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Abstract--Doxorubicin was modified with five different heterobifunctional reagents to produce drug analogs containing 3'-N- 
amide or C-13 hydrazone linkage with maleimide. Synthesis and characterization of two new reagents, 4-maleimido- 
benzohydrazide trifluoroacetate salt (13) and N-(4-maleimidobenzoyl)-6-aminoeaprohydrazide trifluoroacetate salt (14) are 
described here. All Dox maleimido derivatives were conjugated to thiolated anti-carcinoembryonic antigen monoclonal antibody, 
11-285-14, via a Michael addition reaction. Antibody-directed cytotoxicity was demonstrated with the MTr assay using 
combinations of antigen-positive and antigen-negative cell lines. The immunoconjugates prepared from Dox 3'-N-amide analogs 
are not active in vitro, however, Dox(hydrazone-linked) immunoconjugates are selectively toxic to the CEA positive cell line. 

Introduction 

Recent developments in conjugation chemistry focus on 
novel methods for producing drug-monoclonal antibody 
(MAb) immunoeonjugates for site-specific drug deliv- 
ery with preservation of both drug toxicity and antibody 
binding. Efforts to investigate the usefulness of antibody 
mediated targeting (AMT) have led to the development 
of a variety of cross-linking reagents to produce 
immunoconjugates in which the linkage can be cleaved 
by,the target cells. The development and efficacy of 
AMT have recently been reviewed. L2 

Doxorubicin (Dox, 1; Chart 1) plays an important role 
in cancer treatment and may be the most utilized anti- 
tumor drug worldwide. 3 However, its efficacy is 
impeded by toxicity, including myelosuppression, muco- 
sitis and alopecia. The greatest concern is the unique 
cumulative cardiac damage, which is the major 
obstacle to the use of Dox in cancer treatment. 4 Thus, 
Dox is the logical choice for conjugation with MAbs in 
targeted chemotherapy. Carcinoembryonic antigen 
(CEA) is the best known tumor associated antigen 
which often exists in elevated amounts in various 
human cancers and in the blood of cancer patients and 
is associated with the common solid tumors that cause 
high mortality. 5 Thus, CEA highly specific MAb, 11- 
285-14, was selected as a carrier of Dox. Moreover, 
recent investigations in our laboratory have demon- 
strated that this particular MAb is internalized in all 
high CEA-expressing cell lines such as LSI74T. This is 
an essential requirement to achieve drug targeting and 
potential in situ release of the drug. 6 

Recently, the development of hydrazone linkers has 
been shown to allow release of the unmodified Dox 

under mild acidic conditions and to produce complete 
tumor regression in vivo. 7-9 Deconjugation via a chem- 
ical process in the intracellular compartment, lyso- 
some, to release the free drugs will become the major 
approach to design Dox immunoconjugates for improv- 
ing therapeutic efficacy. 

Below, we report the in vitro cytotoxicity results obtain- 
ed with Dox 3'-N-amide derivatives (2a-4a), Dox C-13 
hydrazone derivatives (5a, 6a) and their immuno- 
conjugates (2b-6b). In vitro testing indicates that the 
Dox 3'-N-amide linked immunoconjugates are not 
active. However, preliminary evaluation of Dox C-13 
hydrazone linked immunoconjugates suggests selective 
toxicity for a high CEA-expressing cell line. 

Results and Discussion 

This paper reports on our effort to use MAb as a tool in 
targeted chemotherapy. We also describe the methods 
for linking Dox to MAbs via an acylhydrazone and 
arylhydrazone bond at the 13-keto position of Dox. Our 
newly developed heterobifunctional linkers (9, 10, 13 
and 14) are regioselectively reacted with the 3'-N- 
amine or C-13 keto moiety of Dox. All linkers are easy 
to prepare and stable during handling. Using these 
linkers, we obtained immunoconjugates with different 
linkages (amide or hydrazone linkage) and different 
linker arms (phenyl, N-benzoylaminopentyl or N- 
benzoylaminodecyl spacer arm), and then compared 
the cytotoxic effect from these immunoconjugates in 
vitro. 

CEA highly specific MAb, 11-285-14, has been well 
characterized immunocytochemically and confirmed to 
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be reactive only with CEA and non-reactive with norm- 
al cross-reacting antigens (NCA). 10-12 The potential of 
targeted chemotherapy using vindesine 11-285-14 
conjugates had previously been demonstrated in vitro; 
the efficacy and specificity have been correlated with 
CEA density in different cancer cell lines. ~3 These 
conjugates have shown their efficacy in v i vo  with 
xenografts in a nude mouse model, t4 Preliminary results 
with Dox-ll-285-14 conjugates have also shown 
efficacy in vitro, ns Therefore, we further investigated the 
efficacy of Dox-ll-285-14 conjugates using novel 
heterobifunctional linkers. 

Dox has been coupled to an antibody via the amino 
group of the sugar moiety (daunosamine) via either the 
carbonyl group at C-13 or the C-14 aglycon side chain. 
Modifications of the amino sugar of anthracyclines had 
been shown to decrease the cytotoxic activity of the 
drug. m Our experimental results indicated that all Dox 
3'-N-amide derivatives were less toxic than the uncon- 

jugated drug against the CEA positive cell line, 
LS174T. The binding of Dox to DNA by intercalation is 
one of the most accepted mechanisms postulated for its 
cytotoxicity. Structure-activity studies with anthra- 
cyclines have shown that the sugar residue is an 
important contributor to cytotoxicity. +'~6 

It has been suggested that anthracycline immuno- 
conjugates show no significant cytotoxicity if the drugs 
are not deconjugated from the antibody carder at the 
target site. 17 The attachment of Dox to the antibody 
with acid-sensitive linkage and the release of Dox from 
immunoconjugates after internalization inside the lyso- 
some compartment enable the drug to retain pharma- 
cological activity. The very poor cytotoxicity of Dox 3'- 
N-amide immunoconjugates is probably due to a 
reduced intracellular release of the active drug from the 
conjugates. The amide linkage has been shown to be 
too stable to produce an effective conjugate, ts However, 
the bioconjugates prepared from Dox or Daunorubicin 
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3'-N-amide analogs that contain a phenyl isothio- 
cyanate group have shown efficacy in vitro) 9 Moreover, 
there have been a few reports in the literature where 
drug derivatives were inactive in vitro but after being 
linked to an antibody, showed increased cytotoxicity of 
the immunoconjugates. 2°~1 In vitro testing results from 
Dox 3'-N-amide derivatives and immunoconjugates 
were matched with each other; no activity was obtained 
from any drug derivative nor its conjugate. If the drug 
derivatives do not exhibit any cytotoxicity, one might 
expect that the immunoconjugates should not show any 
activity when tested in vitro. 

Synthesis of  Dox immunoconjugates 

Synthesis of the immunoconjugates was achieved by 
thiolating the MAbs with 2-iminothiolane (2-IT) and 
reacting the thiolated MAbs with Dox derivatives which 
contained maleimide. The Dox derivatives and their 
corresponding immunoconjugates are listed in Charts 1 
and 2. Dox:MAb ratios of 1.75-2.63 were achieved 
when 10 equivalents of Dox derivatives were mixed 
with MAb containing 6.26--7.14 thiol groups. Final 
protein yields following conjugation of drug to MAb are 
32--60%. 

Cytotoxicity of Dox derivatives and immunoconjugates on 
human colon adenocarcinoma cell lines 

Dox derivatives and immunoconjugates were tested in 
vitro for cytotoxicity using the MTT assay with antigen 
positive (LS174T) and antigen negative (COLO- 
320DM) cell lines. All Dox 3'-N-amide derivatives did 
not show significant cytotoxic effects on the LS174T 
cell line when compared to Dox (Fig.l). Derivative 2a 
showed the highest cytotoxicity and caused 57% cell 
mortality at 40 ttM while 3a caused 50% cell death at 
40 IxM. Compound 4a was much less cytotoxic and 
showed 30% inhibition of cell growth at 40 gM. However, 
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Rgure 1. Dose-response curves for Dox and Dox 3'N-amide 

derivatives on LS174T cells (mean + SD). 
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the Dox hydrazone derivatives 5a and 6a showed simi- 
lar cytotoxic effects when compared to Dox on both the 
LS174T and COLO320DM cell lines (Figs 2 and 3). 
The LS174T cell line showed higher sensitivity to Dox 
and Dox hydrazone derivatives than the COLO320DM 
cell line. 
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Figure 2. Dose-response curves for Dox and Dox C-13 hydrazone 
derivatives on LS174T cells (mean + SD). 
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Figure 3. Dose-response curves for Dox and DOx C-13 hydrazone 

derivatives on COLO320DM cells (mean + SD). 

Immunoconjugates synthesized from Dox 3'-N-amide 
derivatives were not sufficiently cytotoxic to produce 
50% inhibition of growth of the LS174T cell line (Fig. 
4). These immunoconjugates exhibited only very low 
cytotoxicity even at 10 ~tM. However, the immuno- 
conjugates prepared from Dox C-13 hydrazone deriva- 
tives were sufficiently cytotoxic to achieve 50% 
inhibition of LS174T cell growth at -8  laM (Fig. 5) and 
had no appreciable cytotoxic effects on the COLO- 
320DM cell line (Fig. 6). 
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Figure 4. Dose-response curves for Dox and Dox 3'-N-amide 
immunoconjugates on LS174T cells (mean + SD). 
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Figure 5. Dose-response curves for Dox and Dox C- 13 hydrazone 
immunoconjugates on LSI74T cells (mean + SD). 
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Figure 6. Dose-response curves for Dox and Dox C-13 hydrazone 
immunoconjugates on COLO320DM cells (mean + SD). 

The Dox(hydrazone-linked) immunoconjugates were 
more potent than Dox 3'-N-amide immunoconjugates, 
but not as potent as their starting material, Dox C-13 
hydrazone derivatives. A gradual reduction in the 
percentage of surviving cells as the immunoconjugate 
concentration increased was observed when the high 
CEA-expressing cell line, LS174T, was evaluated. 
Selectivity was confirmed by the absence of conjugate 
effect on the low CEA-expressing cell line, COLO- 
320DM, with the same concentration range. The 
Dox(hydrazone-linked) immunoconjugates showed ef- 
ficacy in in v i t ro  testing; they were sufficiently 
cytotoxic to achieve 50% inhibition of LS174T cell 
growth at -8 ~tM. The efficacy of immunoconjugates 
depends on the density of antigen expressed on the 
target cells and the quantity of drug delivered per 
antibody molecule. Thus, immunoconjugates prepared 
with a higher drug substitution should be more potent 
than low drug substitution, because more drug is 
delivered per antibody molecule bound to the target 
cell. Higher Dox:MAb ratio can be simply achieved by 
increasing the thiol groups on the MAb and/or Dox 
derivative for the conjugation reaction. However, we 
observed that significant losses in protein yield 
occurred following conjugation. Thus, around seven 
thiol groups per MAb and a 10-fold molar excess of Dox 
derivative to MAb were adopted for the final con- 
jugation reaction. Dox:MAb ratios of 1.75-2.63 obtained 
in our immunoconjugates are probably too low for good 
antitumor activity. 

The present report describes the synthesis of two new 
linkers, 13 and 14. The preliminary testing results show 
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that Dox 3'-N-amide immunoconjugates 2b, 3b and 4b 
are not active in vitro while Dox(hydrazone-linked) 
immunoconjugates 5b and 6b are active in vitro and 
appear to provide a more promising approach. Further 
investigation of the correct spacer groups for effective 
release of the drug appears to be essential for de- 
velopment of doxorubicin immunoconjugates. The im- 
provement of conjugation conditions is also essential to 
prevent protein aggregation and precipitation. These 
will hopefully contribute to the development of better 
conjugates for antibody mediated targeting. 

Experimental 

Monoclonal antibody 

Thiolation of  MAbs 

Thiolation of MAbs with 2-iminothiolane (2-IT) was 
carded out as described before. 25 MAbs (1.48 or 1.70 mg 
mL -~ in 0.1 M phosphate buffer, 1 mM EDTA, pH 8.0) 
were treated with 0.1 M 2-IT to make the molar ratio of 
MAb to 2-1T 1:100. The reaction mixture was incubated 
for 2 h at rt and thiolated MAbs were separated from 
excess 2-1T on a Sephadex G-25 column equilibrated 
with PBS (0.9% NaCI:I mM EDTA, pH 7.0). The 
thiolated MAbs were concentrated down using an 
Amicon ultrafiltration cell fitted with an Amicon PM10 
ultrafilter (molecular weight cutoff 10,000). The aver- 
age number of thiol groups per protein molecule was 
determined by reaction with 5,5'-dithiobis-(2-nitro- 
benzoic acid) (DTNB). 26 

MAb (11-285-14) was purified from ascitic fluid on a 
protein-A affinity column according to  the procedure of 
Ford et al. 22 

Cell lines 

LS174T and COLO320DM (both are human colon 
adenocarcinoma cell lines) were obtained from the 
American Type Culture Collection (Maryland). LS174T 
cells were propagated in RPMI-1640 containing 8.8% 
fetal calf serum, glutamine and penicillin-streptomycin. 
COLO320DM were maintained in minimum essential 
medium with 8.8% fetal calf serum, glutamine, non- 
essential amino acids and penicillin-streptomycin. 
Cells were grown at 37 *C in a humid atmosphere with 
5% CO2. 

Materials 

Anhydrous reactions were performed under an inert 
atmosphere of nitrogen. Unless otherwise noted, starting 
material, reactant and solvents were obtained com- 
mercially from Aldrich and were used as such or 
purified and/or dried by standard means. 23 Dox-HCI was 
a gift from Adria Laboratories Inc. (Ohio). Organic 
solvents were dried over MgSO4, evaporated on a 
rotatory evaporator and under reduced pressure. All 
reactions were monitored by TLC. The plates were 
visualized by UV fluorescence. Commercial TLC plates 
were Sigma T6145 (polyester silica gel 60 A 0.25 mm). 
Flash chromatography was performed according to the 
method of Still et al. on Merck grade 60 silica gel, 230- 
400 mesh. 24 Melting points were recorded on an 
Electrothermal 9100 apparatus and are uncorrected. The 
IR spectra were taken on a Nicolet model 205 FF-IR 
spectrophotometer. MS assays, (m/z) were obtained 
using a VG Micromass 7070 HS instrument with an 
ionization energy of 70 eV. Elemental analysis was 
conducted by Microanalysis Laboratories Limited, 
Markham, Ontario. NMR spectra were obtained in 
deuterated Me2SO4, MeOH and CHCI3 on a General 
Electric GE 300-NB (300 MHz) instrument: chemical 
shifts were measured relative to internal standards: 
tetramethylsilane (TMS, ~ 0.0 ppm) for ~H and =3C 
NMR spectra. 

Synthesis of  heterobifunctional linkers and Dox deriv- 
atives 

The synthesis and characterization of the linkers, 4- 
maleimido-benzoic acid (8), N-(4-maleimidobenzoyl)- 
6-aminocaproic acid (9) and N-(4-maleimidobenzoyl)- 
l l-aminoundecanoic acid (10) (Scheme 1), and their 
Dox derivatives (2a--4a) were reported in the preceding 
paper. 25 
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Derivatives 13 and 14 were prepared directly from acids 
8 and 9, respectively by converting the carboxylic acid 
group to protected hydrazide followed by treatment with 
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