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ABSTRACT

The use of tumor immunotherapy using whole ricin-antibody conju
gates is complicated by the nonspecific lectin activity of the ricin B-chain
which leads to toxic side effects. A novel method of coupling whole intact
ricin to monoclonal antibody (MoAb) is described herein, where the
nonspecific binding of the ricin B-chain is blocked. The coupling was
done using the bifunctional reagents S-acetylmercaptosuccinic anhydride
for antibody and succinimidyl 3-(2-pyridyldithio)propionate for ricin, and
this resulted in the loss of B-chain binding activity, while impairing
neither the toxic potential of the A-chain nor the activity of the MoAb.
The purified immunotoxins could not bind to lactose-Sepharose and were
equally cytotoxic in vitro to MoAb-reactive cell lines in the presence or
absence of lactose. The coupling method was suitable for six different
ricin-antibody conjugates and also using ricin deglycosylated by treatment
with periodate. However, the blocking of the ricin B-chain was only
effective with whole IgG molecules as F(iib');-ricin immunotoxins could,

like ricin, bind to lactose-Sepharose. Ricin-antibody conjugates reduced
the |3H]leucine incorporation of appropriate target cells by 50% at a
concentration of 6 to 45 ng/ml, whereas nonreactive antibody immuno-
toxins were not toxic to the target cells at concentrations as high as IO4

ng/ml. The specific cytotoxicity of these immunotoxins could be inhibited
by the addition of unconjugated reactive MoAb; the presence of lactose
or a nonreactive MoAb did not significantly affect the observed cytotox
icity. Thus, whole ricin-antibody conjugates produced in this way do not
bind nonspecifically to target cells, the most important implication being
that such immunotoxins should be more potent than ricin A-chain con
jugates and capable of being used in vivo.

INTRODUCTION

Ricin is a potent plant toxin extracted from the castor oil
plant, Ricinus communis, and is composed of two polypeptide
A- and B-chains with molecular weights of approximately
32,000 and 34,000, respectively (1). The two chains are con
nected by a single interchain disillude bond, and X-ray crystal-
lographic studies (2) show the B-chain consists of 2 similar
domains, each with a lactose binding site associated with a
prominent groove, presumed to be associated with oligosaccha-
ride binding. Ricin has a strong binding affinity for simple
sugars, such as lactose and D-galactose, and an even stronger
affinity for oligosaccharides bearing D-galactose or /V-acetyl
galactosamine as terminal residues. Ricin owes its toxicity to
the A-chain, which is a potent inhibitor of protein synthesis
after binding to cells via the recognition of cell surface carbo
hydrate by the B-chain (3). Such binding can be competitively
inhibited in vitro by the presence of lactose or D-galactose in
the incubation medium. Thus, in the absence of an inhibitory
mechanism, whole ricin is toxic to all cells. Ricin catalytically
inactivates ribosomes, and it has been estimated that a single
molecule of the toxin entering the cell could result in cell death
(4); indeed, on a molar basis, ricin is 30,000 times more toxic
to cells than conventional antineoplastic agents, such as meth-
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otrexate or Adriamycin. The problem of specificity of ricin in
antitumor therapy has been extensively researched, and several
approaches have been used for targeting the toxin to tumor
cells. In the most popular approach the A-chain has been
covalently attached to MoAb,3 and the resulting complexes
have been shown to be specifically toxic to MoAb-reactive target
cells (5). In this context the MoAb is used to replace the cell
binding ability of the B-chain. However, the B-chain may be
required to potentiate the intracellular cytotoxicity of the A-
chain. As a consequence, ricin A-chain complexes are not
usually as cytotoxic as free ricin, may sometimes be inactive,
and often require potentiating agents (6, 7). Another approach
is the conjugation of whole ricin to MoAb. The resulting
immunotoxins have two specificities: the antigen recognition
of the MoAb and the carbohydrate binding site of the B-chain.
Such immunotoxins have been successfully used in vitro to treat
bone marrow cells for the removal of T-cells (8) or leukemia
cells (9) prior to transplantation. However, these studies must
be performed in the presence of lactose which inhibits the B-
chain binding, and ricin-antibody conjugates will then react
only with those cells specifically reacting with the antibody in
the immunotoxin. However, the high concentrations of free
lactose required prevented such immunotoxins from being used
in vivo. An alternative approach to abrogate the nonspecific
binding of ricin is by the steric blocking of the galactose binding
site as a result of coupling to antibody. Such a result was
obtained when a thioether conjugate was prepared using iodo-
acetylated ricin with thiolated antibody (10). We now report on
the chemical linkage of ricin to MoAb via a disillude bridge
with the use of two bifunctional cross-linkers, the coupling
procedure leading to blocking of the galactose binding ability
of the B-chain. This procedure was shown to be suitable for a
number of different MoAbs (with different immunoglobulin
isotypes), all of which retained cytotoxic activity and were
devoid of galactose binding. These were also shown to be
suitable for use with deglycosylated ricin. However, it appears
that whole IgG and not F(ab')2 fragments are required for the

blocking of the ricin galactose binding sites.

MATERIALS AND METHODS

Tumor Cells

BW5147 (11), EL4 (12), and several clonal variants of the murine
thymoma ITT(1)75NS (13) were grown in 10% newborn calf serum in
Dulbecco's modified Eagle's medium [these express either high (E3) or

low (Dl) amounts of the Ly-2 surface antigen (E3 and Dl)]. The human
T-cell leukemia line CEM (14) was maintained in RPMI-1640 with the
same additives.

MoAbs and F(ab'): Fragments

MoAbs used were: anti-Ly 2.1 (IgGl, IgG2a) (15) and anti-Ly 1.1
(IgG2a) (16), which recognize the murine lymphocyte alloantigens Ly

3The abbreviations used are: MoAb, monoclonal antibody; SAMSA, 5-acetyl-
mercaptosuccinic anhydride; SPDP, succinimidyl 3-(2-pyridyldithio)propionate;
PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; TFR, transferrin
receptor.
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2.1 and Ly 1.1, respectively; HuLym9 (IgGl) (17), an antibody which
reacts with the human TFR; 250-30.6 (IgG2b) (18), an antibody di
rected against an antigen present on human colon carcinoma and
secretory epithelium; 17.1/2 (IgG2a) (19), MoAbs directed against an
antigen present on human breast tissue; and anti-HLA (IgG2a) (20), a
monomorphic HLA MoAb. The MoAbs were purified by either Protein
A-Sepharose chromatography or by using Affigel Blue (Pharmacia,
Uppsala, Sweden). The optimal conditions of degradation adopted for
preparation of F(ab')2 fragments of the Ly-2.1 MoAbwereO.l Mcitrate,
pH 3.8, at 37"C for 6 to 8 h using IgG concentrations of 1 to 2 mg/ml

and pepsin concentrations of 25 Mg/ml (21); intact IgG was removed
using Protein A-Sepharose (Pharmacia). Each preparation was char
acterized by polyacrylamide gel electrophoresis under reducing and
nonreducing conditions.

Assays for Antibody

Antibody was detected by resetting (22) or by inhibition where the
ability of conjugates to compete with a nonsaturating amount of I25I-
anti-Ly-2.1 for binding to 2 to 4 x 10* cells was measured; the CEM

cell line was used as a nonreactive control. In this assay, 25 //I of the
untreated or thiolated MoAb (1 mg/ml in 0.5% bovine serum albumin)
were serially diluted, and iodinated MoAb (2 x IO5 cpm/well) was

added to each well. The cells were then added and incubated for 30 min
on ice, and nonbound material was removed by washing. The cell pellets
were counted, and the results were expressed as the percentage of
inhibition of the maximum counts bound.

Modification of Ricin Carbohydrate

Modification of the carbohydrate (23) in ricin was achieved using a
mixture of sodium metaperiodate (NaIO4) and sodium cyanoborohy-
dride (NaCNBH3) using 10 mg of ricin (1.8 mg/ml; Sigma Chemical
Company, St. Louis, MO) in 0.2 M sodium acetate buffer, pH 3.5,
mixed at 4Â°Cin the dark with an equal volume of a mixture of 20 mM

NaIO4 and 40 mM NaCNBHj. After 1-h incubation, a 20% (v/v)
solution of glycerol (100 mM final concentration) was added to the
reaction mixture to destroy unreacted IO4, and the sample was kept on
ice for 24 h and then dialyzed against 0.01 M phosphate buffer contain
ing O.I5 M NaCl, pH 7.5. The modified ricin was concentrated with an
Amicon concentrator (Amicon Corporation, Danvers, MA) and stored
in the phosphate buffer at â€”20Â°C.

Kadiolabeling of Ricin and Antibody

Ricin (100 ni. 1 mg/ml) or modified ricin was labeled using chlor-
aminc T (24) in the presence of 100 mM lactose or MoAb (100 n\, 1
mg/ml).

Preparation of Ricin-Antibody Conjugates

Three buffers were used during the preparation of the conjugates:
(a) 0.01 M sodium phosphate, pH 7.5, containing 0.15 M NaCl; (b)
0.01 M sodium borate, pH 8.0, containing 0.15 M NaCl; and (e) 0.2 M
sodium acetate, pH 4.6, containing 0.15 M NaCl and 2 mM EDTA.
MoAbs were coupled to ricin by two different procedures involving the
use of heterobifunctional protein cross-linking reagents, a novel method
described in this paper using the heterobifunctional reagents SAMSA
(25) (Sigma) and a method using SPDP (26, 27) (Fig. 1).

The number of sulfhydryl groups introduced onto the antibody or
F(ab')2 fragment using SAMSA was determined by the Ellman method

(28) after deprotection with hydroxylamine. The number of SPDP
groups introduced onto ricin or modified ricin was quantitated by
measuring the release of 2-pryidinethione (27). In the following prep
arations, 1 to 2 sulfhydryl residues were introduced into the MoAb or
F(ab'); fragment using a 5-fold excess of SAMSA and 2 to 3 sulfhydryl

groups into ricin or modified ricin using SPDP.
Conjugation Using SAMSA. Disulfide-linked ricin-antibody or

F(ab')j conjugates were prepared as follows, (a) For thiolation of

MoAb, MoAb (10 mg, 5 mg/ml) in phosphate buffer was treated with
a 5-fold excess of SAMSA (29 /il, 2 mg/ml in dioxane) for 30 min, and
excess reagents were removed by dialysis into phosphate buffer contain
ing 2 mM EDTA. (b) For thiolation of ricin/modified ricin (sodium
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Fig. 1. Coupling of ricin to monoclonal antibody. Reaction scheme illustrating
thiolation and coupling of MoAb and ricin using S-acetylmercaptosuccinic an
hydride (SAMSA) and A'-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) (A)
and using SPDP (B).

metaperiodate and sodium cyanoborohydride treated), 5 mg of ricin
(1.8 mg/ml) or modified ricin in the phosphate buffer were treated with
a 10-fold excess of SPDP (Pierce Chemical Company, Rockford, IL)
for 30 min and dialyzed into phosphate buffer containing 2 mM EDTA
for 16 to 24 h. (c) For coupling of ricin to MoAb, the modified MoAb
(10 mg, 5 mg/ml) was then treated with 200 ^1 of hydroxylamine (l M
in PBS, pH 7.0), and after 30 min at room temperature, it was mixed
with the SPDP-modified ricin (1:1 molar ratio) and allowed to react
for 1 to 6 h. The reaction was terminated by the addition of N-
ethylmaleimide (6.6 mM final concentration), allowed to stand a further
1 h, subjected to gel permeation chromatography on Sephacryl S-300
equilibrated with phosphate buffer containing 20 mM lactose, and eluted
with the same buffer. To identify the conjugate fractions, trace amounts
of 125I-labeled ricin (specific activity, 4000 cpm/^g) were added; the

protein profile (absorbance at 280 nm) of the eluate is shown (Fig. 2),
together with the radioactivity. Fractions 97 to 105 contained M,
190,000 to 240,000 material (calculated from the elution volume),
comprised IgG and ricin in the 1:1 molar ratio (calculated from meas
urements of protein and radioactivity), and were shown by SDS gel
analysis to contain the M, 215,000 conjugate as the major species which
consisted of one molecule of antibody linked to one molecule of ricin.
Fractions 97 to 105 and 125 to 133 (unconjugated M, 65,000 ricin)
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were analyzed further by affinity chromatography (see below). SDS gel
analysis was performed in a buffer of 0.192 M borate:0.025 M Tris:0. l %
sodium dodecyl sulfate, pH 8.0. Immediately following electrophoresis
the wet gels were stained with Coomassie blue and then exposed to
Kodak SR-Omat film (2) at -70Â°Cusing a DuPont Cronex enlightening

screen.
Conjugation Using SPDP. SPDP was dissolved in dioxane to give a

2 mg/ml solution, and various amounts of SPDP were reacted with
ricin or MoAb in phosphate buffer, pH 7.0, or borate buffer, pH 8.0,
at room temperature for 30 min (26). After 30-min incubation, ricin
was dialyzed against the borate buffer for 16 to 20 h, and the thiolated
MoAb was dialyzed against the acetate buffer. The pyridyldithio group
on the MoAb was reduced with dithiothreitol (3.4 mM final concentra
tion) for 30 min at room temperature and further dialyzed. The im-
munotoxin was then formed by reacting thiolated ricin with the thiol
ated MoAb for 2 h at room temperature, and the reaction was termi
nated by the addition of A'-ethylmaleimide (6.6 mM final concentration).

The mixture was allowed to stand at room temperature for l h and
then subjected to gel permeation chromatography on Sephacryl S-300.
The concentration of ricin in the conjugate fractions was determined
from the radioactivity, whereas the concentration of MoAb was ascer
tained by measuring the absorbance at 280 nm and subtracting the
calculated absorbance due to the ricin (using absorption coefficients
Â£Â¡gÂ°= 11.8 for ricin and 14.3 for IgG).

Galactose Binding Affinity

Conjugate fractions 97 to 105 (see Fig. 2) and unconjugated ricin,
Fractions 125 to 133 (M, 65,000), were pooled and extensively dialyzed
against the phosphate buffer. Lactose-Sepharose (Pierce Chemical
Company) and Sepharose 4B were used to determine the galactose
binding ability of the immunotoxin and free (unconjugated) ricin. The
immunotoxin and ricin fractions were adsorbed onto the columns at
4Â°Cand at room temperature. The solutions were passed through the

column 3 times, the columns were washed with phosphate buffer to
remove the material that did not bind, and the bound protein was then
eluted with phosphate buffer containing 100 mM lactose. The material
that did not bind lactose-Sepharose and which had the galactose binding
site blocked was used in the in vitro assays.

Inhibition of Protein Synthesis Assays

Inhibition of protein synthesis was used as a measure of the in vitro
effect of the Â¡mmunotoxins. Cells (8 x IO5)were incubated for 30 to 60

min with varying dilutions of the immunotoxin or ricin in phosphate
buffer with or without 200 mM lactose and then washed 3 times to
remove any unbound material. For antibody blocking studies, cells were
incubated with antibody (see Fig. 9 for details) for 5 min before the
immunotoxin was added. The cell pellet was resuspended in leucine-
free RPMI-1640 medium and plated out into 96-well flat-bottomed
microtiter plates in triplicate. The cells were then pulsed with [3H]-
leucine (1 /iCi/well) and incubated at 37Â°Cfor 16 to 24 h. The cells

were harvested onto glass fiber filters, and the incorporated radioactivity
was counted with a scintillation counter. The results were expressed as
the percentage of inhibition of [3H]leucine incorporation relative to

control cells which received PBS as treatment.

RESULTS

Coupling of Ricin to Antibody. Ricin was chemically linked to
MoAb via a disulfide bridge using SPDP-modified ricin and
SAMSA-modified MoAb (see "Materials and Methods"); re

action of the two components yielded a ricin-antibody conju
gate. The coupling method using SAMSA has several advan
tages: it precluded the use of thiol reagents for deprotection,
and there is no dilution or need to remove excess reagents;
there is little oxidation of free sulfhydryl groups, and low pH
buffers are not required. The reaction mixture was purified by
chromatography (Fig. 2) to separate aggregates and unreacted
components; by using I25l-ricin as a tracer, it was shown that
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Fig. 2. Purification of ricin-anti-Ly-2.1 conjugate on Sephacryl S-300. The
column was equilibrated with 0.01 M phosphate buffer, pH 7.5, containing 0.15
M NaCl and 20 mM lactose, and I ml fractions were collected. The eluate was
monitored spectrophotometrically at 280 nm (â€¢)and by radioactivity (O) derived
from the 1!5I-labeled ricin.

Table 1 Comparison of the coupling efficiency of two different procedures used to
covalently link ricin to anti-Ly-2.1

The results are expressed as the percentage of initial ricin used that was
recovered; two different experiments are reported with SAMSA/SPDP to illus
trate the reproducibility of the method.

Conjugate/free ricin
recoveryRicin:MoAb(l:l)

Ricin:MoAb(2:I,3:1,...)Unconjugated
ricin

RecoverySAMSA/SPDP

conjugation29,25

12,1729,27

70,69SPDP/SPDPconjugation13g4869

70% was recovered in solution. Of this, 60% was bound to
MoAb [35% in the M, 215,000 complex (one ricin molecule
bound to one MoAb molecule and 25% in larger aggregates
(2:1, 3:1,..)], and 40% remained unconjugated (Table 1). These
yields were superior to the second method of conjugation in
which both MoAb and ricin were thiolated with SPDP. Using
SAMSA/SPDP, approximately 30% of the ricin could be con
jugated as a 1:1 ricin:MoAb conjugate versus 13% using the
SPDP/SPDP method. Recovery of ricin was the same in both
procedures. Conjugates were also examined by SDS gel electro
phoresis using I25l-ricin-antibody conjugates. A 5% nonreduced

gel confirmed the presence of four or more major protein
species (Mr 150,000, 215,000, 280,000, and a larger species),
which were free antibody, and antibody-ricin conjugates in 1:1,
1:2, and 1:3 ratios, respectively (Fig. 3A, Lane 1). This was
confirmed by autoradiography where the I25l-ricin could be
visualized (Fig. 3A, Lane 2). The separated radioactive ricin A-
and B-chains (M, approximately 30,000, 32,000, 34,000) can
be seen in the reduced gels (Fig. 3B, Lanes I and 2). (It should
be noted that there was free antibody present which is difficult
to separate from ricin-antibody conjugates by gel permeation;
in addition, the blocked ricin in the conjugate does not bind to
Sepharose.)

Conjugate of ricin to anti-Ly-2.1 (IgGl), F(ab')2 fragment

resulted in a M, 175,000 complex when analyzed by SDS gel
electrophoresis. Visualization of the complex on gels was by
autoradiography and staining due to residual free immunotoxin
migrating at close proximity (not shown); 36% of the initial
ricin was bound to the F(ab')2 fragment as a 1:1 complex.

Binding Affinity of Immunotoxins and Ricin. Ricin-antibody
conjugates made using only SPDP are known to have the
galactose binding sites on ricin mostly preserved; the galactose
binding properties of the new conjugate made with SPDP/
SAMSA were therefore examined. A ricin-antibody conjugate
(made using anti-Ly-2.1 MoAb) and SPDP-thiolated ricin were
assessed on a lactose-Sepharose column. When SPDP-treated
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Fig. 3. Gel clectrophorcsis of ricin-monoclonal antibody conjugate. U5l-Ricin-
anti-Ly-2.1 conjugate purified by gel permeation chromatography on Sephacryl
S-300 was analyzed by SDS-polyacrylamide gel electrophoresis using 5% nonre-
duced il ) and 12.5% reduced l /( Iacrylamide gels. Lanes I and 2 show the protein-
stained gel and autoradiograph, respectively. Molecular weight standards are
indicated on the ordinales. .VA, nonreduced; Red., reduced.

unconjugated ricin was passed down the column, it bound
strongly through its galactose binding sites to the B-chain, and
little (< 5%) could be eluted with PBS; lactose (100 mM) could
elute 90% of this ricin (Fig. 4A). However, when the ricin-anti-
Ly-2.1 conjugate (made with SPDP/SAMSA) was applied to
the lactose-Sepharose column (Fig. 4A), 86 to 90% of the
conjugate (detected by the radioactivity of the ricin moiety)
failed to bind or be significantly retarded. Furthermore, only
8% of the material bound and could be eluted with 100 mM
lactose. Similar results were obtained: (a) with different MoAbs
conjugated to ricin (Table 2); (b) by performing the studies at
4Â°Cor 22Â°C(not shown); or (c) by substituting Sepharose 4B

for lactose-Sepharose. Thus, using SPDP/SAMSA for conju
gation, the galactose binding sites on ricin appear to be blocked.
Of all the conjugates tested, 75 to 89% of the conjugate was
unable to bind lactose-Sepharose. In addition ricin modified by
treatment with periodate (to remove carbohydrate residues for
potential improved in vivo effect) also had the galactose binding
sites blocked (Table 2). Conjugates made using the SPDP/
SPDP method were also tested for binding of lactose-Sepha
rose; where 35 to 40% bound, i.e., 60 to 65% of the conjugate
was unable to bind, the galactose binding site was blocked.

Galactose Binding Properties of Ricin/F(ab')i Conjugates Pro
duced Using SPDP/SAMSA. Ricin was conjugated to F(ab')2

fragment of the anti-Ly-2.1 MoAb by the SPDP/SAMSA cou
pling procedure and was noted to have different binding prop
erties than found with whole antibody. As shown in Fig. 4C,
70% of the ricin anti-Ly-2.1 F(ab')2 conjugate bound strongly

to lactose-Sepharose (compared with less than 8% of the ricin-
intact IgG complex) and could only be removed with lactose,
i.e., the ricin-F(ab'h conjugate did not have the galactose

binding sites blocked, whereas intact IgG conjugates did. Thus,
using this coupling procedure, it appears that the Fc portion of
the IgG molecule is required for blocking to occur.

Antibody Activity of Conjugated Antibodies. Anti-Ly-2.1,
thiolated with a 12-fold excess of SAMSA, resulted first in
approximately four sulfhydryl residues per MoAb molecule and
did not alter the binding of the MoAb to Ly-2+ cells in a
competitive binding assay using radioiodinated anti-Ly-2.1
(Fig. 5A). There the antibody activity of anti-Ly-2.1 and ricin-
anti-Ly-2.1 conjugate on E3 target cells was the same (Fig. 5B),
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ELUTION VOLUME (ml)

Fig. 4. Binding affinity of ricin-monoclonal antibody conjugate. The binding
of thiolated ricin Hi, anti-Ly-2.1-ricin conjugate (B). and anti-Ly-2.1 F(ab')2-
ricin conjugate (C) to lactose-Sepharose is shown. Eluates were monitored by the
radioactivity of the '"I-labeled toxin.

Table 2 Binding ofricin-MoAb conjugales to lactose-Sepharose

Antibodies in ricin/antibody
% of'"l-ricin detected

conjugateanti-Ly-1.1anti-TFRanti-Ly-2.1anti-Ly-2.1

/modifiedricin250-30.6anti-HLA17.1/2Bound0.523771676Not

bound89777787837580Recovered901008494998286

indicating that the coupling did not affect the antibody reactiv
ity; however, it should be noted that noncoupled MoAb in the
ricin-anti-Ly-2.1 conjugate could partially account for the con
jugate binding. The reactivity was also tested on a variant of
the E3 cell line, DI [E3 and Dl cell lines being, respectively,
high and low expressing Ly-2+ variants of the ITT(1)75NS cell
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Fig. S. Antibody activity of ricin-anti-Ly-2.1 conjugate. In A, binding activity
of SAMSA-modified anti-Ly-2.1 assessed in a competitive binding assay was
compared to unmodified anti-Ly-2.1. E3 cells were incubated with a nonsaturating
amount of '"I-anti-Ly-2.1 (5 ng) in the presence of increasing concentrations of
anti-Ly-2.1 (â€¢)and SAMSA-anti-Ly-2.1 (4 residues of SAMSA/mol of MoAb)
(O). In B, antibody titer was measured as the percentage of rosette-forming cells
versus antibody dilution on E3 ( ) and Dl ( ) target cells. â€¢,unconju-
gated anti-Ly-2.1 ; O, ricin-anti-Ly- !.!:â€¢. ricin-anti-Ly-2.1.

line]. The reduced activity of the Ly-2.1-ricin conjugate was in
accord with the decreased Ly-2+ antigen expression (Fig. 5B),

showing that the binding of the conjugate was dependent on
the concentration of Ly-2 antigen binding sites on the target

cells. It should be noted that no binding was found with a
nonreactive ricin-anti-Ly-1.1 conjugate on the E3 cell line (Ly-

l.P). These results indicated that whole ricin had been suc
cessfully conjugated with the MoAb and that the conjugated
ricin did not bind to cells nonspecifically, again demonstrating
the blocking of the galactose binding sites.

Cytotoxicity of the Ricin-Antibody Immunotoxins. The in vitro
cytotoxic effect of several different ricin-antibody conjugates

was examined in studies designed to demonstrate the potency
and specificity of the SPDP/SAMSA conjugates. In the first
study, anti-TFR-antibody-ricin conjugates were tested on the

CEM cell line for their inhibition of protein synthesis. [In this
system MoAb alone at concentrations as high as 10 Mg/ml did
not inhibit protein synthesis (not shown).] In the absence of
lactose the anti-TFR-ricin was as potent, on a molar basis, as

free ricin (Fig. 6, top) and reduced the capacity of cells to
incorporate [3H]leucine by 50% at 30 ng/ml. Lactose, which

competitively blocks ricin binding to cells, inhibited the toxicity
of ricin 40-fold in CEM cells; by contrast, the anti-TFR-ricin

was barely inhibited by lactose. In addition, the lack of toxicity
of the Ly-1.1 -ricin conjugate on the Ly-1.1 ~ CEM line is shown.

The same conjugate was then tested on two cell lines which
were TFR+ (CEM) and TFR- (E3) (Fig. 6, bottom). Both cell

lines were equally inhibited by ricin in the absence of lactose
(50% inhibition of protein synthesis occurred at 20 ng/ml); the
anti-TFR-ricin conjugate resulted in approximately 50% inhi
bition of [3H]leucine incorporation by CEM cells at 6 ng/ml,

u 40 -

Ricin (ng ml)

t i
\\

10Â° IO1 10Z IOJ

Ricin (ng ml)

Fig. 6. Cytotoxicity and specificity of ricin-anti-TFR conjugates. Top, inhibi
tory effect of ricin (D) and ricin-anti-TFR (O) in the absence of lactose, and ricin
(â€¢),ricin-anti-TFR (*). and ricin-anti-Ly-2.1 (A) in the presence of lactose on
CEM (TFR*, Ly-2.1~) cells. Bottom, the inhibitory effect of ricin (D) and ricin-
anti-TFR (O) on reactive CEM cells, and of ricin (â€¢)and ricin-anti-TFR (*) on
nonreactive E3 cells (Ly-2.1*, TFR").

Ricin (ng ml)

Fig. 7. Cytotoxicity and specificity of ricin-anti-Ly-2.1 conjugates. Inhibitory
effect of ricin (D), ricin-anti-Ly-2.1 (O), and ricin-anti-Ly-1.1 (A) in the absence
of lactose, and of ricin (â€¢),ricin-anti-Ly-2.1 (â€¢),and ricin-anti-Ly-1.1 (A) in the
presence of lactose, on E3 (Ly-2.1 *, Ly-1.1 ~) cells.

whereas 80 times more immunotoxin was required to inhibit
protein synthesis in the nonreactive E3 cells.

In a second study ricin-anti-Ly-2.1 immunotoxin and a non-
reactive ricin-anti-Ly-1.1 immunotoxin were tested on E3 cells
(Lyl~, Ly2+), and, in the presence of lactose, there was no loss

of Cytotoxicity by the linkage of ricin to the Ly-2.1 MoAb (Fig.
7). This immunotoxin reduced the capacity of cells to incorpo
rate [3H]leucine by 50% at 45 ng/ml, whereas the nonreactive
ricin-anti-Ly-1.1 immunotoxin was ineffective. When 100 ITIM
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lactose was introduced into the assay, the cytotoxicity of non-
conjugated ricin was inhibited (50% inhibition of [3H]leucine

incorporation occurred at greater than 1000 ng/ml), whereas
the cytotoxicity of the anti-Ly-2.1 immunotoxin was not sig
nificantly altered. Again the nonreactive immunotoxin was not
toxic to E3 cells at concentrations as high as IO3 ng/ml. The
Ly-2.1-ricin conjugate was also tested on Ly-2+ and Ly-2" cell

lines, and the specificity of the reaction was demonstrated (not
shown).

In addition, periodate-treated ricin-Ly-2.1 immunotoxin was
also shown to be toxic in vitro in the presence or absence of
lactose (Fig. 8), and specificity was retained (not shown). Finally
the binding of ricin-antibody conjugates to cells was via anti
body and not due to ricin. It was shown that the specific
cytotoxicity of the ricin-anti-Ly-2.1 conjugate on E3 cells was
blocked by the simultaneous addition of anti-Ly-2.1 (Fig. 9).
For example, 10 Â¿(g/mlof anti-Ly-2.1 caused a 50% reduction
in the cytotoxicity, whereas anti-Ly-1.1 (an isotype control
Mo Ah directed to an irrelevant antigen) did not alter the
cytotoxicity of the anti-Ly-2.1 immunotoxin.

Cytotoxicity of Ricin-anti-Ly-2.1 K(uh'). Immunotoxin. The
potency of a F(ab')2 anti-Ly-2.1 immunotoxin made by

SAMSA/SPDP coupling was tested (Fig. 10). The cytotoxicity
of ricin and the F(ab')2 immunotoxin in the absence of lactose
was similar, both inhibiting [3H]leucine incorporation in E3

target cells by 50% at 150 to 200 ng/ml. Therefore, the ricin
covalently linked to the F(ab')2 fragment is as cytotoxic as free

ricin to E3 target cells. As expected, the introduction of lactose
into the system inhibited the cytotoxicity of free ricin with a
50% inhibition of [3H]leucine incorporation at > 1000 ng/ml.
However, the cytotoxicity of the F(ab')2 immunotoxin in the

presence of lactose was also significantly inhibited, and 6 times
more immunotoxin was required to inhibit the E3 target cells
to the same extent. This finding was consistent with the binding
of the F(ab')2 immunotoxin to lactose-Sepharose (Fig. 4C),
where 70% of the F(ab')2 immunotoxin was strongly bound to

the galactose affinity matrix and 30% was retarded in the
passage through the affinity column, thereby suggesting that
the galactose binding site was only partially blocked in the
F(ab')2-ricin conjugate.

DISCUSSION

A new method of coupling whole intact ricin to antibody is
reported herein, leading to immunotoxins which were devoid

too -i

80 -

60 -

Fig. 8. Cytotoxicity and specificity of mod
ified ricin-anli-Ly-2.1 conjugates. Inhibitory
effect of modified ricin (G) and modified ricin-
anti-Ly-2.1 (O) in the absence of lactose, and
of modified ricin (â€¢)and modified ricin-anti-
Ly-2.1 (*) in the presence of lactose on E3
cells.

20-

of galactose binding and which could therefore be considered
for in vivo therapeutic use. This study concentrated on the
design of an efficient coupling method which resulted in high
yields of immunotoxin and its characterization, including bind
ing activity and biological properties. The use of whole ricin as
an antitumor agent has been restricted due to the toxin being
capable of binding to all cells. Nevertheless, a Phase I clinical
trial has been conducted using native ricin (29), and a therapeu-
tically safe dose was found, but this had no specific antitumor
effects. However, the concept of covalently coupling the whole
ricin to tumor-specific antibody has been extensively studied
(30, 31), and it has been shown that whole ricin immunotoxins
are powerful reagents for the in vitro elimination of T-cells or
tumor cells but only in the presence of lactose. In most such in
vitro studies, whole ricin has been found to be more potent than
ricin A-chain immunoconjugates, and it was therefore worth
exploring alternative coupling procedures which could lead to
good recovery of immunoconjugate and which have little non
specific binding.

Coupling procedures previously used for the covalent attach
ment of ricin to MoAb often resulted in poor yields of immu
notoxin, probably due to the use of reducing agents to introduce
free sulfhydryl groups into MoAb or low pH buffers which
resulted in the precipitation of concentrated protein solutions,
and the rapid oxidation of free sulfhydryl groups during the
coupling reaction. Thiolation of MoAbs with SAMSA over
came a number of these problems; for example, deprotection
of the sulfhydryl groups of the MoAb and coupling to thiolated
ricin were carried out in the same buffer as the coupling reac
tion, and time-consuming dialysis steps could be avoided. In
addition, the pH was maintained with little or no loss of protein,
and the use of SAMSA to introduce sulfhydryl groups avoided
the need for reducing agents, such as those used with SPDP-
treated antibody, for incomplete removal of these agents usually
results in decreased yields due to competition reactions in the
final reaction. The free sulfhydryl groups of SAMSA-treated
antibody are exposed by reaction with hydroxylamine which is
performed at neutral pH and without the need for the removal
of excess hydroxylamine.

It was important to note that thiolation of the MoAb with
SAMSA and ricin with SPDP did not significantly change the
binding ability of the antibody or of the ricin. Coupling reac
tions involving amino acids can alter the antigen binding site

10U 10' 10'

Ricin (ng/ml)

10Â°
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10-1
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MoAb (/MQ/

Fig. 9. Effect of free antibody on the cytotoxicity of modified ricin-MoAb
conjugate. Inhibitory effect of modified ricin-anti-Ly-2.1 on E3 cells with increas
ing concentrations of anti-Ly-2.1 (â€¢)or anti-Ly-1.1 (O). The concentration of
ricin-anti-Ly-2.1 was 110ng/ml.

100-1

80-

60-

40-

20-

10 100 1.000 10.000

Ricin ing mO
Fig. 10. Cytotoxicity and specificity of ricin-F(ab')2 conjugates. Inhibitory

effect of ricin conjugates on E3 cells in the presence ( ) or absence ( )
of lactose; â€¢,free ricin; â€¢,ricin-anti-Ly-2.1 F(ab')2.

or can result in extensive precipitation of protein due to charge
alterations. Neither occurred with SAMSA, and up to 4 mole
cules of SAMSA could be incorporated per MoAb molecule,
with retention of 100% of the antibody activity; SPDP-thiolated
ricin (2 to 3 SPDP residues/ricin molecule) also maintained
toxicity on conjugation.

The SAMSA/SPDP method of coupling appeared to be
superior to using SPDP alone. The galactose binding properties
of the new immunoconjugates were examined, and it was found
that conjugates prepared with whole ricin and a variety of
different antibodies had little galactose binding ability, as such
conjugates were unable to bind to lactose-Sepharose or Sepha-
rose 4B. Additionally, in cell binding assays, the immunocon
jugates bound specifically and could not be inhibited by lactose.
By contrast, the binding of free intact ricin (with a galactose
binding site which can bind lactose-Sepharose, Sepharose 4B,
and whole cells) was effectively inhibited by lactose. It appeared
therefore that the galactose binding site was blocked as a
fortuitous but useful benefit from this new coupling procedure.
Indeed now these conjugates could be used in vitro in the
absence of lactose, although it must be admitted that adding
lactose to an in vitro reaction is of no major concern. However,
these conjugates can now be considered for in vivo use where
such high concentrations of lactose cannot be used, and this
will be the subject of succeeding papers. However, at this time
the method should have wide application, particularly as we
have successfully used this with six different monoclonal anti
bodies and in each case achieved the same result. In addition,
ricin modified via periodate to render it "deglycosylated" also

has the galactose binding sites blocked. This modified form of
ricin is currently gaining some popular use as it does not bind
to various sugar binding residues found in liver and therefore
should have a more prolonged half-life. However, the method
appears to be restricted to the use of whole IgG molecules, for
when F(ab')2 molecules were used, there was some inhibition

of the galactose binding site, but most of the molecules still had
galactose binding activity. Although we have not demonstrated
this directly, our presumption is that, during the coupling
procedure, there is steric covering up of the galactose binding
sites and that the Fc portion of the immunoglobulin is involved
in this.

The new SAMSA/SPDP coupling procedure is efficient and
leads to a more specific reagent in that the ricin-antibody
conjugate should now only bind specifically to cells which bind
the antibody. Finally, we note a recent report on the use of
whole ricin immunoconjugates made with thioether linkages
which appear to be stable and effective (10). In our hands the
SAMSA/SPDP method appears to be preferable and to lead to
more active conjugates than that prepared with thioether, but
either method should be useful to produce conjugates with in
vivo potency.
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