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Abstract: Antibody—drug conjugates (ADCs) are formed by a targeting antibody conjugated to
a chemotherapeutic molecule through a linker. Recent data demonstrate that ADCs represent a
valuable advancement for the clinics and, despite their recent appearance in medicine, they are
already undergoing an innovation wave aimed at targeting all three ADC building blocks. Thus,
new antibody formats are being engineered, site-specific linkers are being designed, and highly
toxic molecules, like RNA polymerase inhibitors, are starting to be used for conjugation. These
molecules were previously considered extremely toxic and could not be used as chemothera-
peutic drugs. In this review, we will present an overview of current cancer treatments and their
limitations, and the logic that has led to the generation of ADCs. Their mechanism of action will
be outlined, and the most recent novelties in linker design and optimization will be discussed,
along with present and near future discoveries in the current ADC research pipeline.
Keywords: immunoconjugates, antibody—drug conjugates, antibody fragments, cancer,
monoclonal antibodies

Introduction

The amount of information and progress in the understanding of the cellular and
molecular biology of cancer in recent years has given vast opportunities for future
discoveries and the development of new diagnostic and therapeutic agents for the
control of the disease. Cancer has long been treated with a variety of cytotoxic drugs
with the aim of destroying the malignant cells without causing significant harm to the
surrounding normal cells.! In order to do that, many of these drugs preferentially kill
cell types with higher proliferation or metabolic rates, a feature typical of most tumor
cells but also of many healthy cells, such as some epithelia. Toxicity and side effects
are therefore an unavoidable price to pay during chemotherapy treatment.

At present, cancer biologics (antibodies, peptides) and small molecules play an
increasing role as therapeutic molecules, especially in combination with radiotherapy
or chemotherapy. Antibody therapeutics have become fully established in the last
decades, starting with the revolution of the hybridoma technology to develop murine
monoclonal antibodies (MADbs).? However, only 12 therapeutic MAbs are marketed
today for the treatment of cancer,’ highlighting two main problems, the identification
of the “perfect” molecular target, and the clinical efficacy of the MAb as a single
therapeutic agent.

Among all antibody-related products, immunoconjugates have become increas-
ingly important as oncology therapeutics. The concept of conjugated MAbs rises
from the attempt to increase the specificity of chemo- or radiation therapy and
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improve the efficacy of immunotherapy by exploiting the
specificity of the MAD for the target. The linked antibody
in fact can significantly decrease non-specific uptake of
the drug and increase specific uptake of the conjugate
by the tumor cells.* Immunoconjugates of various kinds
constituted 44% of the total anticancer MAbs in clinical
studies up to 2010.3

The main components of a therapeutic immunoconju-
gate are described in Figure 1. Immunoconjugates can be
categorized into three groups depending on the nature of
the molecule linked to the antibody. In the case of a protein
toxin, the conjugate is an immunotoxin conjugate. In clinical
studies, they have proven highly immunogenic and showed
nonspecific toxicity, starting from damage to the endothelium
and also hepatic and renal toxicity.®

When the conjugate carries an isotope as effector, it
is referred to as a radioimmunoconjugate. Clinical studies
have revealed the limitations of radioimmunoconjugates
as cancer therapeutics, especially because of the difficulty
of delivering effective radiation doses to solid tumors, the
complex chemistry often required for conjugation, and the
potentially toxic effects on normal tissues.” The most clini-
cally promising results have been obtained in treatment of
hematologic cancers due to the radiosensitivity of these
tumors and the ability to deliver more easily the necessary
dose for tumor eradication.®

Tubulin binder®
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Figure | Immunoconjugate components. An antibody, shown in the center of the
chart, is conjugated to an effector molecule (payload) belonging to one of three main
categories (protein toxins, small molecules, or isotopes). The conjugation occurs via
a linker, classified into two main categories (cleavable or uncleavable), depending on
its chemical features.

The third group of immunoconjugates, which is also
the main focus of this review, is formed by antibody—drug
conjugates (ADCs), featuring antibodies armed with small
drugs, generally of a molecular weight between 300 and
1,000 Da. The first ADC approved by the US FDA (Food
and Drug Administration) in 2000 (but never in Europe)
was gemtuzumab ozogamicin (Pfizer, Inc., New York, NY,
USA), a calicheamicin-linked CD33-specific MAb for the
treatment of acute myeloid leukaemia (AML).° In 2010,
however, the drug was withdrawn from the US market by
the developing company after the failure of the required
post-approval study.!°

Gemtuzumab ozogamicin is considered a first-generation
ADC that has opened the door to the improvement of the tech-
nology and has led to the design of new compounds, which
are currently at different stages of clinical development.''

At the end of 2013, 35 novel ADCs were being investi-
gated in clinical studies as treatments for a variety of solid and
liquid tumors. Out of these 35, nearly 70% entered clinical
study in the previous 3 years.'?

ADCs: mechanism of action

The basic concept in designing an ADC is to combine the
extreme precision of the antibody directing the drug toward
the cell surface together with the power of the cytotoxicity
associated with the drug. ADCs are in this sense pro-drugs
requiring drug release for activation, commonly after ADC
internalization into the target cell.”® The mode of action of an
ADC administered to a patient can be followed in the steps
described in this paragraph and in Figure 2.

Circulation

The intravenously delivered ADC, while in circulation, must
behave like a naked antibody in the plasma. In particular,
the linker must be stable in the bloodstream, as decay would
release the cytotoxin before being delivered to the target site
and cause damage to the healthy tissues.

Antigen binding

The ADC binds to a target antigen on the surface of the
tumor cell. The choice of the target is critical for the ADC to
be a successful therapeutic. In the selection of a target, some
essential features should generally be complied with that are
similar to those applied in the design of naked therapeutic
MADs.>* However, the choice of a suitable target cannot
be just as simple, and pros and cons of the main criteria
considered will be described in the following paragraphs
of this review.
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Figure 2 Mechanism of action of ADCs. The antibody—drug conjugate (purple Y shape with little stars) binds to the target receptor (blue ovals) on the cell surface and is
internalized by endocytosis. Processing through the endosome-lysosome pathway leads to antibody detachment, recycling of the receptor toward the cell membrane and

release of the effector molecule in the form of active drug.
Abbreviation: ADCs, antibody—drug conjugates.

Internalization

ADC internalization is generally necessary for efficient drug
release in the cytoplasm, depending upon the drug and linker.
The ideal scenario for a successful ADC would be that not
only the target antigen is internalized, but also that a rapid
internalization process, combined with efficient recycling
of the antigen at the cell surface, should be desirable. In
reality, none of these must be considered a fundamental
criterion for target selection. There are examples of inef-
ficiently internalising antigens that have been successfully
targeted with ADCs, ' as well as powerful ADCs with a slow
internalising rate.'®

Drug release

Once internalized, the ADC will move into the cells by an
endocytosis process and through this will efficiently release
the original cytotoxic drug in its active form. Internalization
of the ADC commonly proceeds via a clathrin-coated pit
mechanism into the endosome-lysosome pathway.!” The
pH of these organelles, which varies from pH 6.0-6.2 (early
endosomes), to pH 5.5 (late endosomes), and to pH 4.5-5.0
(lysosomes), plays a critical role in the reaction that trans-
forms the ADC from pro-drug into active drug.'® In fact,
based on its chemical nature (which will be described in great

detail in the following paragraphs), the linker can either be
cleaved by the acidic conditions or, if non-cleavable, will be
released together with the cytotoxic molecule upon prote-
olytic degradation of the antibody portion.

Drug action
Once released, many factors will affect the efficiency of the
cytotoxic drug inside cells. Beside the issues already dis-
cussed, like the rate of internalization of the conjugate and
the rate of degradation of its protein moiety that allows the
release of the cytotoxic drug, other processes might occur and
must be considered, like the rate of efflux of the drug from the
endosomal/lysosomal compartment into the cytoplasm, the
rate of its efflux outside the cell, and the rate of conversion
of the drug into non-active species, if such a process takes
place.” The sum of all these events implies that the active
drug will be present in the cell only at very low concentra-
tions and because of that, it must be a very potent drug with
subnanomolar half maximal inhibitory concentration.
Early ADCs used clinically approved chemotherapeutic
drugs, because they were readily available and their toxico-
logical properties were well known. These, however, were
only moderately potent and usually less cytotoxic for the
targeted tumor cells than the corresponding unconjugated
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drug.?® The interest turned then toward those compounds
found to be too toxic when tested as a stand-alone chemo-
therapy agent. These toxins can be 100 to 1,000 times more
cytotoxic than traditional anticancer agents.”' The number of
cytotoxic drugs that fulfill this potency and stability require-
ment is quite limited. Among these are 1) inhibitors of tubulin
polymerization (like the maytansinoids [DMs], dolastatins,
auristatin, and cryptophycin); 2) DNA alkylating agents
(CC-1065 analogs and duocarmycin); and 3) the enediyne
antibiotics such as calicheamicin and esperamicin, which
catalyze DNA double-strand breaks.?

ADCs: a new innovation

in biopharmaceuticals

ADC:s are at the cutting edge of cancer chemotherapy and
represent one of the most advanced stages of antibodies
evolution. Considering their relatively recent introduction into
the drug domain, the fast transformation pace that they are
experiencing is, in fact, surprising. This is related to the fact
that antibodies are really starting to maintain their promise
to become magic bullets and hence, they exert a fascinating
interest on both pharmaceutical companies and scientists.

Because of the way this evolutionary process is taking
place, it is very likely that several examples of ADCs, similar
to ado-trastuzumab emtansine (Genentech, Inc., South San
Francisco, CA, USA), will become available in the near
future. This drug has the peculiarity to be the conjugated
counterpart of trastuzumab, a previously naked antibody still
used in therapy, with the consequent possibility to closely
observe the difference in efficacy of an antibody and its
conjugated counterpart in the very same patient.

All three ADC building blocks are the object of highly
intensive manipulation in order to improve the design of the
final molecule. Among them, antibodies are being engineered
in new formats, linkers are reaching a new maturity through
a second generation of site-specific conjugation techniques,
and molecules previously impossible to use for their extreme
toxicity are now being conjugated and tested.

Linker technology: design

and optimization

Almost neglected at the beginning of the ADC era, linker
design has today become an independent chapter in the
ADC pipeline, especially because, along with MAbs and
cytotoxic drugs, the type of linker, its stability, site of con-
jugation, and the final drug/antibody ratio (DAR) are crucial
parameters which affect ADC biophysical properties, safety,
pharmacokinetics (PK), and efficacy. The junction between

the antibody and the payload is generally a covalent bond
or a chemical linker, while a fusion construct, including the
MAD fragment and the effector joined by a peptide linker,
can be devised in the case of an immunotoxin conjugate
molecule; thus, expression of the entire polypeptide can be
performed in a host.

Linkers are classified into two categories: cleavable and
uncleavable (Figure 3). They need to be stable in the circula-
tion and must be cleaved, ideally, only inside the cells, thus
preventing the drug payload from being shed before reaching
the tumoral cell target. When the linker is unstable in the
extracellular space, the free drug subsequently permeates the
cell to reach its target.?? This can be a useful mechanism to
enhance on-target activity, but it can also be the cause of off-
target toxicity, which is absent with uncleavable linkers.?!

Uncleavable linkers are cut by complete degradation of
the MAb component in the lysosome, which leaves an active
unit formed by the drug, the linker, and a lysine residue.?**
Cleavable linkers are selectively cleaved upon change of
a biophysical property (eg, pH in the case of hydrazone
linkers),?! or when an appropriate protease is found. For
example, lysosomal proteases (eg, cathepsin and plasmin)
are present at elevated levels in certain tumor tissues.”

Though established conjugation chemistries and linkers
for antibody arming have already led to a significant improve-
ment in therapeutic outcome,’® a rapid evolution of both into a
second generation is already under way. The reason is mainly
to be found in the heterogeneity of conjugation sites and the
number of drug molecules for a given ADC, which has, in
fact, been found to condition the activity of the final drug.

Some effort has been put into the generation of reproduc-
ible heterogeneity (ado-trastuzumab emtansine) in order to
guarantee consistent therapeutic effects. However, a more
promising and finer alternative is represented by devising
and optimizing new methods for site-specific conjugation,
which allow control of location and number of drug moieties
per antibody molecule. As antibodies are glycoproteins, the
main conjugation strategies target either the primary amino
acid sequence or the sugar moieties, exploiting either native
structural components or artificial handles introduced by
different technologies (eg, bioorthogonal chemistry, tag
addition).

Conjugation by amino acid residues

Conjugation by amino acid residues exploits the thiol group
of cysteine or the epsilon amino group of lysine. Cysteine-
based strategies already count many variants. Secattle
Genetics, Inc. (Bothell, WA, USA) technology exploits four
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Figure 3 Linkers. Classification of linkers according to the available technologies. Beyond cleavable and uncleavable linkers, site-specific conjugation is the most relevant field

of investigation at the moment, with several novel emerging technologies.

Abbreviation: XTEN, unstructured polypeptides that are able to extend the half-life of proteins.

interchain disulphide bridges in the antibody hinge region.
Reduction of these four bonds leads to the formation of eight
cysteine thiols as linkage points. DAR can be from zero to
eight, with the average controlled around four.?” ThioMAb
drug conjugates are a type of therapeutic antibody to which
toxins or chemotherapeutic agents are chemically linked to
engineered cysteines, which have been introduced into the
amino acid sequence by single point mutations. Typically,
two engineered cysteines are introduced per antibody on
the heavy chains, light chains, or Fc, which become conju-
gation sites for linkers. For example, Seattle Genetics, Inc.
exploited residue 239 of the antibody heavy chain, generat-
ing two unpaired cysteines.?® ThioMAb drug conjugates
improve the therapeutic index compared to conventional drug
conjugation strategies for some antibodies.?’ Thiobridge™
conjugation (Polytherics Ltd, London, UK) allows connec-
tion of natural cysteines by a three-carbon bridge to which a
toxic payload is already conjugated, with a 90% yield and a
DAR of four.?’ Single or dual selenocysteine residues have
also been introduced into the C-terminus of antibodies and
allow conjugation without interference with native cysteine
bridges.*® In the case of disulphide bonds, the release of the

payload is attributed to the high intracellular concentration
of glutathione, as, in the absence of sulfhydryl groups,
disulphide bonds are thermodynamically stable.

Lysines are very common in antibody sequences and half
of them project their side chain on the surface,’! becoming
potential conjugation sites. Several ADCs are lysine conju-
gates,’! and a recently presented variant of lysine conjugation
mediated by light can lead to high drug loads (8—10 drug resi-
dues per molecule),?? especially if engineered lysine sites are
used. In the humanized antibody huC242, lysines were used as
attachment points for a bifunctional cross-linking agent then
linked to thiol-containing DM1 or DM4. Varying the steric
hindrance at carbon atoms adjacent to the disulphide bond led
to optimization in in vivo activity. There are examples where
both lysine and cysteine conjugation were tested for the same
antibody, with significantly different outcomes.**

A glutamine tag can be introduced and exploited for
binding,* but an engineered transglutaminase (mTgase)
can catalyse direct conjugation of drug molecules using
native antibody heavy chains as a substrate (Dophen Bio-
medical, West Sacramento, CA, USA). Alternatively, a new
site-specific conjugation technology based on bacterial
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transglutaminase exploits point mutations in the antibody
heavy chain, which generates two or four conjugation sites for
enzymes. Linkers have been optimized in order to conjugate
to these positions quantitatively. This technology, by Innate
Pharma SA (Marseille, France), allows generation of homo-
geneous ADCs with an exact antibody/toxin ratio of 2:1 or
4:1. Non-natural amino acids (otherwise known as unnatural
amino acids)* are an alternative adopted by Sutro Biopharma,
Inc. (San Francisco, CA, USA) and Ambrx, Inc. (La Jolla,
CA, USA), with specifically designed platforms.?’

Conjugation by sugar residues
A big chapter in the realm of site-specific conjugation consists
of binding through sugar moieties or glycan remodeling.*®
Glycosylated proteins can now be produced in engineered
bacterial hosts carrying glycosylation enzymes. Several
chemistries have also been designed for this purpose: metal-
free click reactions to label proteins and glycoproteins, post-
translational glycan remodeling, and subsequent metal-free
click reaction, plus glycoengineering by aminoxy chemistry.
Currently available are also XTEN derivatives containing
amino, thiol, and/or dibenzocyclooctyne reactive groups.*
Though homogeneity is necessary, finding the best con-
jugation site is also very relevant because of its effect on
the functionality, stability, pharmacology, and toxicology
of the resulting ADC.?” Among the technologies to engineer
new binding sites to the antibody moiety, great interest has
arisen for bioorthogonal chemistry. This relatively recent
type of chemistry* introduces functional groups into cell-
built proteins exploiting substrates, which can be processed
and included into biological molecules without interfering
with their physiological activity, in an “orthogonal” way to
normal functional groups. The handles thus generated can
then be used for conjugation of the purified protein. Both
sugar and non-sugar moieties can be targeted with this
technology. Orthogonal conjugation sites allow the main-
tenance of an unaltered main function on the antibody side
(antigen binding).

Novel linkers

But beyond conjugation sites, the nature of the linker is also
relevant. The peptide-like citrulline—valine linker is selectively
cleaved by lysosomal proteases, and it has demonstrated high
levels of stability in the serum (brentuximab vedotin, Seattle
Genetics, Inc.).!*! Novel linkers are also searched that, ide-
ally, cleave at suitable rates to allow the controlled release
of drugs. Among the most recently described are: SNAP, a
highly bifunctional linker that yields homogeneous ADCs

armed with the toxin (Igenica Biotherapeutics, Burlingame,
CA, USA); Thiobridge™ (Polytherics, Ltd), described in
the “Conjugation by amino acid residues” section; CL2A;*
and SpaceLink (Synthon BV, Nijmegen, the Netherlands).
Finally, fusion proteins can take advantage from inteins
technology.*

Coupling can also be obtained by non-covalent bonds.
One recent technology is the dock-and-lock method, which
uses the natural binding occurring between adenosine
monophosphate-dependent protein kinase and the anchoring
domain of A kinase to assemble multiple units in a single
active molecule.*

For radiolabelled biomolecules, special linkers
(bifunctional coupling or chelating agents) are needed,
which meet the need to chelate the tracing radiometal.®
For diagnostic purposes, bifunctional coupling agents need
to be retained in the circulation only for a short time, until
their excretion kinetics can be modified with various PK-
modifying linkers (cationic, anionic, neutral, or metabolically
cleavable) to improve renal clearance or to slow extraction
by hepatocytes.*

Optimization of an ADC linker is often laborious, and
several case studies suggest that a change in linker type can
strongly affect the outcome. For example, a disulphide linker
with variable hindrance was tested for ado-trastuzumab
emtansine,'**® and several conjugates were tested for the
same antibody exploiting an aldehyde group.*’

Linker design and optimization is still a trial and error pro-
cess, but some clear principles are falling into place.?® At the
same time, there is a pressing need for more specific analytical
techniques, useful to assess the structural effect of conjugation,*®
and this becomes even more relevant on the manufacturing side
of ADCs, where further issues need to be addressed (like, for
example, in the case of trisulphide modification).*

The ADC pipeline

Among the ADCs currently in clinical trials for the treatment
of different types of cancers, the first ADCs developed and
approved by the FDA (gemtuzumab ozogamicin, now dis-
continued, and brentuximab vedotin) were directed toward
hematological malignancies, which are more easily reachable
and accessible to drugs. Many other candidates currently in
advanced clinical investigation target blood tumors: inotu-
zumab ozogamicin (Pfizer, Inc.), an anti-CD22 calicheamicin
conjugate, is directed toward advanced acute lymphoblastic
leukemia (ALL) and is currently in phase III study (INO-
VATE ALL Study 1022, National Clinical Trial [NCT] number
01564784) for the treatment of this condition, while it has been
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discontinued in non-Hodgkin lymphoma (NHL), as no increased
effect was shown compared to existing therapies.* Polatuzumab
vedotin (anti-CD79b-MMAE [monomethy] auristatin E]) and
pinatuzumab vedotin (anti-CD22-MMAE) are in a phase 11
trial (ROMULUS, NCT01691898) in combination with ritux-
imab to treat relapsed refractory NHL, with bearable toxicity
and a suggested greater activity of polatuzumab vedotin from
preliminary results.’! However, biotechnology companies are
increasingly trying to apply the technology to the treatment
of solid tumors as well (Figure 4). A promising boost to this
approach came from the FDA approval of ado-trastuzumab
emtansine in February 2013 for human epidermal growth fac-
tor receptor 2+ (HER2+) metastatic breast cancer, after failure
of trastuzumab plus chemotherapy regimens. Trastuzumab is
an anti-HER2 antibody whose linkage to maytansinoid DM1
showed a 3-month increase in progression-free survival and
a 6-month increase in overall survival compared to standard
therapies in advanced breast cancers, with a concomitant
reduction of adverse effects (TH3RESA phase III clinical trial,
NCT01419197).% The drug is also in evaluation as first-line
treatment for patients with HER2+ metastatic breast cancer or
recurrent locally advanced breast cancer.>

Other compounds are also showing promising results in
phase II clinical trials: glembatumumab vedotin, or CDX-
011 (Celldex Therapeutics, Inc., Hampton, NJ, USA), an
ADC directed against the surface glycoprotein nonmetastatic
melanoma protein B (GPNMB), showed beneficial activity in
patients with triple-negative (estrogen receptor/progesterone
receptor/HER2-) breast cancer overexpressing GPNMB
(=25% of tumor cells),** and a second phase II clinical trial
(METRIC, NCT01997333) started in December 2013 for
an accelerated approval of the drug in triple-negative breast
cancer overexpressing GPNMB. IMMU-132 and IMMU-130
(Immunogen, Inc., Waltham, MA, USA) showed disease

ADC effector molecule Phase

DM1 + cytokines
Indolinobenzodiazepine dimers Pre-clinical

Amotoxins

Pyrrolobenzodiazepine dimers

Duocarmicins

Auristatin MMAF

Doxorubicin

SN-38

Maytansinoids DM4

Calicheamicins

Auristatin derivatives MMAE

Maytansinoids DM1

Phase 1

Phase 2

" Phase3

arketed .Kadcyla

stabilization as assessed by computed tomography in phase I1
clinical trials in solid tumors (NCT01631552) and metastatic
colorectal carcinomas (NCT01605318), respectively.’>

Indatuximab ravtansine (BT062, Biotest AG, Dreieich,
Germany) is under investigation in metastatic urinary bladder
cancer and metastatic triple-negative breast cancer after posi-
tive results obtained in multiple myeloma.’” SAR-3419 (Sanofi
SA, Paris, France) showed significant activity with an overall
response rate of 43.9%, and acceptable side effects in patients
with relapsed/refractory diffuse large-cell lymphoma.
Preliminary results from phase I clinical trial for ABT-414
(AbbVie, Inc., Chicago, IL, USA),** an anti-EGFR (epidermal
growth factor receptor)/anti-monomethy! auristatin F conju-
gate for the treatment of glioblastoma multiforme, have shown
encouraging efficacy, and the drug is currently in a phase I/II
clinical trial in subjects with solid tumours likely to express
EGFR (NCT01741327); additionally, the European Medicines
Agency (EMA) and FDA granted orphan drug designation to
the drug in August 2014 in the therapy of glioblastoma mul-
tiforme.®® DNIB0600A (anti-sodium-dependent phosphate
transport protein 2b-MMAE conjugated by Genentech, Inc.) is
in phase Il clinical trial in comparison with PEG (polyethylene
glycol)-ylated liposomial doxorubicin for platinum-resistant
ovarian cancer, primary peritoneal cancer, and fallopian tube
cancer (trial number NCT01991210). Several other drugs
are currently in phase I clinical trials: we have previously
extensively reviewed the building blocks of the main prom-
ising ADCs,®" and useful and updated information can also
be found in the literature.®>* We will instead focus here on
areas and novelties, which companies are exploring to create
potent, specific, and well-tolerated ADCs.

A first point to consider is the selection of the target. Most
of the thus far used targets for ADCs have been represented
by receptors of the leukocyte differentiation antigen family,

Examples Cancer
F8-1L2-SS-DM1 AML
IMGN-779 AML
Anti-PMSA Prostate
SGN-CD33A AML
MDX-1203 Kidney, B-NHL
PF-06263507 Solid tumors
Milatuzumab-DOX MM
IMMU-130 CRC
SAR-3419 Blood
Inotuzumab ozogamicin  ALL, NHL
Adcetris HL, ALCL

Breast

Figure 4 ADC pipeline. Clinical phase of ADCs classified by effectors, and target tumors.

Abbreviations: ADC, antibody—drug conjugate; DM, maytansinoid; MMAF, monomethyl auristatin F; MMAE, monomethyl auristatin E; PSMA, prostate-specific membrane
antigen; AML, acute myeloid leukemia; NHL, non-Hodgkin lymphoma; CRC, complement-dependent cytotoxicity; ALL, acute lymphoblastic leukemia, MM, multiple myeloma;
HL, Hodgkin lymphoma; ALCL, anaplastic large-cell lymphoma; B-NHL, B type non-Hodgkin lymphoma.
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which undergo rapid internalization after binding to the
drug. Some of them, like CD70 (target of Seattle Genetics’
SGN-CD70A, see later in this section); CD74 or CD56; and
CD117 (target of LOP-628, Novartis International AG, Basel,
Switzerland/Immunogen’s maytansine-conjugated ADC just
entered in phase I clinical trial, NCT02221505) are not only
expressed in hematological malignancies, but have also been
exploited as targets for solid tumors. Other targets, among
which are MUC1, MUC16, EGFR, EphB2, and PMSA
(prostate membrane-specific antigen), are tissue-specific
molecules targeted in the attempt to improve a selective ADC
action on solid tumors, 46263

On the other hand, companies are exploring molecules
over-expressed and activated in many solid tumors, in order
to tackle several different types of cancers, especially highly
invasive and metastatic cancers, with the same drug. For
example, HuMax-TF-ADC (MMAE-conjugated anti-tissue
factor antibody by Genmab A/S, Copenhagen, Denmark)
has entered a phase I clinical trial in late 2013 in patients
with a range of solid tumors (NCT02001623); another agent
targeting the widely distributed AXL kinase antigen® should
also enter the clinical phase soon after promising preclinical
data.” Other strategies aim at targeting molecules involved in
tumor immunosurveillance and regulation of tumor inflam-
matory microenvironment, like TIM-1 (CDX-014, Celldex
Therapeutics, Inc.), which is expected to enter a phase I
clinical trial for renal cell carcinoma in 2015.6%%

Current research in the field is focusing on the identifica-
tion of criteria that could help to determine in advance proper
candidates for targeting, searching for molecules that retain
not only suitable expression profiles but also good properties
in terms of pharmacodynamics and rates of internalization.
The presence of specific sequences in the cytosolic part
(tyrosine- or dileucine-based linear motifs),” conformational
patches of amino acids on the surface of folded intracellular
domains,”! or palmitoylation of cysteine residues’ may help
to predict the rate of internalization.

The influence of co-receptors should also be considered.”
Even if a rapid internalization is generally desired, the pene-
tration of the drug, especially in the context of some solid
tumors, could be hindered by an excessive turnover, leading to
target downregulation at the cell surface. Thus, mathematical
models useful to predict the contribution of antigen proper-
ties to tumor penetration and efficacy of the drug have been
developed and could help, in some cases, to drive the choice
toward slowly internalizing targets.”

Combining traditional chemotherapy and ADCs has also
resulted in targeting proteins normally not expressed on the

cell surface, but induced instead either by chemotherapy’®
or exposed after loss of membrane integrity due to previous
chemotherapy-induced cell death. The latter is the case, for
instance, of the La autoantigen, selectively induced in dead
cancer cells after DNA-damaging cisplatin therapy. The
selective binding of the drug to this target could improve the
efficacy of other treatments, such as radioimmunotherapy,
against the residual tumor mass.”” Thanks to the easy acces-
sibility, targeting of vascular ligands has also been started,
with encouraging results.””

Recent findings suggest that non-internalizing ADCs
could also exert therapeutic activity.® In parallel, an appro-
priate selection and stratification of the target population of
patients is fundamental for a successful therapeutic strategy.
The gold standard remains immunohistochemistry, especially
in combination with tissue microarray techniques and image
analysis;®'#? imaging techniques like immuno-positron
emission tomography are gaining increasing importance in
defining ADC potency and safety.®

Mathematical modeling could also be useful to predict the
PK and absorption, distribution, metabolism, and excretion of
potential candidates that are ready to be taken from preclini-
cal to clinical stage. Several models have been developed for
the different stages of drug characterization. These models
predict systemic distribution of the drug, from the cellular
level to tumor, and can define the best drug-to-antibody ratio
for an individual ADC 3%

Concerning payloads, as already noted, most of the drugs
currently in clinical trials are represented by microtubule
assembly inhibitors, both in the form of synthetic auristatin
derivatives, or maytansinoid-based ADCs; a minor part is
formed by calicheamicin or duocarmycin analogs, which
bind to DNA.¥” The most important pitfall in using tubulin
binders is due to the fact that their action is exerted mainly
on proliferating cells; in addition, the hydrophobicity, in
particular of the maytansinoid-based molecules, could
increase the toxicity of the compound. Calicheamicin
analogs are hindered by a narrow therapeutic window. Sev-
eral approaches have been started to face these problems.
Immunogen has developed a new class of cytotoxic agents,
IGN or indolinobenzodiazepine dimers, which exert an
alkylating effect on DNA, arresting the cells in the G2/M
phase of the cell cycle in a dose-dependent manner. One of
these, DGN-462, has shown a high activity on mice AML
xenografts in combination with anti-CD33 antibody.®® The
related investigational new drug (IND) application for this
drug, IMG-779, is foreseen in 2015 for the treatment of
relapsing AML.¥ Pyrrolobenzodiazepine dimers are also
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being explored to confer increased selectivity and potency
to the DNA alkylating action. For example, Seattle Genet-
ics’ SGN-CD33A (NCT01902329) and SGN-CD70A
(NCT02216890) are currently in phase I clinical trials for
the treatment of AML, and NHL and renal cell cancer,
respectively (as previously noted, CD70 is expressed both in
hematological and in solid tumours). IND filing for ADCT-
401 (ADC Therapeutics Sarl, Lausanne, Switzerland), a
PDB-conjugate anti-PMSA drug, is expected in 2015, focus-
ing on hormone-refractory prostate cancer.”*

Conjugation with amotoxin cyclopeptides derived from
mushrooms of the Amanita genus, which target RNA synthesis
by interaction with RNA polymerase II, represents another
option. Their strong hydrophilic nature facilitates coupling
reactions thanks to high solubility, reduces the probability of
aggregation, and promotes a fast clearance of the molecule.”® An
anti-PMSA antibody developed by Heidelberg Pharma GmbH
(Ladenburg, Germany) showed high preclinical antitumor activ-
ity.* SN-38, the active metabolite of the topoisomerase-I inhibi-
tor irinotecan (CPT-11) has been conjugated with labetuzumab,
a mildly reduced, anti- carcinoembryonic antigen-related cell
adhesion molecule 5 (CEACAMY) humanized MADb, and the
resulting ADC (IMMU-130) is undergoing Phase I and II clini-
cal trials, as already noted in this section.*

An additional very promising approach comes from the
conjugation of a cytokine, a drug, and an antibody in the
same multi-payload molecule: the combination of these moi-
eties as single agents has already shown preclinical efficacy,
but the translation to the clinics is progressing slowly due
to the need for studying each molecule’s pharmacological
profile individually before considering combinations on
patients. Linking all the components in a single drug could
significantly optimize efficacy; Philochem AG (Otelfingen,
Switzerland) has very recently released data demonstrating
the efficacy of F8-1L2 (interleukin 2)-SS-DM1 on AML pre-
clinical tumor models: F8-IL2-SS-DM1 is a drug combining
the immune-stimulating properties of IL2 and the toxic activ-
ity of DM1 on the same anti-fibronectin diabody scaffold, and
represents the first candidate of a new “immunocytokine-drug
conjugate” class of drugs.”® A visual summary of the ADC
payload pipeline is provided in Figure 4, where the represen-
tatives of the different classes, which are in the most advanced
clinical trial phase, are listed as examples.

The current status and the research and development
approaches attempted in the linker design area have already
been explored in the previous “Novel linkers” section. Thanks
to the previously mentioned SpaceLink technology and the
optimized biological activity that this linker chemistry could

determine, particularly in combination with specific duocar-
mycin derivatives (refer to the “Novel linkers” section), Syn-
thon’s anti-HER2 ADC SYD985 has shown superior antitumor
activity in a preclinical head-to-head comparison study with
ado-trastuzumab emtansine in gastric and breast cancers,’
including low-HER?2 expressing breast cancers, and has entered
the clinical phase by the end of 2014 (NCT02277717).

Future directions

Despite the great development of ADC technology during
the last two decades, mirrored and propelled by a growing
increase in interest and investments in the field both by
industries and by the research community, a lot of work is
still needed to approach ADCs with characteristics really
tailored to the specific components and the specific type of
cancer targeted by each drug.

The most important contribution to this goal could prob-
ably be derived from the engineering of the carrier moiety
of the ADC. This could be intended as further analysis of
the canonical full-length antibody format, understanding its
toxicity and therapeutic index profile, and as the substitution
of the antibody format with other formats with more desir-
able features, known as “alternative scaffolds”. Most of the
antibodies currently in clinical trials are full-length MAbs
of the immunoglobulin (Ig) G1 isotype, either chimeric,
humanized, or fully human.® Through their Fc portion,
they stimulate effector functions like antibody-dependent
cell-mediated cytotoxicity, phagocytosis, and complement-
dependent cytotoxicity. As the activation of these patterns
could increase the overall toxicity of the drug, IgG2 and
IgG4, whose Fc portions have a reduced affinity for their
receptor and could thus limit effector functions, have been
tested as vehicles for drugs (eg, of gentuzumab ozogamicin).
However, contrasting evidence exists: no differences in ADC
function depending on the format have been demonstrated
so far.”® Nonetheless, a systematic analysis has not yet
been performed. A recent advance in this perspective has
come from the POTELLIGENT technology (BioWa, Inc.,
Princeton, NJ, USA), which consists in the elimination of
fucose from sugar chains of antibodies, determining a signifi-
cant increase in antibody-dependent cell-mediated cytotox-
icity and, consequently, in the efficacy of the ADC. Oxford
BioTherapeutics, Inc. (San Jose, CA, USA) has applied this
technology to its OBT357/MEN1112 drug, which has shown
promising in vitro efficacy and has entered Phase I clinical
trial in late 2014 for the treatment of advanced AML.”

Alternative scaffolds are small polypeptide frameworks
designed on Ig backbones (nanobodies, domain antibodies,
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bifunctional scaffolds) or deriving from completely unrelated
proteins exploited for their high solubility and stability com-
pared to full-length antibodies.!® While the first molecules
developed in this class showed very poor efficacy due to their
low molecular weight and subsequent fast clearance from the
organism, several strategies, from PEGylation to more elabo-
rate approaches such as polysialylation, amino acid polymers,
and albumin-binding derivatives have been attempted success-
fully to overcome this difficulty.!”* Thanks to their reduced
toxicity and PK that are easier to predict and control, they can
provide a great help in improving specificity and in improving
control of biodistribution and clearance in the ADC field.

In close relation, improvement in understanding ADCs’
PK and pharmacodynamics is mandatory for optimal design
of new candidates. In particular, appropriate models to inte-
grate the assessed pharmacological properties of each com-
ponent of the complex drug have to be optimized, together
with a deeper characterization of the fate and interactions of
the catabolytes deriving from each moiety.'*

One further current limitation of ADCs is linked to
the development of multi-drug resistance to the cytotoxic
payloads. The process is caused by transporters of the ade-
nosine triphosphate-binding cassette family, among which in
particular P-glycoprotein (MDR1) plays a central role, pro-
moting an active efflux of the internalized drug outside the
cell.'® Modification of the toxin or of the linker!” and PEG
coupling!® have been attempted to generate export-resistant
ADC:s, but the results have not been satisfying because of the
appearance of other unknown resistance mechanisms.

Finally, while almost every therapeutic developed so far
in the field has made use of the endolysosome-mediated route
of internalization, alternative pathways to the endoplasmatic
reticulum and trans-Golgi network could be exploited to
overcome potential pharmacodynamic difficulties related to
the hydrolytic environment of the former pathway.!*®
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