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ABSTRACT: Antibody−drug conjugates (ADCs) represent an emerging new paradigm in cancer therapy. The approval of two
ADCs has spurred considerable interest in this area of research, and over 55 ADCs are currently in clinical testing. In order to
improve the clinical success rate of ADC therapy, all three components of the ADC: the antibody, linker, and payload have to be
optimized. While considerable improvements have been made in antibody properties and target selection, medicinal chemistry
efforts have lagged behind, and there is a significant need for innovation in linker design and payloads.

■ BACKGROUND

The concept of antibody−drug conjugates (ADCs) evolved
over 30 years ago from oncologists’ desire to improve the
therapeutic index of anticancer drugs. Monoclonal antibodies
that bind preferentially to tumor-associated antigens served as
the means to selectively deliver a cytotoxic agent to the tumor.
Thus, the ADC approach was envisioned as a means to lower
the systemic toxicity of chemotherapy and achieve a higher
dose in patients, resulting in greater efficacy. Early ADCs
(1985−1995) sought to improve the tumor selectivity of
clinically used anticancer drugs, such as doxorubicin and
vinblastine.1 Lack of clinical success dampened enthusiasm in
this approach and pharmaceutical companies exited the field.
Analysis of the possible causes for the lack of success pointed to
several factors, notable among them were the instability of the
linkers that connected the antibody to the payload, and the
modest potency of the cytotoxic agents. It has been estimated
that ∼2 × 108 molecules of doxorubicin are required
intracellularly to kill a cell, a number not achievable through
antibody-mediated delivery due to moderate antigen expression
(typically 1 × 105 to 1 × 106 antigens/cell) on the surface of
tumor cells.

■ ADCS IN DEVELOPMENT

The next set of ADCs to enter the clinic incorporated purpose-
developed cytotoxic agents that were ∼1000-fold more potent
in vitro than doxorubicin and vinblastine. The first proof of
concept with ADCs based upon a more potent payload was
achieved with FDA approval in 2000 of gemtuzumab
ozogamicin, for the treatment of acute myeloid leukemia.
This ADC incorporated calicheamicin, a potent enediyne
compound that causes double strand breaks in DNA. At the
same time, compelling preclinical data with ADCs using potent
tubulin polymerization inhibitors maytansinoids and auristatins
were being reported.2 Despite the new data, most companies
were still not ready to adopt the newer ADC technologies: in
2006, only three new ADCs commenced clinical trials (Figure
1). In 2010, the first ADC to be approved, gemtuzumab
ozogamicin, was withdrawn from the market due to safety
concerns. In the meantime, promising clinical data on the
maytansinoid-based ADC, ado-trastuzumab emtansine (Kadcy-
la, T-DM1) targeting HER2, and the auristatin-based ADC,
brentuximab vedotin (Adcetris) targeting CD30, were reported

at scientific meetings and published in 2010.3,4 Currently, these
are the only two ADCs to receive marketing authorization from
the FDA. These two clinical success stories have revitalized the
ADC field. New ADCs entering in the clinic saw a spike in
2011 (Figure 1).5 As of 2016, >55 ADCs, sponsored by 24
different major pharmaceutical or biotechnology companies, are
in clinical testing. The overall success rate of the ADC approach
for cancer treatment is still quite low, and at least 27 ADCs
have been discontinued from clinical development. Thus, to
become a mainstream option for cancer treatment, there is a
need to improve the safety of ADCs and efficacy in more cancer
types by optimizing each component: the antibody, the linker,
and the cytotoxic compound.

■ THE BIOLOGISTS’ CONTRIBUTION
There is considerable diversity in the antibodies and cell-surface
antigens that are being targeted by ADCs currently in clinical
evaluation. The diversity includes a broad range of tumor types
(solid tumors and hematological malignancies), varying nature
of the antigenic epitope (peptide, carbohydrate, glycoprotein,
etc.), and antibodies with or without inherent functional
activity. While HER2 is a popular target, with four different
ADCs in Phase 1 clinical trials, there are antibodies to >40
distinct antigen targets in clinical evaluation as ADCs. Early
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Figure 1. Number of new ADCs entering clinical testing each year.
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ADCs to enter clinical testing elicited an immune response to
the murine antibody component. With advances in antibody
engineering, a majority of ADCs currently in the clinic contain
“humanized” or “fully human” antibodies, and immunogenicity
is rarely a limiting issue. Innovation to improve the biological
properties of the antibody component of ADCs is continuing.
Biparatopic antibodies that can bind two different non-
overlapping epitopes on the same target antigen, is one such
example. A biparatopic antibody to HER2 was shown to cause
receptor clustering, resulting in improved internalization,
lysosomal trafficking, and degradation as compared to
trastuzumab. An ADC of this antibody with a tubulysin-based
microtubule inhibitor demonstrated good antitumor activity in
some tumor xenograft models.6 Bispecific antibodies that can
bind to two different antigens simultaneously offer a means of
combining the binding specificity of two antibodies, thus
targeting a wider population of antigen-expressing tumor cells.
Nanobodies and other smaller molecular weight fragments of
antibodies that have the potential for better tumor penetration
are also being developed. Molecular biologists have also
engineered antibodies to incorporate amino acids with
functional groups that enable site-specific conjugation of a set
number of molecules of a cytotoxic payload to provide
homogeneous ADCs. The first innovation in this area described
the incorporation of cysteine residues at specific sites on the
antibody.7 Subsequently, a number of other site-specific
conjugation approaches have been reported.8

■ A CHALLENGE FOR THE MEDICINAL CHEMISTS
The only two FDA-approved ADCs use microtubule inhibitors
(a maytansinoid and an auristatin) as the cytotoxic agent,
spurring the advancement to the clinic of many more ADCs
with payloads from these two classes. However, the success rate
of ADCs of microtubule inhibitors is quite low as 24 of them
appear to have been discontinued from clinical development,
mainly due to insufficient efficacy. Nevertheless, medicinal
chemists continue to design and synthesize tubulin agents,
which are analogues of the parent auristatins (MMAE, MMAF)
and maytansinoids (DM1, DM4), and in a few cases,
tubulysins, a family of compounds that have similar mechanism
of action and potency as the auristatins and maytansinoids. At
least six companies have disclosed new auristatin analogues in
patent applications or peer-reviewed publications.9 It is not
clear whether any of these auristatin analogues offer a
significant advantage over the parent compound or merely
provide a proprietary position for the company. It is customary
in the pharmaceutical industry to go after validated disease
targets and develop compounds that differentiate from the lead
molecule in the field. After the discovery that inhibition of
HMG-CoA reductase could be an effective means of lowering
plasma cholesterol in humans, the first such inhibitor,
lovastatin, received FDA approval in 1987. Subsequently, six
other statins that inhibit the same enzyme have been approved
and commercially launched. However, cancer is not one disease
that is treatable by a single class of compounds. There are >200
approved anticancer drugs, with diverse mechanisms of action.
Why then is this type of diversity missing in the payloads used
in ADCs? It is indeed easier to design analogues of known
molecules. However, the low success rate of ADC can be
attributed, at least in part, to the use of payloads with the same
mechanism of cell killing for every antigen target and every type
of cancer. Thus, ∼70% of the 50+ ADCs currently in clinical
evaluation use inhibitors of tubulin polymerization as the

payload, regardless of whether the disease type is known to be
sensitive to compounds with that mechanism of action (Figure
2a).

There are now a growing number of ADCs that incorporate
one class of DNA cross-linkers, the pyrrolobenzodiazepines
(PBDs), as the cytotoxic payload. Cytotoxic agents that target
DNA, either through direct interaction (e.g., doxorubicin,
platinum-based compounds) or indirectly (topoisomerase
inhibitors, antimetabolites such as 5-fluorouracil and gemcita-
bine) are widely used in cancer therapy, often in a front line
setting. Given the sensitivity of cancer cells to DNA-interacting
agents, there is a need for novel agents from this class for use as
ADC payloads. There are indeed challenges to finding a
cytotoxic molecule for use in ADCs that meets the unique
requirements of high in vitro potency (IC50 in the
subnanomolar range) and adequate aqueous solubility and
stability. In addition, the structure of the chosen molecule
should be amenable to chemical modification for linkage to
antibodies. However, these are not insurmountable hurdles but
may require scouring the literature for potent compounds or
going back and analyzing the library of natural products or
synthetic compounds in a company’s repository to identify
those that meet these basic criteria. Surely, there were
compounds, such as highly potent kinase inhibitors, that were
deemed too toxic or suffered from low cell permeability, which
could not be developed as small molecules. After all,
maytansinoids and auristatins that are used in ADCs were
derived from the potent parent compounds maytansine and
dolastatin 10, both of which were too toxic on their own in the
clinic to be therapeutically useful.
Another important element of ADC design that has not seen

much diversity is the linker that connects the antibody to the

Figure 2. (a) Payload classes used in ADCs currently in clinical
testing. (b) Linker classes used in ADCs currently in clinical testing.
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cytotoxic molecule. Linkers serve the dual purpose of stably
connecting the payload to the targeting agent during
administration and circulation, and then efficiently and
completely releasing the payload in the tumor microenviron-
ment. Brentuximab vedotin uses a valine-citrulline dipeptide
linker that is cleaved by cathepsin B, while ado-trastuzumab
emtansine uses a thioether linkage that relies on lysosomal
degradation of the antibody component to release the payload.
Besides these two types of linkages, several ADCs employ
disulfide linkers that can be reductively cleaved inside a cell to
release the active payload. The linker choice in most of the
ADCs currently in the clinic has been biased toward these three
classes, most likely because they are the only ones that have
been clinically validated (Figure 2b). Innovation in linker
chemistry has the potential to significantly impact safety and
efficacy of ADCs. Thus, linkers can be designed to release
catabolites that are detoxified, for example, by oxidation in the
liver, resulting in lower systemic toxicity. Peptide linkers that
are selectively and more efficiently proteolyzed by lysosomal
enzymes in cancer cells to release active catabolites could
improve safety and antitumor activity. One such linker was
recently described.10 Linker designs that release metabolites
that are potent and cell-permeable could diffuse into and kill
proximal bystander cells resulting in greater efficacy against
tumors that express the antigen heterogeneously. Linkers that
do not rely on lysosomal cleavage to release active drug may
provide the opportunity to use antibodies that do not efficiently
traffic through lysosomes.
The ADC field affords a unique opportunity for medicinal

chemists to innovate to improve the antitumor activity and
therapeutic index of ADCs and thus affect the therapeutic
outcome for patients. With the large number of pharmaceutical
and biotechnology companies actively involved in ADC
research and development, there is expectation that chemists
will contribute to advancement of the field. Recent publications
on new payload and linkers, although still sparse, along with
understanding of the mechanism of action of ADCs, are
encouraging signs that chemistry efforts to optimize ADCs are
being prioritized and that some progress is now being
made.11,12
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