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Abstract Monoclonal antibodies (mAb) directed to tu-
mor-associated antigens (TAA) or antigens differentially
expressed on the tumor vasculature have been covalently
linked to drugs that have different mechanisms of action
and various levels of potency. The use of these mAb
immunoconjugates to selectively deliver drugs to tumors
has the potential to both improve antitumor efficacy and
reduce the systemic toxicity of therapy. Several immu-
noconjugates, particularly those that incorporate inter-
nalizing antibodies and tumor-selective linkers, have
demonstrated impressive activity in preclinical models.
Immunoconjugates that deliver doxorubicin, maytansine
and calicheamicin are currently being evaluated in clin-
ical trials. The feasibility of using immunoconjugates as
cancer therapeutics has been clearly demonstrated.
Gemtuzumab ozogamicin, a calicheamicin conjugate
that targets CD33, has recently been approved by the
Food and Drug Administration (FDA) for treatment of
acute myelogenous leukemia (AML). This review con-
centrates on the properties of the tumor and the char-
acteristics of the mAb, linker, and drugs that influence
the efficacy, potency, and selectivity of immunconjugates
selected for cancer treatment.
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Introduction

The majority of drugs currently used to treat cancer are
limited by a number of factors including the low thera-
peutic index of most chemotherapeutic agents, the
emergence of drug- and radiation-resistant populations,
tumor heterogeneity and the presence of metastatic
disease. The current goal of cancer drug discovery and
development is to identify agents that are effective can-
cer therapeutics and yet have minimal systemic side ef-
fects. One means to improve the selectivity of cancer
therapy is by directing activity against therapeutic tar-
gets that display altered levels of expression on malig-
nant versus normal cells. There has been substantial
effort to rationally design these types of therapeutics
both as low molecular weight compounds and as pro-
tein-based therapeutics such as monoclonal antibodies
(mAb).

Significant progress has been made in the use of mAb
as cancer therapeutics. Most notably there are now 4
mAb-based therapies approved by the Food and Drug
Administration (FDA) for the treatment of cancer. The
progress in antibody (Ab)-based therapy has largely re-
sulted from Ab engineering technologies that yielded
chimeric (mouse/human) or fully humanized mAb with
reduced immunogenicity. Both chimerized and human-
ized mAb can be successfully administered to patients
for a prolonged treatment duration without inducing a
clinically meaningful immune response [1, 2, 3].

Chimeric and humanized mAb directed against tu-
mor-associated antigens (TAA) have shown utility as
monotherapy in the treatment of hematologic malig-
nancies [4, 5]. mAb have also shown clinical activity
when used as monotherapy in the treatment of solid
tumors; however, activity is typically improved when the
mAb are used in combination with cytotoxic drugs.
mAb to HER2/neu used in combination with cisplatin
[6] or paclitaxel [7] and mAb to the epidermal growth
factor receptor (EGFR) when used in combination
with cisplatin or doxorubicin (DOX) [8] have shown
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improved response rates relative to those seen when the
mAb are used as monotherapy [7]. The physical barriers
associated with large solid tumors, including elevated
interstitial pressure, heterogeneous and reduced func-
tional vasculature and lymphatics as well as the rela-
tively large distances for mAb to travel in the tumor
interstitium [9] contribute to the limited tumor pene-
tration and minimal efficacy seen when mAb-directed
therapies are used as single agents in patients with ad-
vanced disease. In addition, antigenic heterogeneity both
within a given histologic tumor type and within a given
tumor can substantially affect mAb-directed therapies.

Immunoconjugates are bifunctional molecules that
consist of a ‘‘targeting’’ domain that localizes in tumors
coupled to a therapeutic moiety. Immunoconjugates, in
the broadest definition, may utilize mAb, mAb frag-
ments, hormones, peptides or growth factors to selec-
tively localize cytotoxic drugs, plant and bacterial
toxins, enzymes, radionuclides, photosensitizers, or cy-
tokines to antigens expressed on tumor cells or on cells
of the tumor neovasculature. This review will concen-
trate on the results obtained with mAb-drug immuno-
conjugates directed to tumor associated and vascular
antigens. The properties of the tumor and the charac-
teristics of the immunoconjugate that affect the efficacy,
potency, and selectivity of this treatment modality will
be discussed.

mAb and tumor-selective drug release

The use of immunoconjugates directed against TAA
provides a means to improve efficacy by increasing the
intratumoral concentration of the targeted drug. In ad-
dition, when a tumor-selective drug release mechanism is
included in conjugate design, immunoconjugate therapy
may reduce systemic toxicity. The clinical efficacy of
mAb-directed therapy may be limited by expression of
the targeted antigen on normal as well as malignant
cells. For the most part, tumor-specific mAb have not
been identified; rather, mAb identify TAA expressed at
higher density on malignant cells relative to normal cells.
Because the target antigen is likely to be expressed on
cells of normal tissues it is important to balance the rel-
ative selectivity of the mAb with the potency of the agent
delivered. It is also important to consider the systemic
stability of the linker in the context of drug potency, the
more potent the drug the more critical linker stability
will be to safety.

In addition to immunoconjugates directed at TAA,
several recent studies have evaluated the utility of tar-
geting antigens expressed on the tumor neovasculature
[10, 11, 12]. Directing therapy to the accessible vascular
compartmentmay reduce the impact of barriers present in
solid tumors that restrict mAb penetration and distribu-
tion [13]. Because of these factors, immunoconjugates
directed against antigens differentially expressed on the
tumor endothelium may offer potential advantages over
targeting TAA expressed on cells of solid tumors.

Several conjugation strategies have been utilized in
which the drug is attached to Ab that do not internalize
following antigen-specific binding. To be effective these
immunoconjugates must remain stable in the circulation
and yet release active drug extracellularly following tu-
mor localization. These immunoconjugates may rely on
extracellular cleavage of peptidyl linkers [14] by enzymes
such as cathepsins [15] and matrix metalloproteinases
expressed by tumor cells [16], or rely on adventitious
hydrolysis that may occur at the slightly acidic pH found
in many solid tumors [17, 18]. For the most part, im-
munoconjugates that rely upon extracellular drug re-
lease demonstrate poor antigen-specific activity in vitro
and in vivo [14, 19, 20].

One means to further improve the selectivity, efficacy,
and potency of immunoconjugates is to design linkers
that release active drug following endocytosis into target
cells. These immunoconjugates utilize mAb that localize
in the tumor and internalize into tumor cells following
antigen-specific binding. Internalization of Ab [21] may
occur rapidly (minutes to hours) or slowly (over several
days). Because of the difference in internalization rate
and intracellular fate seen for various Ab it is necessary
to consider the rate of internalization in linker design.
Ab that are rapidly internalized likely enter clathrin-
coated pits and are internalized by receptor-mediated
endocytosis. A variety of immunoconjugates have been
shown to enter endosomes and lysosomes following
antigen-specific binding and internalization [22, 23, 24,
25]. Linker strategies have been developed that exploit
the relatively acidic pH or enzymatic content of lyso-
somes [23, 26, 27, 28, 29, 30]. These immunoconjugates
utilize the Ab to direct the conjugate to antigen-
expressing target cells and contain a linker designed to
be stable in the circulation and to release biologically
active drug only upon antigen-specific internalization.
The extracellular stability and intracellular cleavage
mechanism of the linker need to be considered in the
context of the potency of the drug that is delivered;
the more potent the drug, the greater is the requirement
for extracellular stability.

mAb-directed delivery of anthracyclines

Immunoconjugates that utilize the anthracycline family
of antitumor antibiotics have been extensively studied
[19]. DOX is of particular interest for Ab-directed de-
livery, as it is a drug that has been shown clinically to
have a broad spectrum of activity and to have toxic side
effects that are both dose-related and predictable. The
efficacy of DOX is limited by myelosuppression and
cardiotoxicity [31], and as such the use of mAb-directed
delivery should improve the efficacy by increasing the
intratumoral accumulation of DOX while reducing
systemic exposure. In addition, as DOX is well tolerated
by patients, unanticipated systemic drug release from an
immunoconjugate is not likely to result in unmanageable
toxicity.
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Acid-labile linkers

An acid-labile cis-aconityl linker was used to link DOX
to the anti-melanoma mAb 9.9.27 [32]. The 9.9.27-DOX
conjugate demonstrated antigen-specific activity in vitro
and was active against DOX-insensitive melanoma xe-
nografts. Following a 2-h exposure, intracellular DOX
was detected in the cytoplasm and nuclei of antigen-
expressing cells. When pH was increased by preincuba-
tion with chloroquine, cytoplasmic but not nuclear
DOX was observed, demonstrating that the cis-aconityl
linker released DOX in the acidic environment of lyso-
somes. The cis-aconityl linker was shown to have utility
for linking both DOX and the anthracycline daunoru-
bicin (DNR) to several mAb [32, 33, 34, 35, 36].

Hurwitz et al. [37] demonstrated the utility of at-
taching DNR to macromolecules using acid labile hy-
drazone linkages. In these studies conjugates that were
prepared with acid-labile hydrazones were active in vi-
tro, whereas those produced with a non-hydrolyzable
linker were not. Similar results were obtained with
morpholino-DOX (morphDOX), a DOX derivative that
is 10–1,000 fold more potent than DOX. mAb LM609,
an antibody that recognizes the intergrin avb3 expressed
on human melanoma cells, was conjugated to morph-
DOX via a hydrazone or oxime linker. The in vitro
cytotoxicity of these conjugates corresponded to their
hydrolysis rates; conjugates containing the hydrazone
linker were labile at pH 4.5 and demonstrated potent
activity in vitro, while conjugates containing the oxime
linker were stable at pH 4.5 and were not potent in
cytotoxicity assays [38].

Other acid-sensitive conjugates of DNR/DOX have
been obtained through modification of their C-13 car-
bonyl group to give hydrazones, acylhydrazone, semic-
arbazones, thiosemicarbazones, and oximes [39, 40, 41,
42]. A hydrazone linker was also used to conjugate DOX
using a disulfide link to antilymphoma mAb. The con-
jugates obtained had drug/mAb molar ratios (MR) of
2–10, released DOX at acidic pH [43], and displayed
antigen-specific cytotoxicity in vitro and in vivo against
non-Hodgkin’s lymphoma xenografts in athymic mice.
The immunoconjugates produced antitumor activity
that was better than that achieved with a matching dose
of unconjugated DOX, and which was similar to that
obtained with unconjugated DOX administered at its
maximum tolerated dose (MTD) [41].

A similar strategy was used to produce immunocon-
jugates directed against a rapidly internalizing carcino-
ma antigen [23]. Conjugates were prepared with the
anticarcinoma mAb BR64 which identifies a Ley related
TAA expressed at high density on the surface of cells
from lung, colon, and breast [44]. The BR64 mAb was
conjugated to DOX using a disulfide linker to the mAb
and an acid-labile acyl-hydrazone linker to DOX. The
BR64-DOX conjugates demonstrated antigen-specific
activity in vitro and their potency was related to the
DOX/mAb MR. Antigen-specific antitumor activity was

also seen when BR64-DOX was evaluated against es-
tablished human lung tumor xenografts in athymic mice.
At higher dose levels, BR64-DOX treatment induced
antitumor activity that was superior to that of uncon-
jugated DOX administered at its MTD, unconjugated
BR64 mAb, or mixtures of mAb and free DOX. In
contrast to other treatment regimens, tumor regression
and cure were obtained following treatment with BR64-
DOX conjugates. However, regression was only seen at
doses of BR64-DOX that approached its MTD. Thus,
while the BR64-DOX conjugates demonstrated antigen-
specific targeting and were more active than optimized
unconjugated DOX, the therapeutic index of the con-
jugates was low, even against DOX-sensitive lung
tumors [23]. The low potency of the disulfide linked
BR64-DOX conjugates may have resulted from poor
mAb localization, inefficient intracellular release of
DOX, and/or systemic instability of the disulfide linker.

Since it was reasonable to expect that the disulfide
linkage might not be sufficiently stable in the circulation,
a systematic comparison of BR64-DOX immunoconju-
gates [45] was performed in which the only variable was
the mAb-DOX linker. In these studies BR64 was con-
jugated to DOX (MR �8) using an acid-labile hydraz-
one linkage and either a disulfide or thioether bond to
the mAb. Both the disulfide- and thioether-linked con-
jugates were generated from mild and selective opening
of endogenous, interchain disulfides on the mAb [45].
The thioether-linked conjugate demonstrated substan-
tially better stability in vitro. It is likely that immuno-
conjugates that demonstrate poor stability in vitro will
also lack the metabolic stability needed for tumor lo-
calization and drug delivery. The data on the in vivo
stability of the disulfide and thioether linked BR64
conjugates support this concept. The plasma terminal
T1/2 of conjugate-bound DOX was 30 h for the thioe-
ther-linked BR64 conjugate and only 17 h for the di-
sulfide-linked conjugate. The total systemic (non-
targeted) exposure to DOX, representing unwanted drug
release, as assessed by plasma area under curve (AUC)
values was 4-fold higher for the disulfide-linked conju-
gates. The increased stability of the thioether-linker re-
sulted in almost a 10-fold increase in the amount of
DOX delivered to tumors relative to that obtained with
the disulfide-linked BR64 conjugate. The BR64 thioe-
ther conjugate was antigen-specific and both more
potent and more active than either the BR64 disulfide
conjugate or optimized unconjugated DOX against
DOX-sensitive tumors. The superiority of the thioether-
linked conjugate was even more striking when evaluated
against a DOX-insensitive human colon tumor xeno-
graft. Targeted delivery of DOX using the thioether
linker resulted in substantial antitumor activity, includ-
ing the cure of established colon tumors that were
insenstitive to both unconjugated DOX and the disul-
fide-linked BR64-DOX conjugate [45]. It is likely that
the increased stability of the thioether conjugate reflects
its reduced susceptibility to extratumoral reductive
agents such as glutathione or other thiol-containing
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molecules in the plasma or liver. These studies clearly
demonstrate the advantages of optimizing the systemic
stability as well as the tumor-selective drug-releasing
capacity of mAb-drug linkers used for internalizing
immunoconjugates.

The BR64 mAb was not suitable for clinical devel-
opment as it demonstrated binding to cardiac tissue in
some patients. A closely-related mAb termed BR96 [44]
that identifies a Ley related TAA expressed at high
density on the majority of human breast, lung and colon
carcinomas but lacks cardiac reactivity, was selected for
clinical development [44, 46, 47]. BR96 is a chimeric
(mouse-human) mAb of the human IgG1 isotype that is
rapidly internalized following antigen-specific binding
[48]. The BR96-DOX immunoconjugates contained a
thioether linker to the mAb and an acyl hydrazone
linker to DOX. Immunoconjugates were prepared by
selectively reducing the 4 disulfide bonds in the hinge
region of the mAb using dithiothreitol (DTT) followed
by conjugation with the 6-(maleimidocaproyl)hydrazone
of DOX [42, 46, 49]. The BR96-DOX conjugates pro-
duced antigen-specific activity in vitro, and potency was
related to the density of BR96 expressed [46]. BR96-
DOX demonstrated antigen-specific antitumor activity
against established human breast, colon, and lung car-
cinoma xenografts in athymic mice. BR96-DOX, ad-
ministered at tolerated doses, produced complete
regression and/or cure of established DOX-sensitive
lung tumors and displayed an excellent therapeutic index
in preclinical models. When administered at 5% of its
MTD, BR96-DOX was as active as optimized free DOX
and when administered at 25% of its MTD, it produced
cure in of 70% of mice bearing DOX-sensitive lung tu-
mors [19, 46]. When evaluated against established colon
tumor xenografts, BR96-DOX produced complete tu-
mor regression and cure, even though the tumors were
not sensitive to unconjugated DOX. In the case of the
DOX-insensitive colon tumors, the dose of BR96-DOX
required to produce regression was approximately twice
that required for the DOX-sensitive lung tumor. BR96-
DOX was both more potent and more active than DOX
in each tumor model evaluated [19, 46].

Activity in models of metastatic and/or disseminated
disease is an important criterion for evaluating the effi-
cacy of immunoconjugate therapy. BR96-DOX therapy
resulted in cure of 70% of mice bearing a large burden of
disseminated disease (�0.5 g visible tumor burden). The
median survival time of BR96-DOX-treated mice was
significantly increased (>200 days) relative to that of
untreated mice (90 days) or mice treated with the MTD
of unconjugated DOX (94 days) [19, 46].

In many preclinical studies of immunoconjugates, the
target antigen is tumor-specific as it is expressed on the
human tumor but not on normal murine tissues. In rats
as in humans, the BR96 mAb binds to differentiated cells
of the gastrointestinal tract (stomach, esophagus, and
intestine) as well as to acinar cells of the pancreas. Pre-
clinical studies performed with human tumors in athy-
mic rats and syngeneic BR96 expressing rat tumors in

immunocompetent rats demonstrated complete regres-
sion and cure of tumors at tolerated doses, even when
the BR96-defined antigen was expressed in some normal
tissues [46, 50]. Interestingly, the BR96-DOX conjugate
was also shown to be highly effective and well tolerated
when administered to rats in a human lung cancer brain
xenograft model [51].

The immunoconjugate BR96-DOX [42, 46]was eval-
uated in phase I [52] and II [53] clinical trials. Although
cures were seen in multiple preclinical models, only
tumor stabilization and a small number of partial
regressions were seen in a phase I trial of patients with
advanced disease. A therapeutically relevant anti-conju-
gate response was not observed and there was no
significant hematologic or cardiac toxicity. Acute gas-
trointestinal toxicity with dose-related nausea, vomiting
and gastritis was found to be dose-limiting [52]. A ran-
domized phase II trial was performed in patients with
metastatic breast carcinoma [53]. In this study, patients
received 700 mg/m2 of BR96-DOX (20 mg/m2 DOX) or
60 mg/m2 of DOX every 3 weeks. There was 1 partial
response (in a patient with hepatic metastases) in the 14
patients receiving BR96-DOX and 1 complete and 3
partial responses in the 9 patients receiving DOX. In-
terestingly, 2 out of the 4 patients who crossed over to the
BR96-DOX arm of the trial after persistent stable disease
during DOX treatment achieved partial regression of
hepatic metastases following BR96-DOX therapy.

Localization of BR96 and DOX was seen in tumor
biopsies of patients receiving BR96-DOX, indicating
that immunoconjugate had successfully delivered DOX
to tumors [52]. These data, taken together with the low
clinical response rates, suggest that the dose that could
be safely administered every 3 weeks was insufficient
to maintain the intratumoral concentration of DOX
required to achieve tumor regression.

Because of the physical barriers preventing efficient
diffusion of high molecular weight drugs into large tu-
mors, it is likely that immunoconjugate therapy will be
most successful when used to treat patients with minimal
residual disease and when used in combination with
other therapeutic modalities. Preclinical studies were
performed with BR96-DOX to determine whether it was
possible to reduce the dose level of conjugate required
for efficacy by combination therapy with paclitaxel [54,
55]. Combined therapy with BR96-DOX and paclitaxel
resulted in a dramatic increase in antitumor activity
against human tumors in athymic mice and rats [54].
This was true even when BR96-DOX was evaluated at
doses that were not active as single agents. A significant
increase in antitumor activity was seen for the combi-
nation relative to that of equivalent doses of BR96-DOX
and paclitaxel administered alone in 4 tumor xenografts
of 3 histologic types: breast, lung, and colon carcinoma.
The antitumor activity achieved with combined paclit-
axel and BR96-doxorubicin therapy was observed both
when paclitaxel was administered at its MTD and at
suboptimal doses. BR96-DOX in combination with
paclitaxel resulted in increased antitumor activity
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against paclitaxel-sensitive lung and breast tumor xe-
nografts and also paclitaxel-insensitive colon tumors
[54]. Studies performed in vitro demonstrated that
treatment of BR96 expressing cells with BR96-DOX
24 h prior to treatment with paclitaxel resulted in an
increase in G2 tumor cells that were more sensitive to
paclitaxel treatment [55]. The potential advantage of
combination therapy with the BR96-DOX conjugate,
now termed SGN-15, and taxanes is currently being
evaluated in clinical trials [56].

The potency of immunoconjugates can be improved by
increasing the quantity of drug delivered permAb [23, 57].
However, in the case of DOX immunoconjugates, sig-
nificant losses in affinity and antigen-specific cytotoxicity
were seen when �10 molecules of DOX were directly
conjugated permAb [57]. In another approach to increase
the drug/mAb molar ratio, ‘‘branched’’ linkers in which
each thioether-attached linker to the mAb carries 2 DOX
molecules, resulted in an increase in the drug:mAb MR
from8 to 16.These conjugates contained<5%aggregate,
and retained >95% binding activity relative to uncon-
jugated mAb. The 2-fold increase in MR was accompa-
nied by an increase in antigen-specific potency in vitro and
importantly, a 2-fold decrease in the amount of mAb
required to achieve partial regression of s.c. tumors in
preclinical models [58].

Enzyme cleavable linkers

Immunoconjugates have also been designed with peptide
linkers that are sensitive to cleavage by lysosomal [27, 29,
30, 59] or tumor-associated [14] enzymes. Immunocon-
jugates in which the internalizing mAb BR96 was con-
jugated to DOX through 2 lysosomally cleavable
dipeptides, Phe-Lys and Val-Cit, required a self-immola-
tive p-aminobenzyloxycarbonyl (PABC) spacer between
the dipeptides and theDOX for efficient generation of free
drug. Both conjugates demonstrated rapid and near-
quantitative DOX release when incubated with either the
cysteine protease cathepsin B or in a rat liver lysosomal
preparation. Interestingly, both conjugates releasedDOX
more rapidly in the lysosomal preparation than with
cathepsin B alone, suggesting that other lysosomal pro-
teases were able to cleave the dipeptide linkers. The BR96
dipeptide conjugates demonstrated excellent antigen-
specific activity in vitro. Against BR96-expressing lung
carcinoma cells both BR96-DOX conjugates were >200-
foldmore potent than a non-binding IgG-DOXconjugate
prepared using the same linker [59]. A corresponding
immunoconjugate of the topoisomerase I inhibitor cam-
ptothecin (CPT), BR96-Phe-Lys-PABC-CPT (MR=7.5)
was also prepared [29] and demonstrated potent antigen-
specific cytotoxicity, equivalent to free CPT, against
human lung carcinoma cells.

Peptide-linked DOX immunoconjugates were also
prepared using a polyethylene glycol (PEG)-based
cleavable linker [60]. The PEG moiety was reported
to increase conjugate solubility and monomeric integri-

ty, 2 factors that are often adversely affected by at-
tachment of hydrophobic cytotoxic agents and linkers.
Conjugates were attached through several PEG-linked
dipeptides; alanyl-proline, alanyl-valine, and glycyl
proline to NL-1, an Ab that binds to CD10 (also termed
common acute lymphoblastic leukemia antigen or CA-
LLA). CD10 is over-expressed on several tumor types, is
identical to neutral endopeptidase (NEP) [60], and mAb
to CD10 are rapidly internalized following antigen-spe-
cific binding [61]. NL-1 conjugates (MR=1–2) that
utilized Ala-Val and Gly-Pro peptidyl linkers demon-
strated antigen-specific cytotoxicity, whereas the Ala-
Pro conjugate did not. The substrate selectivity seen for
these peptides is interesting, particularly as extracellular
DOX release from the alanyl-valine conjugate may be
mediated through the endopeptidase activity of NEP,
while intracellular release may be mediated by lysosomal
proteases [6060]. It will be of interest to evaluate the
antigen-selectivity of these conjugates in vivo to further
understand the role of extracellular versus intracellular
drug release from these peptidyl linkers.

In an attempt to further improve the potency of di-
peptide-linked conjugates, a branching strategy similar
to that used for hydrazone [58] linkers was employed
[30]. Thioether-linked conjugates [42, 46] of the inter-
nalizing mAb BR96 were produced and DOX was
coupled to a branched dipeptide linker designed to lib-
erate DOX following antigen-specific internalization
into lysosomes. The use of the branched linker resulted
in approximately a 2-fold increase in DOX:mAb MR
relative to the previously described non-branched pep-
tide conjugates [59]. The branched peptide linkers rap-
idly released DOX when exposed to the lysosomal
enzyme cathepsin B and the corresponding BR96 con-
jugates demonstrated potent antigen-specific cytotoxic-
ity in vitro. However, the conjugates were shown by size
exclusion chromotography to exist almost exclusively as
a non-covalently associated dimers [59]. However, these
conjugates were obtained as discrete monomers when a
methoxytriethyleneglycol (mTEG) chain was attached to
each DOX through an acid-cleavable hydrazone bond.
The chain serves to disrupt the steric, hydrophobic, and
pi-stacking interactions that apparently contribute to
dimer formation. In tumor cell lysosomes, both acid-
catalyzed hydrolysis of the mTEG groups and cathepsin
B cleavage of the dipeptide linkers occurs to liberate
DOX. On a mAb basis, the mTEG-modified branched
BR96 peptide conjugates were more potent than single
chain BR96 peptide conjugates and unmodified bran-
ched peptide BR96-DOX conjugates in vitro [62].

mAb-directed delivery of highly potent drugs

In addition to increasing the quantity of drug delivered
by an Ab molecule, it is possible to substantially
improve immunoconjugate potency and efficacy by
increasing the potency of the targeted drugs.
Maytansanoids inhibit tubulin polymerization and are
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100–1,000-fold more potent than conventional cytotoxic
drugs. The maytansanoids, although highly potent, have
a poor therapeutic index because of their high systemic
toxicity. The use of mAb-directed delivery affords a
potential means to exploit the potency of maytansinoids
against tumors while reducing their systemic toxicity. A
maytansinoid derivative, DM1, was produced and at-
tached through a disulfide linkage to mAb C242, a
murine IgG1 mAb that binds to a mucin-type glyco-
protein expressed on human colorectal cancer cells. The
MR obtained for C242-DM1 conjugates was typically 4.
The C242-DM1 conjugates demonstrated antigen-
specific activity in vitro and when evaluated against
established tumor xenografts they were more active than
a non-binding control DM1 conjugate or mixtures of
mAb C242 and unconjugated DM1 [63]. The internal-
izing murine mAb 8D11 binds to prostate stem cell
antigen (PSCA) expressed on primary and metastatic
prostate tumors as well as differentiated luminal cells of
the prostate. The 8D11 mAb was conjugated to DM1
using the same linker chemistry [63]. The 8D11-DM1
conjugates demonstrated antigen-specific activity in
vitro. When evaluated against established human tumor
xenografts expressing PSCA at high density, the 8D11-
DM1 conjugates demonstrated impressive antigen-spe-
cific antitumor activity, including regression of large
tumors at dose levels of 5.5 mg/kg mAb (75 lg/kg
DM1). At the same dose level, the non-binding control
mAb-DM1 conjugate produced a delay in tumor growth
but not tumor regression. Antitumor activity was related
to the density of antigen expressed. The 8D11-DM1
conjugate produced tumor growth inhibition but not
tumor regression when evaluated against a prostate tu-
mor, SW780, that expressed PSCA at low density. In-
terestingly, the 8D11-DM1 conjugate did not show
antigen-specific activity against SW780 line when eval-
uated in vitro. It is not clear from these data whether the
in vitro exposure time was not sufficient to produce cy-
totoxicity against a cell line expressing the targeted an-
tigen at low density or whether the tumor growth delay
seen in vivo results, at least in part, from adventitious
drug release [64]. The potential utility of mAb delivery of
maytansanoids is currently being evaluated clinically.

The enediyne family of antibiotics are among the
most toxic antitumor compounds described to date. This
novel class of agents includes the calicheamicins, neo-
carzinostatin, esperamicins, dynemicins, kedarcidin, and
maduropeptin [65]. These agents are highly potent in
vitro, efficiently producing double-stranded DNA
breaks at very low drug concentrations. However, as
with the maytansinoids described above, the utility of
the enediynes as antitumor drugs has been limited by
their low therapeutic index. The use of mAb to selec-
tively deliver enediyenes provides a means to exploit the
impressive potency of these compounds while limiting
their systemic toxicity. The use of extremely toxic drugs
requires both careful mAb selection, as even low levels
of expression of the targeted antigen by normal cells
may lead to unacceptable toxicity, and a linker that is

metabolically stable and yet releases drug selectively
following tumor localization. Neocarzinostatin [66, 67,
68, 69] and several of the calicheamicins [25, 70, 71, 72]
have been used to produce extremely potent immuno-
conjugates. In fact, the first mAb-drug immunoconju-
gate to be approved by the FDA consists of a
calicheamicin analog conjugated to an antibody directed
against CD33. This conjugate has been referred to as
CMA-676, gemtuzumab ozogamicin, and mylotarg.

Calicheamicin conjugates were produced by perio-
date oxidation of the carbohydrate residues of the in-
ternalizing anti-polyepithelial mucin mAb CT-M-01
followed by reaction with a hydrazide derivative of
calicheamicin cI1. These ‘‘carbohydrate’’ conjugates
utilize an acid labile hydrazone bond to the mAb to
insure hydrolysis following internalization into lyso-
somes, and a sterically protected disulfide bond to the
calicheamicin to increase stability in circulation. The
CT-M-01 conjugates demonstrated potent antigen-spe-
cific activity against subcutaneous breast tumor xeno-
grafts in athymic mice [25].

mAb P67.6 binds to CD33, a 67-kDa glycoprotein
expressed on the surface of leukemic cells of patients
with acute myelogenous leukemia (AML). The CD33
antigen is rapidly internalized following antigen-specific
binding. Importantly, the CD33 antigen is not expressed
by immature pluripotent stem cells even though it is
expressed on normal progenitor and mature myeloid
cells [72]. Calicheamicin conjugates of mAb P67.6 were
prepared as described previously [25]. These conjugates,
referred to as ‘‘carbohydrate’’ conjugates, contained the
acid-labile hydrazone bond. Immunoconjugates of mAb
P67.6 were also prepared that contained a hydrolytically
stable amide bond. These ‘‘amide’’ conjugates relied on
cleavage of the disulfide present in all calicheamicin
conjugates as the mechanism of drug release. The MR
of the carbohydrate and amide conjugates was similar,
typically 2–3. The hydrazone linked carbohydrate con-
jugates of P67.6 were shown to be superior to the
amide-linked conjugates in terms of antigen-specific
activity in vitro. In addition, treatment with tolerated
doses of the carbohydrate conjugate resulted in com-
plete regressions of established antigen-expressing
tumors whereas the amide conjugate produced only a
delay in tumor growth suggesting that the hydrazone
linker provided a more efficient, tumor selective,
mechanism of drug release [73].

Although successful for murine P67.6, the carbohy-
drate linker strategy could not be used with the hu-
manized (human IgG4) P67.6 mAb (hP67.6) since the
required periodate treatment resulted in a substantial
loss of immunoreactivity and antigen-specific potency
[74]. Several bifunctional linkers were evaluated that
utilized lysine attachment to the mAb via amide bonds
and incorporated an acid-labile hydrazone bond to lib-
erate calicheamicin following antigen-specific internal-
ization. The use of an acetylphenoxy(butanoic acid)
linker was most successful, and yielded hP67.6 conju-
gates with a drug:mAb molar ratio of 2–3. This hP67.6
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calicheamicin conjugate, given the generic name of
gemtuzumab ozogamicin, produced antigen-specific cy-
totoxicity in vitro and in vivo. Gemtuzumab ozogamicin
was shown to be more potent in vivo than the carbo-
hydrate-based murine P76.6 conjugate and also dis-
played greater selectivity in vitro. The therapeutic index
of the conjugate was at least 6 when evaluated against
established tumors in athymic mice [74].

A phase I study of gemtuzumab ozogamicin (referred
to as CMA-676) was performed in patients with AML
[72]. Forty patients with refractory or relapsed AML
were treated with 0.25–9.0 mg/m2 of gemtuzumab ozo-
gamicin. Toxicity was primarily hematologic; however,
hematologic side effects were not considered dose-lim-
iting. Fever and chills occurred in 80% of patients, and
were the most common non-hematologic side effect.
Leukemic cells were eliminated from the blood and
marrow of 20% of treated patients. At the 9 mg/m2 dose
level, >75% saturation of CD33 sites was seen on pe-
ripheral blood blast cells. Clinical responses were seen at
dose levels of 1–9 mg/m2. Responses were seen only in
patients whose peripheral blast cells had a low efflux of
3,3’-diethyloxacarbocyanine iodide and demonstrated
�75% saturation of CD33. The efflux data suggest that
intracellular delivery of calicheamicin by the P67.6 mAb
did not overcome multi-drug resistance [72].

Three open-label multicenter phase II trials that en-
rolled a total of 142 adult patients with AML in first
relapse were conducted to evaluate the efficacy and
safety of gemtuzumab ozogamicin (also referred to as
CMA-676). Patients received a 2-h infusion of 9 mg/m2
gemtuzumab ozogamicin administered every 2 weeks for
a total of 2 doses. Thirty percent of the patients achieved
clinical remission. The major toxicity was hematologic,
as would be expected from CD33-directed cytotoxic
therapy. Non-hematologic side effects occurred in a
minority of patients and included grade 3 or 4 hyper-
bilirubinemia, elevated liver transaminase levels, muco-
sitis, and infections [71]. The extent of liver toxicity seen
in a subset of 23 patients that received gemtuzumab
ozogamicin for AML following hematopoietic cell
transplant was evaluated [75]. Eleven of the 23 patients
developed liver injury and 7 of these patients died with
persistent liver dysfunction. Histologic evaluation re-
vealed deposition of sinusoidal collagen. This type of
liver toxicity may result from targeted delivery of
calicheamicin to CD33-expressing cells found in hepatic
sinusoids [75].

The in vivo binding and internalization of gem-
tuzumab ozogamicin was also evaluated during a phase
II trial of patients with AML in first relapse. Patients
received a 2-h infusion of 9 mg/m2 gemtuzumab ozo-
gamicin. Within 3 h of the start of infusion, nearly
complete saturation of CD33 antigenic sites was ob-
served for circulating leukemic and normal myeloid
cells. The conjugate was shown to be rapidly internalized
by leukemic and normal CD33 expressing myeloid cells
and to result in apoptosis of these cells but not CD33
negative lymphoid cells [76].

The development of several other calicheamicin de-
rivatives for use in mAb-directed delivery has been de-
scribed. Calicheamicin hI1, (Camh) a more potent
synthetic analog of calicheamicin cI1, was conjugated
through a disulfide linkage to mAb 14G2a, an anti-
ganglioside GD2 mAb. The 14G2a-Camh conjugate
showed impressive antitumor activity when used to treat
experimental liver metastases in syngeneic immuno-
competent mice [70]. Dose-dependent antitumor activity
was observed against a neuroblastoma line with heter-
ogeneous antigen expression. The 14G2a-Camh conju-
gate was both more effective and less toxic than
unconjugated Camh or mixtures of mAb 14G2a and
unconjugated Camh, indicating effective mAb-directed
targeting. The use of a syngeneic tumor with heteroge-
neous expression of the target antigen more closely ap-
proximates the clinical situation and provides an
important model system for evaluating immunoconju-
gate efficacy.

The calicheamicin derivative Camh was also conju-
gated though a disulfide linkage to mAb 138H11, a
mAb directed against human gamma glutamyl trans-
ferase. The antigen identified by mAb 138H11 is ex-
pressed on cells of normal kidney and liver. However,
in normal organs the antigen is not accessible via the
circulation as it is expressed on the luminal surface of
the liver bile canaliculi and the brush border membrane
of the promixal tubules of the kidney. In primary and
metastatic renal cell carcinomas, the antigen is ex-
pressed over the entire surface and is thus accessible to
circulating mAb. The 138H11-Camh conjugate dem-
onstrated potent antigen specific activity in vitro when
evaluated against the Caki-1 renal cell carcinoma line.
The EC50 of the conjugate was 5·10–11 M, approxi-
mately 40-fold more potent than a non-binding control
Camh conjugate. The 138H11-Camh conjugate dem-
onstrated antigen-specific activity when administered to
athymic mice on the day of tumor implant. The
138H11-Camh conjugate administered at a dose of
20 lg/kg Camh was more active than unconjugated
Camh, mAb 138H11, or mixtures of mAb and uncon-
jugated Camh. However, the conjugate was quite toxic,
producing 23% body weight loss and 5/9 deaths. These
data suggest that the disulfide linker was not stable
enough in circulation to selectively deliver this potent
calicheamcin analog to tumors [77].

Targeting the tumor vasculature

The progressive growth and metastatic dissemination of
solid tumors requires the formation of new blood vessels
(angiogenesis) from the pre-existing vasculature [78].
Several studies have demonstrated that targeting the
tumor vasculature with mAb [11, 79, 80], growth factor
ligands [81, 82], or ligands which bind avb3 integrins [10,
12] can produce impressive antitumor activity. Directing
immunoconjugate therapy to antigens differentially
expressed on the tumor endothelium offers several
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potential advantages over targeting TAA expressed on
cells of solid tumors. Targeting the accessible vascular
compartment may reduce the impact of physical barriers
of solid tumors, such as elevated interstitial pressure and
heterogeneous blood flow, that restrict the penetration
and distribution of mAb through the tumor parenchyma
[9]. Furthermore, endothelial cells are highly regulated,
genetically stable cells that are less likely to develop the
classical drug resistance observed in tumor cells [78]. As
angiogenesis is required for tumor progression, therapies
directed against the tumor vasculature should have
broad spectrum antitumor activity and the therapeutic
effect should be amplified as each blood vessel supports
the growth of 5–100 tumor cells [78]. The identification
of appropriate target antigens that are expressed on the
tumor neovasculature but not on cells of normal vessels
is an area of ongoing interest. Potential antigens for
vascular targeting include vascular endothelial growth
factor receptor (VEGFR-2), endoglin, endosialin, am-
inopeptidase A [11, 80, 83], VEGF complexed with its
receptor [84], and the avb3 integrins [10, 12]. The in vivo
screening of phage peptide libraries is an ongoing
approach to identify novel molecules expressed on
angiogenic blood vessels. As with all targeted
approaches, the safety and overall success of therapies
that target the tumor vasculature will require an
appropriate balance between the selectivity of expression
of the antigenic target and the potency and mechanism
of action of the targeted agent.

Conclusions and future directions

The approval of several mAb and a mAb-calicheamicin
immunoconjugate make it clear that the promise of
mAb-directed therapies has begun to be realized. Ad-
ditional advances in this therapeutic approach are
aimed at improving the efficacy and therapeutic index
of immunoconjugates by optimizing the selectivity of
the targeting mAb and the potency of the targeted
drug. One area of particular interest is in the design of
linkers that are truly stable in the circulation and yet
liberate drug following internalization into tumor cells.
These types of linker modifications may improve the
side effect profile of immunoconjugates, but perhaps
more importantly, by exploiting the long circulating
half-life of chimerized and humanized mAb, substantial
improvements may be expected in the efficacy of im-
munoconjugates. In addition to research efforts di-
rected at improving the design of immunoconjugates,
clinical studies are underway that are beginning to
define optimal therapeutic strategies for these agents. In
the case of solid tumors, where immunoconjugate
penetration and distribution remains a substantial
challenge, it is likely that the major clinical role for
immunoconjugates will be in combination with small
molecule chemotherapeutic agents and when used in
minimal disease settings.
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