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ABSTRACT

Melphalan (MEL) is an aromatic alkylating agent which is useful for
the treatment of a number of human cancers, including myeloma and
ovarian cancer. However, like most cytotoxic drugs, MEL has side
effects, due to its nonspecific effects on all or most cells. To overcome
these nonspecific effects A/-acetyl melphalan (N-AcMEL) was synthe
sized and found to be 75 times less toxic to tumor cells in vitro. However,
when N-AcMEL was conjugated to monoclonal antibodies (MoAbs) to
form N-AcMEL-MoAb conjugates the cytotoxic effect of MEL was
restored, but with a difference in that the MEL could only act on cells
which bound antibody. It was shown that, for N-AcMEL-MoAb conju
gates, the N-AcMEL entered cells via the MoAb, by endocytosis, and
not by the phenylalanine amino acid transport system. In addition, N-
AcMEL-MoAb conjugates more effectively erradicated tumors in vivo
than does free MEL or N-AcMEL. The N-AcMEL-MoAb conjugates
therefore have high specific activity both in vitro and in vivo and a
markedly reduced nonspecific toxicity, as N-AcMEL is relatively non-
toxic to cells unless conveyed there by MoAb. In these respects the study
offers a new approach to the use of chemotherapeutic agents in patients
with cancer.

INTRODUCTION

A number of attempts have been made to improve the selec
tive toxicity of antineoplastic drugs by coupling them to
MoAbs1 (1). In many cases specific activity was achieved; how

ever, a significant loss in drug activity usually resulted. We have
been investigating the coupling of AD, MTX, and CBL to
MoAbs and have shown that both MTX and AD-MoAb con
jugates were highly specific towards antibody-reactive tumor
cells, but all had reduced activities compared to free drug (Ref.
2; Footnote 2). By contrast, CBL-MoAb conjugates had high
specificity, but also had greater in vitro and /// vivo antitumor
activity than free CBL or MoAb alone (3). The major difference
between CBL and the other drugs was the ability to couple large
amounts of CBL, approximately 30 residues/MoAb molecule,
to the MoAb to produce a derivative with greater potency,
greater specificity, and therefore a higher therapeutic index for
the treatment of tumors. Because of the success of the CBL-
MoAb conjugates we reasoned that an even greater effectiveness
could be achieved by using more potent alkylating agents, such
as melphalan.

MEL is derived from phenylalanine, and it is taken into cells
by an active carrier-mediated process via an amino acid trans
port system (4). We have used a novel approach to block this
uptake by modifying the amino group of the MEL to produce
W-acetyl melphalan. However, MoAbs may offer drugs an al
ternative route of entry into cells (5), and thus the modified
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monoclonal antibody complexes for specific antitumor activity, submitted for
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MEL (N-AcMEL) can gain entry to cells only when coupled to
monoclonal antibodies. The method involved coupling MoAbs
to an jV-acetyl derivative of MEL via an active ester, thereby
specifically targeting the drug into the tumor cell, while reduc
ing any nonspecific toxicity due to contaminating free drug.
These drug-MoAb conjugates were tested for their coupling
efficiency and drug and antibody activities in vitro before pro
gressing to an investigation which demonstrated their efficacy
in several different in vivo models.

MATERIALS AND METHODS

Tumor Cells

BW5147OU" (oubain resistant) (6), E3 [a clonal variant of the

murine thymoma ITT(1)75NS] (3, 7), and the human cell line CEM
(8) were used. The murine cell lines were maintained in vitro in DME,
supplemented with 10% heat-inactivated newborn calf serum (Flow
Laboratories, Sydney, Australia) and 2 inMglutamine (Commonwealth
Serum Laboratories, Melbourne, Australia); the CEM cell line was
maintained in RPMI 1640 with the same additives. For in vivo experi
ments E3 was maintained by serial passage in the ascites form in
C57BL/6 x BALB/c F, (hereafter called B6CF,) mice; cells from the
ascites fluid were washed and centrifuged (400 x g, 5 min) twice in
DME and PBS (pH 7.3), resuspended in PBS, and injected s.c. or i.p.
into B6CFi mice.

Mice

CBA and B6CF, mice were produced in the Department of Pathol
ogy, University of Melbourne.

Monoclonal Antibodies

Two MoAbs that we produced and characterized were used: (a) anti-
Ly-2.1, reactive with the murine Ly-2.1 specificity (9); and (b) A3C6
(anti-TFR), reactive with the human TFR. This antibody was made in
our laboratory by M. Panacelo and satisfies the criteria for an anti-
TFR antibody.3 The MoAbs were isolated from ascitic fluid by precip

itation with 40% ammonium sulfate, dissolution in PBS, and dialysis
with the same buffer. These crude preparations were either: adsorbed
onto Protein A-Sepharose (Pharmacia, Inc., Piscataway, NJ), washed
extensively with PBS (pH 7.3), and eluted with 0.2 M glycine-HCl (pH
2.8); or passed through an Affigel blue column (Bio-Rad Laboratories,
Sydney, Australia) and eluted with PBS. Following neutralization,
MoAbs were dialyzed against PBS, aliquoted, and stored at â€”70Â°C.

The antibody activity was determined by rosetting with sheep anti-
mouse immunoglobulin (10).

Preparation of N-AcMEL

A suspension of MEL (200 mg) in dry DMF (1.5 ml) was treated
with acetic anhydride (68 /jl) and stirred for l h and then a further
aliquot of acetic anhydride (68 Â¿<1) was added and stirred for 3 h when
a clear solution was obtained. The reaction mixture was then poured
into water and extracted with dichloromethane, and the extract was
washed with water and dried over anhydrous sodium sulfate. Evapora
tion of the dichloromethane yielded an oil which was triturated with
ether, and the resulting solid (62% yield) was recrystallized using
dichloromethane/ether. Thin-layer chromatography on silica gel plates
(DC-Plastik tolien kieselgel 60 F 284; Merck) using chloroform:

3 Unpublished results.
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methanol (2:1) indicated only one spot (Rf = 0.35) indicating a pure
sample had been produced.

Preparation and Quantitation of Conjugate

An active ester of N-AcMEL was prepared by dissolving 5.0 mg of
N-AcMEL in 100 n\ of DMF and JV-hydroxysuccinimide(2.2 mg in
200 Â¿ilof DMF) added, followed by A'.A'-dicyclohexylcarbodiimide(3.9
mg in 200 ii\ of DMF). The reaction mixture was left at room temper
ature for l h and for 18 h at 4"( ' (it was discarded after 4 wk if unused).
A solution (10 to 50 /Â¿I)of N-AcMEL active ester (1.4 to 7.0 mmol) in
DMF was added to a 0.5- to 1.0-ml solution containing 0.5 to 2.0 mg
of affinity-purified MoAb, the mixture was reacted for l h at room
temperature, and any precipitated protein was removed by centrifuga-
tion. Free N-AcMEL and other unreacted starting materials were
removed by gel filtration chromatography using a Sephadex G-25
column (PD-10; Pharmacia). N-AcMEL incorporated in the drug-
MoAb conjugates was determined by absorbance spectrophotometry at
258 nm (E258= 1 x IO4ivT'cm"1)after subtracting the protein contri
bution following its estimation by the Bradford dye-bindingassay (11).
The alkylatinn activity of the conjugate was determined by a modifica
tion of the Epstein method (12). For noncovalent conjugates a 10- to
50-i/lsolution of N-AcMEL (1.4 to 7.0 mmol) in DMF was mixed with
MoAb producing a noncovalently associated N-AcMEL complex which
was also purified by PD-10 gel filtration.

AntibodyActivity

A resetting assay (10) was used to determine the antibody activity of
the drug-antibody conjugates, and this wascompared to that of antibody
which had undergone the same procedures used in the coupling method.

Drug Activity

Two assays were performed to assess cytotoxic drug activity; these
differed in the time the drug-antibody conjugate was in contact with
the cells, (a) For the 24-h assay, 100 n\ of cells (2 to 5 x 106/rnl)were
added to a 96-well flat-bottomed microtiter plate and incubated for l h
at 37Â°C.Free drug (prepared by dissolution in 0.5 M NaHCOs) and
drug-antibody conjugates were filtered through a 0.22-^m Millipore
filter to ensure sterility, and dilutions were performed in sterile PBS;
50 pi of free drug or conjugate were added to the cells using duplicate
wells/sample; control wells received 50 n\ of medium or PBS, and the
cells were cultured at 37"C in a 7% COi atmosphere for 24 h. (b) For
the 30-min assay, 200 fi\ of cells (2 to 5 x 106/ml) were collected in
sterile plastic centrifuge tubes, resuspended in sterile drug or conjugate,
and mixed for 30 min at 37Â°C.The cells were centrifuged (400 x g, 5

min) and then resuspended in growth medium; 100Â¿ilof cells were then
seeded into a microtiter plate using duplicate wells/sample and incu
bated for 16 to 24 h; duplicate samples were performed at each concen
tration chosen.

Two further assays were devised to demonstrate the specificity and
route of entry of N-AcMEL-MoAb conjugates, (a) Inhibition by free
MoAb was performed as in the 30-min assay (above) except that cells
were preincubated with free MoAb prior to addition of the conjugate,
and all steps prior to washing were performed at 4"(".(/>)Inhibition by
L-leucinewas performed as in the 24-h assay (above), except that cells
were incubated in the presence or absence of 1 HIML-leucineover the
24-h period.

After the incubation period in all the assays 50 M' of medium
containing 1 /Â¿Ciof [3H]thymidine(specificactivity, 5 Ci/mmol; Amer-
sham) were added, and the plates were incubated for 2 to 4 h; cells were
then harvested onto a glass fiber filter paper using a cell harvester and
dried for 10 min at 80Â°C;and individual samples were separated and
counted on a /Â¿-scintillationcounter. Incorporation of [3H]thymidine
was expressed as a percentage of inhibition in incorporation of controls.
Standard error for any given point was generated by duplicate deter
minations and did not exceed 5% for any given experimental point.

In Vivo Experiments

SurvivalStudy. Tumor cells were injected i.p. into mice, and 6 h later
a series of i.p. treatments began. The percentage of mice in each group
which survived was recorded.

Tumor Growth. Tumor cells were injected s.c. into the abdominal
wall and were allowed to develop into palpable tumors before com
mencing treatment. Mice were then subjected to a series of i.p. treat
ments, and the size of the tumors was measured daily with a caliper
square measuring along the perpendicular axes of the tumors; the data
were recorded as mean tumor size (product of two diameters Â±SE).
Experimental groups of 8 to 10 mice, all of the same sex and age, were
used in each experiment; and individual mice were on occasions moni
tored for the size of their tumors. Another variable examined was the
administration of drugs either directly into tumors or i.v.

Toxicity. For toxicity experiments, groups of ten CBA mice were
given a single injection of various doses of MEL, N-AcMEL, or N-
AcMEL-MoAbconjugate, and the survivalof micewas recorded against
the dose of drug delivered in mg/kg.

RESULTS

The rationale of the studies was (a) to produce a less toxic
derivative of MEL (N-AcMEL); (b) to establish conditions for
the coupling of this to MoAbs while maintaining drug and
antibody activity; and (c) to determine their specific toxicity in
vitro and in vivo in both serous and solid tumor models using
different routes of administration.

Coupling of yV-AcetylMelphalan to Antibody

The MoAbs, anti-Ly-2.1, and anti-TFR were reacted with
different amounts of active ester ("Materials and Methods") to

produce conjugates which varied in the amount of drug coupled.
It was found that the addition of 70 nmol of N-AcMEL active
ester to 3 nmol of anti-Ly-2.1 led to an incorporation of 14
molecules of N-AcMEL per molecule of anti-Ly-2.1 with a 70%
recovery of protein (Fig. 1). By contrast, the addition of 280
nmol of N-AcMEL active ester led to the incorporation of 33
molecules of N-AcMEL with recovery of 55% of the protein.
Similar results were obtained when the active ester of N-
AcMEL was coupled to anti-TFR (data not shown). Therefore
up to 30 molecules of N-AcMEL could be bound with good
recovery of protein, but when more than 30 to 35 molecules
were bound, precipitation occurred due to loss of protein solu
bility. The conditions for successful coupling had been estab
lished, and N-AcMEL-MoAb conjugates that were tested fur
ther in vitro and in vivo had between 10 and 30 molecules of N-
AcMEL incorporated per molecule of MoAb. Using the Epstein
method to determine the alkylating activity of the N-AcMEL
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Fig. 1. Coupling of W-acetyl melphalan (NaM) to anti-Ly-2.1 (0.5 mg). Mol

of N-AcMEL incorporated per molecule of anti-Ly-2.1 (â€¢)and protein recovery
(O) are shown as a function of the number of nmol N-AcMEL in the reaction
mixture (abscissa).

63

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426747/cr0470010062.pdf by guest on 19 M

ay 2023



SELECTIVE ENHANCEMENT OF N-AcMEL ANTITUMOR ACTIVITY

conjugates, it was found that 90% of the alkylating activity was
retained upon conjugation (data not shown). The amount of
covalently bound N-AcMEL was calculated to be 90% after
removal of the physically bound N-AcMEL by extraction with
ethylacetate. Thus, large amounts of N-AcMEL could be co
valently bound to MoAbs with retention of alkylating activity
and with some loss of protein; however, the drug and antibody
activity in the conjugates required measurement.

Antibody Activity of N-AcMEL-MoAb Conjugates

The titers of antibody before and after conjugation were
measured by the rosetting method (Fig. 2), i.e., the dilution at
which 50% of the E3 and CEM target cells demonstrated
rosettes. Anti-Ly-2.1 conjugates containing 10 and 25 mole
cules of N-AcMEL had antibody titers of 1:45,000 and
1:20,000, respectively, while the unconjugated anti-Ly-2.1 titer
was 1:75,000. Anti-TFR conjugates containing 10 and 30 mol
ecules of N-AcMEL had titers of 1:60,000 and 1:52,000, re
spectively, while the unconjugated anti-TFR titer was 1:75,000
(data not shown). It should be noted that the noncovalent N-
AcMEL-MoAb conjugates formed of N-AcMEL bound non-
covalently to MoAb had very similar titers to covalent N-
AcMEL-MoAb conjugates (data not shown). Thus, there is
clearly some loss of antibody activity due to the conjugation
procedure; however, the titers of the covalently bound antibod
ies were sufficiently high to enable further experiments to be
performed.

Cytotoxicity in Vitro

The cytotoxicity of both anti-Ly-2.1 and anti-TFR conjugates
was tested on Ly-2+ E3 and TFR+ CEM cells, respectively, and
compared with that of free N-AcMEL or N-AcMEL noncova-
lently bound to the MoAb concerned. It was clear in both cases
that the cytotoxic activity of the covalently bound drug was
considerably more than that of free N-AcMEL but less cyto
toxic than free MEL (Fig. 3). For example, the 50% inhibition
in [3H]thymidine incorporation occurred at a N-AcMEL con
centration of 9.5 x IO"6 M for the anti-TFR conjugate compared

100n
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Fig. 2. Antibody titer measured as the percentage of rosette-forming cells
versus antibody dilution of anti-Ly-2.1 conjugates on ITT( 1)75NS E3 target cells.
Serial dilutions were performed upon a 0.5-mg/ml solution of either neat anti-
Ly-2. 1 (A) and anti-Ly-2.1 with 10 (O) or 25 mol of N-AcMEL/mol of conjugate

to 2.5 X 10~4 M for free N-AcMEL (a 25-fold increase in
activity) and a MEL concentration of 3.1 x 10~6 M for free

MEL (a 3-fold decrease in activity) (Fig. 3/4). In parallel, the
50% inhibition in [3H]thymidine incorporation occurred at a
N-AcMEL concentration of 7.5 x IO"6 M for the anti-Ly-2.1
conjugate compared to 7.5 x IO"5 for free N-AcMEL, i.e., a

10-fold increase in activity when N-AcMEL was specifically
targeted to the E3 cells (Fig. 3B). By contrast in both experi
ments, noncovalently associated drug and antibody demon
strated minimal inhibition in [3H]thymidine incorporation (Fig.

3). It should be noted that, as previously reported (3), these
MoAbs have no in vitro cytotoxic action on target cells in the
absence of complement. Therefore when the amino group of
MEL is modified, an N-AcMEL derivative is produced which
is up to 75 times less cytotoxic in vitro; however, upon coupling
this N-AcMEL derivative to MoAbs, a 10- to 25-fold increase
in cytotoxic activity is observed.

Specific Cytotoxicity

It was necessary to show that the inhibitory activity of N-
AcMEL-MoAb conjugates was confined to target cells reactive
with the MoAb, and several studies were performed. In the first
(using the 30-min assay) one MoAb and two cell lines (one
reactive, one nonreactive) were used. The anti-Ly-2.1 conjugate
was shown to bind the Ly-2+ cell line, E3, and exert its cytotox
icity on these cells after 30-min exposure (Fig. 4A): 50% inhi
bition in [3H]thymidine incorporation occurred at a N-AcMEL
concentration of 3.2 x 10~5 M compared with 3.0 x 10~4 for
free N-AcMEL. By contrast the Ly-2~ cell line, BW5147OLT,

was 3 times more sensitive to N-AcMEL than E3; however, it
was comparatively resistant to the cytotoxic effect of the anti-
Ly-2.1 conjugate. This assay was also performed for the anti-
TFR conjugate against both the TFR+ CEM and TFR" E3 cell

lines. The anti-TFR conjugate resulted in 50% inhibition of
[3H]thymidine incorporation into CEM cells at a N-AcMEL
concentration of 5.0 x 10~5M compared with 3.0 X IO"4 M for
free N-AcMEL, and there was little inhibition of the TFR" E3

cell line (Fig. 4B). Additional studies were performed using one
cell line and two conjugates (one reactive, one nonreactive). For
example, both anti-Ly-2.1 and anti-TFR conjugates were tested
against the Ly-2+ E3 cell line, the anti-TFR conjugate demon
strating an IC5o for the E3 cell line of 3.5 x IO"4 M (data not

shown); conversely, the anti-Ly-2.1 conjugate demonstrated an
ICso for the CEM cell line of 5.0 x 10~4M (data not shown).

Mechanism of N-AcMEL-MoAb Uptake

Blocking by MoAb. To ensure that the binding of the N-
AcMEL-MoAb conjugate to target cells was specific and oc
curred at the antibody binding site, studies were performed at
4Â°Cwhere inhibition of the binding of the conjugate by free

antibody was examined. At a N-AcMEL concentration of 3 x
10~5 M (15 fig of anti-Ly-2.1), the cytotoxicity of the anti-Ly-

2.1 conjugate on E3 target cells was reduced by 80% by the
addition of 100 ng of free anti-Ly-2.1 MoAb (Fig. 5). Similarly,
the addition of 100 /ig of anti-TFR caused a comparable reduc
tion in the cytotoxicity of the anti-TFR conjugate on CEM
target cells (data not shown). This clearly indicates that the
cytotoxicity of a N-AcMEL-MoAb conjugate is directly related
to its antibody binding ability.

Effect of L-Leucine. MEL is known to undergo active carrier
mediated uptake via an amino acid transport system and thus,
when incubated with 1 mM L-leucine, a competitive inhibitor, a
25 to 40% reduction in cytotoxic activity on CEM cells was
observed over the MEL concentration range (10~5 to 10~4 M)
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90-1

Fig. 3. A, the inhibitory effect of free N-
AcMEL (â€¢).N-AcMEL noncovalently bound
to anti-TFR MoAb, 25 mol of N-AcMEL/mol
of conjugate (O), covalently bound to anti-TFR
MoAb, 25 mol of N-AcMEL/mol of conjugate
(â€¢),and free MEL (Â»)on CEM cells in a 24-
h assay (see text); B, the inhibitory effect of N-
AcMEL on ITT(1)75NS E3 cells in a 24-h
assay with the drug either free (â€¢),noncova
lently bound to anti-Ly-2.1 MoAb, 30 mol of
N-AcMEL/mol of conjugate (O), or covalently
bound to anti-Ly-2.I MoAb, 30 mol of N-
AcMEL/mol of conjugate (â€¢).NaM, N-
AcMEL.
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Fig. 4. A, inhibitory effect of free N-
AcMEL (â€¢)or N-AcMEL-anti-Ly-2.1 conju
gate, 25 mol of N-AcMEL/mol of conjugate
(â€¢),on antibody-reactive cells (E3) and free N-
AcMEL (G) or conjugate (O) on antibody-
nonreactive cells (BW5147OU") in the 30-min
assay; B, inhibitory effect of free N-AcMEL
(â€¢)or N-AcMEL-anti-TFR conjugate, 30 mol
of N-AcMEL/mol of conjugate (â€¢),on anti
body-reactive cells (CEM) and free N-AcMEL
(O) or conjugate (O) on antibody-nonreactive
cells (E3) in the 30-min assay. NaM, N-
AcMEL.
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Fig. 5. Inhibitory effect of N-AcMEL-anti-Ly-2.1 conjugate, 25 mol of N-
AcMEL/mol of conjugate (â€¢),and conjugate plus neat anti-Ly-2.1 (A) on E3
target cells in the 30-min assay (see text). NaM, N-AcMEL.
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Fig. 6. Effect of L-leucine on the sensitivity of CEM cells to MEL (Â»),N-
AcMEL (â€¢),or N-AcMEL-anti-TFR conjugate, 30 mol of N-AcMEL/mol of
conjugate (â€¢).One HIML-leucine not present during exposure (open symbols); I
imi L-leucine present (closed symbols).

(Fig. 6). However, the same concentration of L-leucine was
unable to reduce the cytotoxic action of N-AcMEL and N-
AcMEL-anti-TFR upon CEM cells, suggesting that both N-
AcMEL and N-AcMEL-anti-TFR enter CEM cells by a differ

ent mechanism to MEL, the former probably by passive diffu
sion, and the latter via the TFR receptor.

In Vivo Efficacy of N-AcMEL-MoAb Conjugates

As the specificity and cytotoxicity of the N-AcMEL-MoAb
conjugates had been fully characterized, an investigation of
their antitumor effect /'// vivo was undertaken. All in vivo exper

iments were performed with the E3 variant of the murine
lhymonui ITT(l) 75NS, which in vivo is a rapidly proliferating
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tumor with a doubling time of less than 24 h. The tumor is Ly-
2.1+ but grows rapidly in B6CF| mice which are Ly-2.2. The
model is such that the tumor and host differ by Ly-2; i.e., the
Ly-2.1 MoAb reacts only with the tumor.

Survival Study. Groups of ten B6CFi mice were given injec
tions i.p. with 3 x 10s E3 tumor cells, and 4 h later mice were

given one of the following treatments: (a) PBS; (b) free MEL;
(c) free N-AcMEL; (d) a noncovalent conjugate of anti-Ly-2.1
and N-AcMEL; and (e) anti-Ly-2.1 conjugate. Each reagent
was further administered on Day 1 after tumor inoculation, and
the amount of drug and MoAb received per injection was IS
and 150 ng, respectively, with one group of anti-Ly-2.1 conju
gate-treated mice receiving only 7.5 and 75 Â¿ig,respectively. It
should be noted that anti-Ly-2.1-treated mice received only 75
/Â¿gof MoAb per injection; this dose is corrected for the fact
that anti-Ly-2.1 loses 50% of its activity when conjugated to
N-AcMEL. The PBS-treated mice had a survival time of 25
days, while the group receiving N-AcMEL survived 30 days
(Fig. 7). By contrast 90% of the mice treated with a total of 30
/Â¿gof covalently linked N-AcMEL-anti-Ly-2.1 and 30% of the
mice treated with 15 /ig of conjugate or 30 Â¿Â¿gof MEL survived
tumor free for more than 200 days. These groups survived
significantly longer than mice receiving either noncovalently
bound N-AcMEL-anti-Ly2.1 or anti-Ly-2.1 alone, their sur
vival time being only 35 days.

Tumor Growth. Groups of eight B6CFi mice given injections
S.C.of 3 x IO6 E3 tumor cells developed a solid tumor 2 days

after tumor inoculation and were given injections i.p. of one of
the six treatments described above. The amount of N-AcMEL
and MoAb received per injection was 10 ng and 100 /tg, respec
tively, on Days 2 and 8 and twice this dose, 20 /ig of N-AcMEL
and 200 /ig of MoAb, on Days 5, 6, 7, and 9; and once again
anti-Ly-2.1-treated mice received half this regimen per injec
tion. There was inhibition of tumor growth in mice which
received antibody in their treatments compared to those receiv
ing PBS, MEL, or N-AcMEL alone. By Day 10 the conjugate
group had statistically smaller tumors than either the nonco
valent N-AcMEL-anti-Ly-2.1 conjugate- or anti-Ly-2.1-treated
mice (Fig. 8); however, prior to this no difference in the tumor
growth of these groups existed.
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Fig. 7. Survival of B6CF, mice bearing the ITT(1)75NS E3 tumor. Groups of
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either PBS (D), free MEL, 30 Mg(Â»),free N-AcMEL, 30 ng (â€¢).neat anti-Ly-
2.1, 30 ng (A), noncovalently bound anti-Ly-2.1 and N-AcMEL, 30 ng (O), and
N-AcMEL-anti-Ly-2.1 conjugate, IS iig (O) and 30 pg (â€¢).
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Fig. 8. Growth of the thymoma ITT(1)75NS E3 in B6CF, mice given injec
tions s.c. of 3 x IO6 cells. Groups of 9 mice were given treatments i.p. denoted
(ÃŽ):PBS (D); free N-AcMEL (â€¢);free MEL (Â»);N-AcMEL-anti-Ly-2.1 conjugate
(â€¢);noncovalently conjugated N-AcMEL/anti-Ly-2.1 (O); and anti-Ly-2.1 (A).
Points, mean tumor diameter, bars, SE.
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Fig. 9. Individual growth curves of B6CFi mice given injections s.c. of 3 x
IO6ITT(1)75NS E3 tumor cells and treated i.p. denoted (\) on Days 2, 5, 6, 7, 8,
and 9 with N-AcMEL-anti-Ly-2.1 conjugate.

When tracing the individual tumor growth curves of the
covalent conjugate-treated mice (Fig. 9), no complete regres
sions were observed; however, 25% of the mice demonstrated
much slower tumor growth during the treatment period, only
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increasing in size when no further treatment was administered.
It is also clear that one mouse virtually demonstrated no re
sponse to the anti-Ly-2.1 conjugate.

To compare i.p. treatments with both intratumor and i.v.
therapy a larger experiment was designed in which 12 groups
of 10 B6CF, mice were given injections s.c. of 2 x IO6E3 tumor

cells and developed a solid tumor 4 days after tumor inocula
tion. These mice were given injections either i.p. or i.v. on Days
4 and 6, or directly into the tumor on Days 8 and 9 after tumor
inoculation with one of either PBS, anti-Ly-2.1, a noncovalent
N-AcMEL-anti-Ly-2.1 conjugate, or the covalent N-AcMEL-
anti-Ly-2.1 conjugate. The amount of N-AcMEL and anti-Ly-
2.1 received per injection was 10 and 100 pg, respectively. As
previously noted those mice receiving antibody in their treat
ments had smaller tumors than those receiving PBS alone,
regardless of the route of administration (Fig. 10). The admin
istration of a total of only 20 Â¿igof N-AcMEL demonstrated
that the efficacy of i.p. conjugate treatment is limited to higher
dose therapy (Fig. 8), as the mice that received N-AcMEL-anti-
Ly-2.1 conjugate did not at any stage have significantly smaller
tumors than those receiving either noncovalent N-AcMEL-anti-
Ly-2.1 conjugate or anti-Ly-2.1 alone (Fig. 10,4). However,
when treatments were administered i.v., the N-AcMEL-anti-
Ly-2.1 conjugate-treated mice had a 70% slower rate of tumor
growth (Days 8 to 15) than PBS-treated mice, while mice
receiving anti-Ly-2.1 alone or noncovalent N-AcMEL-anti-Ly-
2.1 had tumor growth rates similar to PBS-treated mice (Fig.
105).

Mice given injections directly into the tumor did not receive
their first treatment until the tumors had reached a mean tumor
size of 0.65 cm2 (Day 8); however, by Day 11 mice receiving N-
AcMEL-anti-Ly-2.1 conjugate into the tumor had statistically
smaller tumors than mice given intratumor injections of either
PBS, noncovalent N-AcMEL-anti-Ly-2.1, or anti-Ly-2.1 alone

(Fig. IOC). This trend continued until the termination of the
experiment at Day 16, while the greatest reduction in tumor
growth occurred at Day 12, the mean tumor size of covalent
conjugate-treated mice being 61% of that of the PBS-treated
mice. It should be noted that mice receiving N-AcMEL non-
covalently bound to anti-Ly-2.1 did not have smaller tumors
than mice receiving anti-Ly-2.1 alone, this suggesting that the
tumor inhibition effected by this conjugate was due to the anti-
Ly-2. 1 component itself.

Toxicity Study. Fig. 11 demonstrates the toxicity of MEL
and N-AcMEL as reflected in LD50 values (10 mice/group). As
shown the LD50 of N-AcMEL was 115 mg/kg, compared to 6
mg/kg for MEL; i.e., MEL is approximately 20 times more
toxic than N-AcMEL in vivo. N-AcMEL-anti-Ly-2.1 conju
gates were shown to be nontoxic to CBA (Ly-2.1+) mice at the

maximum tested dose (16 mg/kg).

DISCUSSION

Selected MoAbs should be suitable vehicles for carrying
toxins and drugs to tumor cells because of their specificity,
monoclonality, and ability to be produced in virtually unlimited
amounts. However, we have noted a number of limitations in
the use of drug-MoAb conjugates (2), such as modification of
drug and MoAb activity following the coupling procedure and
the inability to bind and deliver large amounts of drug to the
tumor. The latter can be overcome by the use of more toxic
agents, such as ricin; however, these toxins, unless extensively
modified, have a broad reactivity and cannot be used safely in
vivo. We have therefore attempted to couple more toxic drugs
and now report on the use of MEL-MoAb conjugates for the
successful inhibition of tumor growth in mice.

The concept of a "prodrug" approach is not a new one (4);

however, in this case the studies are of interest and differ from
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Days after tumor inoculation
Growth of the thymoma ITT(1)75NS E3 in B6CF| mice given injections s.c. of 2 x 10* cells. Groups of 10 mice were given the following treatments
(a) PBS (D); (*) anti-Ly-2.1 (A); (c) N-AcMEL-anti-Ly-2.1 conjugate (â€¢),and noncovalently conjugated N-AcMEL-anti-Ly-2.1 (O) either i.p. (A), i.v.

Fig. 10.
denoted (}):
(B), or into the tumor K ). Points, mean tumor diameter; him. SE.
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10 20 70 90

Dose NaM (mg/kg)

Fig. 11. Toxicity of free N-AcMEL (NaM) (â€¢),free MEL (*), and N-AcMEL-
anti-TFR conjugate (â€¢)on non-tumor-bearing CBA (I y 2,1 *) mice.

those previously reported in several ways. MEL has been ren
dered nontoxic or at least 20 times less toxic by blocking its
mode of entry into cells (13). This was done by modifying the
amino group of MEL to form an W-acetyl derivative of the
drug. It should also be noted that it is difficult to directly couple
MEL to MoAbs and that previous attempts to couple MEL to
antibodies via a polyglutamic acid carrier proved unsuccessful
( 14). Thus the W-acetyl derivative has two advantages compared
with MEL: it is nontoxic and can easily be coupled to MoAb.
Further the N-AcMEL is conveyed to tumor cells by MoAb
and enters by endocytosis of the conjugate (further discussed
below). The N-AcMEL-MoAb conjugate therefore has little
systemic toxicity simply because N-AcMEL has a reduced
cytotoxicity, and only upon entry into the cell and cleavage of
the MoAb does N-AcMEL become as active as MEL itself.

By synthesizing a ./V-acetylderivative of MEL it was possible
to make an active ester of this derivative which could react with
the amino lysine groups on MoAbs. This N-AcMEL active
ester was successfully coupled to MoAbs, and conjugates of up
to 30 molecules of N-AcMEL per molecule of MoAb were
obtained (Fig. 1) which retained 50 to 80% of the MoAb activity
(Fig. 2). The N-AcMEL-anti-Ly-2.1 and N-AcMEL-anti-TFR
conjugates were shown to increase the antitumor activity of
bound N-AcMEL to 10 to 25 times that of an equimolar amount
of free N-AcMEL (Fig. 3). The antibody binding activity of
these N-AcMEL conjugates clearly resulted in their selective
cytotoxicity in both 24-h (antigen-positive cells: IC5o, 10~5 M;
antigen-negative cells: IC50; IO"4 M) and 30-min cytotoxicity

assays (Fig. 4) in which the N-AcMEL-anti-Ly-2.1 and N-
AcMEL-anti-TFR conjugates displayed cytotoxicity only to Ly-
2+ and TFR+ cells, respectively, their specific recognition and
binding to the target cell making them more cytotoxic than N-
AcMEL alone. The cytotoxic effect the N-AcMEL-anti-Ly-2.1
conjugate had on E3 target cells was reduced by 80% on
addition of neat anti-Ly-2.1 (Fig. 5), and L-leucine, a competi
tive inhibitor of MEL uptake, was unable to protect CEM cells
from the cytotoxic action of both N-AcMEL and N-AcMEL-
anti-TFR conjugate (Fig. 6). This suggests that they enter CEM
cells by a different mechanism to MEL, the former probably by
passive diffusion and the latter via the TFR. It is also of interest

to note that in vitro N-AcMEL is 75 times less cytotoxic to
CEM cells than MEL but only 3 times less cytotoxic than MEL
when coupled to the anti-TFR MoAb. Thus it appears feasible
that the internalized N-AcMEL of N-AcMEL conjugates is
broken down by the lysosomes to release the more active MEL
molecule. These studies clearly show the dominant role played
by some MoAbs in the entry of drug-MoAb conjugates (as also
shown by MTX-MoAb conjugates (5)].

Once the cytotoxic activity of N-AcMEL-anti-Ly-2.1 and N-
AcMEL-anti-TFR conjugates had been established in vitro, the
in vivo efficacy of the N-AcMEL-anti-Ly-2.1 conjugate was

investigated in both serous (i.p.) and established solid (s.c.)
tumor models using different modes of administration. The
survival times of mice inoculated i.p. with murine E3 tumor
clearly demonstrate that N-AcMEL covalently bound to anti-
Ly-2.1 is a more effective tumor inhibitor than free N-AcMEL,
N-AcMEL noncovalently bound to anti-Ly-2.1, or anti-Ly-2.1
alone (Fig. 7). Although MEL alone enabled 30% of the mice
to survive tumor free for >200 days, its use would be hindered
by its narrow therapeutic range (>100 ng is toxic to a mouse),
and thus N-AcMEL-anti-Ly-2.1 conjugate treatment is com
paratively safer and more efficacious.

The site of delivery of both drug and tumor cells must be
considered when evaluating the results, as it is difficult to see
whether specific targeting has been achieved or whether the
peritoneal cavity represents nothing more than an elaborate
"test tube." Consequently, more critical tumor growth models
were used to determine the ability of these N-AcMEL-MoAb
conjugates to cross various barriers and localize to tumor cells.
In all s.c. tumor growth experiments, the N-AcMEL-anti-Ly-
2.1 conjugate was the most effective tumor inhibitor (Fig. 8). It
is evident, however, that i.p. treatment is limited as 100 /ug
(over 6 days) of N-AcMEL-anti-Ly-2.1 conjugate were unable
to substantially inhibit the tumor growth of these mice. By
contrast when only 20 Mg of N-AcMEL-anti-Ly-2.1 were ad
ministered i.v. a 70% reduction in the tumor growth of conju
gate-treated mice was observed (Fig. 10Ã„).Consequently exper
iments are currently being undertaken in which greater doses
of N-AcMEL-anti-Ly-2.1 conjugate are being administered i.v.,
in an attempt to assess the limitations of N-AcMEL-MoAb
conjugates in this tumor model. Treatment of a well-established
s.c. E3 tumor requires localization, and as shown (Fig. 10Ã„),
N-AcMEL noncovalently bound to anti-Ly.2.1 conjugate is not
more effective than anti-Ly-2.1 alone, suggesting that the non-
covalent association between N-AcMEL and anti-Ly-2.1 is
insufficiently stable for specific targeting of N-AcMEL to the
E3 tumor.

Both i.p. and i.v. therapy may be subject to a number of
difficult problems as after administration, the drug may be
deactivated by the liver, hydrolyzed in the serum, and removed
by binding to plasma proteins or by rapid excretion. In many
cases, the blood supply of tumors is unknown, and drugs may
only be able to reach the inner area of the tumor by diffusion.
Thus, although a drug may be a highly selective tumor inhibitor,
it may not reach all the tumor cells in a high concentration.
For these reasons an experiment was also conducted to deter
mine the effect of intratumor therapy, a route of administration
which has given promising results for tumor therapy using
immum >tox ins (15). The greatest reduction in tumor growth
was when the mean tumor size of covalent N-AcMEL-MoAb
conjugate-treated mice was 61 % that of the PBS-treated control
mice, a significantly greater reduction in tumor growth than
observed for mice treated directly into the tumor with nonco-
valent N-AcMEL-anti-Ly-2.1 or anti-Ly-2.1 alone (Fig. 10Q.
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In this instance 20 Â¿igof conjugate administered into the tumor
did not appear as effective as 20 ÃŸgof conjugate i.v. and only
marginally superior to 20 ng i.p. It should be noted, however,
that mice did not receive their first treatment into the tumor
until the tumors had reached a mean tumor size of 0.65 cm2

(Day 8), and therefore further experiments in which the treat
ment is administered at an earlier stage are required to accu
rately assess the value of intratumor treatment. However, intra-
tumor therapy is a limited technique, basically applicable to
tumors currently treated by radiation or cryotherapy where
damage to surrounding normal tissue occurs concomitantly. It
is clearly important to fully explore the possibilities of i.v. and
intratumor treatment of tumors with N-AcMEL-MoAb conju
gates, and it would be desirable to convert an even more toxic
drug to a less cytotoxic analogue while regaining its potency
when coupled to MoAb.
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