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a b s t r a c t

Trastuzumab conjugates consisting of exatecan derivatives were prepared and their biological activities
and physicochemical properties were evaluated. The ADCs showed strong efficacy and a low aggregation
rate. The exatecan derivatives were covalently connected via a peptidyl spacer (Gly-Gly-Phe-Gly), which
is assumed to be stable in circulation, and were cleaved by lysosomal enzymes following ADC internal-
ization into tumor tissue. These anti-HER2 ADCs exhibited a high potency, specifically against HER2-pos-
itive cancer cell lines in vitro. The ADCs, bearing exatecan derivatives which have more than two
methylene chains, exhibited superior cytotoxicity. It was speculated that steric hindrance of the cleavable
amide moiety could be involved in the drug release. The adequate alkyl lengths of exatecan derivatives
(13, 14, 15) were from two to four in terms of aggregation rate. The ADC having a hydrophilic moiety
showed good efficacy in a HER2-positive and Trastuzumab-resistant breast carcinoma cell model in mice.

� 2016 Elsevier Ltd. All rights reserved.

Antibody drug conjugates (ADCs) have been established over
the past several years and are now one of the most successful
and important strategies for treating patients with hematological
malignancies and solid tumors. At present, only three ADCs have
been launched; the first ADC (Mylotarg�, gemtuzumab ozogam-
icin, Pfizer) launched in 2001 for the treatment of patients with
acute myelogenous leukemia (AML). However, Mylotarg� was
withdrawn in 2010 due to both a lack of evidence confirming its
clinical benefits and safety concerns. Since then, two ADCs,
Adcetris� (brentuximab vedotin, Seattle Genetics) and Kadcyla�

(trastuzumab emtansine, Genetech and Roche), have been
launched. And currently, over 30 programs in clinical development
have been carried out in pursuit of ADC drug candidates.1

Camptothecin (CPT) has been demonstrated to be effective
against a broad spectrum of tumors. CPT’s target is human DNA
topoisomerase I (Topo I). CPT binds to complexes with Topo I
and DNA, and thereby is stabilized. This stabilized complex causes
apoptosis. Irinotecan hydrochloride (CPT-11, yakult) is a prodrug of
a potent CPT analog (SN-38) used for the treatment of patients
with various tumors. Exatecan methansulfonate (DX-8951f) is a
water soluble CPT which exhibits a stronger Topo I inhibitory

activity and antitumor activity than the other CPT analogs. Further-
more, exatecan is effective against P-glycoprotein (P-gp) mediated
multi-drug resistant cells.2

ADCs are composed of a carrier monoclonal antibody (mAb) and
cytotoxic drug payload. The ADCs discussed herein are ADCs com-
posed of a mAb with exatecan derivatives via a peptidyl linker, as
shown in Figure 1. It has been previously recognized that glycyl
glycyl phenylalanyl glycyl (GGFG) is selectively cleaved by lysoso-
mal enzymes (presumably cathepsins).3 GGFG is known to release
drugs into tumor tissue without releasing them into peripheral
circulation.

Human epidermal growth factor receptor 2 (HER2) is a very
effective therapeutic target for breast cancer patients.
Trastuzumab (Herceptin�, Genetech and Roche) is an anti-HER2
antibody and is used for breast cancer HER2-positive patients in
combination with the chemotherapy drugs, anthracycline and tax-
ane. Trastuzumab is the carrier mAb of trastuzumab emtansine.
Therefore, the tumor specificity of this mAb, trastuzumab, is suit-
able for being the ADC’s carrier.

The synthesis of ADC (1) was carried out via the route shown in
Scheme 1. Commercially available tert-butoxycarbonyl glycyl glycyl
phenylalanyl glycine (BOC-GGFG-OH) was dissolved in dichloro-
methane. N-Hydroxysuccinimide (HO-Su) and 1-(3-dimethy-
laminopropyl)-3-ethylcarbodiimide hydrochloride (WSCI) was
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added. To this mixture, was added DX-8951f (8) and triethylamine
solution in N,N0-dimethylformamide (DMF). The Boc-GGFG-exate-
can was deprotected by trifluoroacetic acid (TFA), followed by
condensation with 6-maleimidohexanoic acid N-hydroxysuccin-
imide ester (mc-OSu) in DMF to obtain the maleimide precursor
drug linker (mc-GGFG-exatecan, 11).4

The maleimide precursor drug linker (11) and mAb conjugation
method used a conventional conjugated cysteine (Cys) strategy.5 A
disulfide group with hinges of mAb was reduced with tris(2-car-
boxyethyl)phosphine hydrochloride (TCEP HCl). And the precursor
drug linker (11) was added to the reduced antibody. The drug to
antibody ratio (DAR) was able to control an amount of the reducing
agent, as shown in Table 1. The reaction mixture was purified using
size exclusion chromatography (SEC). The DAR5,6 and aggregation
rate of the obtained product were measured.7

Exatecan derivatives were prepared by condensation and suc-
cessive deprotection as shown in Scheme 2,8 and these compounds
were used as starting materials to obtain other ADCs (2)–(7) via
similar synthetic routes of ADC (1).4

These prepared ADCs were shown to express in vitro cytotoxic-
ities in a HER2-positive cell line, KPL-4, as shown in Table 1. GI50
was the concentration for 50% of maximal inhibition of cell prolif-
eration. The KPL-4 cells used were a HER2-positive human breast
cancer cell line. The KPL-4 was provided by Junichi Kurebayashi
from Kawasaki Medical School in Japan. MCF7 cells used were a
HER2-negative breast cancer cell line. The cell line was obtained
from the European Collection of Cell Cultures (ECACC). None of

the ADCs could kill the MCF7 cell line, GI50 > 100 nM. These results
suggest that the anti-HER2 ADCs showed HER2 selective cytotoxi-
city. Though all of the ADCs (1)–(7) showed strong cytotoxicities
in vitro, the ADCs (1) and (2) had a decreased cytotoxicity com-
pared with that of other ADCs. It was speculated that degrading
enzymes in tumor cells might not work efficiently because of the
steric hindrance of the released drug moiety. The cleavable amide
position (C-terminal amide of GGFG tetrapeptide) between the
released drug and cleavable peptide linker was important for the
affinity of the enzyme. Therefore, the cleavable amide position
was changed away from the drug by adding some methylene
chains between the drug and cleavable peptide. In particular, the
drugs released from the ADCs (3)–(6) were changed to alkylamine
derivatives with methylene alkyl chains from exatecan. These
ADCs showed potent in vitro activity. However, the ADC (6) indi-
cated more aggregates, possibly due to its hydrophobicity. The
ADCs (3)–(5) had less aggregates than ADC (6). The alkyl length
of exatecan derivatives influenced the aggregation rate. Having
an alkyl length less than hexylene’s is preferred from the viewpoint
of an ADC’s physicochemical properties. Therefore, an alkyl length
from two to four seemed the best choice in this case. Moreover, a
hydrophilic moiety could be added in the linker portion. ADC
(7a) which has diethylene glycol showed less of an aggregation
rate than ADC (4). Even a high drug load ADC (7b, DAR 6.2) had
an acceptable low aggregation rate, and greater efficacy in vitro.

The in vivo efficacy of the ADC (7b) was compared with trastu-
zumab in mice bearing JIMT-1, a HER2-positive and

ADC (1): X = none,                    Y = CH2
ADC (2): X = NH2-CH2-(C=O),    Y = CH2
ADC (3): X = NH2-(CH2)2-(C=O), Y = CH2
ADC (4): X = NH2-(CH2)3-(C=O), Y = CH2
ADC (5): X = NH2-(CH2)4-(C=O), Y = CH2
ADC (6): X = NH2-(CH2)5-(C=O), Y = CH2
ADC (7): X = NH2-(CH2)3-(C=O), Y = (C=O)-NH-(CH2CH2O)2
n: DARn
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Figure 1. The structure of ADCs.
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Scheme 1. The synthesis of ADC (1).
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