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Antibody-drug conjugate (ADC) are now amongst the fastest growing drug classes in oncology, as they combine

the best features of mAbs and small molecule drugs, creating a single moiety that is highly specific and cytotoxic.

antibody-drug conjugates ADCs targeted therapy cancer FDA approved

| 1. Introduction

Paul Ehrlich’s vision of a rationally targeted strategy to eliminate disease, whether it be microbes or malignant
cells, has driven research over the past century, particularly creating a targeted cancer therapy revolution &I, In
1913, it was theorized that a so-called ‘magic bullet’ drug could cause selective destruction by employing a toxin
and a targeting agent. Over 80 years following Ehrlich’s fundamental realization, and supported by the successful
development of chemotherapy in the 1940s 2 and monoclonal antibodies (mAbs) in the 1970s B, in 1983 the first
successful antibody-drug conjugate (ADC) human clinical trial began using an anti-carcinoembryonic antibody
tethered to vindesine [4l. The safety of administration and the ability of the conjugate to localize after radiolabeling
was investigated in eight patients with advanced metastatic carcinoma. While the feasibility of this approach was

demonstrated, several hurdles were identified, the most significant being aggregation !,

ADCs are now amongst the fastest growing drug classes in oncology, as they combine the best features of mAbs
and small molecule drugs, creating a single moiety that is highly specific and cytotoxic. These therapeutic entities
are considered the “homing missiles” of cancer therapy, and are composed of three key elements: a monoclonal
antibody that selectively binds to an antigen on the tumor cell surface, a cytotoxic drug payload, and a cleavable or
non-cleavable linker, see Figure 1 BIBIA, Each of these components can vary widely between ADCs, leading to
immense diversity in the overall structure, and subsequently, the ADC’s pharmacological and clinical properties.
ADCs are designed to deliver the toxic payload selectively to cells expressing the target antigen. Therefore, target
antigens that are preferentially expressed in tumors versus non-malignant cells can be exploited to harness a
greater therapeutic window and reduce the chance of off-target effects associated with systemic administration of
traditional chemotherapeutics. The advent of ADCs has thus sparked a revival of chemotherapeutic payloads,

which cannot be administered systemically due to their extreme potency and ensuing toxicity profiles.
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Figure 1. The general structure of an antibody-drug conjugate (ADC) and key points about the different

components. (Created with BioRender.com, accessed 27 September 2021).

Many ADCs have demonstrated impressive activity against treatment-refractory cancers, resulting in their approval
for both hematologic malignancies and solid tumor indications. At the time of writing, 11 different ADCs have been
approved by the US Food and Drug Administration (FDA) for clinical use, see Figure 2A and Table 1. Of these,
seven have also obtained approval by the European Medicines Agency (EMA) (Appendix A). The recent surge in
ADC approvals, of which Polivy® (polatuzumab vedotin-piiq), Padcev® (enfortumab vedotin-ejfv), Enhertu® (fam-
trastuzumab deruxtecan-nxki), Trodelvy® (sacituzumab govitecan-hziy), Blenrep® (belantamab mafodotin-blmf),
Zynlonta® (loncastuximab tesirine-Ipyl), and Tivdak® (tisotumab vedotin-tftv) have all gained FDA approval since

2019, belies the turbulent past these biologics have experienced, both in academic and regulatory settings.
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Figure 2. (A) Structures of FDA approved antibody-drug conjugates (ADCs). The antibody is shown in blue, and
chemical structures for linker and payload are in red and green, respectively. Scissors indicate the cleavage site (if
applicable). Pharmaceutical makers and drug-to-antibody ratio for each ADC is indicated. (B) Comparison of

approximate payload potency ranges (Created with BioRender.com, accessed September 2021).

Table 1. FDA approved ADCs currently on the market.

; Payload . Di_sease
ADC Target mAb Linker Payload/Payload Class Action DARIndication (Year of
Approval)
®
(gzlr)r/llt(iltza;?nab CD33 IgG4 acid ozogamicin/calicheamicin DNA - CD33+ RIR AML
. cleavable cleavage 3 (2000) @
0zogamicin)

Adcetris® CD30 IgG1 enzyme MMAE/auristatin microtubule 4 R/R sALCL or cHL
(brentuximab cleavable inhibitor (2011)R/R pcALCL
vedotin) or CD30+ MF

(2017); cHL,
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. Payload . Di_sease
ADC Target mAb Linker Payload/Payload Class Action DARIndication (Year of
Approval)
SALCL or CD30+
PTCL (2018)
HER2+ metastatic
breast cancer
previously treated
with trastuzumab &
Kadcyla® (ado- . a taxane (2013);
trastuzumab HER2 lgG1 non- DM1/maytansinoid m!crqtgbule 315 HER2+ early
emtansine) cleavable inhibitor breast capcer after
neoadjuvant
taxane &
trastuzumab-
based treatment
(2019)
.BeSponsa® acid . ) . DNA
(inotuzumab CD22 lgG4 ozogamicin/calicheamicin R/R B-ALL (2017)
. cleavable cleavage
0zogamicin)
Polivy® icrotubul / CL (2019
(polatuzumab ~ CD79b  IgG1 o YMe MMAE/auristatin microtubule ;o R/R DLBCL (2019)
o cleavable inhibitor :
vedotin-piiq)
Locally advanced
or metastatic
urothelial cancer
after a PD-1 or
PD-L1 inhibitor
and a Pt-
Padcev® enzyme microtubule ch(:ac;r:](tJetan;?:py
(enfortumab Nectin4 1gG1 MMAE/auristatin o 3.8
L cleavable inhibitor (2019) or are
vedotin-gjfv) A
ineligible for
cisplatin-containing
chemotherapy and
previously
received 1 or more
lines of therapy
(2021) ¢
Enhertu® (fam- HER2 IgG1 enzyme DXd/camptothecin TOP1 8 Unresectable or
trastuzumab cleavable inhibitor metastatic HER2+
deruxtecan- breast cancer after
nxKki) 2 or more anti-

HER2 regimens
(2019) d: locally
advanced or
metastatic HER2+
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Disease
DARIndication (Year of
Approval)
gastric or
gastroesophageal
junction
adenocarcinoma
after a
trastuzumab-
based regimen
(2021)

Payload

. Action

Target mAb Linker Payload/Payload Class

Locally advanced
or metastatic
TNBC after at least
two prior therapies
(2020); locally
advanced or
metastatic
urothelial cancer
after a Pt-
containing
chemotherapy and
a PD-1 or PD-L1
inhibitor (2021)

Trodelvy®
(sacituzumab
govitecan-hziy)

_ TOP1
SN-38/camptothecin inhibitor 76

acid

TROP2
cleavable

IgG1

R/R multiple
myeloma after at

| 4 prior
Blenrep® east 4 prio

(belantamab
mafodotin-
blmf)

therapies including
an anti-CD38 mADb,
a proteasome

microtubule
inhibitor

non-

20 cleavable

lgG1 MMAF/auristatin

inhibitor, and an
immunomodulatory
agent (2020) ¢

R/R large B-cell
lymphoma after 2
or more lines of
systemic therapy,
including DLBCL
not otherwise
specified, DLBCL
arising from low
grade lymphoma,
[10][22][12][23] and high-grade B-
cell ymphoma
(2021) ¢

Zynlonta®
(loncastuximab
tesirine-Ipyl)

DNA
cleavage

enzyme

SR cleavable

lgG1 SG3199/PBD dimer

® DC B8]
i® [14][15]

@ [16] @ granted

Tivdak®
(tisotumab
vedotin-tftv)

| "= F " W IVIWWIIWVIIIIWEIE Wi J " WeiwEs

MMAE/auristatin Recurrent or
metastatic cervical

cancer with

microtubule 4
inhibitor

Tissue
Factor

IgG1 enzyme

cleavable

The general mechanism of action for an ADC is depicted in Figure 3. Following the introduction of the ADC into the
plasma circulation (step 1), recognition of a specific antigen on the tumor cell surface leads to strong binding and
formation of an antigen—ADC complex (step 2). The entire complex is internalized, predominantly through receptor-

mediated endocytosis with formation of a clathrin-coated early endosome (step 3) 18], Inside the early endosome,
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Figure 3. The general mechanism of action of an antibody-drug conjugate (ADC). (Adapted from “Antibody-Drug
Conjugate Release”, by BioRender.com (accessed 27 September 2021). Retrieved from https://app.biorender-

templates, accessed 27 September 2021).

| 3. FDA Approved ADCs

3.1. Mylotarg®
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Mylotarg® (gemtuzumab ozogamicin) from Wyeth/Pfizer was the first ADC to reach the market. It is composed of a
recombinant humanized anti-CD33 mAb (IgG4k antibody hP67.6) covalently attached to a calicheamicin derived

payload (N-acetyl-y-calicheamicin 1,2-dimethyl hydrazine dichloride) via a pH-sensitive hydrazone linker, see
Figure 4 [21]22]

gemtuzumab
anti-CD33

Naverage ~2-3

N-acetyl-y-calicheamicin

Figure 4. Structure for Mylotarg® (gemtuzumab ozogamicin). The antibody is shown in blue, and chemical

structures for linker and payload are in red and green, respectively. The cleavage site is indicated by scissors.

Highlighting the rocky start for ADC therapeutics, Mylotarg® was granted accelerated approval for relapsed CD33+
acute myeloid leukemia (AML) in 2000, but was voluntarily withdrawn from the market in 2010 after post-approval
studies failed to verify survival benefit and demonstrated a higher rate of fatal toxicity than chemotherapy alone 23
(241 Despite this, Mylotarg® was reapproved by the FDA in 2017 under an alternative dosing regimen (previously
administered as one dose of 9 mg/m?) of three doses of 3 mg/m?, and a different patient population was introduced
(23] These changes reduced the maximum plasma concentration, thus improving the safety profile and response

rate when administered as a single-agent [28127] or combination regimen [28123],

The antitumor activity of Mylotarg® results from the semi-synthetic payload, a calicheamicin derivative (N-acetyl-y-
calicheamicin 1,2-dimethyl hydrazine dichloride) produced by microbial fermentation followed by synthetic
modification. The payload consists of four glycosidic units, a fully substituted iodobenzoate moiety, and an aglycon.
The highly reactive hex-3-ene-1,5-diyne subunit can be readily triggered to aromatize via a Bergman cyclization
reaction, generating a benzene-1,4-diradical 29, This aromatization process affords a resulting diradical that can
abstract two hydrogen atoms from the DNA backbone, leading to unrepairable double-strand (ds) DNA breaks

followed by cell-cycle arrest and apoptotic cell death, see Figure 5 22,
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Figure 5. Mechanism for double-strand (ds) DNA cleavage by N-acetyl-y-calicheamicin. The enediyne warhead is

shown in red.

A crucial feature for successful construction of an ADC is the conjugation chemistry of the linker-payload with the
mAb. In Mylotarg®, the bifunctional 4-(4-acetylphenoxy)butanoic acid moiety provides attachment to surface-
exposed lysine residues of the mAb through an amide bond, and the linker forms an acyl hydrazone linkage with
the payload. Mylotarg® is considered a first-generation ADC because it utilizes N-hydroxysuccinimide chemistry to
conjugate calicheamicin to surface-exposed lysine residues on the antibody, yielding a heterogenous mixture with
different drug-to-antibody ratios (DARs) B, The number of conjugated calicheamicin derivatives per mAb ranges

from zero to six, with an average drug loading of two to three molecules of calicheamicin per antibody.

The acid-cleavable hydrazone linker is designed to be stable in the neutral pH conditions encountered during
circulation, however, hydrolysis is readily achieved under the acidic environment of lysosomes (pH ~4.5-5.0) inside
CD33+ target cells. The dimethyl disulfide moiety preserves the natural disulfide trigger mechanism of
calicheamicin, while the added steric hindrance resulting from the methyl substituents protects the disulfide from
reduction during circulation 1132,

As for all humanized antibodies, complementarity determining region (CDR) grafting was used for humanization of
the anti-CD33 murine antibody, hP67.6, employed in Mylotarg® 3334l The resulting antibody is a genetically
engineered 1gG4k antibody containing sequences derived from the murine antibody, but with an increased
similarity to antibody variants produced naturally in humans. While the IgG4 antibody isotype has the longest
circulating half-life of all isotypes, it is least likely to participate in immune-mediated mechanisms, such as
complement fixation and antibody-dependent cellular cytotoxicity (ADCC) 83, Although antibody effector functions,
such as ADCC, complement-dependent cytotoxicity, and antibody-dependent cellular phagocytosis (ADCP), have

the potential to augment antitumor activities, engaging Fcy receptors can also lead to increased off-target and
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dose-limiting toxicity BEIB7I38] Several next-generation ADCs have thus exploited antibody engineering to enhance

or impair immune effector functions.

Demonstrating that failure is perhaps merely a step towards success, the pitfalls and limitations of this first-

generation ADC provided several key lessons for future improvements in ADC research.

3.2. Adcetris®

Adcetris® (brentuximab vedotin) from Seagen (formerly Seattle Genetics), containing a CD30-specific mAb
conjugated to monomethyl auristatin E (MMAE), received FDA approval in 2011, making it the second ADC to enter
the oncology market, see Figure 6 [32[40141]142] |t js approved for Hodgkin lymphoma (HL) 43144l and systemic
anaplastic large cell lymphoma (sALCL) 42! in the USA, Europe, and Japan [29[46],
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Figure 6. Structure of Adcetris® (brentuximab vedotin). The antibody is shown in blue, and chemical structures for
linker and payload are in red and green, respectively. Spontaneous 1,6-elimination mechanism for the PABC-

substituted MMAE, leading to release of MMAE, p-iminoquinone methide, and carbon dioxide.

The anticancer activity of Adcetris® results from the binding of MMAE to tubulin. This disrupts the microtubule
network within the cell, subsequently inducing cell cycle arrest and apoptotic cell death 2. In addition, likely owing
to the IgG1 antibody isotype, in vitro data provide evidence for ADCP antitumor activity 481, From first-generation
ADCs, it was learnt that ~0.1% of the injected ADC dose reaches the target tumor site, thus necessitating an
increase in potency of the cytotoxic agent and/or DAR for improved therapeutic activity 2259, Adcetris® addressed
these two requirements by employing the more cytotoxic payload MMAE, a tubulin-targeting agent, belonging to

the auristatin family of drug payloads (cytotoxicity in the low nanomolar to sub-nanomolar range against a variety of
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cancer types). See Figure 2B for a comparison of approximate cytotoxicity ranges (based on concentrations giving
50% maximum inhibition, ICsq) for payloads employed in FDA approved ADCs. Furthermore, as compared to
Mylotarg® with a DAR of two to three, Adcetris® has approximately four molecules of MMAE attached to each

antibody molecule.

The pitfall of premature drug release resulting from the acid-cleavable hydrazone linker in Mylotarg® B was
addressed in the second-generation ADC, Adcetris®, by using the protease-cleavable “mc-vc-PABC-MMAE” linker-
drug combination 44252531541 Thijs linker construct utilizes a thiol-reactive maleimidocaproyl (mc) spacer, a
valine-citrulline (vc) dipeptide, and a self-immolative para-aminobenzyloxycarbonyl (PABC) spacer 4. The mc
spacer is incorporated for conjugation to cysteine residues of the mAb, and a PABC spacer allows linker
attachment to the secondary amine of MMAE. Due to the steric bulk of the payload, the PABC spacer also
facilitates enzyme access allowing the vc group to be recognized by cathepsin B BLB4IES] Cathepsin B is a
cysteine protease which presents almost exclusively in the lysosomal compartment in healthy mammals, and is
overexpressed in multiple cancer types B8IE7 |t is responsible for cleaving the citrulline-PABC amide bond.
Following proteolytic cleavage, the resultant PABC-substituted MMAE forms an unstable intermediate which
spontaneously undergoes a 1,6-elimination with loss of p-iminoquinone methide and carbon dioxide to release the

free drug, see Figure 6.

Compared to Mylotarg®, which uses an IgG4 antibody, the IgG subclass employed in Adcetris® is IgG1. This is the
most common subclass for ADCs, as while having similarly long serum half-lives to 1gG4, they possess greater
complement-fixation and FcyR-binding efficiencies 221,

Although Mylotarg® utilizes lysine residues on the mAb for linker-payload conjugation, Adcetris® employs cysteine-
based conjugation. Due to the limited number of cysteine conjugation sites available (four interchain and twelve
intrachain disulfides, see Figure 7, as opposed to 80-100 lysine amines for IgG1) and the distinct reactivity of
thiols, this approach enables improved homogeneity of the ADC species and a more controlled drug loading 281,
Cysteine conjugation relies on partial or full reduction of the four interchain disulfides to produce an average
number (e.g., two, four, six, or eight) of free nucleophilic thiols, while keeping the intrachain disulfide bonds intact.
Interchain disulfides are generally not critical for structural stability and have higher solvent accessibility, making
them an ideal target. They are typically reduced using reagents such as tris(2-carboxyethyl)phosphine (TCEP),
dithiothreitol (DTT), or 2-mercaptoethylamine (2-MEA) prior to conjugation 58, Once the free thiols are generated,
they can be reacted with a linker-payload complex possessing a suitable electrophilic group, see Figure 7.
Maleimide chemistry has been the mainstay for linkage to cysteines, with all auristatin-containing ADCs utilizing the
maleimidocaproyl (mc) linkage to the antibody 2.
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Figure 7. Schematic showing partial reduction of 1gG1 antibody interchain disulfide bonds to generate two
nucleophilic free thiol groups that can be reacted with an electrophilic linker-payload construct, such as maleimide

(DAR = 2). Maleimide conjugation to cysteine is shown in this example.

Although an improvement over lysine conjugation, this method still produces a heterogenous mixture of ADC
species, which can negatively impact on parameters including pharmacokinetics, tolerability, and efficacy 2.
Therefore, site-specific conjugation methodologies have been developed, of which THIOMAB™ technology is the
most well-known B Genentech’s THIOMAB™ antibody platform uses site-directed mutagenesis to incorporate
cysteine residues into antibodies at positions on light and heavy chains that provide reactive thiol groups without
perturbing immunoglobulin folding and assembly, or altering antigen binding (69611 Although homogenous ADCs
have repeatedly demonstrated superior overall pharmacological profiles compared to their heterogenous
counterparts, engineered antibodies for site-specific conjugation have not yet been employed in any of the FDA
approved ADCs. We recommend the review by Walsh and co-workers for an in-depth understanding of chemical

and enzymatic methods for site-specific antibody modification, resulting in the generation of homogenous ADCs
/58]
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