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Antibody-drug conjugates: targeted drug delivery for cancer
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The antibody-drug conjugate field has made significant
progress recently owing to careful optimization of several
parameters, including mAb specificity, drug potency, linker
technology, and the stoichiometry and placement of
conjugated drugs. The underlying reason for this has been
obtained in pre-clinical biodistribution and pharmacokinetics
studies showing that targeted delivery leads to high
intratumoral free drug concentrations, while non-target tissues
are largely spared from chemotherapeutic exposure. Recent
developments in the field have led to an increase in the number
of ADCs being tested clinically, with 3 in late stage clinical trials:
brentuximab vedotin (also referred to as SGN-35) for Hodgkin
lymphoma; Trastuzumab-DM1 for breast cancer; and
Inotuzumab ozogamicin for non-Hodgkin lymphoma. This
review highlights the recent pre-clinical and clinical advances
that have been made.
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More than 20 monoclonal antibodies (mAbs) have been
approved for use in many indications, including cancer
[1]. There are multiple mechanisms by which mAbs can
exert therapeutic efficacy, but often their activity is not
sufficient to produce a lasting benefit. Hence, several
strategies have been employed to enhance their activity.
Antibody—drug conjugates (ADCs) represent one
approach, where the ability to harness mAb specificity
and target the delivery of a cytotoxic agent to the tumor
may significantly enhance both mAb and drug activities.
Conjugation also has an effect on the biodistribution of
the drug, sparing normal tissue exposure to the cytotoxic
agent and allowing the use of potent agents that would
prove too toxic for systemic use. Optimization of a variety
of ADC parameters has recently met with considerable
success [2-5,6°], and 3 ADCs are now in late-stage clinical
trials with about 10 others in earlier stage trials.

Development of optimized ADCs

Optimization parameters

Extensive optimization of several ADC parameters has
taken place over multiple decades, and clinical develop-
ment of ADCs has required attention to these details.
Table 1 lists these optimization parameters and different
solutions for producing pharmacologically active ADCs.
There are 3 key components of an ADC: the mAb, the
drug, and the linker. Ideally, the mAb will specifically
bind to an antigen with substantial expression on tumor
cells but limited expression on normal tissues. Specificity
allows the utilization of drugs that otherwise would be too
toxic for clinical application. Thus, most of the recent
work in this field has centered on the use of highly potent
cytotoxic agents. This requires the development of linker
technologies that provide conditional stability, so that
drug release occurs after tumor binding, rather than in
circulation. Finally, the method of ADC conjugation,
which determines the drug loading stoichiometry and
homogeneity, has been shown to play roles not only in
pharmacokinetics, but also in activity, potency, and toler-
ability.

Antigen binding and drug release

Many different antigens have been evaluated for ADCs
[2,4,5,6°]. The vast majority undergo rapid internalization
once the ADC binds through a process known as receptor
mediated endocytosis, in which antigens localized to
clathrin-coated pits or lipid rafts are internalized along
with bound antibody [5]. For some antigens, unconju-
gated mAb and ADC have been observed to internalize
with the same rate [7], while for other antigens ADC has
been observed to internalize much more efficiently than
unconjugated mAb [8], suggesting that internalization
processes are variable across antigens and depend on
multiple parameters. Once internalized, the ADC is
delivered to lysosomes (although there are some excep-
tions [9]) where effective drug release takes advantage of
the catabolic environment found within these organelles.
Following release from the lysosome, the drug either
binds to its pharmacological target or leaves the cell via
active or passive processes [2]. ADCs have demonstrated
intracellular accumulation of released drug in antigen
positive cells [10,11] but no intracellular accumulation
in antigen negative cells [11], highlighting the antigen
specificity of drug delivery by ADCs. There have also
been some reports that poorly internalized antigens can
successfully be targeted with ADCs potentially utilizing
drug release strategies that occur in the tumor microen-
vironment rather than inside cells [12,13]. The require-
ments for antigen internalization to yield active ADCs is
an area of active investigation, and the results may be
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Table 1

Key ADC parameters

Parameter Description Leading examples References

Antigen Substantial expression on tumor, limited Her2, CD30, CD33 [2,4,5,6°]
expression on normal tissues

Linker High stability to avoid systemic release Dipeptides, direct linkage, some hydrazones and disulfides [17-19]

Drug High potency since delivery is limited Auristatins, maytansines, calicheamicin [3,14,15]
by antigen copy number

Drug loading level Maintain mAb PK by limiting drug loading 2-4 drugs per mAb often optimal [24]

Conjugation site Homogeneous drug loading by site-specific ~ Chemical methods, cysteine point mutants [21-23]

conjugation to avoid subpopulations
with altered PK

dependent not only on the linker technology used for
drug attachment, but also on the fate of the drug once it is
released from the mAb carrier.

Drugs and linkers

Early ADCs relied on drugs that were already approved
for use as small molecules, such as vinblastine and dox-
orubicin, and suffered from lack of potency and low
clinical activities [4,5]. Substantially more potent drugs
that were too toxic to use in an untargeted manner have
been more promising as ADCs. These include auristatins
(Figure 1), maytansines (Figure 2), and calicheamicins
(Figure 3). Auristatins and maytasines both exert their
cytotoxic effects by binding to tubulin, causing G2/M cell
cycle arrest, and subsequently leading to apoptosis.
Monomethylauristatin E, conjugated through a pro-
tease-cleavable dipeptide linker (veMMAE, 1) [14],
and monomethylauristatin F, conjugated directly to mAbs
through maleimidocaproic acid (mcMMAF, 3) [8], are
synthetic analogs of dolastatin 10, a natural product
originally isolated from the Indian ocean sea hare Dola-
bella ariculara. DM1, conjugated through a disulfide (5) or
directly through the heterobifunctional succinimidyl 4-
[N-maleimidomethyl]cyclohexane-1-carboxylate
(SMCCQC) linker (8), and DM4, conjugated through a
disulfide (10), are semi-synthetic analogs of maytansine,
a natural product originally isolated from the Ethiopian
shrub Maytenus ovarus [3]. Calicheamicin, a DNA strand
cleaving agent conjugated through an acid-sensitive
hydrazone (13), is a semi-synthetic analog of a Micromo-
nospora echinospora ssp. calichensis fermentation product
[15].

There are a variety of catabolic processes that occur to
release drug from an ADC. The veMMAE protease-
cleavable drug-linker (1) was designed to release MMAE
(2) in target cells [7], and indeed MMAE was reported as
the only intracellular released drug in cancer cell lines
(Figure 1) [11]. The directly conjugated mcMMAF drug-
linker (3) was observed to release cys-mcMMAF (4) after
ADC catabolism, consistent with proteolytic degradation
of the mAb to release the drug (Figure 1) [16]. For

maytansines, directly linked SMCC ADCs and disul-
fide-linked ADCs both yield e-amino lysine-linked drugs
(6,9, 11). The disulfide-linked drugs can also be reduced
to the free thiol and subsequently S-methylated or cystei-
nylated (7, 12) (Figure 2). These various small molecules
have different potencies and cellular permeabilities, pre-
sumably because of differences in charged groups on the
various catabolites [10]. Not all drug classes may be
tolerant of modification with an amino acid, and could
be inactive in this form.

Stability of the drug-linker in circulation is important
because the long circulating half-life of the ADC provides
exposure for several days post injection. Directly linked
ADCs and protease-cleavable linkers are generally more
stable in circulation than disulfides and hydrazones [17—
19], although the stability of the latter two linkers can be
tuned by altering the neighboring chemical structure. For
example, substituents on the aromatic group adjacent to
the hydrazone in calicheamicin conjugates were observed
to significantly affect the rate of calicheamcin release and
ADC potency [15]. DM4 has a gem-dimethyl group next
to the disulfide, which increases disulfide bond stability
compared to DM1 that has a single adjacent methyl group
[20].

Conjugation methods

The method of making ADCs, including the drug loading
stoichiometry and resulting conjugation heterogeneity,
should maintain the pharmacokinetic properties of the
mAb. There are three common methods for conjugating
mAbs: alkylation of reduced interchain disulfides, acyla-
tion of lysines, and alkylation of genetically engineered
cysteines. There are 8 interchain cysteines and up to 100
lysines available for conjugation on IgGl mAbs, and
conjugation to these sites results in heterogeneous mix-
tures. Cysteine conjugates provide a greater degree of
uniformity than lysine-based conjugates [21], while
recombinant methods in which cysteines are specifically
introduced into the mAb backbone are more uniform still
[22,23]. In some instances, it has been observed that the
location of the conjugated drug is not as important as the
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Figure 1

Structures of auristatin antibody—drug conjugates and catabolic products. ADCs made from veMMAE (1) are converted to MMAE (2), while ADCs made

from mcMMAF (3) are converted to cys-mcMMAF (4).

stoichiometry of drug attachment [21,23]. ADCs with two
to four drugs per antibody are generally superior to more
heavily loaded conjugates that clear very rapidly from the
circulation [24]. Using chemical methods for conjugate
formation, it has proven difficult to prepare ADCs with
only 2 drugs/mAb because a large fraction of the mAb will
not be conjugated to any drug. Recombinant methods
have been described for this purpose [22,23], and in
one case the resulting engineered conjugate had an
improved therapeutic window relative to a chemically
produced ADC [22]. However the drug loading stoichi-
ometry of the two conjugates were markedly different.
The precise roles that conjugation site and stoichiometry
play in ADC efficacy and tolerability warrant further
investigation.

Pharmacology of ADCs

Ideally, an ADC acts as an inactive prodrug in circulation
and only upon internalization into target cells or localiz-
ation to the tumor is an active drug released. However,
only a small amount of the ADC will ever reach the target
cells [3,25°°], highlighting the importance of using a
highly potent drug. The remainder will be catabolized
in normal tissues, which may cause exposure to the
released drug. An optimal drug for ADCs will therefore
be one that does not have a long residence time once
released in normal tissues, while maintaining a high
concentration in the tumor for an extended time.

To evaluate ADC biodistribution, an anti-CD70
mcMMAF ADC with two unique radiolabels was
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Figure 2

Structures of maytansine antibody-drug conjugates and catabolic products. DM1 (5) and DM4 (10) disulfide ADCs are converted to lysine-linked
disulfides (6, 11), which are subsequently reduced to the free thiol and then S-methylated or cystineylated (7, 12). DM1 linked through SMCC (8) is

converted to the lysine-linked drug (9).

prepared to track the mAb (*H) and drug (14C) simul-
taneously in mice bearing tumor xenografts. Two radi-
olabels were used because once the ADC is catabolized
and drug released, tracking just the mAb would not be
able to determine the biodistribution of the released drug.
Antibody-bound drug and released drug were distin-
guished by precipitating the mAb-bound drug with
organic solvent and scintillation counting the supernatant
containing the released drug. Both radiolabels quickly
accumulated in the tumor, but the mAb peak was 1 d post
dose while the drug peak was 2 d post dose. The pro-
portion of released drug relative to conjugated drug
increased over time in the tumor. In most normal tissues,
both the mAb and drug decreased over time in conjunc-

tion with the serum levels, except in organs involved in
hepatobiliary clearance where there was a peak 4 h post
dose followed by a rapid decrease (Figure 4a). This
difference in tumor versus normal biodistribution and
release kinetics yielded a tumor exposure to released
drug tens to hundreds of times higher than that of normal
tissues [26°].

The size of the ADC delivery vehicle also plays a role in
how effectively drug will be delivered to tumors. Diabo-
dies are single-chain variable domain fragments (scFvs)
with a linker between the light and heavy chains
that promotes dimerization. The biodistributions of
veMMAF -conjugated anti-CD30 mAb and diabody were
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Figure 3

Structure of calicheamicin antibody-drug conjugate.

Figure 4

compared using a single radiolabel on the drug. Since the
diabody clears much faster than the mAb, the kinetics of
tumor accumulation were distinct: released drug from the
diabody conjugate reached peak concentrations within 1 d
post dose while the released drug concentration from the
mAb conjugate was still increasing at 2d post dose
(Figure 4b). Despite the rapid clearance of the diabody,
the tumor exposure to the drug for diabody and mAb could
be matched with a larger diabody dose, but at the expense
of the diabody exposing the normal tissues to much higher
concentrations of conjugated and released drug. Thus, the
tumor to normal tissue released drug exposure ratios were
found to be superior using a mAb for drug delivery,
compared to the lower molecular weight diabody [27].

These findings are consistent with a subsequently
published study involving mathematical modeling and

Biodistribution studies of ADCs in tumor bearing mice. (a) Anti-CD70 mcMMAF ADC simultaneously labeled on the mAb (°H) and drug (**C) was
administered to 786-O tumor-bearing mice (2 mg/kg). At indicated time points, tumor and normal tissues including liver were harvested and the
concentrations of mADb, total auristatin (conjugated plus released), and released auristatin were determined by liquid scintillation counting.

(b) Anti-CD30 veMMAF mAb and diabody conjugates labeled on the drug (®H) were administered to Karpas 299 tumor-bearing mice at 2 mg/kg for the
mAb and 0.72, 2.16, and 7.2 mg/kg for the diabody (delivering 1, 3, and 10 fold as much drug as the mAb). At indicated time points, tumors were
harvested and the concentration of released auristatin determined by liquid scintillation counting. Adapted from [17,27].
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experimental observations of the relationship between
molecular weight of the delivery agent and the extent of
tumor targeting. Calculations in agreement with previous
experimental results predicted that the minimum tumor
uptake occurred with ~25 kDa vehicles such as scEFvs,
while maximum tumor uptake should take place with
~150 kDa mAbs and small drugs with very low molecular
weights. The long circulating half-life of mAbs more than
compensated for a decrease in tumor penetration relative
to smaller vehicles [25°°]. mAb conjugates may therefore
be the optimal vehicle for drug delivery owing to their
maximal tumor uptake, as long as normal tissues are
minimally exposed to released drug by careful target,
drug, and linker selection.

Maytansine ADCs have also been evaluated for their
ability to localize to tumors using *H labeled drug. Mice
with tumor xenografts were dosed with anti-CanAg ADCs
and the total amount of °H drug (mAb bound and released)
in tumor evaluated. A directly linked SMCC-DM1 ADC
achieved ~2-fold higher tumor concentrations than dis-
ulfide-linked DM1 and DM4 ADCs. Samples were also
analyzed for the identity of drug released by ADC cata-
bolism, with the same species observed iz vivo and in vitro.
The tumor concentration of g-amino lysine-linked DM1
was also ~2 fold higher than the sum of the S-methyl and
cysteinyl DM1 and DM4 [28].

ADCs in clinical development

Approved ADCs

Table 2 lists ADCs currently in the clinic, and recently
released clinical data are presented below. Also listed is
the ADC Gemtuzumab ozogamicin, an anti-CD33 mAb
conjugated to calicheamicin. This ADC was approved in
2000 but has been withdrawn and is no longer commer-
cially available to new patients (http://www.fda.

Table 2

gov/NewsEvents/Newsroom/PressAnnouncements/
ucm216448.htm). Gemtuzumab ozogamicin was
approved for the treatment of relapsed acute myeloid
leukemia in patients older than 60 years based on a
response rate of about 30% [29]. The approved dose is
9 mg/m?, or about 0.22 mg/kg for a 65 kg adult, a very low
dose that reflects the high potency of calicheamicin.

Late clinical stage ADCs

ADCs in late stage clinical trials include brentuximab
vedotin (SGN-35), an anti-CD30 mAb conjugated to
vcMMAE, currently in a pivotal trial for relapsed or
refractory Hodgkin lymphoma (HL) following an autol-
ogous stem cell transplant, using a dose of 1.8 mg/kg
every 3 weeks. The rationale for a pivotal trial was based
on data from a Phase I dose escalation trial that included
both HLL and systemic anaplastic large cell lymphoma
(sALCL) patients, whereas those treated with >1.2 mg/
kg of SGN-35 showed an objective response rate of 54%
(15/28), with 9 complete responses. Nearly all (93%) of
the patients experienced tumor regression during the
course of therapy [30°°]. In a second Phase I trial with
weekly dosing, patients receiving 0.4-1.4 mg/kg had an
objective response rate of 56% (22/39). Among the 5
sALCL patients, 4 had complete responses [31].

Trastuzumab-DM1, also in late-stage clinical trials, uses
the approved anti-Her2 mAb Trastuzumab (Herceptin)
directly conjugated to DM1 via SMCC for the treatment
of metastatic breast cancer. In a Phase II trial in third line
metastatic breast cancer with 3.6 mg/kg Trastuzumab-
DM1 dosed every 3 weeks, a 33% objective response
rate in 110 patients was observed [32°°], demonstrating
single agent activity in a population heavily pretreated
with agents including Trastuzumab. A Phase III trial
investigating T'rastuzumab-DM1 versus capecitabine

ADCs in the clinic

Agent Target Drug class Indication Clinical status

Brentuximab vedotin (SGN-35) [30°°,31] CD30 Auristatin Hodgkin lymphoma Phase Il (pivotal)

CDX-011 (CRO11-vcMMAE) [34,35] GPMNB Auristatin Melanoma, breast cancer Phase I

SGN-75 [53] CD70 Auristatin NHL, RCC Phase |

PSMA ADC [54] PSMA Auristatin Prostate cancer Phase |

MEDI-547 [40] EphA2 Auristatin Solid tumors Phase |

MN immunoconjugate [41] MN Auristatin Cancer Phase |

Trastuzumab-DM1 [32°°] Her2 Maytansine Breast cancer Phase llI

IMGN901 [36,37] CD56 Maytansine Multiple myeloma, solid tumors Phase |

IMGN388 [55] ay integrin Maytansine Solid tumors Phase |

SAR3914 [38] CD19 Maytansine NHL Phase |

BT-062 [39,56] CD138 Maytansine Multiple myeloma Phase |

BIIB0O15 [42] Cripto Maytansine Solid tumors Phase |

Gemtuzumab ozogamicin [29] CD33 Calicheamicin AML Approved, withdrawn
from market

Inotuzumab ozogamicin [33] CD22 Calicheamicin NHL Phase IlI

MEDX-1203 [43] CD70 Duocarmycin NHL, RCC Phase |

Data gathered from the listed references, clinicaltrials.gov, and sponsor web sites.

Current Opinion in Chemical Biology 2010, 14:529-537

www.sciencedirect.com

CSPC Exhibit 1020

Page 6 of 9


http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm216448.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm216448.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm216448.htm

Antibody-drug conjugates: targeted drug delivery for cancer Alley, Okeley and Senter 535

and lapatinib in second line metastatic breast cancer and a
Phase II trial investigating Trastuzumab-DM1 versus
Trastuzumab and docetaxel in front line therapy are
currently ongoing.

Inotuzumab ozogamicin, which uses the same calichea-
micin drug-linker as Gemtuzumab ozogamicin, is an anti-
CD22 ADC for non-Hodgkin lymphoma (NHL) cur-
rently in a Phase III trial in combination with Rituximab.
In a Phase I/II dose escalation trial, the maximum toler-
ated dose (M'T'D) was found to be 1.8 mg/m2 when dosed
every 4 weeks and an expansion cohort was enrolled at
this dose. In this expansion cohort, the objective response
rate was 88% (14/16) for follicular lymphoma and 71% (10/
14) for diffuse large B-cell lymphoma (10/14) [33].

Early clinical stage ADCs

ADCGs in earlier stage clinical trials include CDX-011
(CRO11-veMMAE), being evaluated in both melanoma
and breast cancer, an anti-glycoprotein NMB mAb con-
jugated to veMMAE. In Phase I/II studies for both
indications, 1.88 mg/kg dosed every 3 weeks was found
to be the MTD. In 37 melanoma patients at all dose levels
there were 2 partial responses [34], while in 32 breast
cancer patients treated at 1.88 mg/kg there were 4 partial
responses [35].

Several maytansine ADCs currently in the clinic have had
Phase I dose escalation and M'TD expansion cohort data
reported, including the anti-CD56 IMGN901, a disulfide-
linked DM1 ADC for multiple myeloma and solid
tumors, the anti-CD19 SAR3419, a disulfide-linked
DM4 ADC for NHL, and the anti-CD138 BT-062, a
disulfide-linked DM4 ADC for multiple myeloma. Treat-
ment with IMGN901 showed 1 partial response in the
first 26 multiple myeloma patients [36] and 5 objective
responses in 113 patients with a variety of solid tumors
[37]. Objective responses from SAR3419 treatment were
obtained in 5 of 27 patients [38], while 2 of 25 patients
treated with BT-062 had objective responses [39].

A number of other ADCs have just recently entered
clinical trials. SGN-75, an anti-CD70 mAb directly con-
jugated to the drug-linker mcMMAF [36]. This ADC is
being tested in both NHL and renal cell carcinoma
(RCC), where CD70 expression has been demonstrated.
Additional auristatin ADCs in the clinic target PSMA
[37], EphA2 [40], and MN (carbonic anhydrase IX) [41],
while additional maytansine ADCs in the clinic target o,
integrin [40] and cripto [42]. A final ADC recently enter-
ing the clinic uses a DNA minor groove binding duocar-
mycin conjugated to an anti-CD70 mAb [43].

Pre-clinical ADCs
The drug-linkers being used in ADCs in the clinic have

also been evaluated pre-clinically for a variety of targets,
including CD19 [43,44], CD20 [44-46], CD79b [44,47],

CD133 [44], BCMA [45], CEACAMG6 [46], TMEFF2
[47], PSCA [48], MUC16 [22,49], p97 [9], EphB2 [50],
and 5T4 [51]. Many more ADCs such as these can be
expected to enter clinical trials soon [52°].

Conclusions

Optimization of the parameters influencing ADC activity
has led to the development of new agents with promising
activities. Recent clinical results have sparked significant
additional interest and the number of ADC candidates in
clinical development is growing rapidly. Use of highly
potent drugs, stable linkers, optimized drug stoichi-
ometry, and appropriate antigen target selection have
been crucial in advancing the technology to where it is
today. A detailed understanding of ADC pharmacoki-
netics, catabolism, and biodistribution will facilitate the
development of new agents for clinical evaluation.
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