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Antibody–Drug Conjugates

Dorin Toader

Abstract Antibody-drug conjugates (ADCs) are a therapeutic modality that

enables the targeted delivery of highly potent cytotoxic payloads to tumors. This

chapter describes the components of the ADCs and discusses the medicinal chem-

istry principles that guide the design of this class of therapeutics. A description of

main classes of drugs and the linkers used to attach to monoclonal antibodies with

an emphasis on the design, historical development, and linking strategies is

presented. Clinical use of the approved ADCs for the treatment of cancer is briefly

described.
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1 Introduction

Antibody–drug conjugates (ADCs) can be described as a sum of components that

are subject to several processes that lead to the desired outcome of selective

delivery of a drug to an entity targeted by the specificity of the antibody. While

the concept upon which ADCs are built appears deceptively simple, the elements

involved in putting this concept into practice and the interdependencies between

these components underscore the complexity of this family of drugs. The compo-

nents of an ADC are monoclonal antibody, a set of linking sites targeted with

bioorthogonal conjugation chemistry, a tether that bridges the linking site to the

“prodrug,” the drug releasing moiety (sometimes called a “trigger”) that acts as

both a tether and a means for selective release of the active “drug” to the desired

tissue compartment and the drug. A set of processes are required for achieving

efficacy with an ADC: plasma stability is a desired characteristic for ADCs as all

ADCs known to date are administered IV, binding to the antigen situated on the

surface of the cell is followed by internalization of the ADC-antigen complex that

carries the ADC through the endosomal-lysosomal pathway leading to protein

degradation by the action of hydrolases and release of the active drug followed

by cytoplasmic and nuclear delivery of the active drug that interacts with the

intracellular target. In case of anti-cancer drugs the cell dies and releases the drug

into the tumor environment and, depending on the cell membrane permeability of

the drug, can affect neighboring cells that do not express the antigen at the levels

needed for a pharmacological effect, a process called “bystander effect.” The aim of

this account is to describe the design principles of the components of ADCs and

capture how those design principles translate into therapeutic outcomes. So far most

of the applications of this therapeutic modality have been in Oncology where a

highly cytotoxic drug is delivered to tumor cells. In an oncology setting minimizing

the innate toxicity of the drug to healthy tissues becomes a critical design criterion.

2 Components of the ADCs

2.1 The Monoclonal Antibody

Antibodies, also called immunoglobulins or Ig, are ~150 kDa proteins that are

produced by the immune system in response to the presence of foreign proteins
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called antigens. In human blood, IgG is the major type of antibody present. The use

of antibodies as therapeutics was made possible by the work of K€ohler andMillstein

[1] who described methods to produce murine hybridomas that led to development

of monoclonal antibody (mAb) technology. It took over 20 years to develop cancer

targeting monoclonal antibodies with clinical applications. These cancer therapeu-

tics bind to tumor antigens, protein expressed on the surface of the cancer cells, to

induce tumor cell death [2]. The efficiency of cancer cell killing by immunother-

apies can be enhanced by attachment of cytotoxic drugs to antibodies [3]. As

opposed to chemotherapy where the cytotoxic drugs are administered systemically,

the concept of ADCs introduced the possibility of targeted cytotoxic killing by

virtue of mAb binding to antigens selectively expressed on cancer cells. mAbs are

proteins with a defined chemical structure represented by a sequence of amino

acids. The chemical structure of antibodies is determinant for the function of these

molecules. The key function of the antibody is to preferentially bind to antigens on

target cells. These Y-shaped molecules (Fig. 1) present a C2 symmetry with two

identical arms held together by disulfide bonds and non-covalent interactions. Each

Fig. 1 Components of immunoglobulin G antibody (IgG1 is shown for illustrative purposes)
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half is made of a large subunit (~50 kDa) called heavy chain (HC) and a smaller

subunit (~23 kDa) called light chain (LC). The assembly of two subunits of HCs

and entire two LCs forms two variable units are called Fabs (fragments of antigen

binding) while the constant unit made of HC is called Fc (fragment crystallizable).

In terms of primary protein structure each chain contains a large constant region

(C) and a variable (V) region. Within the heavy chain (also named gamma chain)

there are 3 constant regions CH1, CH2, and CH3 encompassing positions

~120–446 at the C-terminus and one variable region at the N-terminus of about

120 amino acid residues. The light chain also named (kappa chain) consists of

214 amino acid sequence of which the N-terminus 108 amino acids are variable and

the remaining amino acid sequence is constant. Within the variable regions, there

are complementarity-determining regions (CDR) that are essential for antigen

binding. The tertiary structure of these regions derived from the unique sequence

of amino acids leads to large diversity of structure and accounts for the antibody

specificity. CH2 region of the IgG contains an amino acid Asp 297 that is the anchor

for N-glycans that contain a defined sequence of monosaccharides with various

degrees of heterogeneity. The Fc is responsible for the effector function of the mAb

by interacting with receptors present on cells of the immune system. The carbohy-

drate chains are important for Fc receptor recognition. The Fab and the Fc regions

are connected by a sequence of amino acids, called the hinge, that allow for ample

movement of the distinct regions that is essential for the function of the mAb. The

number of amino acids of the hinge region varies between different subclasses of

mAbs with the most commonly used IgG1 subclass having 15 amino acids while

IgG4 subclass has just two amino acids. IgG1 is most commonly used as a

therapeutic agent and it has a total of 32 cysteine residues forming disulfide bridges

within the macromolecule. Twenty-four of these form intrachain disulfide bonds.

They are in general considered to be less solvent accessible and hence less reactive

than the eight cysteines that form interchain disulfides, including two that are

located at the hinge region of the antibody. A crystal structure of an IgG was

reported at high resolution (PDB: 1hzh) [4].

Early clinical experience with mAbs used murine monoclonal antibodies. It was

quickly recognized that murine molecules led to development of immune responses

(were immunogenic) that resulted in rapid clearance of the drug and impaired

efficacy. The continuous improvements in antibody engineering technologies led

to gradual elimination of murine elements in therapeutic mAbs as follows: chimeric

format where variable regions of both HC and LC were murine, humanized format

that used mouse CDR regions and finally, the currently preferred format for ADCs,

fully human antibodies. The half-lives of human mAbs are up to 3 weeks, signif-

icantly longer than the murine mAb that could only be detected in the blood for a

few days.

292 D. Toader



2.2 Biorthogonal Conjugation Chemistry

Two factors have shaped the process of attachment a drug to an antibody and those

were the requirement that conjugation be performed under aqueous conditions

within a narrow range of pH and the constraints imposed by the reactivity of the

natural amino acid residues. The amino group in lysine residues and the thiol group

in cysteines are functional groups that were widely used for conjugation to a drug

by reaction with electrophiles.

A human antibody contains 80–90 lysine residues of which a small number will

react selectively without causing changes to the stability of or antigen binding

ability of the antibody. Acylation of lysine residue leads to a stable amide bond. The

reaction is performed with heterobifunctional N-hydroxysuccinimide-activated

ester (NHS esters). Most common reagents for antibody lysine functionalization

are N-succinimidyl-4-(2-pyridyldithio)butanoate (SPDB), N-succinimidyl-4-

(2-pyridyldithio)pentanoate (SPP), N-succinimidyl 4-methyl-4-(2-pyridyldithio)

pentanoate (SMPP), and succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-car-

boxylate (SMCC) (Fig. 2). The resulting labelled antibody displays disulfide or

maleimide groups, which can react with thiols. While lysine conjugation is a

chemically straightforward process, controlling the number and location of modi-

fied lysine residue remains a great challenge. The extent of modification of solvent

accessible lysine residue will be dependent on the molar equivalents of added

heterobifunctional reagent and various other parameters of the conjugation proto-

col. The product of this process will have a stochastic distribution of reactive

residues ranging between 0–10 modified residues with most conjugates having an

average number of 3.5–4 molecules per antibody.

Cysteine conjugation to an antibody requires partial reduction of native

interchain disulfides by a mild reducing agent such as 1,4-Dithiothreitol (DTT) or

tris(2-carboxyethyl)phosphine (TCEP) followed by modification of the sulfhydryl

group by nucleophilic addition to a Michael acceptor or nucleophilic displacement

with the thiolate group as a nucleophile. Conjugation to maleimide leads to a

stochastic distribution of several species with 0, 2, 4, 6 and 8 functionalized

residues with the species bearing 2 and 4 conjugated molecules being predominant.

Fig. 2 Reagents used for functionalization of mAbs
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The most common reagent for cysteine conjugation is maleimide and the resulting

thiosuccinimide product (Fig. 3) was shown to undergo retro-Michael addition

reactions in the presence of thiols [5]. Loss of drug due to retro-Michael

deconjugation was recognized as a potential safety liability and several groups

have provided evidence that rapid hydrolysis of the resulting thiosuccinimide leads

to lower propensity to loss of drug by deconjugation [6].Several approaches were

shown to achieve hydrolysis of the succinimide: the use of a proximal basic amine

was shown to improve stability of the cysteine conjugates by promoting hydrolysis

of the succinimide “maleimido-DPR” [7], promoting hydrolysis by introduction of

N-PEG tethers and higher pH [8] or use of phenylmaleimides that have a propensity

for hydrolysis once conjugated [9]. Reduced interchain disulfides were targeted

with bisalkylating reagents that replace the disulfide bridge with a propylidene-

disulfide by an addition-elimination-second addition reaction sequence [10]. This

approach allows for generation of ADCs with 1–4 drugs per antibody that are stable

in presence of thiol-bearing plasma proteins [11]. A similar approach used

dibromomaleimide [12] or dibromopyridazinedione [13] to cross-link the reduced

disulfide bonds based on a concept introduced by Smith [14]. This approach pre-

sents the potential drawback of incorrectly re-bridged IgG1 mAb where the hinge

cysteines form an intra-heavy-chain cross-linked product as opposed to inter-

heavy-chain cross-linked product. This drawback was addressed by using a reagent

that contains a TCEP-like structural moiety and a re-bridging moiety within the

same molecule that allows for reduction and functional re-bridging. Reagent 1 was

shown to lead to homogenous ADCs with no observable scrambling of the

di-sulfide staple (Fig. 4) [15].

In addition to lysine and cysteine one additional native amino acid – glutamine –

was used for conjugation. Conjugation to glutamine uses the enzymatic recognition

of a specific amino-acid sequence that contains the amino acid in the primary

structure of the antibody. This approach leads to conjugates at a specified site of

the antibody thus allowing for modulation of properties of the resulting conjugate.

Glutamine conjugation to antibodies utilizes a bacterial transglutaminase (TG)

isolated from Streptoverticillium mobaraense [16]. Unlike common transgluta-

minases that can catalyze the formation of amide bonds between the primary

amine of a lysine and the amide group of any glutamine, the bacterial TG can

catalyze the formation of an amine bond between any primary amine and the amide

Fig. 3 The chemistry of maleimide-cysteine conjugation
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group of sequence specific glutamines [17]. A positional scan of antibody constant

domains was performed by engineering a glutamine tag (LLQG) into surface

accessible regions of an IgG1 antibody and several sites were identified that showed

good biophysical properties and a high degree of conjugation [18].

A chemoenzymatic bioconjugation approach to cysteine conjugation used for-

myl glycine generating enzyme (FGE). FGE recognizes a pentapeptide consensus

sequence, CxPxR, and it specifically oxidizes the cysteine in this sequence to an

unusual aldehyde-bearing formyl glycine (fGly) [19]. This “tagged” construct is

produced recombinantly in cells that coexpress the FGE, which co-translationally

converts the cysteine within the tag into an fGly residue, generating an antibody

expressed with two aldehyde tags per molecule. The aldehyde functional group

serves as a chemical handle for bioorthogonal conjugation. A hydrazino-iso-Pictet-

Spengler (HIPS) ligation was used to connect the payload to fGly, resulting in the

formation of a stable, covalent C–C bond between the cytotoxin payload and the

antibody [20]. This approach was used to generate ADCs that showed the desired

activity [21]. Conjugation chemistry with faster kinetics that uses formyl glycine

was described recently. The new technology is described as trapped-Knoevenagel

ligation using a thiopyrazolone nucleophile (Fig. 5) [22]. One drawback of the

formyl glycine approach is the observed formation of the aldehyde hydrate species

that can impact the efficiency of conjugation under suboptimal conditions [19].

Fig. 4 Rebridging reagent that contains disulfide bridge reducing moiety
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Glycoengineering was used for generation of site specific conjugates by either

metabolic engineering or post-translational remodeling of native glycan located at

Asn-297 conserved position in the Fc domain of the antibody. The objective of

glycoengineering is modification of the glycan in a manner that a functional group

becomes available for biorthogonal conjugation. Metabolic engineering was

achieved by substituting the fucose residue with a functionalized fucose residue

that had a reactive handle for conjugation. A thiofucose residue was incorporated in

the mAb during expression in CHO cells in medium that contained the modified

fucose. The resulting antibody was used to generate conjugates where maleimide-

bearing payloads were conjugated at the thiofucose site. The efficiency of the

process did not exceed 70% thus limiting the utility of this particular conjugation

technique [23]. Early efforts around post translational remodeling of native glycans

have used a chemical oxidation step of the carbohydrate [24] or enzymatic intro-

duction of sialic acid [25] to generate aldehyde functional group for oxime ligation.

Engineering the active site of glycosyltransferases has provided tools for introduc-

ing chemically modified sugar substrates [26]. Native IgGs were converted to a

homogenous G0f glycoform population by using β-1,4-galactosidase from Strepto-
coccus pneumoniae. The resulting antibody was modified with a synthetic galactose

bearing a chemical handle at the C2 position by using mutant β4Gal-T1-Y289L
[27]. A keto- or an azido-group can be introduced in a site specific manner to

generate an antibody with four functional groups. Further refinement of this tech-

nique was presented recently where an endoglycosidase was used to trim the

antibody glycan to the fucosylated Acetylglucosamine (GlcNAc). Transfer of

N-azidoacetylgalactosamine (GalNaz) in presence of β4Gal-T1-Y289L led to effi-

cient installation of two azide groups onto the antibody [28].

Recent advances in development of methodologies for the genetic incorporation

of unnatural amino acids into proteins [29] opened the possibility of site-selective

modification of antibodies [30]. The side chains of unnatural amino acids provide

Fig. 5 HIPS conjugation and Trapped-Knoevenagel ligation
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novel functional groups for biorthogonal chemistry thus enabling generation of

stable conjugates. The two main functional groups introduced using genetic incor-

poration of non-natural amino acids are the keto- and azido- that showed utility

for conjugation by oxime ligation and the Huisgen alkyne-azide cycloaddition

(“click”) reaction, respectively. The incorporation of p-acetylphenylalanine into

trastuzumab generated an antibody with ~2 acetyl groups that were used for

conjugation with alkoxyamine to generate the oxime at pH 4.5 with >95% effi-

ciency [31]. N6-((2-azidoethoxy)carbonyl)-L-lysine was efficiently incorporated

into trastuzumab and generated antibodies with ~2 azide groups that were effi-

ciently conjugated by both strain promoted alkyl azide cycloaddition (SPAAC) and

Cu(I) alkyl azide cycloaddition (CuAAC) to generate homogenous ADCs [32].

2.3 The Linking Sites

Conjugation to antibodies is governed by two parameters: the position of the amino

acid in the protein sequence that carries the conjugated moiety and the number of

amino acid residues that are functionalized during the conjugation process known

as the drug-to-antibody ratio (DAR). Both these parameters impact the in vivo

behavior of ADCs. Stochastic conjugation to Lys or native cysteines generates a

heterogeneous mixture of molecular species where the sites of conjugation are

random and the drug-to-antibody ratio is defined as an average [33, 34]. Each of

the molecular species of such a mixture would display a distinct behavior in vivo as

a consequence of different pharmacokinetics [35]. Discovery of solvent exposed

engineered Cys IgGs was driven by the need to introduce a thiol-labelling site that

did not adversely affect the structure or function of the antibody [36]. Following

expression in mammalian cells mutant cysteines were capped with either a Cys or

glutathione. Efforts to find an uncapping reagent that did not affect the native

disulfide bonds were partially successful when alkylation with iodoacetate of a

serine to cysteine mutant at the position 442 in the Fc domain was attempted

[37]. These early discoveries set the stage for the development of antibodies

containing engineered reactive cysteine residues at specific sites in antibodies that

allow for drugs to be conjugated with defined stoichiometry without disruption of

interchain disulfide bonds (termed THIOMABS) [38, 39]. These ADCs were

produced by global reduction of blocked cysteine residues and interchain disulfides,

subsequent oxidation in the presence of CuSO4 or dehydroascorbic acid to regen-

erate the interchain disulfide bonds, and then conjugation of the reactive cysteine

thiol to maleimide reagents. This method generated site specifically modified ADCs

with a homogenous distribution consisting of 92.1% species with two drugs/anti-

body. Importantly, the THIOMAB conjugate displayed a larger therapeutic index,

as it was tolerated at much higher doses in animals and displayed better in vivo

activity. The higher therapeutic index correlated with a higher in vivo stability of

the THIOMAB when compared to equivalent stochastic ADCs. The authors

hypothesized that engineered cysteines may be in relatively “protected” sites that
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resist proteolytic attack in circulation and they observed that the accessibility of a

cysteine residue varies depending on the position of the mutated amino acid in the

antibody protein sequence [39]. In a subsequent study the THIOMAB team

explored whether the conjugation site could modulate the stability of a cysteine-

maleimide adducts. The Genentech team prepared three THIOMABs of trastu-

zumab in which the mutant cysteine residues were positioned at sites that differed

by their local structural environment. One site was chosen based on high solvent

accessibility, while the other two were relatively buried sites but one was located in

a positively charged environment while the other was in a relatively neutral

environment. The in vitro potency of the three ADCs was comparable for all sites

but the serum stability showed significant differences in the stability of the ADCs:

the solvent-accessible conjugate underwent rapid thiol exchange with serum albu-

min, the conjugate at the positively charged site showed succinimide hydrolysis,

resulting in improved stability, and the conjugate at the neutral site exhibited

intermediate behavior between the other two ADCs. Serum stability results corre-

lated well with in vivo efficacy, pharmacokinetic properties, and toxicity. That

study demonstrated for the first time that the structural and chemical dynamics of

the conjugation site can be exploited to design optimal protein conjugates for

therapeutic applications [6]. A team at Seattle Genetics that were exploring conju-

gation of a highly hydrophobic drug pyrrolobenzodiazepine (PBD, see below) was

faced with the challenge of finding a solution to the issues associated with stochas-

tic conjugation of the maleimide-bearing PBD that led to formation of high

percentage of aggregate. Scanning various conjugation sites with solvent accessible

Cys mutants led to the discovery of position S239C on the HC where they

conjugated the hydrophobic payload with only 1.6% aggregate. Thus they con-

cluded that the recombinant construct provided superior ADCs compared to hinge

disulfide conjugates in terms of ADC uniformity and aggregation levels [40].

2.4 The Drug

The choice of effective cytotoxic drugs for ADCs is governed by the relatively

small number of antigen molecules on the cancer cell surface to which the antigen

can bind (~104–106 receptors/cell) and by the efficiency of the internalization of

cell-surface bound antigen–antibody complex and intracellular processing to

release the active drug. Provided the intracellular delivery and release are efficient,

the number of cytotoxic drug delivered to the individual cell by the ADC needs to

be well above the number of cytotoxic agent molecules required to kill a cell. Thus

cytotoxic drugs with potency in the pM range are needed. The early ADCs used

drugs that were cancer chemotherapeutics as is the case with vinblastine analogs or

doxorubicin. Following conjugation to an antibody both these drugs showed dimin-

ished potency as ADCs. This observation was attributed to the different modes of

cellular uptake of the conjugated vs. non-conjugated drug. For cell membrane

permeable drugs, the free diffusion can lead to high concentration of the drug

298 D. Toader



inside the cell dependent on the dose of the administered drug. In addition to normal

tissue target-mediated uptake that can be minimized by judicious choice of tumor-

specific target, non-specific uptake by pinocytosis and plasma degradation of the

ADC in circulation means that only ~1% of the administered ADC reaches the

desired tumor tissue [41]. From a medicinal chemistry perspective, the hydropho-

bicity of the drug and its impact upon aqueous solubility could present a significant

challenge. Also medicinal chemists need to develop structure activity relationships

that reveal sites on the cytotoxic drug that tolerate a linker and possess the required

reactivity for attachment to an antibody as well as enable the release of the drug

inside the cancer cell. All cytotoxic drugs that have been reported as ADC thera-

peutics are derived from naturally occurring molecules and have very large molec-

ular surfaces that appear to be a common feature for all highly potent cytotoxic

molecules. Consequently, the structural complexity of the cytotoxic drugs for

ADCs presents a major challenge for development of such molecules. The intra-

cellular targets of cytotoxic drugs are quite limited and two main mechanisms have

been targeted successfully with ADCs, i.e. tubulin and DNA.

2.4.1 Antimitotic Drugs

Disruption of microtubule dynamics impairs the ability of mitotic spindles

to assemble and alter the architecture of the cytoskeleton, causing cell death

[42]. Due to their mechanism of action, antimitotic agents are particularly cytotoxic

to cancer cells that divide faster than non-cancerous cells. However, normal tissues

that contain rapidly dividing cells such as cells lining the digestive tract, hair

follicles, and bone marrow can also be killed, causing undesired toxicity.

Maytansines

Maytansine 2 (Fig. 6) is a benzoansamacrolide that was first isolated from the bark

of the Ethiopian shrub Maytenus ovatus [43]. Maytansine binds to tubulin and

causes disruption of microtubule dynamics resulting in cell death by apoptosis.

While being widely cytotoxic, maytansine was shown to be particularly highly

toxic against breast cancer cell lines, i.e. SK-BR3 and MCF-7 with an IC50 in the

30–40 pM range [44]. Structure–activity relationship studies on maytansine showed

that several pharmacophores were required to maintain in vitro cytotoxicity. The

carbinolamide at C9 and the ester side chain at C3 were required for biological

activity, but the structure of this side chain could be varied without loss of potency

(Fig. 5) [45]. Since the C3 position was amenable to modification, it was chosen for

the incorporation of new ester side chains bearing a functional group to enable

linkage to antibodies. Maytansine can be synthesized from ansamitocins that

are obtained as a mixture of esters by fermentation of the microorganism

Actinosynnema pretiosum. Ester hydrolysis in ansamitocins was shown to be

challenging due to propensity for elimination of the C3 ester under basic conditions
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[46]. The ester group in the ansamitocins 3 (Fig. 6) was efficiently cleaved using the

mild reducing agent lithium trimethoxyaluminum hydride, under controlled tem-

perature (�30 to�40�C), to give maytansinol 4 in good yields [44]. A stable acetal

intermediate 5 that can be stored was synthesized when the pH was adjusted to

neutral following the reaction. The stable intermediate generated the desired

maytansinol under specific conditions (Fig. 6). With maytansinol in hand, a thiol-

based linking was pursued for linking to mAbs functionalized with thiol-reactive

groups (SPBD, SPP or SMPP) resulting in disulfide linkages or thiosuccinimide

(maleimide). The disulfide linkage in the ADC was hypothesized to be stable in

circulation due to low concentration of thiol-bearing species in the blood while still

able to release the drug in the reducing environment of the cytoplasm (where

concentration of glutathione is 1–10 mM). A series of drug-maytansinoids DM1,

DM3, and DM4 that were capped with a thiomethyl were made by coupling a series

of disulfide-bearing acids (Fig. 7) to maytansinol in presence of a coupling agent

Fig. 6 Maytansinoids SAR and semisynthetic approach to Maytansinol
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(DCC, EDC, etc.) and a Lewis acid (ZnCl2). All resulting maytansinoid disulfides

showed cytotoxicity as least as potent as maytansine [44]. These compounds were

reduced with a mild agent, as is the case with dithiothreitol (DTT) prior to

conjugation to functionalized mAbs.

Auristatins

Following 15 years of work isolating and characterizing a series of cytotoxic

peptides extracted from the sea hare Dolabella auricularia, Pettit discovered

Dolastatin 10 (Fig. 8) that was at the time the most potent cytotoxic molecule

ever known [47] with a potency of 50–300 pM against most cancer cell lines tested.

The discovery and characterization of the molecule was an extraordinary achieve-

ment as it required extensive fractionation and purification followed by character-

ization by mass spectrometry and NMR. The definitive structure of Dolastatin

10 was established following the publication of the absolute configuration and the

total synthesis of the molecule [48]. Dolastatin 10 and its derivatives have been

shown to inhibit tubulin-dependent GTP binding, cause noncompetitive inhibition

of vincristine binding to tubulin, and inhibit microtubule dynamics resulting in cell

cycle arrest and apoptosis [49] that was confirmed by an X-ray crystal structure of a

synthetic analog – soblidotin – bound to tubulin [50]. Following the discovery of

Dolastatin 10, a significant effort was dedicated to making analogs in a quest for

compounds with chemotherapeutic utility. The analogs of Dolastatin 10 were

named “auristatins” and Pettit described Auristatin Phe and Auristatin E (Fig. 8)

both with slightly attenuated cytotoxicity (200–400 pM) by replacing the C-

terminal Dolaphenine with a Phe methyl ester and norephedrine moiety, respec-

tively [51]. While several of the auristatin analogs were tested in the clinic, none of

them progressed due to unacceptable side effects at doses that did not achieve

efficacy. An important discovery was made that the N-terminal end of the molecule

tolerates a secondary amine resulting in monomethyl auristatin D (MMAD)

Fig. 7 Synthesis of maytansinoid DM family of drugs
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(Fig. 8), which opened the door to attaching a linker to these molecules [52]. The

significance of this discovery was recognized in 2003 when scientists at Seattle

Genetics developed monomethyl auristatin E (MMAE) (Fig. 8) as a hybrid of

Pettit’s Auristatin E and MMAD [53]. This allowed, for the first time, the linking

of an auristatin to a monoclonal antibody. The Seattle Genetics team later devel-

oped monomethyl auristatin F (MMAF) (Fig. 8). MMAF showed weak cytotoxic

activity and was initially overlooked as a potential drug for ADCs. Working on the

Fig. 8 Development of synthetic drugs derived from natural product Dolastatin 10
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hypothesis that the lack of activity was due to poor cell membrane permeability

(that was supported by the observation that an Auristatin Phe analog of MMAF

showed activity) they envisaged that delivering MMAF intracellularly could over-

come this drawback. This work led to discovery of the first auristatin non-cleavable

payload mcMMAF [54]. Recently a team at Pfizer used crystallography data for

auristatin analogs bound at the α,β-tubulin interface to design analogs where the

dolavaline in Dolastatin 10 was replaced with a variety of amino acids. This work

led to the discovery of PF-06380101 (Fig. 8) that is being progressed into the clinic

as a drug for ADCs [55]. Research targeting new auristatins for ADCs is very active

and is expected to continue in the future [56].

Tubulysins

Tubulysins were isolated from myxobacteria and were described as a family of

tetrapeptides that displayed antimitotic activity in a series of cancer cell lines

including multidrug resistant cell lines [57]. Tubulysin D was reported to display

10–500 times higher cytotoxicity than paclitaxel and vinblastine [58] while the

family of natural tubulysins A–I (Fig. 9) showed IC50 values in the range of

Fig. 9 Tubulysin natural

product family and

synthetic analogs used as

drugs
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0.3–8.4 nM in human cervix carcinoma, multidrug-resistant cell line KB-V1

[59]. Structurally, the tubulysins (Fig. 9) consist of an (R)-N-methylpipecolic acid

(Mep), a natural amino acid L-Ile, a tubuvaline (Tuv) containing a thiazole and two

potentially labile acyloxymethyl and acetate ester groups and two defined chiral

centers and a tubuphenylalanine (Tup) (R2 ¼ H) or tubuphenyltyrosine (Tut)

(R2 ¼ OH) each displaying two defined chiral centers (Fig. 9). Simplified synthetic

analogs of natural tubulysins were described where the acyloxymethyl group was

replaced with a methyl group [60–62]. The cellular potency of the resulting

derivative N14-desacetoxytubulysin H (Fig. 9) was shown to be little affected by

this structural alteration (L929 IC50 ¼ 0.34 nM; SW-480 IC50 ¼ 0.02 nM, KB-3-1

IC50 ¼ 0.19 nM) [61]. Linking tubulysin requires introduction of a reactive group

that comes at a cost for potency. Endocyte developed a folate conjugate that

contained a derivative of Tubulysin B (R1 ¼ butyrate, R2 ¼ OH), i.e. Tubulysin

B hydrazide that was shown to be ~3-fold less potent than the corresponding acid

[63]. Introducing an aniline in the molecule of Tubulysin (R2 ¼ NH2) leads to

substantial drop-off in potency, however the potency is regained by modification of

the N-substituent of tubuvaline (Tuv) as illustrated by MMETA that was developed

by MedImmune/Astrazeneca. MMETA [64] (Fig. 9) showed consistent sub-nM

potency in a wide range of tumor cell lines (DU 145 IC50¼ 0.2 nM; MDA-MB-361

IC50 ¼ 0.05 nM, NCI-N87 IC50 ¼ 0.04 nM)) [65]. The aniline was used to generate

payloads that were successfully conjugated to antibodies.

2.4.2 DNA Targeting Drugs

Calicheamicin

The calicheamicins are a family of antibiotics isolated as fermentation products of

the bacterium Micromonospora echinospora ssp. calichensis [66]. At the time of

their discovery they were considered the most potent tumor agent ever known with

a potency 1,000 times higher than adriamycin [67]. Calicheamicin γ1I, the most

well-known member of this family (Fig. 10), contains two functional regions: a

complex bicyclic enediyne unit with a methyl trisulfide moiety that can induce

DNA double-strand scission and an extended sugar residue, which possesses a fully

substituted benzene ring that has the ability to bind in a sequence-specific manner to

DNA minor grove [67]. The reactive functional region of calicheamicins displays a

fascinating mechanism of action (Fig. 10). The enediyne warhead positioned within

DNA double helix can be attacked by a nucleophile (e.g., glutathione) at the methyl

trisulfide thus releasing a free thiol. The free thiol triggers a cascade of events

starting with attack of the α,β-unsaturated ketone followed by a Bergman cyclo-

aromatization reaction leading to a 1,4-benzene diradical. The diradical thus

formed abstracts hydrogen atoms from both strands of the duplex DNA which in

the presence of oxygen leads to cleavage of DNA double strands and subsequent

cell death. The high potency makes Calicheamicin γ1I an ideal candidate for an

ADC drug and finding a linking modality was pursued soon after its discovery.
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Acetylation of secondary amine in Calicheamicin γ1I led to a less toxic 5.6 nM in

MX-1 breast carcinoma cells pM derivative N-Acetyl-calicheamicin γ1I 6 that was

further functionalized to a dimethylhydrazide (DMH) 7 that was used to generate

conjugates (Fig. 11) [68].

Duocarmycins

The duocarmycin natural product (+)-CC-1065 was isolated from Streptomyces
zelensis as a potent antitumor antibiotic with a potency of IC90 ¼ 56 pM [69]. The

cytotoxic activity of this natural product was explained by its ability to alkylate

adenine in DNA in a sequence specific manner. In case of (+)-CC-1065, the

non-covalent DNA binding region (Fig. 12) positions the DNA alkylating region

of the molecule into the minor groove where it alkylates the N3 of adenine via

the cyclopropane moiety in spirocyclic cyclopropapyrrolo-indole (CPI) unit [70].

(+)-CC-1065 was not progressed into the clinic due to observed delayed

Fig. 10 Natural

calicheamicin and

mechanism of DNA

double strand breaking
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hepatotoxicity in preclinical animal studies [71]. A series of analogs were made in

an attempt to find molecules with properties suitable for clinical development. The

discovery of cyclopropabenzindole (CBI) unit and the corresponding chloromethyl

substituent as a precursor to the cyclopropyl ring constituted a breakthrough. This

discovery addressed the relatively poor stability of the CPI unit in serum and

opened the door for pro-drugging this highly reactive structural feature [72]. The

chloromethyl substituent in O-pro-drugged-(S)-1-(chloromethyl)-2,3-dihydro-1H-

benzo[e]indol-5-ol generates CBI following the enzymatic removal of the phenol-

capping group and a Winstein cyclization (Fig. 13). This approach presented an

opportunity for linking this potent warhead to an antibody and also for introduction

of much needed water solubilizing groups for this chemotype.

Two duocarmycin containing ADCs have been progressed into the clinic.

MED-A used the pro-drugging site to introduce a solubilizing moiety and an aniline

in the DNA-binding region for linking to the antibody [73] and seco-DUBA where

the DNA-binding region was modified to introduce hydrophilic residue that could

Fig. 12 Structure of CC-1065 and mechanism of DNA alkylation

Fig. 11 Calicheamicin drugs used in ADCs
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promote solubility while the linking was done through the DNA-alkylating unit

phenol (Fig. 14). Seco-DUBA showed IC50 ¼ 90–430 pM potency in a range of

cancer cell lines [74]. An interesting detoxification mechanism was described for

DUBA, the active species following removing of the phenol capping group, where

the cleavage of the amide bond between the alkylating region and the binding

region in plasma leads to weakly cytotoxic molecules. This degradation was shown

to be species dependent with only 2.6% of the DUBA left in rat plasma after

180 min and 68% remaining in human plasma [74].

Pyrrolobenzodiazepine Dimers

Anthramycin, the first member of this family of antibiotics, was isolated as the

active constituent from the fermentation broth of Streptomyces refuineus var.

thermotolerans [75]. Many analogs have been discovered or synthesized since

then (Fig. 15). The key analogs that led to warheads currently used in ADCs are

Fig. 13 CBI mechanism of formation following enzymatic cleavage

Fig. 14 CBI-based duocarmycin drugs progression to the clinic
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Tomaymycin [76] and Sibiromycin [77]. The key features of pyrrolobenzodiazepines

(PBDs) are the presence of a substituted phenyl ring A, the diazepine ring B, a

nitrogen containing five-membered heterocycle C containing various levels of

unsaturation and a specific (S)-configuration at the B-C ring junction, which is

essential for the interaction with the DNA minor groove (Fig. 15). PBDs are believed

to owe their biological activity to their ability to react at the electrophilic N10–C11

imine with the amino group in C2 position of a guanine residue within the minor

groove (Fig. 16) [78]. PBD monomers have shown nM toxicity against cancer cell

lines and have limited applications for ADCs. A seminal discovery was made when a

1,3-propane-diether-linked dimer was shown to have much improved cytotoxicity

due to its ability to bind tominor groove DNA over a span of six base pairs. The dimer

8 (DSB-120) showed up to 600 times improved activity over the monomer [79]. Fur-

ther improvements in potency were made by introduction of unsaturation at C2 that

led to the discovery of 9 (SJG-136 and SG2000), which was progressed into the clinic

for hematological malignancies [80, 81]. Low pM in vitro potency was achieved by

making the tether between the two PBD monomers longer, i.e.1,5-pentane-diether as

illustrated by the discovery of 10 (SG2057) that showed 212 pM potencies in cancer

cell lines [82]. In addition, highly potent analogs of PBD dimers were obtained when

an aryl group was introduced at the C2-position; compounds 11 (SG2202) and its

water soluble analog 13 (SG2285) showed 1.3–53.5 pM activity in a panel of cancer

cell lines [83]. Compound 11 presented the opportunity to introduce a functional

group for linking to an antibody when it was shown that an aniline at C-2 as in 12

(SG1882) showed 0.1–1 nM activity in a panel of lymphoma and renal cell carcinoma

cell line panel [40].

An interesting linking strategy was used for the warhead in compound 14 (D6.5)

where the N-10 position was used to introduce the linker [84] (Fig. 17).

Fig. 15 Naturally occurring pyrrolobenzodiazepines

Fig. 16 Mechanism of DNA alkylation with PBDs
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2.4.3 Anthracyclines

Doxorubicin was used in early ADCs in which the molecule was linked to the

antibody via a hydrazone formed with the ketone functional group (Fig. 18). In a

randomized trial, chimeric BR96 antibody was conjugated to doxorubicin and the

resulting ADC BR96-doxorubicin was advanced to a Phase II human clinical trial in

metastatic breast cancer. The trial failed to show meaningful therapeutic benefit

[85]. Clinical use of doxorubicin analogs is limited by their dose-related cardiotoxicity.

Compound 15 (Nemorubicin,MMDX) (Fig. 18) was a synthetic analog of doxorubicin

that showed reduced toxicity of 400–800 nM against doxorubicin resistant cancer cell

lines [86]. During preclinical studies involving incubation of the drug with NADPH-

supplemented rat liver microsomes a highly toxic metabolite was identified compound

16 (PNU-159682) (Fig. 18). This metabolite was shown to be 3,000-fold more

cytotoxic than the parent 15. The cytotoxicity against cultured human cancer cell

lines was 0.07–0.58 nM/L [87]. The mechanism of action of 16 is intercalation

Fig. 17 Pyrrolobenzodiazepine dimers that were progressed into the clinic
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between CG base pairs with a much higher binding affinity than 15 [88]. Compound 16

was linked to antibodies via the hydroxyl group (Fig. 18).

2.4.4 RNA Polymerase Inhibitors

α-Amanitin

α-Amanitin 17 is a bicyclic octapeptide isolated from Amanita mushrooms and

responsible for their extreme toxicity (Fig. 19). Amanitin binds with high specific-

ity and low nM affinity near the catalytic active site of RNA polymerase II, as

shown by its high resolution structure bound to the enzyme [89]. α-Amanitin

“freezes” the enzyme in a conformation that prevents nucleotide incorporation

and stops translocation of the transcript [90, 91]. Despite its low cell membrane

permeability, α-amanitin is hepatotoxic by a mechanism that involves the organic

anion-transporting polypeptide (OATP3), which acts as an uptake transporter in

human hepatic cells [92]. α-Amanitin was conjugated to proteins in the 1980s by

using the phenol as the linking functional group or a diazo-linker with uncertain

structure [93]. It was shown that once conjugated to antibodies via the 4-hydroxy-L-

allothreonine 18 (Fig. 19), the anti-epithelial cell adhesion molecule (EpCAM)

targeting amanitin ADCs showed 105 enhancement of cytotoxicity as an ADC

targeting an antigen expressed on the Colo205 cancer cell lines [94]. This obser-

vation was later attributed to the fact that suppression of RNA polymerase IIA with

amanitin led to selective inhibition of proliferation, survival and tumorigenic

potential of colorectal cancer cells with hemizygous TP53 loss in a

p53-independent manner [95]. Introducing a linking reactive group or a phenyl-

ether 19 (Fig. 19) led to potent anti-PSMA targeting ADCs that showed

17–620 pM potency in PSMA expressing cells in vitro. The corresponding cleavable

Fig. 18 Anthracycline drugs for antibody drug conjugates
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and non-cleavable conjugates showed tumor stasis in CWR-22rv1 mouse model at an

iv dose of 150 μg/kg with respect to toxin [96].

SN-38 and the Camptothecins

Camptothecin (CPT) was first isolated from the Camptotheca acuminata tree in

1966 (Fig. 20) [97]. Preclinical studies revealed that CPT had remarkable activity

against leukemia cell lines. The low aqueous solubility of CPT led to its use as a

sodium salt of the open cycle lactone end of the molecule, which leads to loss of

activity. In efforts to improve the aqueous solubility of analogs, the derivatives

Topotecan and Irinotecan were developed. The potent antitumor activity of CPT

was attributed to selective inhibition of DNA topoisomerase I, thus impairing DNA

replication and resulting in the apoptotic cell death of tumor cells [98]. The X-ray

crystal structure of a ternary complex formed between DNA, topoisomerase I and

Topotecan showed the only H-bond interaction between the drug and the enzyme

was with the 20-hydroxy-group of Topotecan and an important water interaction

was observed with the phenol [99]. This discovery provided an explanation

Fig. 19 Structure of natural α-amanitin and derivatives for linked drugs
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for much lower potency for Irinotecan, a result of inefficient carboxylesterase-

catalyzed hydrolysis of the prodrug to its active metabolite in patients. The active

metabolite of Irinotecan (SN38) was plagued by low aqueous solubility despite

higher activity than CPT. However, SN-38 was successfully conjugated to an

antibody via its hydroxy group at C20 [100]. Compound 20 (Dxd, DX-8951) was

described as an inhibitor of Topoisomerase I with higher potency than SN-38. The

warhead was incorporated into an ADC by linking with the hydroxyacetate via

an aminomethylene moiety [101]. A trastuzumab conjugate with compound 20

showed activity in breast cancer patients [102].

2.5 The Tether

The tether is defined as the region of the linker that connects the drug to a reactive

group that accomplishes the conjugation to the antibody as described in Sect. 2.2.

The tether must be stable in plasma for the period between the IV administration

and cellular internalization and processing thus addressing the primary drug loss

mechanism from the ADC (Fig. 21). The secondary source of drug loss is the

stability of the whole conjugate in plasma. The attachment of the linked drug

negatively impacts the pharmacokinetics of the ADC, thus leading to release of

drug by virtue of antibody plasma metabolism (Fig. 21) and the tether can minimize

the negative impact of drug conjugation on pharmacokinetics by counterbalancing

the hydrophobicity of the drug. In addition to modulation of the overall stability of

the ADC, the tether can provide at least one intracellular specific mechanism of

release of the active species. Based on these considerations the tether plays a critical

Fig. 20 Structure of camptothecin and derivatives used as cytotoxic drugs and as linked drugs
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role in achieving true targeted delivery of the drug by harnessing the long half-lives

of mAbs and utilizing tumor and cancer cell specific cytotoxic drug release. Two

classes of tethers have been utilized in generation of ADCs: non-cleavable and

cleavable tethers.

2.5.1 Non-cleavable Tethers

A non-cleavable tether does not contain a tumor or cancer cell-specific release unit,

called a “trigger.” For a medicinal chemist, the use of a non-cleavable tether poses

the challenge of finding a linking site on the cytotoxic drug where attachment of the

tether will not impact cytotoxicity. Additionally, following cellular catabolism, the

non-cleavable tether ADCs generates a species that contains a residual charged

amino acid residue. In vitro assessment of the cytotoxicity of such species is not

always trivial due to the potential low cell membrane permeability thus making the

evaluation of linked drugs with non-cleavable tethers challenging. The particular

nature of non-cleavable tethers has two apparently conflicting consequences: on

one hand the stable linkage translates to higher plasma stability and reduced

toxicity as shown by higher Maximum Tolerated Dose (MTD) in vivo. On the

other hand, in tumors with heterogeneous expression of the antigen, the efficacy can

be negatively affected by the reduced cell membrane permeability of the active

species, leading to reduced ability of the resulting drug to kill neighboring cells.

Two prominent examples of non-cleavable tether linked warheads are

MCC-DM-1 and mc-MMAF (maleimidocaproyl-MMAF). The lysosomal catabo-

lites of ADCs containing these linked drugs are DM1-MCC-Lys 21 and MMAF-

mc-Cys 22, respectively (Fig. 22). As the catabolism of ADCs was shown to be

lysosomal [103] and the target of these drugs is located in the cytoplasm, the exact

mechanism of lysosomal escape was unknown. Recent data suggest that protein

transporters imbedded in the lysosomal membrane could be responsible for the exit

of these highly charged molecules from the lysosomal compartment into the

cytoplasm. Moreover, the study showed that transporters have the ability to

Fig. 21 Representative

pharmacokinetic profiles of

molecular components

of ADCs
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selectively transport species with certain linked drug structure thus providing

evidence that development of non-cleavable tethers could face higher hurdles

than is the case for cleavable analogs [104].

MCC-DM-1 contains the thiosuccinimide moiety, which was shown to lead to

drug loss following exchange with thiol-containing plasma protein, i.e. albumin.

Two truly non-cleavable linkers that lacked the reversible thioether succinimide

connection between the drug and antibody were shown to possess superior efficacy

and stability relative to MCC-DM1. These two linkers are May-mc 23 and

Fig. 22 Linked drugs with non-cleavable tethers
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May-MPA 24 and the corresponding lysosomal released drugs are shown in

Fig. 22 [105].

2.5.2 Cleavable Tethers

Cleavable tethers contain a spacer and a structural feature designed to release the

drug inside the cell called a “trigger.” The spacer is usually a short carbon chain for

most ADCs but for some is a series of polyethylene glycol units, which are designed

to reduce the logP of the linked drug during the conjugation process and minimize

the impact of drug lipophilicity upon the pharmacokinetics of the ADC. The trigger

is a tool that exploits changes that occur in vesicles along the endosomal, lysosomal

and cytoplasmic pathway following receptor-mediated endocytosis [106]. The

changes that have been exploited by trigger designs are: (1) gradual drop in pH

from physiological range at the cell surface of 7.2–7.4 to 5.5–6 within the endosome

and to ~5.0 in lysosome; (2) the activation of protein digesting enzymes at the lower

pH of the lysosome; and (3) the increase in concentrations of reducing co-factors

such as glutathione and cysteine and activation of enzymes that can reduce disulfide

bonds [107].

Early examples of pH sensitive triggers are shown in Fig. 23. The linker in

gemtuzumab ozogamicin (Mylotarg) showed good stability at pH 7.4 (94%) and

complete hydrolysis at pH 4.5 (97%) following an investigation of a range of

structural analogs. This linker, called AcBut, showed the best stability at pH

resembling plasma yet can be efficiently cleaved in the acidic environment of the

lysosome. AcBut led to ADC that showed potency 100,000-fold higher toward

antigen-positive HL-60 cells than when conjugated to a non-targeted antibody

[108]. One additional example of an acid sensitive trigger is AEVB (Fig. 23),

which contains Auristatin E linked at the alcohol moiety as an ester to a ketone

Fig. 23 Low pH cleavable hydrazone-linked drugs
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containing acid. The ketone is linked to the antibody via a pH sensitive hydrazone.

The linkage was relatively stable at pH 7.2 (t1/2>60 h) but labile at pH 5.0 (t1/2 3 h).

Once conjugated, AEVB was released non-enzymatically at pH 5 (t1/2 4.4 h) more

rapidly than at pH 7.2 (t1/2 183 h). A human plasma stability study showed that after

4 days ~30% hydrazine was hydrolyzed. In mouse plasma ~40% of drug was

cleaved at the ester site after 4 days incubation [53].

The most successful trigger has been the peptidase-cleavable peptide pioneered

following discoveries made at Bristol Myers Squibb in the late 1990s. Dubowchik

and his colleagues hypothesized that replacing the hydrazone trigger with a cathep-

sin B cleavable peptide should lead to tethers that are stable in circulation, due to

absence of the protease in extracellular space, yet labile in the lysosomal compart-

ment, thus releasing the drug intracellularly [109]. The study showed that cathepsin

B–mediated release of doxorubicin from constructs containing various dipeptide

triggers was observed only when a spacer was introduced between the bulky

doxorubicin and the dipeptide. The spacer chosen was para-amino-benzyl (PAB)

that presented the unique feature of self-immolation at pH ~5. An illustration of the

dipeptide linker design (Fig. 24) uses mc-VC-MMAE. The dipeptide used in this

tether is Valine-Citrulline flanked by a maleimidocaproyl spacer at the N-terminus

and by the PAB spacer at the C-terminus. Upon cleavage of the PAB-Cit amide

bond, a MMAE-PAB carbamate is released. This species can be identified tran-

siently but it decomposes by a 1,6-elimination with the release of unstable MMAE

carbamic acid, which spontaneously eliminates carbon dioxide to generate the

active drug. In a detailed comparison of peptide and hydrazone cleavable tethers,

scientists brought strong evidence that peptide tethers were superior in almost all

aspects when linking auristatins to antibodies [53]. In addition to the Val-Cit

Fig. 24 Dipeptide trigger design for linked MMAE
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peptide trigger, several groups have employed a Val-Ala linker as the one described

in SC16LD6.5, in which the tether for pyrolobenzodiazepine dimer D6.5 contains a

Val-Ala-PAB trigger and a PEG8, which lowers the hydrophobicity of the whole

payload (Fig. 25) [84].

A highly complex linker design was reported for duocarmycin in SYD985

[74]. The main challenge with duocarmycin derived ADCs is linking via a phenol

group. Design criteria employed for linking seco-DUBA were: introducing a tether

that lowers lipophilicity, as is the case with PEGs and alcohols, use of a self-

immolative 1,5-cyclization moiety and use of a valine-citrulline-PAB cathepsin

B-sensitive trigger. Unlike the Val-Cit-PAB alone, for which a mildly acidic

environment is needed to facilitate enzymatic cleavage, the tether in SYD985

requires a pH of greater than 6 for efficient release of the DUBA active species.

This requirement is met by the transport of the prodrug carbamate from the

lysosomal compartment to the cytoplasm where the higher pH triggers the release

of DUBA (Fig. 26) [74]. This additional step could present challenges as it was

shown that transporter proteins could play a critical role [103] and structural

characteristics of the tether may impact the efficiency of crossing intracellular

membranes. The tether in NMS249 utilizes a similar self-immolative 1,5-cycliza-

tion unit that connects the protease cleavable trigger to a primary alcohol. This

tether is more hydrophobic and contains no PEG to attach the maleimide. This

design was driven by the hydrophilic nature of the PNU-159682 parent drug and the

presence of a primary alcohol as the linking handle (Fig. 27) [110]. The Val-Cit-

PAB motif adds considerable hydrophobicity to tethers and ultimately to ADCs.

Unlike small molecule drugs mAb-based drugs owe their long half lives in

circulation, among other factors, to their peptidic structures and optimal lipophilicity.

Structural modifications of mAb that add hydrophobicity to the molecule have been

shown to reduce the half-life of these constructs in circulation. Hydrophobic interac-

tion chromatography (HIC) is an analytical tool that allows for evaluation of “hydro-

phobic penalty” paid by ADCs following linking drugs to antibodies. This penalty is

evidenced by a longer retention time in HIC when compared to unconjugated

mAb and has a significant impact upon pharmacokinetics of the conjugate in vivo

[35, 111]. To illustrate the impact of hydrophobicity on pharmacokinetics, a tether

that contained a hydrophilic moiety (AT-glu-Dpr-(mDpr)) in which the phenylalanine

Fig. 25 Val-Ala dipeptide trigger in a PBD dimer linked drug
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of MMAF was replaced with threonine and linked directly to a hydrophilic cleavable

peptide via a hydrolysable maleimide tether (see earlier) was designed. The resulting

ADC was compared to the mc-MMAF and mc-VC-PAB-MMAF in the HIC assay

(Fig. 28). As mentioned previously, for a given ADC, the number of drugs loaded to a

mAb is defined as drug to antibody ratio (DAR). In the context of hydrophobic

penalty, the DAR refers to the number of molecular entities attached to the mAb

Fig. 27 Design for linking a primary alcohol with a dipeptide trigger anthracycline linked drug in

NMS249

Fig. 26 Design of phenol-linked dipeptide-trigger duocarmycin in SYD985
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that contain the active drug that contributes to added hydrophobicity to the ADC. In

the study above, the hydrophilic tether ADC showed a retention time similar to

unconjugated antibody even at a high DAR 8. The observed plasma pharmacokinetics

with DAR 8 mirrored the HIC hydrophobicity profiles. Moreover, the in vivo efficacy

for an ADCwith a DAR of 4 with mc-VC-PAB tether was significantly higher than an

analogous ADC with a DAR of 8. By contrast, the efficacy of a DAR 8 hydrophilic

AT-glu-Dpr-(mDpr) tether ADC was much higher than DAR 8 with mc-VC-PAB

tether at one quarter of the dose [111].

The PAB spacer in peptide triggers was omitted in cases where a phenyl group is

part of the warhead. The peptide trigger was attached directly to the warhead via

an aniline. The PBD dimer 12 (SG1882) (Fig. 17) was linked to an antibody via a

tether that contained the Val-Ala-mc. Compound 25 (Fig. 29) was conjugated at

position HC S239C to yield the ADC (see Sect. 3 for discussion) [40]. Another

example of a minimalistic linker is mc-Lys-MMETA 26 where a Lys was linked

directly to the warhead to yield highly potent ADCs following conjugation

(Fig. 29).

β-Glucuronidase is an enzyme that was shown to be highly abundant in breast

tumor tissue and peritumoral space [112]. β-Glucuronidase can cleave the glyco-

sidic bond between glucuronic acid and a hydroxyl-bearing substrate. In the context

of ADCs a β-glucuronide trigger was coupled to a tri-substituted self-immolative

tether that acts a linking point for antibody attachment and as a drug release device

analogous to the previously described PAB. This type of linker was used to link

MMAF to CD30 and CD70 targeting antibodies where the resulting ADCs showed

pM potency in antigen positive cancer cell lines (Fig. 30) [113]. The ability of

Fig. 28 Structure of linked drugs used to evaluate the hydrophilic linked auristatins
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this tether to generate increase hydrophilicity was exploited when hydrophobic

Duocarmycin analogs were successfully conjugated to anti-CD30 and anti-CD70

antibodies to yield potent ADCs [114]. A recent extension of the glucuronide

linking technology used a quaternary ammonium linker (Fig. 31) instead of a

carbamate to link the self-immolative moiety to the drug. This approach introduces

one additional hydrophilic element to the tether thus leading to highly hydrophilic

ADCs, which have improved pharmacokinetics. This new technology was used to

link Auristatin E, the drug in GlucQ-AE, and N14-desacetoxy-tubulysin H, the drug

Fig. 30 Glucuronide as a trigger for linked MMAF

Fig. 29 Linked drugs that do not use a spacer for dipeptide trigger
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in GlucQTub, to anti-CD30 and anti-CD70 antibodies with a DAR of 4 that showed

potent cytotoxicity in an antigen specific cytotoxicity assay (Fig. 31) [115].

The higher concentration of glutathione (0.5–10 mmol/L) and relatively low

extracellular concentration (2–10 μm/L in plasma) [116] was exploited by tether

design for ADCs. In addition to hydrolysis of the hydrazine, the calicheamicin

conjugates require the reduction of a disulfide bond for activity (see above). The

development of a plasma stable disulfide tether that could efficiently release the

drug in the intracellular compartment was critical for the development of the

maytansinoid drugs DM1 and DM4 with cleavable linkers (Fig. 32). A series of

Fig. 32 Maytansine disulfide linkers stability studies

Fig. 31 Quaternary ammonium linker combined with glucuronide trigger
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huC242 ADCs 27a–f were prepared with the intent to explore the effect of steric

hindrance adjacent to the disulfide bond upon the ADC characteristics. All ADCs

were highly active (low pM potency) and the activity was antigen expression status

specific [117]. The conjugates were incubated with DTT at pH 6.5 to determine the

relative loss of drug and it was shown that higher hindrance leads to much slower

drug release. The higher stability of the disulfide translated to improved pharma-

cokinetics as defined by the half-life but the tolerability in vivo was not affected by

hindrance (Fig. 32). In comparison to non-cleavable linker DM1-SMCC-tether, the

cleavable disulfide ADCs were less well tolerated in mice. The disulfide tethers

however showed increased bystander activity (as defined above). A bystander kill

assay, in which the ADCs were incubated with antigen negative cells and increasing

number of antigen positive cells, was carried out for ADCs 27c and 27b in Fig. 33

along with the non-cleavable DM1-SMCC. As long as enough antigen positive cells

were present, the cleavable linker containing ADC was able to kill antigen negative

cells, with ADC 27b showingmuch higher efficiency than 27cwhile the non-cleavable

tether was ineffective. An understanding of this behavior was achieved using a

radiolabeled maytansinoid conjugated to huC242 by using SPP (27c in Fig. 33) and

SPDB (27b in Fig. 33) tethers for DM1 and DM4, along with the non-cleavable

DM1-SMCC. The study analyzed the products of cell catabolism for all ADCs. All

ADCs yielded Lys-bearing catabolites, indicating full degradation of the antibody in

the lysosome. The non-cleavable tether was not further degraded but the cleavable

tethers yielded the reduced drugs DM1 and DM4 following disulfide reduction.

Interestingly the S-methylated analogs of the two drugs were observed as well with

that being the major species for DM4while for DM1only small amounts of methylated

analog were observed. This indicated that DM4 was efficiently methylated by endog-

enous S-methyl transferases. This finding, associated with the enhanced cell membrane

permeating ability of the S-Me analogs, explained the observed differential activity

against non-antigen expressing cells (Fig. 29) [118].

Fig. 33 Disulfide trigger intracellular processing cleavables vs. non-cleavable
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3 Processes

3.1 Antigen Binding and Internalization

At a cellular level, multiple factors contribute to efficient targeting of the cancer

cells and subsequent tumor destruction: the antigen copy number expressed on the

surface of the cancer cell (as mentioned above), the affinity of ADC for the antigen,

the rate and efficiency of internalization of the ADC-antigen complex, the rate of

recycling of the complex back to the cell surface and the efficiency of trafficking to

the appropriate compartment for drug release and ultimately achieving the interac-

tion with the intracellular target leading to cell death all play critical roles in the

success of targeted cancer therapy. Most of these characteristics are antibody target

dependent and judicious target selection will have a significant impact on the

clinical success of the ADC [119]. However, the efficiency of internalization of

the ADC could be induced by conjugation of the drug to the non-internalizing

mAbs. Several reports showed that upon binding of unconjugated mAb to the

antigen, the antibody/antigen complex remains on the surface while conjugation

to drugs such as auristatins L49 mAb [120] or anti-CD-20 [121] led to molecules

that efficiently internalize once bound to cell surface antigen. Whether this applies

to any drug conjugated to non-internalizing mAbs still remains to be demonstrated.

3.2 ADC Intracellular Processing

Trafficking and intracellular fate of ADCs following internalization has been the

object of several detailed studies [118, 122, 123]. Anti-CD30 conjugates bearing

the protease cleavable tether mc-VC-MMAE and the non-cleavable mc-MMAF

were generated and were shown to display comparable binding and internalization

rates with both ADCs showing efficient and antigen-dependent cancer cell killing.

Immunofluorescence microscopy showed that the ADC localized to lysosomes

following 16 h incubation in L540cy cells. When inhibitors of trafficking (ammo-

nium chloride) were used prior to addition of ADCs to the cells the total intra-

cellular level of ADC was significantly diminished while flow cytometry and

fluorescence microscopy showed accumulation of ADC at the surface of the cell.

Inhibitors of cathepsin B-mediate proteolysis significantly enhanced the intracellu-

lar levels of ADCs. The lysosomal metabolism of the ADC caused the released of

the drug was probed by using inhibitors of cysteine proteases that showed subdued

cytotoxicity when incubated with the cancer cell pretreated with inhibitor. Inter-

estingly, when the inhibitors were added to the cells hours after the ADC treatment

there was minimal effect upon cytotoxicity [123].
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4 Clinical Experience

4.1 Hematological Cancers

4.1.1 Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (Mylotarg) was approved by the FDA in 2000 and was

the first ADC to reach the market. It is a humanized IgG4 mAb directed against

CD33, a surface antigen present in 85–90% of acute myeloid leukemia (AML),

conjugated by random Lys conjugation to N-Ac-γ1I dimethyhydrazide (DMH)

(Fig. 11) with an average of DAR4. It was prescribed as a monotherapy in patients

over the age of 60 with AML who were not candidates for cytotoxic chemotherapy.

Mylotarg was withdrawn in 2010 after a phase III study showed no clinical benefit

and a higher risk of fatal adverse events [124].

4.1.2 Brentuximab Vedotin

Brentuximab vedotin (Adcetris) is composed of a mouse IgG1 anti-CD30 mAb

conjugated to mc-VC-MMAE via maleimides to native cysteine residues with an

average DAR of 4. Adcetris binds to the cell surface CD30 with high affinity (3 nM)

and has high potency against CD30+ Hodgkin lymphoma and ALCL tumor cells

in vitro (IC50 values of 3–50 pM) [125]. The clinical MTD of Adcetris was 1.8 mg/kg

every 3 weeks. At this dose objective responses were obtained, including complete

responses (4 of 12 patients) and partial responses (2 of 12 patients) in relapsed CD30-

positive lymphomas [126] in a first Phase I study. In a second Phase I trial of

brentuximab vedotin carried out to test its effects, when administered weekly the

dosing range was 0.4–1.4 mg/kg, the MTD was 1.2 mg/kg and the overall response

rate (ORR) was 59%, with 34% complete responses [127]. Adcetris was approved for

the treatment of patients with relapsed or refractory CD30+ Hodgkin lymphoma

following autologous stem cell transplant (ASCT) or patients not eligible for ASCT

who have failed at least two other chemotherapy treatments. Adcetris has also been

approved for patients with anaplastic large cell lymphoma (ALCL) as a second line

following a phase II study where 86% of patients showed an overall response rate and

54% complete responses [128]. The most common adverse reactions were peripheral

sensory neuropathy, neutropenia, fatigue, nausea, and thrombocytopenia.

4.2 Solid Tumors

4.2.1 Ado-Trastuzumab Emtansine

Ado-trastuzumab Emtansine (T-DM1, Kadcyla) [129] is composed of trastuzumab,

an anti-Her2 humanized IgG1 antibody random conjugated via Lys to non-cleavable
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SMCC-DM1 with an average DAR of 3.5. In vitro potency of trastuzumab-MCC-

DM1 in a panel of human breast cancer cell lines expressing Her2 was IC50 4–15 ng/

mL [129]. The clinical MTD was 3.6 mg/kg every 3 weeks with a t½ of 3.5 days

[130]. In early 2013, T-DM1 was approved as a new therapy for patients with HER2-

positive, late-stage (metastatic) breast cancer. Currently, T-DM1 is the only ADC

approved for treating metastatic breast cancer that overexpresses the HER2 antigen

[131, 132].

5 Future Directions and Perspective

Therapeutic ADCs for cancer treatment are experiencing encouraging success with

the approval of Adcetris and Kadcyla and promising results with several clinical

candidates in advanced clinical trials [133, 134]. The recent advances in linker

development led to a breakthrough in the ability to achieve good clinical efficacy

with limited toxicity. The two parameters that define the therapeutic index of ADCs

are Minimum Effective dose (MED) and MTD and while ADCs present certain

advantages over chemotherapy with regard to systemic toxicity still most current

ADCs are dosed at or close to the maximum tolerated dose. The most encouraging

aspect of ADC development is that targeted therapy, with very few examples, has

delivered on its promise of showing efficacy against tumors defined by a particular

target. The main challenge for next generation of ADCs is to improve their

tolerability. While on-target toxicity can be addressed by a careful choice of target

antigen, the off-target toxicity can be addressed with medicinal chemistry. Highly

potent drugs have contributed to the success of the current generation of ADCs but

all have shown significant dose-limiting toxicities [135]. Generation of homoge-

nous ADCs is a reality with the establishment of site-specific conjugation technol-

ogy used by ADCs currently in the clinic. This technology, along with the advances

in control of the hydrophobicity of linked drugs should lead to significant improve-

ment in pharmacokinetics to a point where the half-lives of the ADCs should

closely resemble the ones for the parent mAbs. The small fraction of current

ADCs reaching the tumor [41] presents an excellent opportunity for improving

the therapeutic index as just a small improvement in efficient targeting could have a

great impact on both the MED and MTD. The non-specific uptake of ADC via

target-independent internalization, i.e. pinocytosis, was recognized as an area of

intervention [136]. Exploiting the genetic differences between tumor and normal

cells is in its infancy and medicinal chemists and cell biologists are faced with a

great opportunity to harness these yet unknown devices that will enhance the ability

to kill cancer cells with future ADCs. Uncovering tumor-specific mechanisms of

release will require development of new triggers or combination of triggers within

the same tether or linked drug. The suggested dependence of lysosomal escape

upon the structure of the linked drug gave us a glimpse into the types of opportu-

nities available to ADC medicinal chemists [104]. From a structural perspective,

the interaction of the linked drugs with the antibody is far from being understood.
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Developing an understanding of these interactions could provide design principles

for medicinal chemists when building linked drugs for mAbs. Such an advance

could be achieved by making use of molecular modelling or, ideally, by obtaining

crystal structures of ADCs.

The efficacy of ADCs is dependent on whether the intracellularly released active

species is a substrate of multidrug resistance (MDR) proteins. Most of the ADCs in

clinical trials use a small set of cytotoxic warheads: auristatin and maytansinoids.

Resistance, innate or acquired, to these drugs could lead to loss of clinical efficacy

[137]. It was shown that the chemical structure of the tether can enable the active

species to evade efflux mechanisms. Medicinal chemists will always be challenged

to discover new chemical warheads that are not efflux substrates, while still

displaying the required potency for ADCs. The interaction of medicinal chemists

with protein engineers, oncologists, cell biologists, and clinicians will result in

better ADCs. These interactions present excellent opportunities to demonstrate that

medicinal chemistry is a central science that can provide innovative solutions to the

problems currently faced by this fascinating field of scientific endeavor.
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