented in Table 2.

While ADCs have shown significant growth and promise in the
treatment of breast cancer, the management of grade 3/4 toxicity-
related adverse events remains a challenge in their routine clinical
implementation, which is often managed through dosage regimen
design.

2.2. Glioblastoma multiforme (GBM)

GBM is an aggressive brain malignancy characterised by complex
biomolecular heterogeneity, hypermutation, limited therapeutic op-
tions, and poor patient survival outcomes (median survival time 14-17
months). Strategies explored to treat GBM to-date include maximal
surgical resection and radiotherapy, and direct administration of cyto-
toxic chemotherapy (temozolomide), [35] novel formulations including
convection-enhanced therapy, [36] and targeted vascular disruption all
of which have faced limited therapeutic success.

The first generation of ADCs against GBM mostly explored targeting
overexpression of the EGFR axis, employing immunotoxins and radio-
immunotherapy (Iodine-125 and Iodine-131) agents as payloads. How-
ever, further clinical evaluation of these ADCs was discontinued due to
their lack of efficacy, immunogenicity, inefficient delivery, and linker
instability [37]. Depatuxizumab mafodotin (Depatux-M or ABT-414), an
anti-EGFR antibody conjugated to monomethyl auristatin F (MMAF- a
microtubule inhibitor), was investigated in patients with recurrent
glioblastoma in the INTELLANCE 1 (ionising radiation and temozolo-
mide) and INTELLANCE 2 (with/without temozolomide monotherapy
versus lomustine and temozolomide control) trials. However, the
observed ocular toxicity (66% cases of > 1 adverse events) and lack of
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improvement in overall survival, [38,39] were hypothesised to occur
due to poor BBB penetration and/or increased resistance in EGFR clones
[40]. Losatuxizumab vedotin (ABBV-221), an ADC combining a high af-
finity anti-EGFR antibody, with a MMAE (microtubule inhibitor)
payload connected via a cathepsin cleavable linker (mc-val-cit-PAB),
was evaluated in phase I clinical studies for solid tumours with EGFR
overexpression, and terminated due to a high incidence of infusion-
related reactions.*® AMG 595, targeting EGFR-III variants, with a non-
cleavable conjugation of MMAE did not exhibit improved efficacy and
was terminated at phase I trials [41]. Recently, Glypican-1 (GPC1) has
emerged as a novel target antigen, upregulated in a range of solid tu-
mours, and associated with poor prognosis, with anti-GPC1 MMAE ADCs
(maleimide peptide cleavable linker) showing promising tumour
regression outcomes in pancreatic, oesophageal, and glioblastoma pre-
clinical models [42].

Efforts to advance ADCs against GBM are increasingly focusing on
strategies for targeting the GBM tumour microenvironment, rather than
directly targeting tumour cells. For example, an anti-EphA3 antibody
conjugated to maytansine (a microtubule inhibitor) demonstrated effi-
cacy in orthotopic xenograft models of glioma, demonstrating the
promise for this approach [43]. Other innovative strategies for
enhancing ADC GBM targeting and similar therapeutic modalities
include osmolarity modulation (e.g., NEO100 injections), [44] targeting
tight junction proteins (e.g., JAM-A), and minimising cytotoxic payload
efflux (ie, p-glycoprotein, Breast Cancer Resistance Protein-BCRP)
using drug delivery approaches (nanomedicines and cell-penetrating
peptides), which have been pivotal in developing non-invasive strate-
gies [45,46]. The bystander effect has been proposed to improve ADC
efficacy in GBM, by increasing tumour cell accessibility beyond the BBB
[471.

Beyond novel delivery interventions, other studies have explored the
impact of DAR heterogeneity on BBB penetration. Lower and homoge-
nous DAR ADCs demonstrated enhanced overall survival and remission
in murine models [37]. While intuitively a higher DAR would be ex-
pected to lead to superior efficacy, higher DAR conjugates are more
likely to suffer from poor developability characteristics (higher aggre-
gation risk) and lead to a higher incidence of off-target adverse events. In
developing ADCs for the management of GBM, the target DAR must be
offset between the drug concentration required to achieve therapeutic
efficacy and penetrate the tumour microenvironment, while minimizing
the risk of neurotoxicity induced by the cytotoxic payload. However,
translating these findings to human models remains challenging. Addi-
tionally, Morphomer® ADCs have demonstrated significant promise in
preclinical studies, exhibiting enhanced BBB permeability through the
use of proprietary peptide linker formats, offering promising potential
for adoption in glioma treatment [48]. Beyond drug delivery-based
strategies to enhance the reach of ADCs to GBM tumours, several
TAAs are under investigation for antibody engineering, that include
EGFRvVIII, IL13Ra2, B7-H3, CD44, [49] Glycoprotein Non-Metastatic
Melanoma Protein B, HER2/neu, IL-4, podoplanin, [50] nutrient re-
ceptors (LDL and transferrin) as examples [51].

At the time of this review, there are no clinically-approved ADCs for
GBM. However, with emerging innovations in drug delivery technolo-
gies for modulating and targeting the tumour microenvironment, inhi-
bition of efflux transporters, and improving BBB permeation, ADCs may
offer a viable therapeutic option as adjuvant chemotherapy or in com-
bination with other agents for this critical area of unmet clinical need.

2.3. Brain metastases

Metastatic brain cancer, also referred to as brain metastases, occurs
when cancer cells migrate from the primary tumour site to the brain.
These cancer types are deemed to be advanced and can originate from
various primary cancers, including lung, breast, colon, kidney, and
melanoma. Therapeutic interventions in the management of these hard-
to-treat malignancies often focus on prolonging patient life.
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Trastuzumab deruxetcan (T-DXd), approved for HER-2 positive
metastatic breast cancer, has demonstrated high and sustained intra-
cranial response rates for brain metastases in the TUXEDO-1 [52] and
DESTINY-Breast03 trials [53] (T-DM1 versus T-DXd). The heterogenous
disruption of the BBB at metastatic sites- driven by primary tumour-
derived exosomal cargo- has been proposed to explain the enhanced
permeability facilitating T-DXd passage [54,55]. These trials highlight
the distinct physical properties and antigen landscapes of metastases
versus primary tumours. Notably, Bosi et al. assessed pan-cancer fold
changes in ADC target gene expression, identifying consistent differen-
tial expression patterns between metastatic and primary tumour sites
[56].

3. Challenges and opportunities in ADC clinical translation
3.1. Tumour microenvironment and cell penetration

A critical challenge impacting the efficacy of ADCs is efficient
tumour cell penetration. It is estimated that as little as 0.1% of the total
ADC dose is delivered to the tumour prior to cellular internalisation,
[57,58] which is attributed to the combined effect of antibody size
(~150 kDa), heterogenous tumoural TAA expression patterns, and
physical and biological barrier considerations, such as retention in the
tumour perivascular regions [59]. These barriers encompass the phys-
ical separation imposed by the tumour/tumour stroma-blood tumour-
microenvironment (TME), as well as the binding-site barrier (BSB), and
is correlated with antibody affinity. For example, high affinity anti-
bodies dosed at non-saturating levels, have exhibited heterogeneity in
their intratumoural biodistribution [60]. Extensive research is focused
on balancing dosing strategies to mitigate for toxicity whilst optimising
tumour uptake. One promising approach involves the coadministration
of ADCs with unconjugated parent antibodies, which can help overcome
the BSB by saturating available binding sites with a loading dose, which
has minimal impact on ADC toxicity [61]. Anti-angiogenesis combina-
tion therapies have also been explored to improve intratumoural dis-
tribution, such as co-administration of bevacizumab with disitamab
vedotin (anti-RC48) in the treatment of HER2-positive/HR-negative
metastatic breast cancer [62].

Generally, it has been hypothesised that the route of administration
may significantly alter ADC PK/PD in vivo. Intratumoural and subcu-
taneous administration routes have shown promise for enhancing po-
tency and reducing dosing requirements. However, intratumoural
injections pose challenges, including the need for invasive procedures,
difficulties in achieving injection precision within tumour margins, and
limited applicability to metastatic conditions [63].

Recent advancements in ADC delivery via subcutaneous (s.c.) injec-
tion aim to improve tolerability and boost patient adherence. Studies on
ADCs incorporating amanitine (RNA polymerase II) payloads reported a
reduced Cp,x and prolonged systemic half-life [34]. Preclinical PK/PD
assessments of intratumourally-administered trastuzumab conjugated
via a valine-citrulline linker to MMAE in pre-clinical NCI-N87 tumour
xenografts exhibited superior in vivo efficacy and extended dosing in-
tervals. Conversely, subcutaneous administration resulted in a reduction
in potency and increased incidence of injection site reactions, due to
localised deposition of MMAE at the injection site, and premature pre-
systemic degradation resulting in heterogenous populations of ADC in-
termediates with varying absorption rates [63,64]. While s.c. injection is
the favoured route of administration for antibody therapies, frequent
injection site reactions with ADCs has hindered their progression
through clinical trials and excluded the use of certain payloads (e.g,
MMAE). Currently, only a limited number of ADCs utilising subcu-
taneous delivery are undergoing clinical evaluation. Notably, SBT6050,
an anti-HER2 antibody conjugated to a toll-like receptor 8 (TLR8)
agonist, is undergoing phase I/Ib clinical trials for HER2-positive locally
advanced or metastatic solid tumours, with a dosing schedule of every
two weeks [65].
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3.2. Emerging mechanisms of chemoresistance

Tumour-associated antigen mediated resistance. Treatment-emergent
resistance may occur in patients treated with ADC-based therapies, the
mechanisms of which may be categorized according to the antibody, the
linker composition, and the cytotoxic payload class.

Downregulation and reduction in TAA expression may occur in
response to treatment with an ADC, resulting in reduced binding in-
teractions between the antibody moiety and its cognate antigen, and
reduced overall therapeutic efficacy. Beyond the downregulation of TAA
expression, global heterogeneity of TAA expression patterns within the
tumour presents a major challenge in hard-to-treat cancers, with some
tumour cells expressing low or no TAA. The heterogeneity in TAA
expression indeed poses challenges to ADC efficacy. Trastuzumab
emanstine targeting HER2 overexpression in breast cancer has shown
reduced efficacy in cases where heterogeneous HER2 expression occurs
[66]. However, this effect is absent with trastuzumab deruxtecan, where
no or low HER2-expressing tumours respond to treatment with T-DXd,
attributed to the tetrapeptide linker and the bystander effect from der-
uxtecan [67].

Moreover, TAA shedding in the extracellular tumour microenviron-
ment can serve as a decoy, interfering with ADC binding. This process
reduces ADC internalisation, overall diminishing their therapeutic effi-
cacy. For example, in breast tumours, systemic shedding of HER2 into
circulation was observed with T-DM1, leading to decreased overall
therapeutic efficacy [19].

Strategies to overcome TAA-related resistance to ADCs include the
design of multispecific ADCs targeting more than one antigen, engi-
neering of antibody immune effector activity (Fc engineering), and
combining ADCs with immune checkpoint inhibitors to enhance im-
mune effector recruitment for efficient tumour cell kill. ADCs targeting
novel antigens, such as LIV-1 [68] and B7-H3 [69] are under clinical
evaluation in TNBC, to increase the range of therapeutic options avail-
able in these patients based on novel TAAs. With global pan-cancer ef-
forts underway to establish TAA expression profiles (TCGA —
PanCanAtlas Publications | NCI Genomic Data Commons), a deeper
understanding of tumour heterogeneity profiles will emerge, informing
the rationale for the design of novel ADCs [70]. Moreover, most ADCs
incorporate small molecule cytotoxic payloads that exert the bystander
effect in tumour cells with low TAA expression levels.

Impaired trafficking: Chemoresistance to ADCs may occur due to
impaired internalisation resulting from aberrant downregulation of
endocytic internalisation, which restricts ADC cellular uptake. More-
over, ADCs with non-cleavable linkers rely on endosomal degradation of
the antibody scaffold, and intralysosomal degradation of cleavable
linkers to release the payload drug. Alterations in lysosomal function in
tumour cells can prevent effective drug release, reducing ADC efficacy
via classical and bystander mechanisms of action. A well-documented
example is in the case of sacituzamab govitecan targeting Trop-2 in
metastatic TNBC. Alterations in tumour cell lysosomal pH and traf-
ficking pathways, prevent effective degradation of the CL2A linker,
reducing the effective intracellular release of SN-38 [16].

Efftux-mediated chemoresistance and metabolic reprogramming: An
additional well-characterized mechanism of resistance to cytotoxic
drugs is their susceptibility to efflux transporters (p-glycoprotein,
BCRP), which are constitutively expressed in tumour cells, and reduce
effective intracellular levels of cytotoxic drugs. Beyond payload efflux,
alterations in tumour cell metabolism may give rise to the degradation of
the cytotoxic payload before it can exert its therapeutic effect. Efforts are
underway to diversify the range of payloads that are incorporated into
ADCs based on their pharmacological mechanism of action (e.g., tyro-
sine kinase inhibitors, src kinase inhibitors, and Bcl-xL) or combine more
than one cytotoxic payload [9,71].

Payload-dependent resistance: Most current ADC payloads are cat-
egorised as microtubule disruptors or topoisomerase II inhibitors. In the
case of T-DM1, treatment-emergent resistance to these payloads may
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occur via elevated expression of the pII and BIII isoforms, or aberrant
post-translational modifications of the target (e.g., tubulin acetylation),
which can be circumvented by using alternative ADC payloads or classes
with different mechanisms of action [72]. Breast cancer cell resistance to
T-DM1, represents a key example where incubation with T-Dxd resulted
in reduced cell viability [73]. These findings were replicated in xeno-
graft models of T-DM1 resistant cells, where significant tumour regres-
sion was observed in mice receiving T-Dxd.

3.3. ADME characteristics and safety profile of ADCs

Absorption, Distribution, Metabolism, Excretion (ADME). The pharma-
cokinetics (PK) profile of an ADC is a critical determinant of its clinical
safety and efficacy profile, with the antibody scaffold playing a key role
in shaping this profile. The PK properties conferred by the antibody
scaffold include target antigen binding responsible for internalisation,
neonatal Fc receptor internalisation, and Fc-mediated immune effector
functions. Collectively, these PK attributes impart favourable ADME
characteristics, including a prolonged circulation half-life, low volume
of distribution, proteolytic catabolism, and slow clearance. Despite these
advantages, ADC development presents distinct challenges stemming
from molecular heterogeneity. Variations in drug load distribution,
resulting from non-uniformity in different DAR species or sites of
conjugation, along with properties of the linker chemistry (stability and
release rate) connecting the antibody to the payload, can significantly
alter ADC PK properties. Additionally, ADCs consist of two distinct
pharmacological moieties- the antibody and the cytotoxic drug- neces-
sitating an in-depth evaluation of the in vivo biological fate of both
components as well as the ADC [74].

Traditionally, monoclonal antibodies exhibit non-linear pharmaco-
kinetics and dose-dependent clearance profiles, with no global trends
identified in the wider antibody landscape. The non-linearity of anti-
body pharmacokinetics is attributed to the saturable nature of FcRn
recycling, and non-linearity pharmacokinetics being proportional to
patterns of target antigen expression (target-mediated disposition).
Given the long plasma residence time of antibodies, they are intended
for intravenous administration every 1-4 weeks. Holistic
physiologically-based pharmacodynamic models (PBPD) models are
under development to predict tissue targeting and toxicity as a function
of the antibody scaffold (drug-related factors), dosing, and organ and
tissue physiological constraints (physiological factors) [75].

With only approximately 0.1% of the administered ADC dose
reaching the target site, the vast majority is either catabolized or
distributed to off-target tissues, contributing to systemic toxicity [57].
Previous studies have demonstrated that ADCs with a high drug-to-
antibody ratio (DAR), such as DAR 8, exhibit rapid plasma clearance,
which significantly alters their pharmacokinetic (PK) profiles. This is
largely attributed to the increased hydrophobicity and aggregation
propensity of high DAR species, which promote accelerated clearance
[76]. In contrast, lower DAR ADCs—particularly those with auristatin-
based payloads—tend to have longer circulation times and more
favourable PK characteristics. The incorporation of PEGylated glucuro-
nide linkers has been shown to enhance solubility and stability, while
also mitigating non-specific clearance [77,78]. These considerations
reflect the conventional understanding of how DAR influences ADC
behaviour and underscore the importance of rational design strategies to
optimize therapeutic index.

The low intratumoral accumulation of ADCs brings into focus the
pharmacokinetic bottleneck faced by ADCs that limits the amount of
payload reaching the target site. Pre-clinical models typically used in the
oncology space (i.e., murine xenografts) can be impacted by tumour
vascularisation, TAA density, and ADC characteristics. A challenge in
translating intratumoural ADC biodistribution relative to human phar-
macokinetics profiles, is the overestimation of tumour penetration in
preclinical models due to smaller tumour volumes and more permeable
vasculature [79].
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In the clinical setting, image-guided biodistribution studies using
radiolabelled ADCs, have confirmed similar low tumour accumulation
levels of ~ 0.1% of the total administered dose, with most of the ADC
being sequestered by the liver and spleen [80]. These findings have
implications for efficacy, emphasizing the need for tumour penetration
technologies for improved delivery, potent payloads, linker design and
DAR optimization.

Expressed in various tissue types, FcRn plays a crucial role in regu-
lating antibody PK [81]. IgG-based antibodies have an extended circu-
lation half-life compared to other antibodies, largely due to FcRn-
mediated recycling and transcytosis, which protect IgG molecules
from catabolism [82]. In the context of ADCs, the absence of FcRn
binding following endocytic internalization results in their lysosomal
degradation. Studies estimate that up to ~ 65% of FcRn-bound ADCs in
endothelial cells undergo recycling, while the remainder is expelled into
interstitial fluid at the basolateral surface [83]. The binding of IgG to
FcRn is pH-dependent, with high affinity binding occurring in the
endosomal compartment (pH 6.3), and dissociation of the IgG-FcRn
complex occuring at pH 7.4 [81]. Although an established in vitro-in
vivo correlation between FcRn binding affinity and in vivo half-life re-
mains elusive, ADC candidates with reduced FcRn binding are triaged
out during early screening. Given the role of FcRn in altering ADC PK,
there remains a need for reliable FcRn binding and recycling assays with
sufficient discriminatory power to study drug-to-antibody ratio (DAR)
effects on FcRn binding with ADCs under both formulation and physi-
ologically relevant conditions (biotransformed species).

Physicochemical properties of antibodies can change when conju-
gated to payloads with different chemistries, affecting ADC FcRn bind-
ing affinity and recycling efficiency, and overall pharmacokinetic
profile. Therefore, the impact of conjugation and DAR on FcRn in-
teractions must be evaluated during early development. Studies probing
DAR distribution changes in vivo recovered species with varying DAR
(DAR 0-8) and measured their FcRn binding, showing that brentuximab
vedotin displayed variable FcRn binding affinities depending on the
DAR species. Higher DAR species (DAR 8) demonstrated higher FcRn
affinity, while lower DAR species exhibited reduced FcRn affinity (DAR
2-4) [84]. However, higher DAR species associated with high FcRn af-
finity, also exhibited an increased toxicity risk. The combined impact of
linker chemistry composition, payload physicochemical properties, site
of conjugation and their combined effects on FcRn affinity and plasma
half-life remain largely unknown, highlighting the need for further
investigation. Non-specific internalisation of ADCs in off-target cells
may also occur via micropinocytosis, leading to the release of cytotoxic
payload in off-target cells and off-target toxicity.

Routes of ADC elimination include deconjugation and degradation
of the ADC through catabolism or proteolysis-based degradation,
which may occur in circulation and/or intracellularly within the
lysosomal compartment. ADCs undergo deconjugation in the circula-
tion primarily due to linker instability, which results in the formation
of deconjugated antibody and payload. For example, the acid-labile
hydrazone linker used in gemtuzamab ozogamicin (Mylotarg®) is
prone to premature cleavage and release of payload in circulation,
which was responsible for the associated toxicity [85]. ADCs are
internalised via endocytic pathways and are trafficked via lysosomes.
Catabolism of the antibody portion results in the formation of antibody
fragments. The cytotoxic drug portion of the ADC forms catabolites,
which may diffuse to neighbouring cells (bystander effect) and are
subsequently metabolised via cytochrome P450 enzymes (CYP) or
effluxed by transporters (e.g., p-glycoprotein) for renal and biliary
excretion [74].

Overall, the PK properties of ADCs are primarily driven by the
antibody moiety used in the construct, while the toxicological profile is
dictated by the choice of linker and pharmacology of the cytotoxic
payload. Profiling the routes of ADC elimination is critical in under-
standing routes to dose-limiting toxicity and designing appropriate
dosage regimes.
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Immunogenicity. Most ADCs explored to-date incorporate humanised
or human antibody scaffolds and small molecule drugs, their hapten-like
structure my increase their immunogenic potential relative to mono-
clonal antibody therapies. Anti-drug antibodies (ADAs) can develop
against various domains of the ADC structure, including epitopes, PEG
linkers, small molecule). Among these, anti-nuclear antibodies (ANAs)
formed against the cytotoxic payload are of particular concern due to the
formation of ADC-ADA immune complexes that are internalised by non-
immune cells, giving rise to off-target toxicity.

During ADC design, an immunogenicity risk assessment of the
various ADC domains, including patient and product-related factors
must be performed to mitigate for potential adverse events emerging
from an ADA response. An evaluation of 11 Phase I/II clinical trial
findings based on eight ADCs conjugated via valine-citrulline to MMAE
for different oncology indications found that the baseline prevalence of
ADAs from ADCs mirrored that of monoclonal antibodies (1.4-8.1%),
with the onset of ADAs occurring between 3-42 weeks [86]. While this
study concluded that the hapten-like structure of ADCs did not result in
significantly different ADA responses in comparison to the parent anti-
body, additional emerging evidence from clinical studies of other anti-
bodies, payloads, and linkers is needed to further understand the drivers
and molecular basis of ADC immunogenicity.

Toxicity. Gembtuzamab ozogamicin (Mylotarg®) was first indicated
for acute myeloblastic leukemia and subsequently withdrawn in 2010
from global markets due to reports of venoocclusive disease. Mylotarg®
uses an acid-cleavable hydrazone linker to promote payload release
under acidic conditions, such as those found in lysosomes and at tumour
sites. However, premature release of the cytotoxic payload, cal-
icheamicin, resulted in a shorter half-life and significant off-target
toxicity profile. Additionally, Mylotarg®, as a first-generation ADC,
faced challenges relating to poor physicochemical properties associated
with the poorly soluble calicheamicin payload, leading to ADC aggre-
gation. The DAR variability resulting from stochastic conjugation of the
Gembtuzamab lysine residues (average DAR 2-3), resulted in approxi-
mately 50% unconjugated Gembtuzamab, while some Gembtuzamab
molecules had a DAR of 4-5, further compounding toxicity-related
adverse events.

The toxicities of ADCs within the same molecular linker/payload
class, exhibit similar profiles in terms of their dose-limiting toxicities,
and maximum tolerated doses, irrespective of the identity of the TAA
and its expression in healthy tissues [87]. For example, ADCs with
MMAE payloads linked via valine-citrulline linkers (i.e., enfortumab
vedotin, tisotumab vedotin), consistently present dose-limiting toxicities
of bone marrow suppression, sepsis, and severe motor neuropathy.
These observations align with the prevalence of grade 3/4 toxicities
being directly correlated with the cytotoxic payload class. For example,
in the case of DM1 payloads, thrombocytopenia and hepatotoxicity are
typically observed [58].

While ADCs are designed to achieve site-selective and specific
cytotoxicity, several factors contribute to adverse events. These include
toxicity related to the (i) cytotoxic payload, (ii) the conjugation linker,
and (iii) Fc-mediated internalization of ADCs. For example, the pre-
mature release of the cytotoxic payload in circulation results in off-
target toxicity events of small molecule cytotoxic payloads. Further-
more, the antibody Fc may interact with cell surface FcyRs expressed in
tissue, resulting in their internalization and antibody-induced toxicity.
Unexpected off-target toxicity with ADCs have been reported, that are
not associated with the antibody and payload toxicity profiles. Molec-
ular mechanisms governing ADC on- and off-target toxicity are
reviewed elsewhere [58].

3.4. Dosage regimen design
The lessons learned from the initial withdrawal of gembtuzamab

ozogamicin (Mylotarg®) concerning safety, and its re-introduction
following modifications serves as a pivotal example for rational
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dosage regimen design to overcome dose-limiting toxicity beyond drug
product design and analytical considerations. In the case of Mylotarg®,
the original single-dose regimen (9 mg/m>) was replaced with a frac-
tionated dosage schedule (3 mg/mB, split over day 1, 4, and 7) admin-
istered over three split doses- reducing adverse events while maintaining
efficacy. Additionally, the reapproval of Mylotarg® specifically targeted
patients with CD33 overexpression, refining its therapeutic application.
Advancements in second-generation ADCs such as brentuximab vedotin,
which employs a more stable cathepsin-B-sensitive linker (mc-val-cit-
PABC) demonstrate significant progress in overcoming the therapeutic
index and systemic toxicity challenges associated with first-generation
ADCs.

Dosage regimen design for ADCs is a complex process, requiring
careful optimisation of efficacy while minimising the incidence of grade
3/4 toxicity-related adverse events. The narrow therapeutic index
observed with ADCs is predominantly driven by systemic toxicity. As
aforementioned, treatment-emergent adverse events frequently corre-
late with the pharmacological class of the cytotoxic payload. Conse-
quently, dosage predictions must extend beyond efficacy-based models,
to include robust estimations of the maximum tolerated dose (MTD),
thereby mitigating for dose-limiting toxicity [80].

The USA Food and Drug Administration recommends testing a wide
range of dosage levels early in development to establish the relationship
between ADC exposure, its active constituents, and overall safety and
effectiveness. Later in development, dosing strategies can be refined
from exposure-response relationships established from early phase
clinical trials and be stratified according to patient subtypes. An inte-
grated approach must be implemented combining clinical (patient) and
non-clinical (product) parameters, pharmacodynamic biomarker
response, with exposure-response relationships, and target engagement
data [88].

Significant challenges persist in selecting the right components in
ADC design to prevent premature release of cytotoxic payload at non-
tumour sites, and accurate dose to human predictions from pre-
clinical studies. Singh et al developed a mechanistic PBPK model for
appropriate payload selection and dosage regimen design in first in
human trials, accounting for both efficacy and toxicity-related param-
eters. Comparing DM1 and Dxd payloads, Dxd was reported to be a more
appropriate payload for tumours with heterogeneous TAA expression
based on its stronger bystander effect.

4. Translational assays: Towards establishing efficacy and
toxicity of ADCs

Early phase translational assays are critical to understanding,
derisking and triaging ADC candidates for advancement into clinical
trials. An enhanced understanding of critical quality attributes (CQAs)
and the mechanism of action can be achieved through various analytical
techniques, such as internalization assessment, cytotoxicity, specificity
and off-target toxicity, and immunogenicity. These assays are instru-
mental in informing decisions on drug product formulation and dosing
strategies to ensure maximum safety and efficacy [89,90] (Fig. 3).

4.1. Assessing efficacy and potency

ADC disposition into tumours is significantly influenced by ADC
binding kinetics to its cognate antigen, reviewed elsewhere [91].
Generally, an acceptable dissociation constant (Kp) threshold for an ADC
is in the 0.1-1 nanomolar range, with a requirement for the internal-
isation rate to exceed the antibody dissociation rate (kq). However, very
high association (k,) or internalisation rates have been correlated with
limited ADC disposition into tumours (i.e., the binding site barrier),
which has triggered investigations into the co-administration of ADCs
with competing high-avidity, low-affinity antibodies to improve PK
[92]. Techniques such as surface plasmon resonance and enzyme-linked
immunosorbent assays (ELISAs) are commonly employed to measure the
kinetics of ADC binding to immobilised target antigen, as well as FcyR
and FcRn binding. Additionally, in vitro on-cell binding assays using
fluorescently-labelled ADCs are routinely used to assess binding effi-
ciency, avidity and target engagement. Flow cytometry and fluorescence
imaging techniques can assess ADC specificity after incubation with
antigen negative and positive cells, highlighting off-target toxicity risks
[91,93]. Recent studies focusing on the rational design of ADC mutant
candidates with varying affinities demonstrated the interplay between
receptor occupancy, avidity, internalisation rates, potency and toxicity
[93]. The investigations revealed that stronger binders exhibited effi-
cient internalisation even in cell lines with low antigen expression pat-
terns, with half-maximal effective concentrations (ECsg values <1 nM).
However, concerns regarding toxicity were flagged with <1 pM inhib-
itory concentrations (ICsg values). To address this balance, the design of
ADCs with enhanced selectivity and reduced toxicity has led to the
development of dual epitope targeting bispecific antibodies, discussed
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later in this review.

Cytotoxicity assays play a critical role in the assessment of ADC
candidate potency by measuring cell viability following treatment.
These assays typically involve antigen positive and negative cell lines,
with co-culture experiments providing insights into the extent of the
bystander effect in vitro [94]. Determining the ICs( values of the cyto-
toxic payload on relevant cell lines is critical during the therapeutic
design phase to ensure biological relevance.

To screen internalisation efficiency, receptor mediated endocytosis
can be measured using high resolution confocal microscopy. This tech-
nique involves staining cell organelles and fluorescent tagging of the
ADC, enabling visualisation of intracellular trafficking pathways, such
as movement into lysosomes. Such analyses contribute to a deeper
mechanistic insight into the intracellular fate of ADCs. However, at
present the relationship between individual components, overall phys-
icochemical properties, and the intracellular fate of an ADC is yet to be
established.

While the cytotoxic payload is the dominant contributor to cancer
cell lethality, [95] antibody effector functions also play a role in
enhancing efficacy [7]. For example, Fcy receptor and Clq binding af-
finity can aid evaluation of the overall efficacy contributions of antibody
dependent phagocytosis (ADCP), antibody-dependent cell-mediated
cytotoxicity (ADCC), and complement dependent cytotoxicity (CDC)
respectively. Advanced in vitro assays have been developed to differen-
tiate between the roles of phagocytic cells (ADCP) and natural killer cells
(ADCC). However, translating these findings to the complex and het-
erogeneous tumour immune microenvironments remains a challenge.

4.2. Assessing safety

Changes in DAR distribution. The in vivo biotransformation of ADCs,
including their deconjugation and catabolism, result in the formation of
different DAR species intermediates, linker-drug and linker-antibody
intermediates, as well as adducts formed with endogenous proteins (e.
g, serum albumin). Premature release of highly potent cytotoxic
payload, even at low rates of deconjugation can result in significant
toxicity [96]. Furthermore, the biotransformation pathway and extent
can vary widely among individual ADCs, depending on conjugation
chemistry, linker design and payload attributes. Linker-payload
biotransformation offers advantages, such as reducing deconjugation
events with maleimide ring hydrolysis with cysteine residue conjugated
ADCs (retro-Michael). However, structural changes to payloads from
hydrolysis may disrupt pharmacophore integrity, rendering the payload
ineffective [97].

Additionally, in vivo degradation pathways can increase fragmenta-
tion, aggregation and post-translational modifications, potentially
diminishing efficacy and on-target toxicity. Ligand binding assays,
combined with high resolution native liquid chromatography-mass
spectrometry, are routinely employed to identify biotransformed ADC
species after incubation in serum [98-100]. Heterogeneity in DAR
directly impacts clearance; ADCs with higher DAR species often require
more frequent dosing regimens and may lead to inconsistent therapeutic
outcomes [74].

Tissue cross-reactivity. Ex vivo testing guidelines from the USA FDA
emphasise the need for comprehensively safety evaluation of ADCs
across multiple human tissue types [101]. Immunohistological assess-
ment is commonly used to visualise changes occurring in tissues with
low or absent target antigen expression, enabling the identification of
off-target toxicity risks and the prediction of potential adverse effects.

Immunogenicity. The generation of anti-drug-antibodies (ADAs) is a
common occurrence in ADC clinical trials. For example, approximately
37% of patients treated with brentuximab vedotin were found to have
ADA titers [102]. ADAs can be categorised as non-neutralising, which
may cross-react with endogenous proteins and pose safety concerns, and
neutralising ADAs, which can reduce ADC bioavailability and efficacy
below the therapeutic window [103]. The presence of ADAs is
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monitored during clinical trials through assay cascades, starting with the
quantification = of circulating ADAs (ELISA and electro-
chemiluminescence). These assays are complemented with by deeper
mechanistic analyses to identify immunogenic potential of ADC
components.

The antibody scaffold. Off-target and unexpected toxicities of ADCs
are often attributed to the off-target accumulation and exposure driven
by the antibody portion of the molecule. The disposition of IgG-based
antibodies is governed by cognate antigen expression patterns, glyco-
sylation status, and FcRn binding affinity. Techniques such as immu-
nohistochemistry, [104] flow cytometry, [105] and western blotting
[106] are used to measure target antigen expression and identify relative
off-target cell killing.

ADCs using the whole IgG scaffold will bind FcRn and the family of
FcyR, with each receptor subtype differentially influencing the phar-
macokinetics of ADCs [107,108]. The selection of IgG subclass and
format (e.g. Fab versus full IgG) is primarily dictated by therapeutic
indication. For example, immunosuppressant ADCs may adopt an IgG4
scaffold with reduced affinity for FcyRs, limiting ADCC and ADCP events
[109]. Ongoing engineering efforts aim to modulate the half-life of ADCs
by altering FcRn affinity, adjusting antibody exposure to enhance
cellular uptake, while maintaining a balance between potency and a
widened therapeutic window, with minimised non-specific toxicity
[110,111]. Intracellular antibody quantification with ELISA and imag-
ing of labelled ADCs can be used to evaluate proportional off-target
cellular uptake [112].

The payload. A major driver of ADC toxicity and efficacy is payload-
driven, which can be assessed through various in vitro cytotoxicity as-
says, including MTT, XTT and CellTitre-Glo viability assays [113].
Moreover, the mechanism of cell death (i.e., apoptosis versus necrosis)
can be measured via caspase assays or flow cytometry (Annexin V/
propidium iodide staining). In vitro DNA damage assays can be adopted
to evaluate the extent of DNA double stranded break formation (e.g.
Comet assay, [114] immunoprobing y-H2AX (histone protein) and
p53BP1 foci [115] and Terminal deoxynucleotidyl transferase (TdT)
dUTP Nick-End Labeling (TUNEL) assays [116]) for DNA damage repair
inhibitor payloads. Assessment on both tumour and control cell line
panels is critical to understand both on-target and systemic toxicity.
While the bystander effect is often leveraged to enhance therapeutic
efficacy, the passage of small and non-polar payloads with high mem-
brane permeability to act on surrounding antigen negative cells can
inadvertently contribute to off-target toxicity [58]. Current efforts to
establish the bystander effect include permeability assays, computa-
tional diffusivity modelling, [117] and antigen positive/negative co-
culture assays [118].

The linker. Linker length and composition plays a defining role in
shaping the overall physicochemical properties of the ADC, and subse-
quently, its PK/PD profile [119-121]. Strategies to align linker-payload
pairings with their requisite physicochemical properties are emerging as
a means to enhance therapeutic efficacy. Beyond fine tuning the overall
physicochemical properties of ADCs, [122] the potency of an overall
ADC can also by tailored by the use of cleavable linker types. Non-
cleavable linkers will invariably impart a residual ‘molecular scar’ on
the cytotoxic payload. Upon proteolytic degradation of the antibody, the
residual linker remaining on the cytotoxic payload derivative can reduce
efficacy. Considerable efforts are focused on developing novel cleavable
linker variants, [123] varying from enzymatic sensitive through to pH-
sensitive types, to mitigate for this risk. While these designs improve
payload release specificity, a key limitation lies in their potential for
premature cleavage, particularly in the systemic circulation. Thus,
innovation in reconciling the anchor-linker-payload properties, the
conjugation chemistry [124] with the cleavage sensitivity, and DAR is
emerging as a critical determinant guiding the design of innovator ADCs
[125].

Companion diagnostics A core principle guiding the use of ADCs is
precise antibody binding to its cognate TAA, necessitating the need for
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accurate identification and selection of patient populations who will
benefit from these interventions. Companion diagnostics have emerged
as an indispensable tool in this process, with their co-development
alongside novel therapeutics (i.e., ADCs) now standard practice in
drug development [126]. These diagnostics leverage next-generation
sequencing, immunochemical or imaging-based approaches to provide
critical patient clinical parameters for the safe and effective clinical
implementation of ADCs. Key applications of companion diagnostics in
ADC therapy include patient selection based on patterns of TAA
expression, predicting the likelihood of adverse events, and monitoring
patient response to ADC treatment to optimise therapeutic outcomes
[127].

4.3. In vitro-in vivo correlation

In vitro-in vivo correlation (IVIVC) for antibody-drug conjugates
(ADCs) represents a critical area of translational pharmacology aimed at
predicting ADC biological performance in the context of safety and ef-
ficacy. Numerous studies to-date have attempted to develop PK/PD
modelling frameworks to support establish IVIC in this complex class of
therapeutics.

Shah et al introduced the concept of tumor static concentration
(TSC), defined as the concentration at which tumour growth is halted
[128]. This parameter was determined both in vitro (TSC in vitro) and in
vivo (TSC in vivo). The study reported a strong positive correlation be-
tween these parameters with the in vivo TSC being ~ 27-fold higher than
TSC in vitro, highlighting the complexity of translating in vitro findings
from ADCs to in vivo fate.

Establishing robust IVIC predictions can enhance early-stage deci-
sion making by allowing prioritisation and triage of promising ADC
candidates early in development, accelerating translation, while also
aiding in the optimization of preclinical study design.

Despite progress in efforts to close the translational gap between in
vitro assays and in vivo parameters, a translational disconnect exists,
including between pre-clinical and human clinical responses. This
highlights the critical need for comprehensive interrogation and
reconciling of ADC critical quality attributes with exposure-response
relationships to bridge this knowledge gap.

4.4. ADC developability and quality evaluation

Developability in the context of an ADC is the likelihood of a
candidate molecule progressing through the chemistry, manufacturing,
and controls (CMC) process to become a safe, effective and manufac-
turable drug [129]. A hybrid approach is adopted in the CMC regulatory
guidance on ADCs, where comprehensive evaluation of both the anti-
body moiety and the small molecule payload is performed in parallel, in
line with the intended therapeutic indication. Target product profile and
CMC considerations for ADCs are reviewed elsewhere [130,131].

Routine quality control analytics used for identity and purity
screening of ADC candidates include reverse phase mass-spectrometry
(RP-MS) for DAR quantitation, analytical size-exclusion chromatog-
raphy (SEC) for quantification of monomeric purity, hydrophobic
interaction chromatography and SEC-MS for drug load distributions and
hydrophobic species distributions, as well as particle size distributions
via dynamic light scattering or nanoparticle tracking analysis [132,133].
Stability assessment in different formulations, including forced degra-
dation studies can highlight risks arising during manufacturing pro-
cesses (e.g. shear stress during tangential flow-filtration) and storage
[134].

Maintaining the integrity and stability of the antibody scaffold and
linker-payload throughout the ADC drug product life cycle is a critical
consideration during the product development process, with 14 of the
16 approved ADCs formulation presentations being lyophilised (1-250
mg/vial) [131]. The i.v. route of administration offers flexibility in ADC
formulation concentrations. In contrast, s.c. administration demands
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higher ADC formulation concentrations (>150 mg/mL) due to con-
straints of lower injection volumes. However, the development of high
concentration ADC formulations via s.c. administration introduces
additional challenges- related to viscosity in the context of injection
devices- which pose injection failure and needle clogging risks, espe-
cially with autoinjector devices [135].

ADC formulation development also presents unique challenges,
particularly in balancing the stability of the antibody scaffold with the
small molecule payload. Typical payloads deployed in ADCs often
exhibit poor aqueous solubility, promoting intermolecular interactions
that drive ADC aggregation. Such aggregation may result through
payload-mediated effects or the exposure of aggregation-prone regions
on the antibody- this effect becomes more pronounced at higher DAR
[136]. Poor physicochemical stability of ADCs is closely associated with
unfavourable antibody PK properties, as higher aggregation propensities
are associated with rapid clearance, a lack of efficacy, and toxicity
[95,127,128].

5. Emerging trends in ADC design
5.1. Antibody engineering

Novel tumour-associated antigens (TAAs).

A central principle guiding the clinical implementation of ADCs in
oncology, is the use of an antibody moiety to enable targeted tumour-
selective delivery of highly potent cytotoxics, while sparing healthy
tissues. TAAs are aberrantly overexpressed on tumour cells, but are
absent, or occur at lower densities in healthy tissue. Global efforts to
spatially map the tumour-associated antigens expression landscape have
given rise to the discovery and design of novel antibodies, which are
currently under evaluation in ADC design.

Ideal TAA candidates exhibit high expression patterns on tumour
cells, while minimally occurring in healthy tissues. For example, in the
case of TNBC, the identification of TROP-2 has given rise to the devel-
opment of a number of ADCs, including sacituzamab govitecan as an
example.

Other examples of recent TAAs deployed in ADC design include the
Epithelial Cell Adhesion Molecule (EpCAM) overexpressed in various
epithelial cancers, making it a promising target for ADC development.
However, EpCAM is not exclusively expressed in tumours and its
expression in normal tissues (e.g, the gastrointestinal tract) poses
challenges to its implementation in ADC design. To address these con-
cerns, bispecific antibodies simultaneously targeting EpCAM and other
TAAs (i.e., CLDN3 and EGFR) are currently being explored[137]. Clau-
dins, specifically CLDN18.2, CLDNG6, are emerging as promising TAAs
due to their minimal expression in normal tissue and overexpression in
various malignancies, with ADCs targeting these under advanced stages
of clinical trials[138,139]. Additionally, ADCs incorporating anti-
mesothelin antibodies (BMS-986148, SGN-MesoC2) [140] targeting
mesothelin overexpression are under clinical evaluation in mesotheli-
oma, pancreatic, and ovarian malignancies to enhance therapeutic ef-
ficacy and tumour selectivity.

Beyond targeting efforts, antibody engineering efforts for ADC
design to-date have focused on developing methods to modulate anti-
body effector functionality, or to achieve precise and site-selective
conjugation of the cytotoxic payload to specific antibody sites with the
goal of achieving controlled and homogeneous DAR, resulting in supe-
rior pharmacokinetics properties, physicochemical characteristics, and
efficacy in comparison to heterogeneous DAR ADCs [140].

Engineering antibody scaffolds for site-specific conjugation.

The heterogeneity of cytotoxic payload distribution in ADCs repre-
sents a significant issue with traditional stochastic conjugation to native
antibody lysine or cysteine residues, resulting in ADC populations with
variable DAR profiles. Addressing this issue, site-specific conjugation
has emerged as a major focus of current ADC research, with several
antibody modification approaches demonstrating significant promise
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for improving overall ADC developability, safety and efficacy profiles.

One such approach is the THIOMAB™ method, which involves en-
gineering cysteine residues within antibodies to enable site-specific
payload conjugation without disrupting interchain disulfide bonds
[141-144]. Another method, ThioBridge®, utilizes antibody interchain
disulfide bonds to achieve site-specific ADCs through cysteine re-
bridging[145].

The affinity peptide-mediated regiodivergent functionalisation (AJI-
CAP™) method employs Fe-affinity peptides to modify a specific lysine
residue (Lys248) within the Fc region without the need for antibody
engineering by introducing a reactive thiol group for linker-payload
conjugation [146]. This method has since been further developed to
reduce reaction time and complexity, with a focus on minimising ADC
aggregation risk [147].

Fc engineering of ADCs involves modification of the Fc region of the
antibody scaffold, which is responsible for binding to FcRn and Fcy re-
ceptors that regulate serum half-life and immune response, respectively
[143]. Introducing key point mutations, unnatural amino acids, chem-
ical modifications, or Fc glycan modifications can affect antibody af-
finity for its cognate antigen, thereby influencing ADC performance. Fc
engineering is often employed to alter antibody effector functions, such
as ADCC, ADCP, and CDC, enabling antibodies to engage and activate
immune effector cells, eliciting an enhanced, cascade-like response in
achieving tumour cell kill [148].

Fc engineering can also influence ADC ADME properties by funda-
mentally altering antibody characteristics [149]. Whilst most Fc engi-
neering modifications aim to enhance antibody effector functionality,
these functions can also be diminished to suit the intended application
and goals of the ADC. For example, Fc region modifications can reduce
recognition by Fcy receptors on non-target cells, thus reducing off-target
ADC toxicity [6]. Several studies have found that Fc receptor engage-
ment can reduce the overall efficacy of ADCs, and pose safety issues
[6,132,145,147]. High-resolution structural studies of the antibody Fc
region have identified specific residues involved in Fey receptor binding,
enabling the informed selection of candidate mutations to enhance an-
tigen binding affinity [150]. Single point mutations can be introduced to
the Fc region to enhance or impair antibody effector functions. For
example, the biparatopic anti-HER2 tubulysin MEDI4276, incorporates
three single point mutations (E234F, $239C and S442C) to reduce FcyR
binding, mitigating thrombocytopenia observed with trastuzumab
emtansine [151]. ADC PK can also be improved by Fc engineering, with
MEDI-524-YTE featuring M252Y, S254T and T256E single point muta-
tions, which resulted in a four-fold increase in serum half-life compared
to the wild-type antibody, along with a 10-fold increase in FcRn binding
and modulation of ADCC [152,153].

A series of Fc-mutated trastuzumab-ve-MMAE ADCs were evaluated
in pre-clinical models, and mathematical modelling was implemented to
evaluate the role of antibody effector function enhancement on ADC
efficacy. Modifying effector functions through Fc engineering was found
to not impact ADC potency in vitro. However, in vivo pharmacokinetic
studies and mathematical modelling demonstrated enhanced efficacy,
lower systemic exposure, faster clearance and improved tissue distri-
bution and accumulation of ADCs with enhanced antibody effector
functions [154]. This dual mechanism of action for Fc-engineered ADCs,
combining cytotoxicity and enhanced effector functions, showed supe-
rior performance compared to classical ADCs. Nonetheless, the safety of
Fc modifications requires further investigation, as enhanced tissue dis-
tribution may result in an elevated risk of off-target toxicity.

Fc engineering can also facilitate site-specific payload conjugation.
For example, introducing the unnatural amino acid, p-azidophenylala-
nine, into the antibody sequence provides novel reactivity, enabling
copper-free click ligation to a linker-payload under mild conditions,
resulting in a stable, homogeneous ADC [155]. Additionally, specific
cysteine residues can be introduced to allow controlled maleimide-based
conjugation eliminating the need to disrupt native disulfide bonds
[153].
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Glycan engineering (Fc region) represents a routinely used method
for enhancing antibody effector functions [150]. For example, the pre-
viously clinically approved anti-B-cell maturation antigen (BCMA)
J6MO-mc-MMAF, commonly known as belantamab mafodotin or Blen-
rep®, is an afucosylated ADC used to treat multiple myeloma [156].
Afucosylation involves the removal of a fucose sugar from the Fc region
of an antibody, thereby enhancing antibody effector functions [157].
The afucosylation of the Fc domain of IgG1 in Blenrep® significantly
enhanced Fcy binding affinity in effector cells, including macrophages,
natural Kkiller cells and monocytes, enhancing the anti-myeloma
response via ADCC and ADCP [158].

Fc engineering via glycosylation modifications can also enhance ADC
properties by allowing greater control over payload conjugation. Enzy-
matic modification of antibody glycans, enabling the conjugation of
payloads to antibodies via the conserved Fc N-glycan, has shown im-
provements in ADC homogeneity, hydrophilicity, therapeutic index and
pharmacokinetics compared to conventional antibody-payload conju-
gation approaches [159]. This form of site-specific conjugation, allows
greater control of DAR than lysine- and cysteine-based stochastic con-
jugations. Several Fc-glycan specific ADCs (gsADCs) are in preclinical
and clinical development, with notable examples including JSKN003, a
bispecific anti-HER2 ADC with a TOP1i inhibitor payload, and IBI34,
anti-claudin 18.2 ADC with an exatecan payload, both of which are
currently in phase 3 clinical trials [160,161]. Conjugation to Fc glycans
does not interfere with the Fab region and antigen binding, and the
glycosidic linkage is much more stable than classical linker-antibody
connections such as cysteine-maleimide [159].

In contrast to modifying native Fc glycans for payload conjugation,
dextramabs incorporate the dextran polysaccharide to create site-
specific ADCs. This novel antibody format addresses the issue of low
solubility in ADCs caused by hydrophobic payloads, which can limit
DAR, efficacy and promote aggregation. In this approach, the antibody is
conjugated to a multivalent hydrophilic dextran polysaccharide, and the
payload is conjugated to the polysaccharide rather than directly to the
antibody [162]. Dextran was selected due to its known clinical safety
profile, high biocompatibility and hydrophilicity [163]. A novel che-
moenzymatic approach was developed to conjugate dextran to an anti-
body, employing standard strain-promoted azide-alkyne cycloaddition
(SPAAC) for payload attachment. Following synthesis and analysis, a
trastuzumab-MMAE dextramab demonstrated enhanced hydrophilicity
with a DAR of up to 11, compared to the standard DAR 2 ADC. Impor-
tantly, target affinity was not compromised by dextran incorporation,
and DAR-dependent cell killing was observed, indicating that dextramab
retain ADC efficacy while exhibiting improved physicochemical prop-
erties [162].

Engzymatic modification.

Other examples of antibody enzymatic modifications for ADC gen-
eration include microbial transglutaminase (mTG) conjugation and
lipoic-acid ligase A (LplA) conjugation. mTG conjugation is site-specific
to Q295 in IgGl, with the mTG enzyme allowing linker-payload
conjugation through the formation of an isopeptide bond between the
glutamine residue and a primary amine of the linker [164]. The native
antibody must first be deglycosylated using PNGase F to allow enzyme
access to the antibody. Additionally, other antibody residues can be
mutated to glutamine residues, or a peptide tag incorporating glutamine
can be added to control DAR and site of conjugation [165]. This
approach is both affordable and effective, enabling consistent produc-
tion of site-specific, stable and homogeneous ADCs. However, deglyco-
sylation can reduce plasma half-life and promote ADC aggregation.
Recently, enzymatic site-specific conjugation has also been explored in
Covalently Isopeptide Crosslinking technology (aka Covlsolink) [165].
Glutamine donor sequences were engineered into the antibody heavy
chain and conjugated to a panel of payloads, followed with incubation of
mTG, which catalyses isopeptide bond formation, without the require-
ment for removing glycosylation sites. Superior potency, similar in vivo
efficacy and improved conjugation efficiency were observed compared



G.B. Armstrong et al.

Advanced Drug Delivery Reviews 224 (2025) 115648

Linker chemistry

0o

N

H
Lysine conjugation

Cleavable
0
-)]\o/-

Ester Val-Cit

N
H
NH

» N/K

(]

Non-cleavablg o

°  smce

(.

Anchoring site

| J Biophysical
properties
o Maleimide
S N DAR heterogeneity
4<\O
Cysteine conjugation Stability
Aggregation

.)J\: R - -YE\NA-
o [o]

Hydrazone
Potency
ADME
Spacers Toxicity

e

:

Clinical outcomes

Immunogenicity

Efficacy

J - >

Fig. 4. Choice of linker composition (anchor site chemistry, cleavable versus non-cleavable, incorporation of spacer) impacts ADCs critical quality attributes (DAR,
stability, aggregation, efficacy, safety and pharmacokinetics). PEG: poly(ethylene) glycol SMCC: Succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate.

Created in Biorender®.

to wild-type antibody. Whilst immunogenicity and clinical toxicity risks
require evaluation, this technology is another innovative and promising
platform to control DAR heterogeneity.

Sortase A enzyme-mediated antibody conjugation (SMAC™), is
another highly efficient and robust approach for generating homoge-
neous ADCs, allowing precise control of DAR for superior ADC phar-
macokinetics [166]. Sortase A is a transpeptidase that recognises short
peptide sequences with high specificity, enabling selective conjugation
of the linker-payload at designated sites on the antibody scaffold. The
ConjuAllTM ADC platform combines novel linker chemistry with site-
specific enzymatic conjugation. This process involves the incorpora-
tion of an additional CAAX (cysteine-aliphatic-aliphatic-any amino acid)
sequence at the C-terminus of the antibody light chains during recom-
binant expression. Prenylation then occurs through the recognition of
the Caax sequence and addition of the isoprenoid substrate to the added
cysteines via the action of the prenyl (farnesyl) transferase enzyme.
Finally, the linker-payload is added through click ligation or oxime
ligation to the added isoprenoid functionality [167].

Lipoic-acid ligase A-mediated ADC conjugation involves the LplA
enzyme modifying specific lysine residues within the antibody. Initially,
this method required the incorporation of a 12 amino acid sequence,
known as the LplA acceptor peptide (LAP) tag, into antibodies to enable
site-specific linker-payload conjugation with LplA [168]. However, this
method has since evolved to be tag-free, with the modification of spe-
cific lysine residues by LplA with 8-azide-octanoic acid permitting
subsequent click ligation to linker payload without the need for antibody
engineering [169]. This approach shows promise for introducing bio-
rthogonal groups for ligation, generating stable ADCs with enhanced
manufacturability. Further work is required to validate the physico-
chemical properties and efficacy of these ADCs in vitro and in vivo.

With regards to innovative peptide-mediated conjugation chemis-
tries, the pClick approach, employs a simple proximity-induced conju-
gation that does not require antibody engineering to generate a
homogeneous ADC population [170]. This approach involves an affinity
peptide containing a biorthogonal conjugation handle binding to a
specific antibody site, with an incorporated proximity-activated cross-
linker leading to the covalent attachment of the peptide to the antibody
to generate a payload conjugation-ready scaffold.
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5.2. Linker design and selection

The selection of the appropriate antibody and payload is critical for
the success of ADCs. However, linker chemistry plays an equally crucial
role by influencing the stability of the conjugate and the time course of
payload release [171].

Most approved ADCs employ cleavable linkers to exploit the
bystander effect, which is advantageous for low TAA expressing tumour
cells [5]. Examples of cleavable linkers include acid-labile hydrazones,
peptide linkers (peptidase-cleavable) and disulfide linkers cleaved in a
reducing environment [7]. These linkers are designed to respond to
specific environmental stimuli, such as pH, redox potential (elevated
glutathione), or the presence of specific enzymes [172]. However, these
stimuli can also be present within non-target cells, thus the use of
cleavable linkers can lead to off-target toxicity, reduced half-life and
insufficient efficacy, such as in the case of Mylotarg® (acid-labile linker)
as previously described.

Non-cleavable linkers offer high stability and rely on ADC internal-
isation and sequestration to the lysosome, where antibody degradation
releases the cytotoxic payload [173,174]. This necessitates that the
payload retains its pharmacological activity despite exposure to the
harsh lysosomal environment. Furthermore, antibody degradation in the
lysosome leaves the payload with the linker and a single amino acid of
the antibody still attached. Therefore, the payload must be carefully
designed to ensure no loss of potency occurs during internalisation
[174].

Additional moieties may be incorporated into ADC linkers to
modulate the net physicochemical properties of an ADC. The incorpo-
ration of poly(ethylene glycol) spacers enhances ADC hydrophilicity,
reduces aggregation induced by hydrophobic payload, and increases
bioavailability whilst reducing immunogenicity [77,175,176]. For
increased structural flexibility to adapt to different payloads and anti-
body scaffolds, [177] and improved plasma stability, peptide chain or
alkyl spacers (val-cit) can also employed. Conversely, more rigidity can
be obtained with N-succinimidyl-4-(maleimidomethyl)cyclohexane-1-
carboxylate (SMCC) cyclohexane spacers with non-cleavable linkers
[178].

A linker-related challenge includes the retro-Michael elimination
reaction that degrades the commonly-used maleimide attachment to
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antibody cysteine residues, significantly reducing ADC efficacy [179].
Therefore, expanding the repertoire of linker-payload attachments is
critical for developing ADCs with favourable developability character-
istics (Fig. 4).

Innovations in linker design.

Recent advancements in linker technology should be considered in
terms of four categories: chemical triggers of linker cleavage/degra-
dation, the pharmacokinetics of the linker, the attachment of the linker
to the antibody, and the attachment of the payload to the linker [180].

Phosphate-based linkers and charged linkers are examples of novel
hydrophilic linkers to improve ADC stability, half-life, safety and effi-
cacy. The [ethylenediamine platinum(II)]2+ metal-organic linker is
conjugated to histidines on antibodies, offering a novel and facile
conjugation mechanism, in addition to the hydrophilic properties of the
linker improving the solubility, stability and resultant tumour targeting
and accumulation of the ADC in vivo [181].

Photo-cleavable linkers show promise in reduced off-target toxicity,
highly selectivity and sensitivity and rapid cleavage mechanism which
is not limited by intracellular conditions. The first ADC incorporating a
photo-cleavable linker and applying irradiation of only certain tumour
regions with near-infrared light (650-900 nm) triggering payload
release in a highly targeted manner [182]. However, this initial linker
design was found to self-aggregate and exhibited photo-instability. A
novel UV-cleavable ADC has since been developed which has much
higher photostability in natural light, with significant payload release
only occurring with focused UV irradiation [183]. In vitro and in vivo
evaluation also showed enhanced ADC activity and maintained half-life
upon the incorporation of this linker.

Additionally, the elevated levels of ferrous iron ions in the tumour
microenvironment have instigated research into iron-cleavable linkers.
The 1,2,4-trioxolane (TRX) linker has been evaluated in trastuzumab-
based ADCs, showing tumour-selective activity in preclinical models
of cancer [184]. However, emerging instability and toxicity risks were
flagged resulting from interactions with adjacent antibody sites, which
was mitigated by incorporating a spacer for increased steric hindrance.

The 2-(maleimidomethyl)-1,3-dioxane (MD) non-cleavable linker
offers an alternative to the classical Succinimidyl 4-(N-mal-
eimidomethyl)cyclohexane-1-carboxylate (SMCC), a non-cleavable
linker, suffers from instability and hydrophobicity inducing ADC pre-
cipitation. The MD linker is self-stabilising, increasing hydrophilic
character and reducing the propensity for payload hydrolysis [185].

Despite advancements in novel linker technologies, ensuring robust
linker stability to prevent premature payload release and minimize off-
target toxicity remains a significant challenge. Since linkers and pay-
loads are typically evaluated together as a single unit in ADC devel-
opment, the selection of the payload plays a crucial role in determining
ADC critical quality attributes. Therefore, it is essential to explore a
variety of payloads with different physicochemical properties during
linker design.

5.3. Payload considerations

Physicochemical properties of the payload must be considered
alongisde other anchor-linker-payload components, the site of conju-
gation, and the DAR. This is crucial because the overall physical sta-
bility of ADCs is often compromised due to payload properties. A
pertinent example is a recent study by Johann et al., which compares
two ADCs with auristatin payloads: veMMAE (neutral) and veMMAF
(negatively- charged), both conjugated to interchain cysteines with
similar DAR.[186] Despite being less hydrophobic, the veMMAF con-
jugate exhibited higher aggregation rates than the corresponding
vcMMAE conjugate under agitation and thermal stress conditions. This
work advocates for a broader consideration of charge alterations in
ADC design, emphasizing the need for a systematic understanding of
how linker/payload strategies are needed to ensure stable ADCs.

Novel and alternative payloads.
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While several ADCs have demonstrated clinical efficacy and suffi-
cient safety profiles leading to their FDA approval, dose-limiting toxic-
ities have been observed in patients. Antibody recognition of cognate
antigen expressed on healthy tissues at low or medium levels can result
in on-target, off-tumour effects by the ADC. Currently approved ADCs
carry classical, universally cytotoxic drugs that either block microtubule
formation or inhibit DNA damage repair. However, these payloads lack
selectivity for cancer cells and may also affect non-malignant cells,
potentially limiting the ADC safe dosage to levels below those required
for optimal anti-cancer effects. Investigating signalling pathways that
aggressive cancer cells depend on for function, survival or treatment
resistance, may offer new opportunities for identifying cancer-
associated druggable targets and for selecting payloads and antibody-
payload combinations.

Several cell cycle checkpoints are often dysregulated in cancer;
therefore, one payload type may specifically block molecules involved in
cell cycle and signalling pathways. CDK4/6 and cyclin D are key regu-
lators of the G1/S-phase transition and are overexpressed in various
cancers, and inhibitors of CDK4/6, palbociclib and abemaciclib, have
demonstrated promising anti-tumour activity [187]. However, aggres-
sive TNBCs are resistant to CDK4/6 inhibition due to upregulated CDK2/
cyclin E activity as an escape mechanism in G1/S-phase-specific drug
resistance. Additionally, the cell surface Epidermal Growth Factor Re-
ceptor (EGFR), known to be involved in several cancer growth and
proliferation pathways, is upregulated in several solid tumours
including TNBCs, colorectal, and lung cancers. Upregulation of EGFR
expression has been reported alongside CDK2/cyclin E dysregulation in
primary TNBC, as well as in chemotherapy-resistant residual disease.
This prompted the generation of an ADC based on the anti-EGFR anti-
body cetuximab coupled with a CDK inhibitor. This ADC restricted the
growth of EGFR-expressing TNBC in vitro and in vivo, including of a
patient-derived xenograft (PDX) grown orthotopically in the mouse
mammary fat pad [188].

Targeting oncogenic activity has also been evaluated as a targetable
axis for ADCs using kinase inhibitors. Tyrosine kinases (TKs) play
important roles in growth factor signalling, and TK inhibitors compete
with the ATP binding site of the TK catalytic domain. One study reported
an ADC approach targeting Folate Receptor alpha (FRa), a tumour-
associated antigen overexpressed in TNBC and gynaecological malig-
nancies. FRa expression confers proliferative and clonogenic advantages
to tumour cells and contributes to pathway activation of Src-family
nonreceptor TKs. FRa knockdown in cancer cells significantly
decreased the activity of several members of the Src/ERK signaling
pathway. Based on these findings, an experimental ADC was designed
combining an antibody to FRa (MOv18-IgG1) conjugated to a Src in-
hibitor (A-419259). This ADC was designed to direct the inhibitor to a
molecule of the Src/ERK pathway downstream of FRa to which cancer
cells depend upon for survival and growth. This ADC restricted TNBC
cell survival in vitro and the growth of breast cancer xenografts over-
expressing FRa in murine models [189]. In a different ADC approach
focusing outside oncology for the treatment of inflammatory and auto-
immune and diseases, Dasatinib, an inhibitor of Lck, a TK involved in T
cell receptor (TCR) signalling, was coupled to an anti-CXCR4 antibody,
to achieve selective delivery of the payload to human T cells and induce
immune suppression. This ADC suppressed T cell receptor (TCR)-medi-
ated T cell activation and cytokine expression, [190] offering a new
strategy for targeted immunosuppression to improve specificity and
safety. The activity of Histone deacetylase (HDAC) which condense
chromatin and suppress gene expression, are frequently dysregulated in
cancers. A thiol-based HDAC inhibitor (ST7612AA1) anchored to the
anti-EGFR antibody cetuximab was introduced for targeted epigenetic
modulation in cancer cells. The ADC showed significant tumour growth
inhibition in human cancer xenografts, with complete responses in some
cases, in the absence of overt toxicity [191].

Novel ADC strategies that extend beyond conjugation of antibodies
to classical payloads hold significant promise for developing diverse and
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personalised cancer treatments with potentially improved therapeutic
indexes compared to currently available ADCs. In oncology, a key
benefit may be targeting cancer cell vulnerabilities by selecting targets
critical to cancer cell biological functions, and deploying tumour-
directed payloads, focusing the delivery of these payloads directly to
the cognate antigen of the ADC antibody scaffold. These “smart
anchored” ADCs may also provide further benefits by reducing potential
toxicities to non-malignant tissues compared to traditional
chemotherapy-type or universally toxic payloads.

6. Emerging advances in ADC modalities

The classical ADC format, consisting of a highly specific antibody, a
stable yet selectively cleavable linker, and a potent cytotoxic payload
has proven to be highly effective. However, challenges such as a lack of
specificity in payload release, sub-optimal targeting, and insufficient
efficacy remain. Emerging ADC formats aim to address these issues and
include bispecific ADCs, immune-stimulating ADCs, conditionally active
ADCs, smaller antibody formats, and dual payload ADCs.

Bispecific antibody-drug conjugates: Bispecific antibodies bind two
distinct antigens, and biparatopic antibodies bind two unique non-
overlapping epitopes of the same antigen, that are under development
as therapeutic antibodies and are being explored for incorporation into
ADCs. Bispecific ADCs combine the ability to co-engage two different
tumour associated antigens to address heterogeneous TAA expression
patterns, which overall confer superior tumour cell targeting selectivity,
[192] mitigating for poor cellular uptake [193] and treatment-emergent
resistance. Bispecific ADCs promise to improve the safety and efficacy of
the modality, overcoming critical issues such as off-target toxicity,
chemoresistance and immunogenicity [137]. As a result of these
favourable characteristics, ten bispecific ADCs are currently under
clinical trial evaluation [194]. Despite the promise of bispecific ADCs,
challenges associated with bispecific ADCs are heterogeneity of coupling
orientations and risks associated with the control of bispecific antibody
quality attributes, impacting their potential safety and efficacy.

Immune-stimulating ADCs (ISACs) incorporate immune-stimulating
payloads to promote immune activation and enhance anti-tumoural ef-
fects. Specifically, the inclusion of potent immune mediators known as
pattern-recognition receptor (PRR) agonists, such as toll-like receptor
(TLR) and stimulator of interferon genes (STING) agonists, amplifies the
ADC anti-tumour immune response in comparison to conventional
chemotoxins [195-197]. Upon binding to tumour-specific antigens,
ISACs are internalised, releasing immune agonists. This triggers the
release of pro-inflammatory cytokines, attracting immune cell infiltra-
tion and driving a robust and specific antitumour immune response. PRR
agonists cannot be administered as a monotherapy, due to systemic
toxicity associated with immune system overactivation [198]. However,
conjugating these agonists to targeting antibodies within ISACs miti-
gates this issue. ISACs have demonstrated the ability to elicit responses
against various tumour cell damage-associated molecular patterns
(DAMPs), activate antigen-presenting cells and other tumour-infiltrating
immune cells such as T-cells, and generate immunological memory
against the tumour [199].

For example, an anti-CD276 antibody conjugated to both a cytotoxin
(MMAF) and an immune stimulating agent (toll-like receptor 7/8
agonist imiquimod (IMQ)) was found to effectively achieve tumour
regression in murine models of TNBC [200,201]. However, these find-
ings are based on preclinical findings and require validation within a
clinical setting. Moreover, A TLR7 agonist conjugated to an anti-HER2
antibody (NJH395) demonstrated the ability to trigger tumour regres-
sion and induce immunological memory. In a Phase I Trial
(NCT03696771), this ADC showed significant but manageable toxicities
in patients [202]. It is anticipated that ISACs and protein-degrader ADCs
could be integrated with current treatment interventions to enable
multimodal, synergistic therapies, with each treatment offering distinct
mechanisms of action for enhanced payload potency and efficacy [171].
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Despite their promise, ISACs face translational challenges, including
immune-related toxicities such as cytokine release syndrome and off-
target activation [203,204]. High DAR formulations improve tumour
targeting but can exacerbate systemic toxicity, necessitating optimised
linker chemistry and conjugation strategies [205]. Recent advances in
purine-based TLR7 agonists offer potential solutions to enhance speci-
ficity while mitigating adverse effects [206]. Further refinement of
payload selection, conjugation approaches and trial design will be
crucial to overcoming these hurdles and advancing ISACs in oncology.

Conditionally active antibody-drug conjugates (probody drug-conjugates)
A significant challenge with ADCs is targeting antigens that are not
exclusively expressed in the target tissue, leading to off-target toxicity.
Conditionally active ADCs are inspired by prodrugs that become phar-
macologically active only under specific conditions [207]. Probodies are
IgG antibodies modified to conceal their antigen-binding sites, either
through fusion with masking molecules or by designing the antigen
binding sites to undergo pH-dependent conformational changes
[208-210]. This modification reduces the antigen-binding affinity of the
antibody until it reaches the target cells. Upon delivery to the tumour
microenvironment, masking molecules are removed or the antigen
binding sites undergo a conformational change, restoring antibody
binding affinity for the cognate antigen, ultimately ensuring specificity
of payload release. The restoration of full binding affinity occurs in the
presence of specific tumour-associated factors such as acidic pH or the
presence of specific enzymes (e.g., proteases) [171]. This approach al-
lows ADCs that were previously abandoned due to off-target binding to
be reconsidered. However, the reliance on specific tumour microenvi-
ronment conditions for probody activation necessitates extensive
investigation and validation of these conditions in various cancer sub-
types, many of which have not yet been established.

Protein degrader antibody-drug conjugates (PROTAC ADCs), also
referred to as degrader-antibody conjugates DACs, incorporate Protein
Targeting Chimeras (PROTACs) as their payload [211]. PROTACs enable
targeted protein degradation by bringing together a protein target and
an E3 ubiquitin ligase, leading to the ubiquitination and subsequent
proteasomal degradation of the target [212]. This approach allows
previously undruggable targets to be modulated [213]. However, by
virtue of their physicochemical properties, PROTACs face several
developability-related challenges that include high molecular weights
(~1 kDa), large polar surface area, poor solubility, poor cellular uptake
and poor bioavailability [211]. Combining a PROTAC with an antibody
as a novel drug delivery system enhances cell selective targeting and
half-life of PROTAGCs, resulting in an improved therapeutic index
[214,215].

Dual payload antibody-drug conjugates, incorporating two distinct
therapeutic payloads on the same antibody are enhancing treatment
efficacy and mitigating the emergence of chemoresistance through
synergistic pharmacological effects [216]. For example, an anti-HER2
ADC combining monomethyl auristatin E (MMAE) and monomethyl
auristatin F (MMAF) payloads, effectively killed tumour cells in murine
models of refractory breast cancer with heterogeneous HER2+ expres-
sion, validating that dual-payload ADCs can overcome drug resistance in
heterogeneous tumours [217]. Payloads conjugated to the same anti-
body molecule may have different mechanisms of action, which helps to
overcome resistance in patients with refractory tumours without
requiring multiple chemotherapeutic combinations [217,218]. Howev-
er, it is important to consider that dual-payload ADCs could have ad-
ditive off-target toxicity [108].

Fragment-based ADCs A major barrier to optimal ADC efficacy is
suboptimal tissue penetration and cellular uptake, along with develop-
ability challenges such as aggregation and poor stability, primarily
associated with the large molecular weight of conventional IgG-based
scaffolds (>150 kDa) [219]. The use of smaller antibody fragments
ranging from 6-80 kDa that retain target specificity and affinity is being
explored to mitigate for these issues, with examples including single-
chain variable fragments (scFvs), antigen-binding fragments (Fabs),
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Table 3

A summary of small format drug-conjugates and their particulars. TME: Tumour microenvironment; SCLC: Small cell lung cancer.
Format Size (kDa) Example targets Indication Linker DAR Example

payload
SIP Minibody VHH-Fc [231] ~80 Fibronectin TME modifying (N-succinimidyl 4-(N-maleimidomethyl) 2 DM1
cyclohexane-1-carboxylate) linker
Diabody [232] ~80 Mesothelin Pancreatic cancer Cleavable valine-citrulline 3.6 MMAE
Fab [232] ~55-60 CD30 Lymphoma Cleavable valine-citrulline 2 MMAF
Knottin-Fc [233] ~60 Tumour-associated Glioblastoma, Ovarian and Non-cleavable; not disclosed 2 MMAF
integrins Breast cancer
ScFv [222] ~50 HER2 Breast cancer Cleavable valine-alanine 1 PBD
Minibody/ScFv [231] ~25 GD2 Neuroblastoma Cleavable maleimide-containing 1 MMAE
Antigen Binding Variable ~12.5-25 BCR Lymphoma Cleavable valine-citrulline 1 MMAE
Domain (VNAR) [234]

Nanobody [235] ~12.5-15 5T4 Pancreatic cancer CL2A 1 SN38
Centyrin [236] ~10 EGFR SCLC Cleavable, valine-citrulline 1 MMAF
Affibody [237] ~6-7 HER3 Breast cancer Non-cleavable, maleimidicaproyl 1 DM1
Pentarin [238] ~3-5 SSTR 2 SCLC Not disclosed 1 DM1
Bicycle [239] ~1.5-2 EphA2 Prostate cancer Cleavable, valine-citrulline 1 MMAE

and single domain antibodies (sdAbs) [220]. Fabs (~50 kDa) contain the
constant and variable domains of IgG, but lack Fc domains and thus
effector functionality [221]. A classic example of a Fab-drug conjugate is
represented by MMAE-trastuzumab (Fab), with this smaller ADC format
exhibiting improved safety, homogeneity and stability in vitro and in
pre-clinical models. However, this came at the cost of lower affinity and
a shorter half-life in vivo, resulting in reduced potency [222,223]. ScFvs
(25-30 kDa) consist of the heavy and light chain variable region of an
antibody, connected by a short peptide linker. Their smaller size en-
hances tissue penetration and cellular uptake, thereby increasing po-
tency compared to Fab-drug conjugates, without compromising target
affinity. This is exemplified with the scFv-auristatin F scFv-drug conju-
gate [224].

Nanobodies, known as SdAbs (12-15 kDa), are antibody fragments
containing a single heavy-chain variable domain (VHH). Nanobodies are
highly stable and specific, making nanobody-drug conjugates promising
candidates for increased efficacy. An anti-EGFR nanobody conjugated
with a platinum prodrug and an MRI contrast agent showed significantly
higher tumour accumulation, enhanced specificity and potency, and
minimal off-target toxicity compared to its equivalent ADC [225].
Nanobodies have also been combined with immune-modulating pay-
loads, improving the uptake and efficacy of this emerging ADC format
[226,227]. Due to their small size, nanobody-drug conjugates have a
shorter half-life, which can be extended by incorporating a half-life
extender peptide, PEGylation, or Fc fusion [228-230].

Several smaller format conjugates are currently under preclinical
and clinical development (Table 3).

7. Conclusion and future perspectives

ADCs represent a transformative platform for targeted therapeutic
delivery, combining the selectivity and precision of antibody scaffolds
with the potency of small molecule cytotoxics. This synergy enhances
therapeutic index of by improving efficacy while mitigating for off-
target toxicity through altered pharmacokinetics. Despite these ad-
vancements, the inherent complexity of ADCs as multimodal therapies,
poses challenges in their design, developability, and regulatory
compliance particularly when considering their use in combination
therapy settings.

While ADCs have achieved notable success in hard-to-treat cancers,
significant gaps remain in reconciling their physicochemical parameters
with their ADME properties, designing translational assays, and refining
dosage regimens. Systematic insights into determinants of efficacy and
safety could unlock next-generation ADCs with broader therapeutic
applications.

In the oncology domain, ADCs hold significant promise in targeting
solid tumours, though penetrating tumour matrices remains a major
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hurdle. While therapeutic efficacy and clinical successes have been
observed with ADCs, a challenge that remains is determining the relative
contribution of the various ADC constituent moieties to the overall
clinical performance. Current ADC design paradigms- emphasizing
highly-potent cytotoxic payloads, high affinity antibody scaffolds, and
stable linkers resistant to hydrolysis- are being redefined by the clinical
success of ADCs with moderately potent payloads and cleavable linkers.

The future of ADC design is poised for transformation, driven by
multifaceted advancements in antibody engineering efforts, artificial
intelligence, multi-omics, and collaborative innovations in the pre-
competitive space. AI/ML offers unprecedented potential for optimis-
ing antigen-payload compositions, while multi-omics offers to refine
precision medicine through insights into tumour biology, pharmacody-
namic and toxicity-related biomarkers.

Diversifying cytotoxic payloads incorporated into ADCs beyond
traditional microtubule disruptors and topoisomerase inhibitor pay-
loads, holds significant promise in overcoming treatment-emergent
chemoresistance, ensuring ADCs remain effective against evolving
tumour biology. Collectively, these advancements will shape the
development ADCs against hard-to-treat cancers as an area of unmet
clinical need.
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