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ABSTRACT

The binding of methotrexate (MIX) to IgG in conjugates was exam
ined by studies on a direct MTX conjugate with a monoclonal antibody
(aMM46) to mouse mammary tumor MM46 cells and corresponding
irrelevant antibody and normal 7-globulin conjugates, all prepared by the
active ester method with MTX /V-succinimidyl ester (MTX-OSu). The
binding was examined in terms of effects on the potency and selectivity
of the cytotoxic activity of the aMM46 conjugate. The results obtained
supported the following conclusions: (a) MTX-OSu reacts not only with
the amino group of IgG to give an amide bond, but also with another
group(s) to give a less stable bond(s) such as an ester bond; (b) in contrast
to the amide bond-linked MTX which is taken up by the cells by
endocytic internalization, a substantial portion of the MTX linked by an
ester or other less stable bond(s) is released from the conjugates extra-
cellularly and enters the cells by the MTX active transport system, as
revealed by the inhibitory effect of thiamine pyrophosphate on the
cytotoxicity; (c) this MTX linked by a less stable bond(s) that causes
nonspecific cytotoxicity can be removed by treatment with hydroxyl-
amine; (d) the overall cytotoxicity of aMM46-MTX decreased on re
moval of this less stably linked MTX, suggesting that the lysosomal
degradation of the conjugate carrying amide bond-linked MTX to liberate
MTX derivatives of low molecular weight is insufficient; (t) the liberation
of low-molecular-weight substances in the lysosomes is probably more
important for efficient entry of active substances into the cytosol, than
for inhibition of the activity of dihydrofolate reducÃase,because after
hydroxylamine treatment, the amide bond-linked MTX showed greater
decrease in drug cytotoxicity than in inhibitory activity against dihydro
folate reducÃase;(/) in combination with hydroxylamine treatment,
insertion between MTX and IgG of a linkage capable of ready cleavage
in lysosomes deserves exploitation as a method for making potent con
jugates with less nonspecific activity.

INTRODUCTION

Now that various monoclonal antibodies directed to cell
surface, tumor-associated antigens are available, much effort
has been devoted to making antibody-directed, tumor-selective
cytotoxic agents by conjugating cytotoxic antitumor drugs with
these antibodies (1).

MTX2 is a folie acid antagonist, and when conjugated with

antitumor antibodies it has been shown to exhibit selective
cytotoxic and antitumor activity in vitro and in vivo in experi
mental tumor models (2-11). MTX shows greater cytotoxicity
when cells are incubated with the drug for a prolonged time.
Since this time-dependent cytotoxicity may well be compatible
with the slow kinetics (12, 13) of i.v.-injected antibodies which
accumulate in tumor tissues and remain for a considerable time,
MTX seems suitable for use as a drug in immunoconjugates.
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An ideal mechanism of action of antibody-drug conjugates is
their binding to a cell-surface antigen, followed by the endocytic
internalization of the conjugates and then the release of the
drugs or their biologically active low molecular weight deriva
tives from the conjugates in the endosomes or secondary lyso
somes. The released substances then pass across the membrane
of the vesicles into the cytosol and reach their final target sites.
For the conjugates to be effective by this mechanism, the bond
between the drug and antibody must be stable before internali
zation of the conjugates into the target tumor cells but be
effectively cleaved after this internalization.

However, the nature of the direct linkage of MTX to anti
bodies in conjugates prepared by either the carbodiimide or the
active ester method and the mode of action of the resulting
MTX conjugates have not been fully clarified, beyond the
general understanding that the drug is linked via an amide bond
at the lysyl residues of the antibodies and that the low molecular
weight substances are released by degradation of the conjugates
in the lysosomal compartment (5, 10, 11, 14-16).

During studies on the cytotoxicity of conjugates of MTX
with monoclonal antibodies to mouse mammary tumor MM46
cells, we found that an MTX active ester reacts not only with
amino groups but also with another group(s) to give conjugates
in which some of the MTX is conjugated by a less stable bond(s).
In the present study we examined the binding of MTX to
antibodies in conjugates prepared in the conventional way, in
terms of effects on the potency and selectivity of the cytotoxic
activity of the conjugates. The results, which also provide
further information on the mode of action of the conjugates,
should be valuable as a basis for design of more effective MTX
conjugates.

MATERIALS AND METHODS

Tumor Cell Line

The ascitic tumor cell line MM46 from a spontaneous mammary
tumor in a C3H/He mouse was provided by Dr. T. Tachibana, Tohoku
University School of Medicine, Sendai, Japan, and was maintained by
in vivo passage in C3H/He mice.

Antibodies and Immunoglobulin

The monoclonal IgG2a antibody MM, >2:i 1 (aMM46) against MM
antigen present on MM46 cells was prepared in athymic BALB/c-nu/
nu mice with a hybridoma clone established by Seto et al. (17) and was
purified from the ascitic fluid on Protein A-Sepharose CL-4B (Phar
macia Fine Chemicals, Uppsala, Sweden).

The monoclonal IgG2a antibody ZME018 to a human high molec
ular weight melanoma-associated antigen, which was used as an irrele
vant antibody, was purchased from Hybritech, Inc., San Diego, CA.
RGG was purchased from Sigma Chemical Co., St. Louis, MO.

Antibody-MTX Conjugates

Conjugates Not Treated with Hydroxylamine. To a solution of
aMM46 in 70 mM borate buffer, pH 8.4 (6.16 mg/ml, 0.85 ml) was
added 30.6 mM MTX-OSu in DMF (9.0 pi, 7.9-fold molar excess), and
the mixture was stirred at 4"( ' for 4 h. Then 0.4 M glycine in 0.1 M
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borate buffer, pH 8.4 (20.7 pi, 30-fold molar excess against MTX-OSu)
was added for quenching the unreacted MTX-OSu, and after stirring
for an additional l h the mixture was centrifugea. The supernatant was
dialyzed against PBS for 3 days with cellulose tubing for dialysis (Union
Carbide 20/32; Sanko Junyaku Ltd., Tokyo) and centrifuged, and the
supernatant was used as the preparation of aMM46-MTX.

ZME018 and RGG conjugates were prepared similarly.
Before preparation of the IgG-MTX conjugates used in the present

study, we confirmed that the dialysis procedure removed unconjugated
MTX, as stated by Kulkarni et al. (2), by observing that on dialysis, a
mixture of aMM46 and MTX lost MTX-derived UV absorption.

Hydroxylamine-treated Conjugates, aMM 46 was treated with 10.1-
fold molar excess of MTX-OSu, and the reaction was quenched with
30-fold molar excess of glycine by the procedure described in conjugates
not treated with hydroxylamine above. The mixture was centrifuged,
and the supernatant was treated with 1.1 M hydroxylamine (88.8 iÂ¿\,
final 0.1 M) in borate buffer, pH 9.0, at 25Â°Cfor 1 day and centrifuged.

The supernatant was dialyzed against PBS for 3 days and centrifuged
and the supernatant was used as the preparation of aMM46-MTX.

A ZME018 conjugate was prepared similarly.

HSA-MTX Conjugate

The HSA conjugate was prepared by the same procedure as for the
antibody conjugates not treated with hydroxylamine.

Succinylated RGG

A solution of RGG in 0.1 M borate buffer, pH 8.6 (15.1 mg protein/
ml, 4.2 ml) was mixed with 2.1 M succinic anhydride in DMF (0.2 ml,
994-fold molar excess). The mixture was adjusted to pH 8.5-9.0 with
l N NaOH, stirred at room temperature for 1 h, treated with 1.1 M
hydroxylamine in borate buffer, pH 9.0 (510 n\, final 0.1 M) at 37'C

for 1 day, dialyzed against PBS, and centrifuged. The supernatant was
used as the preparation of succinylated RGG. In this preparation 93%
of the amino groups were succinylated, as determined by the method
of Satake and Goldfarb with 2,4,6-trinitrobenzenesulfonic acid (18,19).

Reaction of MTX-OSu with Dextran

A solution of dextran T70 (average, M, 70,000, Pharmacia Fine
Chemicals, Uppsala, Sweden) in 0.1 M borate buffer, pH 8.6 (23 mg/
ml, 5 ml) was mixed with 45.4 mM MTX-OSu in DMF (1.45 ml, 40-
fold molar excess), adjusted to pH 8.6 with l N NaOH, and stirred at
25Â°Cfor 20 h. Then it was dialyzed against PBS for 3 days, and

centrifuged, dextran-MTX being recovered in the supernatant.

PLL-MTX Conjugate

A solution of PLL (average, M, 20,000, Sigma Chemical Co.) in
PBS (20.2 mg/ml, 2.5 ml) was mixed with 45.4 mM MTX-OSu in
DMF (1.1 ml, 20-fold molar excess), adjusted to pH 7.4 with l N
NaOH, stirred at 25Â°Cfor 4.5 h, and centrifuged. The supernatant was

dialyzed against PBS for 3 days and centrifuged and the supernatant
was used as a preparation of PLL-MTX conjugate.

Quantitation of MTX Bound to Protein and Other Macromolecules

The amount of bound MTX was determined by measuring the
absorbance at 372 nm (f, 7200).

Quantitation of IgG in Conjugates

The amount of IgG was determined from the value for the absorbance
at 280 nm due to IgG (Â£"*14.0) calculated by subtracting 2.52 times

the absorbance at 372 nm (absorbance at 280 nm due to MTX) from
the observed absorbance at 280 nm of the conjugates.

Quantitation of HSA in Conjugates

HSA was determined by the Pierce bicinchoninic acid protein assay
(Pierce Chemical, Rockford, IL) (20) by measuring the absorbance at
562 nm due to a complex of bicinchoninic acid with Cu1+ produced in
the reaction of protein with alkaline Cu2*.

Quantitation of Dextran and PLL in Conjugates

Aliquots of the reaction mixtures of dextran and PLL with MTX-
OSu were dialyzed against PBS for 2 days and then against water for 1
day, and lyophilized, and the weights of the residues were taken as
those of the macromolecules.

In Vitro Cytotoxicity Test

MM46 cells were cultured with a test sample in RPMI 1640 medium
(Nissui Seiyaku, Tokyo, Japan) (2.5 x 10*cells/ml) supplemented with
10% heat-inactivated fetal calf serum (Flow Laboratories, North Ryde,
NSW, Australia), 20 pM 2-mercaptoethanol, and 0.1 mg of gentamicin
sulfate per ml in a 96-well fiat-bottomed microtest plate (Falcon 3072)
in a humidified atmosphere of 5% CO: in air at 37Â°Cfor 3 days. The

viable cells were counted by the trypan blue dye exclusion method. Cells
were cultured in duplicate, and mean numbers of viable cells were
calculated.

Release of MTX from Conjugates

A solution of a conjugate in PBS (0.5-1.5 ml) was mixed with 1.1 M
hydroxylamine in 0.1 -0.15 M borate buffer, pH 9.0 (0.05-0.15 ml, final
0.1 M) and incubated at 4, 25, or 37*C. After various times, aliquots

(0.1-0.5 ml) were withdrawn, dialyzed against PBS for 1 day, (2 days
for the succinylated RGG conjugate) and centrifuged, and MTX and/
or IgG or HSA in the supernatants was measured. The conjugate
dialyzed against PBS for 1 day without prior incubation with hydrox
ylamine served as the sample at time 0 of incubation. The conjugate
was also incubated in PBS in the absence of hydroxylamine. The
conjugates subjected to this test had the following initial average MTX/
macromolecule molar binding ratios and were assayed at the concen
trations shown in parentheses: aMM46-MTX, 4.77 (4.13 mg/ml);
succinylated RGG-MTX, 9.4-17.9 (1.75-2.00 mg/ml); HSA-MTX,
7.3 (9.33 mg/ml); dextran-MTX, 7.7 (7.57 mg/ml); PLL-MTX, 14.3
(2.46 mg/ml). The binding ratios and concentrations of dextran-MTX
and PLL-MTX were the values obtained for samples finally dialyzed
against water for lyophilization.

DHFR Inhibitory Activity

Inhibitory activity against DHFR was assayed by the method of
Frearson et al. (21) but with a lower concentration of KC1 (22).
Dihydrofolic acid was added to mixtures of DHFR, NADPH, and
various concentrations of test materials, and the reaction was monitored
by measuring the absorbance at 340 nm (.-)mi). The decrease in Ano
(A/Ã•MO)during incubation for 5 min was divided by the time (min)
required for leveling off of Ano- The percentage inhibition of DHFR by
a test sample was calculated by the following equation from the ratio
of A.4uu/min to that for control PBS.

1 - for test material
for PBS

x 100

RESULTS

Analysis of the Cytotoxicity of aMM46-MTX. The cytotox-
icity of aMM46-MTX against MM46 cells was compared with
that of ZME018-MTX (Fig. IA). The antigen-specific aMM46
conjugate was more cytotoxic than the irrelevant antibody
ZMEO18 conjugate. But there was only about a 3-fold difference
between the cytotoxicities of the two as determined by their
ICso values, the concentrations required for a 50% decrease in
the viable cell number from that of the control without the
conjugate.

Treatment with hydroxylamine abrogated the nonspecific
Cytotoxicity of ZME018-MTX almost completely: after this
treatment, ZME018-MTX did not show any Cytotoxicity at up
to 5.0 pM and showed only slight Cytotoxicity at 10 JXM.The
Cytotoxicity of aMM46-MTX treated with hydroxylamine was
about 6.3-fold less than that of the untreated conjugate as
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judged by its ICÂ¡ovalue. The cytotoxicity of PLL-MTX that
had been treated with hydroxylamine was the same as that of
untreated PLL-MTX (Fig. 2), indicating that the decreases in
cytotoxicities of ZME018-MTX and aMM46-MTX described
above were not due to any detrimental effect of hydroxylamine
on the cytotoxicity of carrier-bound MTX. In addition,
aMM46-MTX treated with hydroxylamine retained full anti
body binding activity as assayed by complement-dependent
cytolysis in comparison with the activity of unconjugated
aMM46 as did aMM46-MTX untreated with hydroxylamine
(data not shown), and therefore, the decrease in cytotoxicity of
the treated aMM46-MTX was not due to a loss of antibody
binding activity.

The cytotoxicity of aMM46-MTX that had not been treated
with hydroxylamine decreased significantly when assayed in the
presence of TPP, an inhibitor of the active membrane transport
of MTX (23) (Fig. 15), reaching the level of hydroxylamine-
treated aMM46-MTX. The cytotoxicity of hydroxylamine-
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Fig. 1. Analysis of the cytotoxicity of aMM46-MTX. A, effect of treatment
with hydroxylamine. MM46 cells were cultured at 37"C for 62 h with untreated
( ) or hydroxylamine-treated ( ) test materials, and then numbers of viable
cells were determined. B, effect of TPP. MM46 cells were cultured at 37"C for

67 h with test materials in the absence ( ) or presence ( ) of 0.3 mv TPP,
and then numbers of viable cells were determined. O, untreated aMM46-MTX
(6.6); â€¢,hydroxylamine-treated aMM46-MTX (4.9); A, untreated ZME018-
MTX (6.3); A, hydroxylamine-treated ZME018-MTX (6.5). Numbers in paren
theses, MTX/Ig molar binding ratios.
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Fig. 2. Cytotoxicity of MTX conjugated with PLL after treatment with
hydroxylamine. MM46 cells were cultured at 37'C for 69 h with untreated PLL-
MTX or PLL-MTX that had been treated with 0. l M hydroxylamine for 1 day at
4'C or 25"C and dialyzed against PBS for 1 day, and then numbers of viable cells
were determined. O, untreated PLL-MTX, â€¢and A, PLL-MTX treated with
hydroxylamine at 4'C and 25'C. respectively.

treated aMM46-MTX was not affected by the presence of TPP,
suggesting that treatment with hydroxylamine liberated from
the conjugate the MTX that enters the cells via the MTX
membrane transport system.

Stability of the Bonds Linking MTX to IgG or HSA. When
RGG-MTX was incubated at pH 9.0 in the absence of hydrox
ylamine at 4 and 37Â°C(Fig. 3/1), no significant release of MTX
was observed at 4Â°C,whereas gradual release was observed at
37Â°Cand 25% of the MTX was released after incubation for 3

days. When the incubation was carried out in the presence of
0.1 M hydroxylamine, the release was accelerated and 41% of
the MTX was released during incubation at 37Â°Cfor 1 day, but

no further significant release was observed during further in
cubation for 2 days, suggesting that there are two types of
linkages binding MTX to IgG, stable and less stable ones.

The same experiments were carried out with HSA-MTX (Fig.
35). In this case, as much as 80% of the MTX was retained in
the conjugate even after incubation with 0. l M hydroxylamine
at 37Â°Cfor 3 days.

Reactions of MTX-OSu with Succinylated Immunoglobulin,
Dextran, and PLL and Stabilities of the Bonds Linking MTX to
These Substances. Treatment of succinylated RGG (93% suc-
cinylated) with 20- to 50-fold molar excess of MTX-OSu re
sulted in formation of conjugates in which the MTX/IgG molar
binding ratio ranged from 9.4 to 17.9 (Table 1). When these
conjugates were treated with hydroxylamine, most of the MTX
(85-86%) was released from the conjugates during incubation
for 3 days, even at 4Â°C,and the MTX/IgG molar binding ratio

decreased to 1.4-2.5. These results indicate that some group(s)
other than amino groups can indeed react with MTX-OSu, but
that the linkage(s) between IgG and MTX resulting from these
reactions are readily cleaved by treatment with hydroxylamine.

For examination of the reactivity of MTX-OSu with the
hydroxyl and the amino groups of macromolecules and the
stabilities of the resulting ester and amide bonds, dextran and
PLL were treated with MTX-OSu at room temperature. When
dextran was treated with a 40-fold molar excess of MTX-OSu

0123

INCOBATIONTIME(day)

8

i
S 4

O 1

INCUBATIONTIME(day)

Fig. 3. Release of MTX from IgG-MTX or HSA-MTX by treatment with
hydroxylamine. A, release from IgG-MTX; B, release from HSA-MTX. RGG-
MTX or HSA-MTX was incubated in the absence of hydroxylamine at 4'C (A)
or 37*C (O) or in the presence of hydroxylamine at 37'C (â€¢).
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at pH 8.6 for 20 h, the resulting dextran-MTX conjugate had
an MTX/dextran molar binding ratio of 7.7. The amino group
showed greater reactivity: when PLL was treated with a 20-fold
molar excess of MTX-OSu at pH 7.4 for 4.5 h, the MTX/PLL
molar binding ratio of the resulting conjugate was 14.3.

The ester bond between dextran and MTX was found to be
labile, even when the conjugate was incubated in the absence of
hydroxylamine: during incubations for 1 day at 4 and 37Â°C,

respectively, 31 and 52% of the MTX was released in the
absence of hydroxylamine (Fig. 4). In the presence of 0. l M
hydroxylamine, 77 and 97% of the MTX was released during
incubation for 1 day at 4 and 25Â°C,respectively.

On the other hand, the amide bond between PLL and MTX
was much more stable and 79% of the MTX remained bound
to the polymer after incubation for 3 days at 25Â°C,even in the

presence of 0.1 M hydroxylamine (Fig. 5).
DHFR Inhibitions by aMM46-MTX and Released MTX. The

concentrations of free and conjugated MTX in hydroxylamine-
treated aMM46-MTX causing 50% inhibition of DHFR were
15.3 nM and 36.6 nM, respectively (Fig. 6). Thus, MTX bound
by an amide bond in aMM46-MTX retained 42% of the DHFR

Table 1 Reaction of MTX-OSu with succinylated IgG

A solution of succinylated RGG (93% succinylated) in 0.1 M borate huiler. pH
8.0 (5.28 mg/ml, 0.6 ml) was treated with MTX-OSu in DMF (14-35 M')at 4'C
for 4 h, dialyzed against PBS for 3 days, and centrifugea. Succinylated RGG-
MTX was recovered in the supernatant and MTX/IgG molar binding ratios were
determined with and without treatment with 0.1 M hydroxylamine, pH 9.0, at
4Â°Cfor 3 days.

MTX/IgG molar binding ratio

MTX-OSu/succinylated
IgG molar ratio

Before
hydroxylamine

treatment

After
hydroxylamine

treatment

20
30
40
SO

9.4
12.9
15.8
17.9

1.4
1.9
2.3
2.5

inhibitory activity of free MTX. There was no significant dif
ference between the activities of hydroxylamine-treated and
untreated aMM46-MTX. This was probably because the release
of MTX from untreated aMM46-MTX was negligible during
the short assay time, and because even the conjugated MTX
had considerably high inhibitory activity.

The DHFR inhibitory activity of the substance released from
IgG was examined by studies on the substance recovered from
succinylated RGG, the amount of which was determined from
its absorbance at 372 nm. This released substance was as potent
as authentic MTX in inhibiting DHFR, confirming that the
substance was MTX itself (Fig. 7A). This conclusion was sup
ported by the fact that the released substance had an identical
UV-absorption spectrum (Fig. IB) and an identical retention
time in high performance liquid chromatography (data not
shown) to those of authentic MTX.

DISCUSSION

The method most widely used for conjugation of MTX with
antibodies is the acylation of the antibodies with MTX with the
in situ or previous activation of its carboxylic acid group.
Typically, in situ activation is achieved with a water-soluble

too

10 50 100
MTX CONCENTRATION(nM)

5001,000

Fig. 6. DHFR inhibitory activities of conjugated and unconjugated MTXs.
The DHFR inhibitory activities of untreated aMM46-MTX (O), hydroxylamine-
treated 3MM46-MTX (â€¢),and unconjugated MTX (x) were determined.
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Fig. 4. Stability of the linkage binding MTX to dextran. Dextran-MTX was
incubated without hydroxylamine at 4'C (A) or 37"C (O) or with hydroxylamine
at 4'C (A) or 25'C (â€¢).
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Fig. 5. Stability of the linkage binding MTX to PLL. PLL-MTX was incubated
without hydroxylamine at 4'C (A) or with hydroxylamine at 4'C (A) or 25'C (â€¢).
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Fig. 7. Characterization of the MTX released from succinylated RGG-MTX.
A, DHFR-inhibitory activity. Succinylated RGG (MTX/IgG average molar bind
ing ratio, 15.4) was treated with hydroxylamine (final concentration, 0.01 M) at
25'C for 1 day, and the MTX released was collected by Sephadex G-25 gel

chromatography as eluate of low molecular weight. The DHFR inhibitory activity
of this material was determined in comparison with that of authentic MTX. O,
authentic MTX; â€¢,released MTX. B, UV spectrum. The UV spectrum of the
released MTX was compared with that of authentic MTX. , authentic MTX;

, released MTX.
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carbodiimide as a condensing agent (2), and previous activation
by transforming the carboxylic acid group to an active ester (2,
5,8,11).

In a previous study (11) on aMM46-MTX prepared by this
active ester method with use of MTX-OSu, we confirmed
antibody-directed, target-selective cytotoxicity. However, the
selectivity was not very large and there was only a 3-fold
difference in the concentrations of aMM46-MTX and MGG-
MTX required for the same degree of cytotoxicity against
MM46 cells. In the case of direct IgG antibody-MTX conju
gates, similar or even less significant selectivities have been
reported by others (5, 8).

We previously obtained evidence for the endocytic internali-
zation and lysosomal degradation of aMM46-MTX using trit
ium-labeled conjugates and leupeptin (24), an inhibitor of the
lysosomal enzymes cathepsins. However, the inhibitory effect
of leupeptin on the cytotoxicity of the conjugate was not large,
suggesting the operation of an additional action not mediated
by lysosomes.

In the present study we observed that TPP, an inhibitor of
the MTX active transport system (23), reduced the cytotoxicity
of the aMM46-MTX conjugate significantly. These results
strongly suggest that some MTX molecules were released from
the conjugate outside or on the cells, and that the cytotoxicity
of aMM46-MTX is due in part to MTX released extracellularly
and entering the cells by the MTX active transport system.
Extracellular release of even a small quantity of MTX would
significantly affect the cytotoxicity profile, since the activity of
the free drug is about 10 times that of MTX in the conjugated
form (11).

An experiment on release of MTX from RGG-MTX by
treatment with hydroxylamine indicated that two types of link
ages are formed by the reaction of MTX-OSu with IgG, namely
not only the stable amide bond, which appears to be the only
bond so far considered in relation to the cytotoxic activity of
IgG-MTX conjugates, but also some other less stable bond(s)
that is readily cleavable with hydroxylamine. The stability of
the amide bond between the carboxyl group of MTX and the Â«-
amino group of lysine of the carrier macromolecules was con
firmed by use of PLL-MTX. An experiment with HSA-MTX,
an MTX conjugate with a polypeptide that has no carbohydrate
chains attached, also showed the generation of stable and less
stable linkages by the reaction of MTX-OSu with HSA, but the
amount of the less stable bond(s) relative to the amount of the
stable amide bond was less than that in RGG-MTX. This may
suggest that in the case of IgG, the carbohydrate moiety prob
ably is more involved than the polypeptide moiety in the reac
tion with MTX-OSu to generate less stable bond(s).

For examination of the reactivity of MTX-OSu with a func

tional group(s) other than the amino group to give the linkage(s)
that is readily cleavable with hydroxylamine, MTX-OSu was
allowed to react with succinylated RGG, in which the amino
groups had mostly been blocked by succinic anhydride, and
with dextran, in which hydroxyl groups are the reactive groups,
and then the products were treated with hydroxylamine. Results
showed that MTX-OSu could react with both succinylated IgG
and dextran and that the MTX molecules bound to succinylated
IgG and dextran were readily dissociated by treatment with
hydroxylamine, in contrast to those bound to PLL. These
results support the above contention, and most of the MTX
molecules bound less stably to IgG are most likely linked to the
hydroxyl groups by an ester bond.

After treatment with hydroxylamine, the cytotoxicity of
aMM46-MTX was about one-sixth of that initially, and was

about the same as that of aMM46-MTX not treated with
hydroxylamine but assayed in the presence of TPP. Moreover
the activity of hydroxylamine-treated aMM46-MTX, unlike
that of untreated aMM46-MTX, was no longer diminished
when assayed in the presence of TPP. These results indicate
that the MTX molecules that are released by treatment with
hydroxylamine probably include those released extracellularly
and responsible for the nonspecific portion of the cytotoxicity
of untreated aMM46-MTX exhibited through the membrane
active transport of MTX, which is blocked by TPP.

The present study indicates that the nonspecific cytotoxicity
of IgG-MTX conjugates can be decreased by treatment with
hydroxylamine to remove MTX molecules that would be re
leased extracellularly. However, the cytotoxicity of the hydrox
ylamine-treated aMM46-MTX was much less than that of the
untreated conjugate. MTX molecules released extracellularly
may reach the cytosol more efficiently than conjugated MTX,
whose entry depends on the efficiencies of antigen-mediated
endocytosis, lysosomal digestion of IgG-MTX, and the perme
ability of the lysosomal membrane to digested IgG-MTX mol
ecules. The main importance of lysosomal digestion of IgG-
MTX may be to generate small-sized molecules capable of
passing out of the lysosomes through the membranes, for the
DHFR inhibitory activity of MTX conjugated with aMM46 via
the amide bond (hydroxylamine-treated conjugate) was only
2.4-fold less than that of free MTX, whereas the cytotoxicity
of this conjugate was more than 60-fold less than that of free
MTX, for the cytoxicity of the hydroxylamine-treated conjugate
was about 6.3-fold less than that of the untreated conjugate,
which, in turn, was about 10-fold less than that of free MTX
(11).

The results of our studies so far discussed strongly suggest
that the hydrolysis of labile linkages to give free MTX, rather
than the proteolysis of the IgG carrier in lysosomes, is respon
sible for the major cytotoxicity of IgG-MTX conjugates without
the hydroxylamine treatment. This is not necessarily consistent
with the previous result reported by Uadia et al. (15) that the
low molecular weight substances generated by incubation of an
IgG-[3H]MTX conjugate with murine EL4 lymphoma cell ho-
mogenate were different from MTX itself as assayed by size-
exclusion chromatography. However, from their study, it is
unclear whether the degradation products detected as a main
peak in the low molecular weight region in the chromatography
are mainly responsible for the cytotoxic action of the conjugate.
In addition, the in vitro cytotoxic profile of their conjugate has
not yet been published. In the present study, the selectivity of
the in vitro cytotoxicity of aMM46-MTX as determined by the
difference in cytotoxicity to MM46 cells between the aMM46
and ZME018 conjugates was not so large as might be predicted
from the previous studies (11, 15) on the antigen-specific cel
lular uptake of tritium-labeled conjugates. If intracellular deg
radation products formed were mainly involved in the cytotoxic
action of the conjugate, more distinct selectivity should be
observed in the cytotoxicity.

Previous studies have shown that even among the MTX
conjugates prepared with MTX-OSu, HSA-mediated IgG con
jugates, IgG-HSA-MTXs (5, 10), and a direct IgM conjugate,
IgM-MTX (9), both with higher MTX/Ig molar binding ratios
than IgG-MTXs, showed at least greater selective cytotoxicity
than that of IgG-MTXs. This may be explained as follows: (a)
With a cytotoxicity assay that compares the cytotoxicities of
conjugates at equivalent concentrations of MTX under conju
gate (i.e., antibody) excess, the greater the MTX/Ig molar
binding ratio, as for IgG-HSA-MTX, the larger the amount of
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MTX internalized by the antigen-mediated endocytosis, the
amount of MTX released extracellularly from different conju
gates being about the same, or somewhat less for conjugates
with higher MTX/Ig binding ratios in accordance with the
increase in the amount of MTX internalized by antigen-me
diated endocytosis; (6) the amount of the less stably linked
MTX which contributes to nonspecific cytotoxicity by being
released extracellularly should be smaller in IgG-HSA-MTX
than in IgG-MTX based on the study on HSA-MTX; (c)
multivalent IgM antibodies might be internalized by antigen-
mediated endocytosis more readily than IgG antibodies.

The present study with IgG-MTX conjugates prepared by the
active ester method considerably clarified the precise mecha
nism of the cytotoxic action of the conjugates as a whole and
the limitation in the value of conventionally prepared direct
conjugates of MTX with antibody.

For preparation of IgG-MTX conjugates with high target
selectivity and potency, the amount of MTX molecules released
extracellularly and entering the cells by the MTX transport
system must be decreased by a method such as treatment with
hydroxylamine, and, in combination with this, some measure
such as insertion between MTX and IgG of a covalent linkage
that can readily be cleaved in the lysosomes must be developed
for efficient generation of MTX or small-sized MTX derivatives
for entry of active substances from the lysosomes into the
cytosol. Studies along these lines attempting to use a certain
oligopeptide spacer between antibody and MTX are in progress.
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