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1. Introduction

Cancer is the major cause of mortality and morbidity worldwide.
Despite the advances in the discovery of novel therapeutic ap-
proaches for cancer treatment, cytotoxic chemotherapeutic drugs
remain an indispensable component of most treatment regimens
for cancer patients'. However, conventional chemotherapeutic
drugs are notorious for their severe side effects and the emergence
of drug resistance poses great barrier to effective cancer therapy.
There is an unmet need to develop novel anti-tumor drugs with
high specificity, few side effects, and low risk of drug resistance.

In the late 20th century, with the emergence of monoclonal
antibodies such as anti-cluster of differentiate 20 (CD20) and anti-
human epidermal growth factor receptor 2 (HER2), targeted
therapy became feasible>. However, most monoclonal antibodies
do not exhibit anti-tumor activity, and their cytotoxicity to tumor
cells is weaker than that of traditional chemotherapy drugs.
Therefore, cancer treatment by monoclonal antibodies alone often
does not achieve the desirable outcome™”.

Antibody—drug conjugates (ADCs) are biopharmaceutical
drugs designed to achieve tumor targeting and cytotoxicity in a
single moiety. A typical ADC molecule consists of a monoclonal
antibody (mAb) covalently attached to a cytotoxic drug via a
linker®. The mAb component provides the specific tumor targeting
ability whereas the cytotoxic drug gives the powerful tumor killing
effect’. Gemtuzumab ozogamicin (GO) is the first ADC approved
by the United States Food and Drug Administration (FDA) for
treatment of acute myeloid leukemia (AML) in 2000*. As of June
2024, a total of 15 ADCs have been clinically approved by the
major drug regulatory authorities worldwide for treating solid and
hematological tumors. More than 100 clinical trials are currently
underway at various stages to investigate the newly developed
ADCs. While ADCs have received unprecedented clinical response
in cancer patients, drug resistance to ADC is severely hindering
their clinical efficacies. A thorough understanding about the
mechanisms contributing to ADC resistance is needed in order to
promote the clinical utility of this novel class of antitumor agents.

Figure 1

This review summarizes the recent advances in the discovery
of novel ADCs and mechanisms contributing to ADC resistance.
Moreover, novel approaches to overcome ADC resistance and
biomarkers for predicting treatment response to ADCs are also
discussed.

2. ADCs design and construction

The typical structure of an ADC, consisting of a monoclonal
antibody, linkers, and payloads (cytotoxic drugs), is depicted in
Fig. 1. The changes of each component and the mode of their
connection are expected to affect the efficacy and adverse effects
of the resulting ADCs.

2.1.  Antibody

The earliest ADCs used murine mAbs and they caused severe
immunogenic reactions. On the other hand, most ADCs designed
in recent years utilized fully human or humanized antibodies to
achieve tumor targeting’. The IgG1 immunoglobulin, as the most
commonly used ADC antibody subtype, is easy to prepare,
abundant in serum, has high affinity with Fc receptors, and has
strong ability to induce antibody-dependent cell-mediated cyto-
toxicity (ADCC), complement-dependent cytotoxicity (CDC) and
antibody-dependent phagocytosis (ADCP)3°.

Antibodies that recognize antigens that are specifically
expressed on the surface of cancer cells but not expressed at all on
the surface of normal cells represent an ideal framework for con-
structing ADCs'®. However, most ADC targets (e.g., HER2 and
TROP?2) are also expressed to some extent on the surface of normal
cells'"'2, There have been clinical trials that have been stopped
because of nonspecific toxicity of this target'>"'>. In order to further
enhance the tumor specificity of ADC, antibodies that can recog-
nize tumor-specific antigen variants with structural changes, such
as truncation antibodies, incision antibodies, and post-translational
modification antibodies, have been developed'®'®.

Structural characteristics of ADCs. Created with Adobe Illustrator.
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2.2.  Linker

According to the mechanism of payload release, the linkers can be
categorized as cleavable and non-cleavable'®. Cleavable linkers
were designed with a built-in chemical trigger to cleave the linker.
They exploit the distinct characteristics between tumor cells and the
systemic circulation to precisely release cytotoxic drugs. In contrast,
non-cleavable linkers were usually designed with amino acid
functional group to connect to the payload. Upon entering into the
cells and particularly lysosomes, the amino acid-based linkage is
cleaved via a proteolytic reaction to release the payload with an
amino acid appendage”. The chemical properties of the linker affect
the stability of the ADCs and the release of the payloads, which is
also the major factor determining the toxicity of the ADCs*'. An
ideal linker is expected to be stable in the blood circulation and the
anticancer drug payload should not be released prematurely in the
blood to avoid causing non-specific toxicity to healthy tissues. When
the ADCs reach the tumor surface and are transported into the
lysosome, the linker should be rapidly disassembled to release the
payload and exert an antitumor effect’*. Another important prop-
erty of the linker is hydrophilicity. It has been shown that linkers
with too many hydrophobic groups tend to promote aggregation of
the ADC molecules and cause severe hepatotoxicity®>**,

2.3.  Payload

Payload, also known as cytotoxic molecule, is the ultimate
effector component of ADCs to produce the antitumor effect’.
Ideal payload should be highly cytotoxic and can kill tumor cells
at sub-nanometer concentrations>>2’. Moreover, its molecular
weight should be relatively small to minimize immunogenicity. In
addition, the payload should also be stable and soluble. It should
also contain a functional group to facilitate the linkage to the
antibody fragment®. Currently, the cytotoxic payload employed in
most ADCs includes microtubule inhibitors, DNA interaction
inhibitors and topoisomerase I inhibitors®.

Figure 2

2.4.  Drug-to-antibody ratio (DAR)

An important parameter for evaluating ADCs is the DAR, which
represents the number of cytotoxic molecules attaching to a single
monoclonal antibody®’. Low DAR usually suggests low antitumor
activity. On the other hand, ADCs with a higher DAR are usually
more potent but they may give rise to more severe toxicity due to
increased accumulation in circulation, slower clearance rate, and
the risk of premature release'®. Therefore, it is desirable to achieve
an optimal DAR value for a potent and safe ADC. The DAR value
is maintained between 2 and 8 in the most contemporary ADC
design®®%.

3. Mechanism of action of ADCs in vivo

ADCs are known to exert anti-tumor effects synergistically
through multiple pathways in vivo. Upon administration of ADCs
intravenously into the body, they reach the cancer cells expressing
the target antigen via the blood circulation®’. Afterwards, ADCs
are endocytosed into the cell to exert their direct cytotoxic ef-
fect®!32, Meanwhile, some ADCs can also initiate paracrine
mechanisms to produce bystander effects by modifying the tumor
microenvironment®. Furthermore, the mAb component of ADCs
could also possess anti-tumor activity on their own®' (Fig. 2).
ADCs are usually administered by intravenous injection.
Intravenous administration results in rapid distribution of ADC
throughout the body*’. The long half-life of the ADC antibody
moiety in the blood circulation allows it to reach tumor epitopes,
in which the antibody binds to target antigens that are highly
expressed on the surface of tumor cells®**. Typically, target tumor
cells should have moderate levels of antigen expression on the cell
surface®. The ADC-antigen complex is internalized by antigen-
dependent endocytosis or antigen-independent pinocytosis®'*.
Clathrin-mediated endocytosis is the most important pathway for
ADC internalization. Clathrins can encapsulate the ADC-antigen
complex and form vesicles with a diameter of 100—150 nm,

The mechanism of ADCs. After ADCs enter the body, the antibody targets the surface antigen of cancer cells, and endocytosis occurs

to release the payloads. At the same time, ADCs can also produce the ADCC and bystander effects. Created with Adobe Illustrator.
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which are transported into tumor cells by the GTPase®*>%. In cells,
ADCs containing cleavable linkers are cleaved by specific PH
environments, proteases or certain chemicals. In contrast, ADCs
carrying uncleavable connectomes would be internalized into early
endosomes, further mature into late endosomes, and finally fuse with
lysosomes>°. Cytotoxic loadings are released through lysosomes,
target DNA or microtubules, or enable topoisomerase or RNA
polymerase inhibition, ultimately leading to apoptosis or death'®.

In addition to the cytotoxic effects of ADC payloads, mAbs
can exert their inherent antitumor activity>'. After ADC enters the
body, some of the Fab fragments of ADC antibodies can bind to
the antigen epitopes of tumor cells, while the Fc fragment can
bind to the FcR on the surface of killer cells, thus directly
mediating the killing effect, that is ADCC. Monoclonal antibodies
can also induce CDC, and ADCP***2 Ado-trastuzumab emtan-
sine (T-DM1) for HER2" metastatic breast cancer has a similar
mechanism to Trastuzumab, which inhibits HER2 signaling
pathway and triggers ADCC and CDC*.

Bystander effects can be induced when the payload released by
the ADC is permeable or transmembrane, thereby enhancing the
efficacy of the ADC. Bystander effect refers to the escape or
release of a cytotoxic payload from a cell to the outside of the cell
and killing neighboring cells, including non-antigen expressing
tumor cells®>. Both Fam-trastuzumab deruxtecan (DS-8201),
which is FDA-approved for patients with HER2" metastatic breast
cancer, and Sacituzumab Govitecan (IMMU-132) for triple-
negative breast cancer induce bystander effects*. In addition,
studies have shown that ADCs that induce bystander effects may
also alter the tumor microenvironment and further enhance the
killing effect of ADCs**. Most ADCs currently in the late stages
of clinical investigation have cleavable linkers and nonpolar
payloads that would induce a more powerful bystander effect®.

4. The various generations of ADCs

When ADCs were first developed in the 1980s, mouse mAbs were
linked to conventional chemotherapeutic drugs through unstable
connections*®. Due to its high immunogenicity, instability, poor
efficacy, and high incidence of adverse reactions, the ADCs
developed back then were not marketed. Until 2000, GO was the
first ADC clinically approved by the FDA and it becomes the
prototype of the first-generation ADCs. The first-generation ADCs
are characterized by the random coupling of the payload to various
regions on the mAb and a heterogeneous mixture of ADC mole-
cules having different DAR ratio. They exhibit a short half-life,
high clearance, and high immunogenicity. DAR inconsistency
affects the pharmacokinetic and pharmacodynamic parameters of
ADCs, thus resulting in a suboptimal therapeutic window*’*%.

The second-generation ADCs are designed by using humanized
IgG1 mAbs and more potent cytotoxic drugs, with improved water
solubility and coupling efficiency**>’. The ADC stability was
improved by optimizing the chemical features of the linker. A more
uniform DAR distribution was achieved by applying either cleav-
able or non-cleavable linkers®'. Representative members of second-
generation ADCs are Brentuximab vedotin (BV) and T-DMI.
However, the second-generation ADCs are still not satisfactory
due to low tolerability, high plasma clearance rate (for the ones with
high DAR), and off-target toxicity. These drawbacks were further
improved by the development of the third-generation ADCs.

Since the approval of Moxetumomab pasudotox in 2018, the
third generation ADCs have been kicked off>2. They employ fully

humanized antibodies or antigen-binding fragments instead of
chimeric antibodies®. More potent or novel cytotoxic payloads,
such as immunomodulators, were used®*. The linkers having
more hydrophilic groups were used®”. The DAR of the third-
generation ADCs is typically 2—4, with favorable toxicity
profile, significantly improved stability and pharmacokinetics
properties, and potent anticancer effect in vitro at low levels of
antigen expression®’. Representative examples of third-generation
ADCs are DS-8201 and polatuzumab vedotin.

After decades of research, as of June 2024, 15 ADCs had
received clinical approval, and nearly 100 ADCs were in various
stages of clinical investigation. The clinically approved ADCs are
summarized in Table 1°%°%. Approximately half of the approved
ADCs are indicated for solid tumors and the rest are indicated for
hematological malignancies. Table 2 summaries the ADCs
currently in various phases of clinical investigation. The devel-
opment of ADCs and characteristics of each generation of ADCs
are depicted in Fig. 3.

5. Mechanisms of ADCs resistance

While ADCs exhibit superior specificity and antitumor potency
than the classical chemotherapeutic drugs, most cancer patients
initially responding to the therapy inevitably develop resistance.
The mechanisms causing ADCs resistance are multifactorial.
They include alteration of antigen—antibody binding, impaired
drug transport, lysosomal dysfunction, increased drug efflux,
alteration of payload, enhanced cancer cell survival, and the
changes in tumor microenvironment (Fig. 4).

5.1.  Antigen-antibody mediated drug resistance

Antigen-antibody binding is the first step for ADC to exert its
effect. Decreased antigen expression, antigen loss or mutation,
impaired antigen—antibody binding sites, and tumor heterogeneity
are common causes of ADC resistance.

5.1.1.  Low/loss of target antigen expression

Combination targeted therapy is known to reduce the expression
of tumor cell target antigens and induce tumor cell tolerance. For
example, the tumoral expression of HER?2 protein was reported to
decrease in HER2" breast cancer patients after multiple lines of
anti-HER2 therapy. T-DM1 is a clinically approved HER2-
targeting ADC. Importantly, while high HER2 levels are posi-
tively correlated with high T-DM1 efficacy”®, reduced HER2
expression or binding was found in T-DMl-resistant cell
lines'**'°! Reduced HER2 expression impairs T-DM1 binding
and internalization, thereby limiting the intracellular release and
cytotoxicity of payload. Similarly, in Hodgkin lymphoma, the
malignant Reed-Sternberg cells express high level of a cell surface
marker cluster of differentiate 30 (CD30). BV is an ADC designed
to deliver a potent anticancer drug (monomethyl auristatin E,
MMAE) to CD30-positive cells. Preclinical studies have shown
that BV-resistant Karpas-R cell line express remarkably lower

levels of CD30 than the sensitive counterpart'®>,

5.1.2.  Consumption of ADC by peripheral target antigens

The presence of the targeting antigens in peripheral blood may
limit ADC penetration into tumor sites by consuming them. In
leukemia patients, the maximum level of GO binding to cluster of
differentiate 33 (CD33) on AML blast cells in bone marrow was
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Figure 3

Development of different generations of ADCs and their characteristic features. a. Timeline showing the clinical development and

approval of ADCs by major regulatory authorities (by June 2024). b. Characteristic features of the three generations of ADCs. ADC,
antibody—drug conjugate; DAR, drug-to-antibody ratio; MMAE, monomethyl auristatin E; MMAF, monomethyl auristatin-F; DM 1, derivative of
maytansine 1; DXd, exatecan derivative; PBD, pyrrolobenzodiazepine dimer. Created with Adobe Illustrator.

shown to be reduced with the emergence of a high CD33-antigen
load in the peripheral blood. Consequently, patients with more
AML blasts (CD33-overexpressing cells) in peripheral blood
exhibit diminished therapeutic response to GO treatment'®>. On
the other hand, CD20 has been detected in exosomes secreted by
B-cell lymphoma cells. These extracellular CD20 molecules can
bind and consume anti-CD20 mAbs, thereby abolishing the effi-
cacy of CD20-targeted therapy'®. Similar outcomes were
observed in HER2-overexpressing tumor cell lines SKBR3 and
BT474. High level of HER2 proteins encapsulated in their exo-
somes has been shown to act as decoy that sequestered trastuzu-
mab and shielded tumor cells from antibody attacks'®. However,
it remains uncertain whether the secretion of HER2 via exosomes
also contributes to T-DM1 resistance. Further research is war-
ranted to determine if tumors can release specific antigens via
exosomes to consume the ADCs in the extracellular space.

5.1.3.  Impaired binding site of the mAbs

The binding of antibodies in ADCs to the targeted receptors on
tumor surface is essential for their antitumor activity. Consistently,
a truncated HER2 receptor, p9SHER2, has been shown to cause
trastuzumab resistance'®®. Although lacking the extracellular

domain targeted by trastuzumab, the truncated HER?2 receptor still
possess the necessary fragment to form homodimers via inter-
molecular disulfide and thus promoting breast cancer progres-
sion'%”. Moreover, TNF-« can increase the expression of MUC4,
which masks the trastuzumab-targeting epitope on HER2, conse-
quently impairing trastuzumab efficacy'®®. To this end, both TNF-
a blockade and MUC4 silencing have been shown to significantly
unmask the epitope of trastuzumab on HER2, subsequently
overcoming trastuzumab and T-DM1 resistance'*®. Junttila et al.**
reported that the conjugation of DM1 to HER2-targeting mAb in
T-DM1 does not affect the binding ability and affinity of the mAb.
Therefore, p9SHER2 and MUC4 may attenuate ADC efficacy.
However, several preclinical models have demonstrated that
impaired binding sites are not necessarily responsible for ADC
resistance'*%!1°,

5.1.4.  Tumor heterogeneity

Tumor heterogeneity refers to the variation in antigen expression
among the individual cancer cells within the same tumor tissue.
For anticancer drugs that rely on antigen expression for recogni-
tion and/or cytotoxic effect, any change in antigen expression
level will lead to drug resistance. A more heterogeneous antigen



746

Sijia Li et al.

Figure 4

Mechanisms of ADCs resistance. During the process of ADC binding to the target and entering the circulation, the changes of each

component and transport environment may lead to ADC drug resistance. Created with Adobe Illustrator.

expression has been shown to correlate with a higher recurrence
rate and a lower survival rate'''. In breast cancer patients, the
presence of HER2 heterogeneity before treatment, defined as
HER?2 amplification or HER2-FISH negative regions in 5%—50%
of tumor cells, was found to inversely predict treatment response.
Intriguingly, none of the patients with heterogeneous pretreatment
biopsies had a pathological complete response. In the cohort that
received T-DM1 plus pertuzumab, 55% of the non-heterogeneous
patients had a pathological complete response’'>!13.

5.2.  Impaired drug transport

Upon the binding of ADC to tumor cell surface antigen, endo-
cytosis plays a critical role to facilitate the drug uptake into the
tumor cells to exert cytotoxic effect. It follows that decreased
internalization efficiency and impaired endosomal transport
pathways may compromise the efficacy of ADC.

5.2.1.  Poor internalization and increased recycling

Endophilin A2 (Endo II) is known to mediate clathrin-independent
endocytosis of various materials under physiological conditions''.
Baldassarre et al.''® reported that Endo 1I silencing impedes HER2
internalization, consequently impairing the cytotoxicity of trastuzumab
and T-DM1 in HCC1954 and SKBR3 cell lines. The downregulation of

Endo II represents an important mechanism of ADC resistance.

Following internalization, epidermal growth factor receptor
(EGFR) complexes are recycled through two mechanistically
distinct pathways. The rapid pathway involves early endosomes and
EGFR is recycled to the cell surface. Importantly, at the
pH environment of approximately 6.0—6.5 in endosomes,
ADC-receptor complexes are not adequately processed to release
payloads. The second pathway, which exhibits slower recycling
kinetics, occurs through tubular extension of the multivesicular
body boundary membrane' '8, Importantly, HER2 is internalized
and targeted to endosomes less efficiently than EGFR. HER2



Resistance to antibody-drug conjugates

747

primarily remains at the plasma membrane following antibody or
ligand binding rather than sorted into lysosomes''?. This represents
a major resistance mechanism to HER2-targeted ADC.

The endocytosis and recycling of two commonly targeted
cancer cell surface antigens (HER2 and CD22) were compared5 8
Cluster of differentiate 22 (CD22) is a cell surface glycoprotein
predominated expressed in normal and malignant B-cells whereas
HER?2 is highly expressed on breast cancer cell surface. MMAE is
a common ADC payload conjugated to different mAbs to target
specific cancer types. Although the abundance of HER2 in over-
expressed epithelial cells is almost three orders of magnitude
higher than that of CD22 in lymphoid cells, only 20-fold more
MMAEs were localized in upregulated HER2 cells compared to
CD22 cells following incubation with anti-HER2-MMAE and
anti-CD22-MMAE ADCs, respectively. This discrepancy suggests
that the majority of CD22 is transported to lysosomes, while only
15% of HER2 is trafficked there, with the remaining HER2
recycled back to the plasma membrane'>*'??. The differential
sorting of trafficking receptors into recycling or degradation
pathways remains to be elucidated, which may be relevant to the
different mechanisms of resistance to specific ADC.

5.2.2.  Alternation of the mechanism for internalization
Mammalian endocytosis mechanisms can be categorized into
clathrin-mediated and clathrin-independent pathways, with
caveolae-mediated endocytosis being a significant component of
the latter'>. Caveolin-1(CAV1) is a major structural protein of
caveolae in lipid rafts of plasma membrane, whose expression and
association with caveolae regulate the selection of cargo and rate
of internalization. Interestingly, after internalization, ADCs were
preferentially localized in lysosomes in sensitive cancer cells but
colocalized with the CAV1 proteins in resistant cancer cells'>*'%3.
In a panel of HER2" breast cancer cell lines, the selective
colocalization of T-DM1 intracellular CAV-1 puncta was also
shown to correlate well with the reduced treatment response to
T-DM1'%. Some cancer cell lines resistant to ADCs were found
to express higher levels of CAV-1 protein, yet the CAV-1 expression
level was not correlated with the drug resistance phenotype. It is
also noteworthy that caveolae-mediated endocytosis was observed
in both sensitive and resistant cancer cell lines following ADC
treatment. Taken together, the propensity for the ADC to adopt the
caveolae-mediated endocytosis pathway, instead of the CAV-1
expression alone, is responsible for the drug resistance to ADC'?°.

On the other hand, in lung cancer cell lines and patient-derived
tumor xenograft models, the classical caveolae-mediated endo-
cytosis pathway to direct the ADCs towards lysosomes has been
shown to be the key mechanism facilitating the internalization and
the consequent antitumor efficacy of ADCs (e.g., T-DM1)'?’.
However, the high expression of CAV-1 in resistant cancer cells
might direct T-DM1 to caveosomes rather than the lysosomes. The
neutral pH environment within caveosomes (but not the acidic
environment in lysosomes) could impair cellular processing of the
ADC and the subsequent payload release to exert the ultimate
antitumor effect. Therefore, the role of caveolae-mediated endo-
cytosis in ADC processing and drug response is still controversial.
More detailed investigation is warranted to elucidate its precise
role in therapeutic response to ADCs.

5.3.  Lysosomal dysfunction

ADC releases the payload in lysosomes after specific binding to
the target antigen. Therefore, alterations in lysosomal function can

also affect ADC activity. Among them, the increase of lysosomal
pH and lysosomal sequestration have been reported to cause ADC
resistance.

5.3.1.  The increase of pH in lysosomes

Non-cleavable ADCs rely heavily on lysosomal degradation to
release the cytotoxic payloads'®. The acidic pH environment in
lysosomes is maintained by the vacuolar H4+--ATPase (V-ATPase)
that pumps protons from the cytosols to the lysosomal lumen'%.
The reduction in lysosomal pH has been reported in T-DMI1-
resistant N87-R cell lines'>'*°. Given that lysosomal pH is
maintained by V-ATPase, a V-ATPase inhibitor bafilomycin Al
has been shown to induce drug resistance to T-DM1 in T-DM1-
sensitive N87 cells. The decrease of V-ATPase activity will lead
to the decrease of T-DM1 metabolism and the emergence of drug
resistance phenotype'®. Interestingly, a cleavable ADC, such as
hertuzumab-vc-monomethylauristatin E, appears to be unaffected
by this resistance mechanism'®.

Moreover, an acidic pH can trap hydrophobic weak-base
cytotoxic agents such as doxorubicin'""'32, topotecan'*?, and
sunitinib**'** in the subcellular compartment. Hydrophobic
drugs can penetrate across the lysosomal membrane readily from
the neutral cytosol. However, upon entering the lysosomal com-
partments, these weakly basic drugs become charged due to the
acidic environment, subsequently leading to drug accumulation or
lysosomal sequestration'>®'*° Pretreatment with a V-ATPase
inhibitor can prevent lysosomal sequestration of hydrophobic
and weakly basic drugs whereas lysosomal alkalinization can
release the trapped drugs into the cytoplasm, thereby restoring
drug activity"*°.

Collectively, cellular V-ATPase activity can facilitate the
processing of non-cleavable ADCs and impede the release of their
payloads from lysosomes to the cytoplasm. To exploit this,
hydrophobic and weakly acidic payloads can be included in ADC
design, which can be more readily released from mildly acidic
lysosomes and avoid lysosomal sequestration. Furthermore, in
resistant cancer harboring lysosomal dysfunction, the combination
of non-cleavable ADCs and traditional chemotherapy agents will
still be useful, due to the reduced impact of lysosomal
sequestration.

5.3.2.  Lysosomal sequestration
In contrast to non-cleavable ADCs, the antitumor effect of the
cleavable ADCs does not appear to be associated with V-ATPases.
With the built-in cleavable linkers, the payloads of cleavable
ADCs are readily released under the desired tumoral conditions
either chemically or enzymatically®®. The payload release can
occur during their internalization journey to lysosomes or even in
the extracellular space. Therefore, the drug resistance mechanism
of cleavable ADCs for endosomal trafficking is the lysosomal
sequestration of free payloads, akin to traditional antitumor drugs.
Hamlett et al."*! reported that SLC46A3 (a lysosomal mem-
brane protein) can recognize the payload maytansine or other
closely related catabolites, thus facilitating their transport from the
lysosome to the cytosol. SLC46A3 is believed to participate in the
delivery of the cytotoxic payloads after they are released from
ADC:s. To this end, reduced SLC46A3 expression was reported as
a drug resistance mechanism to non-cleavable BCMA-targeting
DMI and SG3376 ADCs in multiple myeloma cell lines'*', and a
T-DMI resistant cell line BT-474-R'*>. However, SLC46A3
expression did not affect the antitumor effect of auristatin-based
non-cleavable ADCs. Further research is needed to identify
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additional proteins that govern the release of catabolites from non-
cleavable ADCs out of lysosomes.

5.4.  Payload-related drug resistance

ADC is also a means of chemotherapy in essence. The resistance
mechanism is closely related to the resistance of the payload.

5.4.1.  Direct resistance against the payloads

Currently, the cytotoxic payloads selected for inclusion in ADCs
are mostly DNA intercalating agents, and inhibitors against the
microtubule or topoisomerase I (TOP I). The common payload of
ADCs (MMAE and DM1) are microtubule inhibitors, which bind
to tubulin and inhibit microtubule function. DM1 binds to
@-tubulin, inhibiting microtubule polymerization'***'46. It has been
reported that T-DM1-resistant cells exhibit high expression of SII
and QIII isoforms and post-translational modifications of tubulin,
including reduced acetylated and detyrosinated tubulin levels'*’.

Camptothecin analogs (TOP I inhibitors) are also widely used
in ADC design, including DS-8201 and IMMU-132. Similar to
chemotherapy resistance, since TOP I is a unique target of
camptothecin, several studies have shown that point mutations
in the TOP I gene or conformational changes catalyzed by
the enzyme are detected in camptothecin resistant cell lines.
Interactions between TOP I and other proteins also affect the
sensitivity of tumor cells to camptothecin. TOP I is known to
move rapidly from the nucleolus to the cytoplasm after cells are
exposed to camptothecin, and this change in localization would
reduce the interaction between TOP I and DNA, thereby reducing
camptothecin-induced DNA damage and subsequent drug resis-
tance'**1%°. Furthermore, pyrrolobenzodiazepine dimer (PBD)-
conjugated ADC-resistant cell lines exhibit downregulated DNA
replication checkpoint protein SLFN11'*', which normally binds
replication forks and irreversibly arrests replication in response to
S-phase DNA damage, leading to cell death'>.

ADC resistance can also be caused by changes in payload
targets. IMMU-132 is an anti-Trop-2-SN-38 ADC designed to
treat various epithelial cancers. The molecular target of the
cytotoxic payload (SN-38) is TOP I. In IMMU-132 refractory
cancer patients, a TOP I frameshift mutation was reported in the
post-progression tumor specimens, presumably contributing to the
resistance to IMMU-132'"%. This mutation has been previously
reported to induce resistance to TOP I inhibitors. In addition,
proficiency in homologous recombination repair was also associ-
ated with SN38 resistance in IMMU-132">*,

5.4.2.  Drug efflux by ABC transporters
Most cytotoxic payloads of ADCs are substrates of the ATP-binding
cassette (ABC) drug efflux transporters'>>'>®. Elimination of cyto-
toxic drugs from the cytoplasm by ABC transporters has been well-
established as a common resistance mechanism in chemotherapy'>’.
It follows that resistance to ADCs could also be induced by up-
regulation of the drug efflux ABC transporters and thus reduction
in drug accumulation®'. Interestingly, antitumor effect of the cleav-
able ADCs appear to be more significantly affected by ABC
transporters-mediated resistance. To this end, multidrug resistance 1
(MDR1) was upregulated in GO, Inotuzumab ozogamicin and BV
resistant cells, and the expression of MDRI1 was significantly
correlated with the prognosis of cancer patients'>%"',

ABC transporters also contribute to resistance to non-cleavable
ADCs, with upregulation of a variety of resistance genes observed
in T-DM1-resistant cell lines such as Karpas-299-R, NCI-N87-R,

MDA-MB-231-R, MDA-MB-361-R, and OE-19-R'*%!'%1¢",
However, other studies reported that changes in drug efflux
transporters do not account for T-DMI resistance phenotype,
suggesting that charged lysine-MCC-DM1 extrusion may not be
the primary resistance mechanism in all cases'**'%’.

5.5.  Enhanced cancer cell survival

The change of the proliferation pattern of tumor cells has also
been shown to affect the efficacy of ADCs.

5.5.1.  Changes in the cell cycle dynamics

The spindle assembly checkpoint (SAC) is a key surveillance
mechanism during the transition phase of mid-late cell division. It
ensures the proper segregation of the duplicated chromosomes
after mitotic spindle assembly has completed, thus maintaining
cell function and the identity of the resulting daughter cells'®>. By
impeding microtubule assembly, T-DM1 is known to cause tumor
cell cycle arrest at the SAC checkpoint. In a T-DM1-resistant
HER2™ breast cancer cell line, the SAC checkpoint was due to
overexpression of a mitotic kinase Polo-like kinase 1 (PLK1) or
degradation of cyclin B1'®. Importantly, PLK1 inhibition with
volasertib was found to dramatically sensitize the T-DM1-resistant
cells, which was accompanied by SAC-dependent mitotic arrest,
caspase activation, and DNA damage through cyclin-dependent
kinases 1 (CDK1)-dependent phosphorylation®”.

PLK1 assists in SAC closure by inactivating SAC proteins,
thus allowing cell division to proceed'®®. Previous studies have
demonstrated that PLK1 overexpression correlates with poor
prognosis in cancer patients'®'®’. A strong association exists
between elevated PLK1 expression and resistance phenotypes to
numerous newly developed targeted drugs including palbociclib,
sunitinib, and imatinib'®’"! 9,

Cancer cells have been reported to evade the SAC checkpoint
through a process termed mitotic slippage, which entails the
breakdown of cyclin B, a ubiquitination-dependent degradation
required for mitotic exit'’®. This allows cancer cells to prema-
turely proceed from mitosis to interphase without proper chro-
mosome separation, giving rise to multinucleated cells. A small
proportion of these cells may continue to divide into aneuploidy
via aberrant mitosis, thereby resisting anti-microtubule cancer
drugs or ADCs treatment'’®. Consequently, resistance to tubulin-
binding payloads of ADCs may arise from the loss of cyclin B1,
enabling tumor cells to slip from SAC.

5.5.2.  Activation of cell survival pathways

The Bcl-2 protein family regulates mitochondrial death signaling
via cytochrome c¢ release. The ability to resist apoptosis is
considered an important hallmark of cancer'”'. The expression of
cytoprotective proteins has been linked to reduced ADC sensi-
tivity in tumor cells. In numerous non-Hodgkin lymphoma cell
lines, resistance to anti-CD79b-veMMAE is associated with
overexpression of the anti-apoptotic protein Bcl-xL, a member of
the Bcl-2 family'’2. PK11195, an antagonist of antiapoptotic
proteins Bcl-2 and Bcl-xL, has been shown to sensitize AML cell
lines to GO'”. Synergistic cancer killing was achieved by
combining the Bcl-2/xL inhibitor ABT-263 with an immunotoxin
targeting the transferrin receptor in small cell lung cancer cell
lines'™. Similarly, significant tumor regression was also achieved
by co-administering Bcl-2/xL inhibitors navitoclax/ABT-263 and
T-DM1 or EGFR-targeted ADCs, thus demonstrating the effec-
tiveness of Bcl-2/xL antagonists in augmenting ADC efficacy and
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overcoming ADC drug resistance'”>'7%. In line with the

observations with the antiapoptotic proteins (Bcl-2/xL), decreased
expression of the pro-apoptotic proteins (Bax and Bak) has also
been reported to contribute to ADC resistance'””'"®.

5.6.  Tumor microenvironment

In addition to the factors of ADC itself, tumor cell microenvi-
ronment, immune microenvironment and tumor heterogeneity also
play a certain role in drug resistance.

5.6.1.  Tumor-microenvironment exploiting the redundancy of
RTK signaling

Receptor tyrosine kinases (RTKs) represent a group of cell surface
receptors for numerous ligands, including growth factors. RTKs play
a significant role in cell growth, motility, differentiation, and meta-
bolism. Abnormal RTK activation has been observed in various tu-
mors'”?, such as the upregulation of HER2 in numerous breast cancer
cell lines, providing the foundation for T-DM1, a non-cleavable ADC
targeting HER2. The redundancy of RTK signaling serves as a
resistance mechanism for many anti-tumor drugs. This potential
mechanism will be discussed in two parts: overexpression of alter-
native RTKs and diversity of associated ligands.

Long-term use of lapatinib or trastuzumab may result in
compensation for the inhibitory effect on HER2 tyrosine kinase
through the upregulation of HER3 and EGFR. These receptors bind
with residual HER?2, activating the PI3K/Akt pathway and leading to
resistance to HER2 inhibitors'**'8!. Compensation signaling via
alternative RTKSs could contribute to ADC resistance. However, in two
clinical trials, HER3 expression did not alter T-DMI1 activity'>153,

Researchers have explored various strategies of tumor cells to
mitigate the anticancer drug activity of inhibitors targeting EGFR
family receptors. Observations have shown that hepatocyte growth
factor, a ligand for the c-Met receptor, and fibroblast growth factors
can diminish the efficacy of drugs targeting oncogenic kinases by
amplifying the PI3K/Akt and MAPK pathways'®*'®®_ Similarly,
neuregulin-18 (NRG-1p), a soluble secreted growth factor that binds
and activates ErbB3 and ErbB4 transmembrane receptor tyrosine
kinases'®, can promote resistance to therapies targeting the ErbB
family of proteins'®*!'®!. Notably, NRG-18 has been reported to
reduce T-DM1 activity in breast cancer cells by promoting HER3
homodimerization or heterodimerization with HER2, thereby
intensively activating the PI3K pathway'®”. Pertuzumab, a HER2-
HER3 dimerization inhibitor, can restore T-DM1 toxicity in SK-
BR-3-R cell lines by inhibiting Akt phosphorylation'?. Thus, it
appears that resistance induced by RTK-ligands is non-specific and
effective against a wide array of anti-neoplastic drugs. Moreover, it is
plausible that increased levels of fibroblast growth factors, hepato-
cyte growth factors, and other RTK-ligands, resulting from autocrine
tumor-cell production or paracrine contribution from tumor
stroma'®?, could confer an ADC resistance phenotype. However, the
generalizability of these hypotheses faces certain limitations, as only
aslightincrease in response rate was observed in patients treated with
T-DM1 plus pertuzumab compared to T-DM1 alone in randomized
clinical trials"®*'%",

In summary, these findings suggest that the extensive redundancy
of RTK signaling in cancer cells and the tumor microenvironment
may play a critical role in mediating drug resistance mechanisms.

5.6.2.  Tumor immune microenvironment
The immunosuppressive tumor microenvironment can diminish
ADC activity. Studies have shown that CD8" T cell depletion

significantly impairs ADC efficacy'**'®”. However, emerging evi-
dence suggests that ADCs can stimulate antitumor immunity. DS-
6157a, an anti-GPR20 ADC, mediates ADCC'?®. Combining
T-DM1 with anti-PD1 and anti-CTLA-4 enhances tumor eradication
in immunotherapy-insensitive tumor models by inducing inflam-
matory responses'**>%. Enapotamab vedotin, an ADC targeting
AXL, effectively elicits antitumor immunity and immunologic
memory in melanoma and lung tumor models with primary resis-
tance to immunotherapy and tumor-specific T cells?®!. Co-treatment
with a novel HER2-targeting ADC bearing a potent anthracycline
derivative as payload (T-PNU) and immune checkpoint inhibitors
produces synergistic antitumor responses in HER2" breast can-
cer'””. Rios-Doria et al.'® described the therapeutic potential of
appropriately dosed ADCs conjugated with PBD or tubulysin, which
induce immunogenic cell death and memory-like phenotypes in
cytotoxic T cells when combined with immuno-oncology drugs such
as PD-1 or PD-L1 antibodies. These effects have been confirmed in
clinical responses, warranting more investigation>®' %2,

In conclusion, the changes of each component of ADC and the
process of transporting and releasing load of ADC in vivo may
occur drug resistance. To prevent and avoid this problem as much
as possible, it is very promising to develop dual-head ADCs with
different antigens or tumor heterogeneity and dual-load ADCs
with different payloads. It is also necessary to optimize the ADC
connector and connection technology. Combination with other
targeted drugs and immunotherapy drugs can also counteract the
drug resistance of ADC to a certain extent.

6. Strategies to overcome ADCs resistance

ADC:s resistance is a major challenge in the development of them.
Strategies to overcome drug resistance of ADCs mainly include the
development of novel ADCs and ADCs combined with other drugs.

6.1. Novel ADCs development

As mentioned earlier, upregulation of drug transporters is one of
the main causes of ADCs resistance. In the development of novel
ADCs, the cytotoxic payload can be swapped for drugs or toxins
with poor substrate efflux. For example, DS-8201, a targeted
HER2 ADC that uses a novel DNA topoisomerase inhibitor,
overcomes T-DM1 resistance caused by aberrant expression of
ABC transporters in HER2" gastric cancer®®. SGN-CD33A, an
ADC conjugated to PBD against CD33, has anti-leukemic activity
in preclinical models of drug-resistant AML?*. Anti-CD22-
NMS249 designed using anthracycline analogues instead of
MMAE had the same effect as CD22-vc-MMAE in xenograft
models and maintained efficacy in resistant cell lines®®.

Optimizing the structure of ADCs payload to give full play to
bystander effect is an important method to solve drug resistance
caused by tumor heterogeneity. The ADC-induced bystander ef-
fect essentially depends on the charge of the payload®®. For
example, the maytanin-type tubulin inhibitor DM4 exerts a
bystander effect by releasing neutral catabolites®®’. Another
strategy to develop new ADCs is to modify the linker to make it
more hydrophilic and reduce MDR expression. In ADCs with
sulfo-SPDB and PEG (4) Mal linker, they had higher validity for
the model of MDR1(+-)!3>2%8,

To overcome ADCs resistance, the current development of
ADCs has begun to explore the method of recombinant antibodies.
Bispecific antibodies, bispecific ADCs targeting different sites of
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the same antigen, can achieve better lysosomal aggregation and
load delivery®®?'°. In addition, similar to bispecific antibodies,
dual payloads with different mechanisms can reduce drug resis-
tance, and two synergistic payloads can be selected for delivery to
cancer cells to achieve higher efficacy'''. Furthermore, the mo-
lecular weight of the antibody is also an important factor to
consider when designing an ADC. The molecular weight of 1gG is
about 150 kDa. It is difficult for IgG to penetrate the capillaries
and matrix of tumor tissue, and it penetrates slowly in the treat-
ment of solid tumors>'''2. To solve this problem, scientists have
miniaturized the antibody through wiping out Fc segment. The
modified antibody not only retains high specificity and affinity, but
also easily penetrates blood vessels into solid tumors, greatly
enhancing the effect of killing on solid tumors. However, this
change will shorten the half-life of ADC in vivo>'®. Therefore, it is
necessary to comprehensively consider various influencing factors
when designing ADC.

6.2. Combination of drugs

The combination of ADC and chemotherapy or targeted therapy
with different mechanisms of action is a solution to the problem
that ADC cannot act on target antigen loss and heterogeneous
tumors®'*. At present, a number of clinical trials of ADC com-
bined with chemotherapy and/or targeted therapy are ongoing.
T-DM1 combined with lapatinib and paclitaxel has significant
efficacy in early and advanced HER2" breast cancer”'>. However,
the combination of T-DM1 and docetaxel has good efficacy in
clinical practice, but the adverse reactions are more serious>'®.
Therefore, the side effects of drugs should also be fully considered
in the combination of drugs, and the balance between efficacy and
safety should be done well.

The combination of ADC and immune checkpoint inhibitors
(ICIs) can increase the recruitment of CD8™ T cells to tumor tissues
and increase the efficacy of immunotherapy?!’. At present, ADC
combined with immunotherapy mainly focuses on PD-1/PD-L1 and
CTLA4, which involves a variety of mechanisms, including
inducing immunogenic cell death, increasing T lymphocyte infil-
tration, enhancing the expression of immunomodulatory proteins,
and inducing the maturation of dendritic cells'®. In preclinical
models, the combination of ADC and PD-1 inhibitor was
more effective than either agent alone'®”'”. There are a number of
ADCs and ICIs combination therapy clinical trial is under way
(NCTO05547321, NCT03288545, NCT05701527, NCT04042701,
NCT05629585, NCT04925284, NCT05687266, NCT05609968).

7. Possible biomarkers of ADCs resistance

While ADCs have greatly enriched the treatment of choice for
different tumor types by combining the potent cytotoxic nature of
chemotherapeutic drugs with the selectivity of targeted therapies.
However, there is generally a lack of robust predictive biomarkers
to predict treatment response (or drug resistance) to ADCs. To
date, measurement of the target antigen expression in tissue
biopsies is the method used clinically to predict ADC resistance.
Decreased expression or mutation of target antigen is expected to
trigger ADC resistance. The c-Met expression level has been
identified as a predictive biomarker for the efficacy of SHR-A1403,
an ADC targeting c-Met*'®. Similarly, the expression of several
proteins has been shown to be independent predictors of ADCs
resistance. MUC4 is known to regulate HER2 expression by

enhancing its stability. Consistently, MUC4 has been reported as an
independent predictor of T-DMI1 sensitivity'*®. During clathrin-
mediated endocytosis, RABSA is a small GTPase that regulates
the fusion of endocytic vesicles to early endosomes*'. The binding
of RAB5SA to HER?2 is an important determinant for sensitivity of
T-DM1. Several studies have shown that cancer patients bearing
RABSA highly expressing tumors have better prognosis with
T-DM1 therapy®?>?*!. Recently, Wang et al.'® proposed that
V-ATPase activity in lysosomes is a new marker for predicting
T-DM1 resistance. SLC46A3 is a lysosomal drug efflux trans-
porter, and its expression level can also indirectly predict the drug
resistance to ADCs*?%. In addition to Trop-2 expression, homolo-
gous recombinational repair proficiency can also reflect IMMU-
132 sensitivity'>*. It is noteworthy that assessment of antigen
expression in tissue biopsy could only reveal the parameter at a
specific tumor site. The method is not able to capture the hetero-
geneous patterns of antigen expression. On the other hand, the
assessment can be performed over time to provide information
about the evolvement of the resistance mechanisms.

8. Conclusions

The class of ADCs is considered one of the fastest-growing
segments in model oncology drug development, which demon-
strates excellent efficacy in treating different cancer types. At
present, 15 ADCs have been clinically approved worldwide, and
more than 100 clinical trials in different phases are currently
ongoing to investigate the newly developed ADCs. While ADCs
produce encouraging therapeutic outcomes in cancer patients,
the emergence of drug resistance is severely hindering their
clinical utilities. ADC resistance is caused multifactorial mech-
anisms into the body of any change will cause resistance. The
development of new ADC entities and the combination of ADC
with various modulators according to the causes of drug resis-
tance are the direction of their future development. It is expected
that this “biological missile” will bring a glimmer of light to cancer
patients.
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