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Abstract—The 6-maleimidocaproylhydrazone derivatives of highly potent antitumor agents 5-Diacetoxypentyldoxorubicin and
Morpholinodoxorubicin were synthesized and conjugated to monoclonal antibody BR96 and control IgG. Immunoconjugate molar
ratios were generally 7.5–8.5, and dimer aggregate levels were low. The linkers released parent drug at lysosomal pH 5, while they
remained stable at neutral pH. BR96 conjugates were highly potent and antigen specific in vitro. The BR96–DAPDOX conjugate
demonstrated an IC50 of 0.03mm and was at least 300-fold more potent than a non-binding IgG–DAPDOX control conjugate.
# 2003 Elsevier Science Ltd. All rights reserved.
Doxorubicin (DOX) 1a is a cytotoxic drug which is
particularly well-suited for tumor delivery via conjuga-
tion to monoclonal antibodies.1 Our group has synthe-
sized several immunoconjugates that link an
internalizing MAb and DOX via disulfide2�4 or
thioether4�6 bonds to the MAb and hydrazone bonds to
the DOX C-13 ketone. Immunoconjugates that utilize
the C-13 hydrazone linkage have proven to be of
particular utility in that they are stable at physiological
pH 7–7.4, but release unmodified DOX following expo-
sure to the acidic pH of endosomes/lysosomes. One
such immunoconjugate, BR96–1b (BR96–DOX),
demonstrated impressive antigen-specific activity in
vitro and in vivo.5 MAb BR96 has been shown to pre-
ferentially bind cells expressing the Lewisy antigen, and
then to be internalized into the lysosomal compartment
of those cells.7�9

The chemistry utilized in the construction of this
immunoconjugate is generally applicable to other
anthracyclines which possess the a,a0-dihydroxyketone
side chain. Within this group are anthracycline analo-
gues that have modes of action different from that of
DOX. Several of these are highly potent agents that
have not been clinically useful because of their high
systemic toxicity and poor therapeutic index. 5-Diace-
toxypentyldoxorubicin (DAPDOX) 2a10,11 and Mor-
pholinodoxorubicin (MorphDOX) 3a12,13 are two such
analogues that are 2 to 250 times more potent against
DOX-sensitive cell lines in vitro.11,13 DAPDOX alky-
lates DNA and produces interstrand crosslinking.10

MorphDOX causes DNA single strand breakage but is
also metabolized in vivo to a DNA-alkylating species.14

These drugs are also attractive as they are not substrates
for p-glycoprotein and do not display the multidrug-
resistant phenotype.15

MAb-directed delivery provides a mechanism to retain
potent antitumor activity while reducing the systemic
toxicity of extremely potent drugs. For example,
immunoconjugates of calicheamicin, an extremely
potent member of the enediyne family of antibiotics
have demonstrated impressive antigen-specific activity
and an acceptable therapeutic index.16�18 Similarly,
conjugates of MorphDOX 3a with MAb LM609 have
demonstrated antigen-specific cytotoxicity in vitro.19,20

In the best cases, 3a was linked via C-13 hydrazones,
while the MAb linkage was made via amide formation
with random lysine amino groups on LM609 to give
molar ratios (MR) of 1.0–2.3 drugs per MAb.

In this study we describe the use of our thioether/
hydrazone-based coupling chemistry to deliver DAP-
DOX 2a and MorphDOX 3a. Construction of BR96
immunoconjugates in this manner allows for the site-
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specific attachment of up to eight drugs per BR96
molecule without reducing the binding affinity of the
mAb.5,6 Thus, new linkers 2b and 3b have been synthe-
sized and used to produce the DAPDOX conjugate
BR96–2b and the MorphDOX conjugate BR96–3b. The
linkers have been evaluated for their stability at pH 5
and 7. The new immunoconjugates were also evaluated
for antigen specific activity in vitro.
Synthesis

The linkers 2b and 3b21 and immunoconjugates BR96–
2b and BR96–3b used in this study were synthesized as
in Scheme 1, which is an identical approach to that used
for our original linker 1b and immunoconjugate BR96–
1b.6 As expected, formation of the acylhydrazone lin-
kers 2b and 3b required similar reaction times and
resulted in similar high yields compared to 1b. The new
linkers 2b and 3b were conjugated to BR96 and non-
binding control IgG by our previous procedure.6

Results are shown in Table 1. As with BR96–1b, the
conjugation step was efficient, yielding immunoconju-
gates BR96–2b and BR96–3b with MR’s almost
equivalent to the SH titer generated. Dimer aggregate
levels in the BR96 conjugates were generally low. The
one exception (BR96–2b, larger batch), while accep-
table, was likely a single batch abnormality. Final pro-
ducts contained virtually no unconjugated linker nor
free drug. Linkers 2b and 3b therefore form BR96 con-
jugates analogous to 1b, demonstrating the general
applicability of our thioether/hydrazone-based coupling
chemistry to this class of molecules.
Hydrolytic Stability

In order to evaluate the hydrolytic stability of new lin-
kers 2b and 3b, thioether analogues 2c and 3c were
generated by reaction with 2-mercaptoethanol as a
model for the thioether linkage to BR96. This modifi-
cation had the additional advantage of increasing their
aqueous solubility. The hydrolysis of 2c and 3c to the
parent drugs was followed at pH 5 and 7 by RP-HPLC
and compared to previously studied 1c.6 T1/2 values
were calculated for disappearance of starting material
and appearance of parent drug. Results are summarized
in Table 2. At pH 7, all three model compounds are very
stable with T1/2 values greater than 4–5 days.22 At pH 5,
hydrolysis of the model compounds is relatively rapid,
Scheme 1. Synthesis of linkers 1b–3b and conjugates BR96–(1b–3b). R
is defined in Figure 1.
Figure 1. Structures of doxorubicin 1a and highly potent analogues
5-diacetoxypentyldoxorubicin 2a and morpholinodoxorubicin 3a.
Table 1. Immunoconjugates of 2b and 3b
Conjugate
 SH titer
 MR
 Scale (g)
 Yield (%)
 Free drug (%)
 Free linker (%)
 Aggregate (%)
BR96–2b
 8.6
 7.6
 0.05
 80
 2.4
 BLD
 1.0

BR96–2b
 7.9
 7.3
 1.26
 87
 BLDa
 0.6
 10.7

IgG–2b
 9.2
 8.1
 0.05
 56
 BLD
 BLD

IgG–2b
 8.7
 8.6
 1.27
 99
 BLD
 0.4

BR96–3b
 8.6
 7.4
 0.05
 80
 8.4
 BLD
 6.6

BR96–3b
 7.6
 8.2
 1.09
 100
 0.3
 0.8
 BLD

IgG–3b
 9.2
 7.7
 0.05
 86
 BLD
 BLD

IgG–3b
 7.9
 7.5
 1.09
 95
 1.3
 BLD
aBelow limits of detection.
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yielding the free parent drugs with similar rates. Thus,
we conclude that linkers 2b and 3b possess the desirable
characteristics of high stability at physiological pH and
rapid hydrolysis at lysosomal pH. Prior experience has
shown that the BR96–1b is more stable than the uncon-
jugated linker at both pH 5 and 7. Similar trends are
likely to be observed for conjugates of 2b and 3b (Fig. 2).
In Vitro Cytotoxicity

The in vitro potency of immunoconjugates BR96–2b
and BR96–3b is shown in Table 3. In all cases, the
immunoconjugates were evaluated against the L2987
lung carcinoma cell line, a human lung carcinoma line
that expresses the BR96 cell surface antigen. Cells were
exposed to conjugates or free drugs for 2 h as described
previously.3 The BR96–2b conjugates produced potent
antigen-specific cytotoxicity. In fact, the BR96–2b was
300 times more potent than a non-binding control con-
jugate IgG–2b. This high level of immunospecificity
indicates in vitro stability and suggests that targeted
delivery of DAPDOX 2a via internalizing MAbs should
increase the therapeutic index of this anthracycline
analogue. The DAPDOX conjugates were substantially
more potent than equivalent conjugates produced with
DOX. BR96–2b was at least 30-fold more potent than
the DOX conjugate BR96-1b and was similar in potency
to unconjugated DAPDOX. The MorphDOX conjugate
BR96–3b also demonstrated antigen-specific activity in
vitro. BR96–3b was 10-fold more potent than the con-
trol conjugate IgG–3b. Unconjugated DAPDOX 2a and
MorphDOX 3a were of similar potency. However, when
delivered via the BR96MAb, DAPDOX conjugate
BR96–2b was >6-fold more potent than the Morph-
DOX conjugate BR96–3b. The molar ratios and binding
activity of the BR96 conjugates were similar. It is not
clear at present why the in vitro potency of the Morph-
DOX conjugate BR96–3b was substantially less than
that of the DAPDOX conjugate BR96–2b.

In this work, we have demonstrated the general utility
of the maleimidocaproylhydrazone approach for
anthracyclines possessing the a,a0-dihydroxyketone side
chain. The hydrazone linkage is stable in buffers at pH
7, but hydrolyzes rapidly at pH 5. These properties are
highly desirable for immunoconjugates that are
designed to be stable in systemic circulation and to lib-
erate unmodified drug following antigen-specific inter-
nalization in tumor cells. The highly potent
anthracyclines 2a and 3a have been conjugated to BR96
and non-binding control IgG achieving fully loaded
conjugates with MR’s of about 8. Both BR96 conjugates
were highly active and selective in vitro when compared
to the corresponding non-binding IgG conjugates,
unconjugated parent drug and unconjugated DOX 1a.
Furthermore, DAPDOX conjugate BR96–2b is superior
in vitro by a large margin to DOX conjugate BR96–1b.
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 7.7
 2
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 0.3
 1
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 8
 1.0
 1
 8
aL2987 cell line.
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Figure 2. Thioether analogues 1c–3c. R is defined in Figure 1.
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