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ABSTRACT

A panel of bispecific F(ab')2 antibodies (BsAb) have been constructed

for delivering the ribosome-inactivating protein saporin to human B cell

Ivmphoma. Each derivative was prepared with specificity for saporin and
CD19, CD22, CD37, or immunoglobulin. In vitro studies measuring inhi
bition of [3H]leucine uptake by cultured Daudi and Raji cells demon

strated that, despite all BsAb capturing saporin on the cell surface, BsAb
targeting through CD22 were far more cytotoxic than those functioning
via CD19, CD37, or surface immunoglobulin. This exceptional activity of
the CD22-specific BsAb appears to derive from its ability to deliver and

accumulate saporin inside the target cells. Further studies showed that
four CD22-specific BsAb all performed with equal potency and were able
to increase saporin toxicity (50% inhibitory concentration) up to 1000-
fold, from 2 x IO-7 M to 2 x IO"10 M. Pairs of anti-CD22 BsAb which

recognized different nonblocking epitopes on the saporin molecule were
able to bind saporin more avidly to the target cell and, as a consequence,
increased cytotoxicity by at least an additional 10-fold, resulting in 50%
inhibitory concentration for protein synthesis of 2 x 1(1 " M.These results

suggest that selected combinations of BsAb which bind cooperatively to a
toxin and the cell surface may provide an efficient way of delivering toxins
to unwanted cells in patients.

INTRODUCTION

Immunotoxins in which a toxin, such as a RIP,3 is chemically or

genetically linked to a mAb are being investigated as potential anti-

cancer agents by a number of groups (1^). Despite generally disap
pointing clinical responses and some troublesome side effects in this
field (5), recent trials in Hodgkin's (6) and non-Hodgkin's lymphoma

(7, 8) have been encouraging and suggest that immunotoxin may yet
find an application in cancer treatment.

As an alternative approach for delivering toxins, we have been
investigating the use of BsAb, as suggested by Raso and Griffin in the
early 1980s (9). Here an antibody with dual specificity for a toxin,
such as a RIP, and a suitable cell marker delivers the toxin to the
unwanted cells in the form of immune complexes. The potential
advantages of this approach over conventional, disulfide-bonded, im-

munotoxins include a lack of chemical modification during conjuga
tion that could damage the toxin or the binding site of the antibody, the
ability to release the toxin moiety from the antibody without reducing
a disulfide bond (the drop in pH experienced by the BsAb-toxin

complexes when they enter the cell may aid their dissociation), and,
finally, the use of BsAb not only as a carrier of the toxin but also to
reduce the nonspecific toxicity of the toxin by blocking any natural
ligand-binding activity that it may have for normal cells, e.g., the
galactose-binding sites on ricin.
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The major disadvantage of this approach is that, because the toxin
is carried through relatively weak, reversible, noncovalent interac
tions, it may be released before entering the target cells. Two maneu
vers have helped us safeguard against this shortcoming; first, before
administration the BsAb-toxin complexes are formed with a signifi

cant molar excess of BsAb, which greatly reduces the opportunity for
free toxin to exist (10), and, second, the avidity with which the toxin
binds to the target cells is increased by using pairs of BsAb, selected
to bind simultaneously to the toxin and the cell surface (11). To date,
results have shown that in leukemic guinea pigs (10, 11) a cooperative
mixture of two bispecific F(ab')2 antibodies with specificity for the

RIP, saporin, and the appropriate tumor marker can deliver the toxin
and achieve a significant therapeutic effect. Furthermore, preliminary
data in patients with lymphoma indicate that combinations of BsAb
can deliver saporin and achieve impressive clinical responses without
toxic side effects (12).4

Before extending the use of BsAb in human B-cell lymphoma, we

need to determine which surface antigens on the malignant cells
provide suitable targets for delivering toxin. Here we have assessed
the performance of bispecific F(ab')2 antibodies designed to deliver
saporin to Burkitt's lymphoma cell lines via CD 19, CD22, CD37, or

surface Ig. The widespread expression of these particular differentia
tion antigens on B-cell lymphomas and their absence from hemopoi-

etic stem cells is likely to make them especially suitable targets for
therapy (13). We show that within this group of molecules only CD22
provides a suitable vehicle for delivering saporin with BsAb. Further
more, the level of toxicity achieved with the appropriate pair of
CD22-specific BsAb was equivalent to that reported for conventional

IT directed against this surface molecule.

MATERIALS AND METHODS

Saporin. The RIP saporin (SO-6), purified from the seeds of Saponaria

offÃcinalis, was kindly provided by Prof. F. Stirpe (University of Bologna,
Italy) (14).

Cell Lines. BsAb were tested on the Burkitt's lymphoma cell lines Daudi

and Raji. Cells were maintained in supplemented RPMI [RPMI 1640 medium

containing 2 m.Mglutamine, 1 ITIMpyruvate, 100 ID/ml penicillin. 100 lU/ml
streptomycin. 2 fig/ml fungizone, 10 /j.g/ml ciprofloxacin, and 10% fetal calf
serum (Myoclone) (GIBCO Ltd. Paisley, Scotland)].

Antibodies. The antibodies used in this study included four mAb directed
against CD22. i.e.. HD6 and HD39, both gifts from Dr. B. Dorken (University
of Heidelberg, Germany) (15, 16), 4KB 128, provided by Dr. D. Y. Mason, John
Radcliffe Hospital (Oxford, UK) (17), and RFB-4 (18). The epitope designa
tions of these are as follows: 4KB 128, CD22D; HD6. CD22B; RFB-4. CD22B;
and HD39. CD22A (19, 20). Other antibodies included the ami-CD19 mAb
HD37, kindly provided by Dr. B. Dorken (21). the anti-CD37 mAb WR17.

provided by Dr. J. Smith, Regional Immunology (Southampton, UK) (22). the
anti-CD37 mAb MB-1, provided by Dr. Richard Miller and Prof. Ron Levy,
Stanford University Medical Center (Stanford, CA) (23). and the anti-K-chain
antibody HB6-I, supplied by the American Type Culture Collection (Rock-
ville, MD). The anti-CD 19 mAb RFB-9 was produced in the Department of

4 A. Bell, R. R. French. T. Hamblin, and M. J. Glennie, unpublished observations.
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Immunology, Royal Free Hospital (London. UK); an anti-fi-chain mAb.
M15-8, and twoantisaporin mAb, anti-sap-1 and anti-sap-5, were raised in this

laboratory and have been described previously (II). All antibodies are of the
IgGl isotype, except WRI7, which is a IgG2a. mAb were purified from ascitic
fluid by precipitation in 2 M ammonium sulfate followed by ion exchange
chromatography on Trisacryl-M-DEAE (IBF-LKB) (24).

Preparation of Bispecific Antibodies. Heterodimeric F(ab')2 fragments

were constructed using the chemical cross-linker o-phenylenedimaleimide, as

described by Glennie et al. (25).
Incorporation of [3H]Leucine by Cultured Lymphoma Cells. The

method of assessing pH]leucine uptake was modified from our previous stud
ies (11, 25). BsAb at a final concentration of I fig/ml (10~8 M) and serial

dilutions of saporin were preincubated for I h at 37Â°Cas 100-/xl aliquots in

leucine-free supplemented RPM1 in flat-bottomed 96-well microtiter plates
(GIBCO). The cells (lOVwell), also in 100 fu of leucine-free supplemented
RPMI. were then added and plates were incubated for 18 h at 37Â°C,in a

humidified atmosphere of 5% COs in air. before pulsing each well for 12 h at
37Â°Cwith 0.5 /iCi/well ['Hjleucine. The uptake of ['Hjleucine was assessed

by harvesting the cells onto glass fiber filters and counting radioactivity in a
liquid scintillation counter (LKB). All experimental points were determined in
triplicate and results are expressed as a percentage of the ['Hjleucine incor

porated in untreated cells. The experimental error within each experiment was
minimal, with SD being <10% of the mean. However, some variation was

observed between experiments, probably due to variation between batches of
target cells, giving IC5() values for saporin toxicity in the range 5 X 10~s to
10~6M.Despite this interexperimental variation, the relative performance of the

various derivatives remained the same throughout.
Radioiodination of Saporin. Saporin was trace radiolabeled for binding

studies by using carrier-free I25I (Radiochemical Centre. Amersham, UK) and

lodo-Beads (Pierce Chemicals Co., Rockford. IL) as the oxidizing reagent (26).

Radioactivity was measured in a Rackgamma counter (LKB).
Binding of 125I-Saporin to Cell Surfaces by BsAb. A method described

by Dower et al. (27) and modified by French et al. (11) was used to quantify
the binding of 12SI-saporin-BsAb complexes to target cells. Radiolabeled sa
porin was serially diluted and incubated for l h at 37Â°Cin 1-ml aliquots of

supplemented RPMI containing BsAb at I fig/ml. A 100-fil sample of Daudi
or Raji cells (5 x 107/ml) was then added to each tube and the incubation was
continued for an additional l h at 37Â°Cto allow binding to reach equilibrium.

Any endocytosis of surface-bound saporin-BsAb complexes was prevented by
inclusion of sodium azide ( 15 HIM)and 2-deoxyglucose (50 HIM)in the reaction

mixture. The cells were then separated from the aqueous phase by rapid
centrifugation through phthalate oils, as described previously (11, 27).

Uptake of I25l-Saporin by Cultured Daudi Cells. To distinguish between
surface-bound and intracellular I25l-saporin in cultured Daudi cells, we used an

acid wash method to remove surface-bound BsAb-saporin complexes, as de
scribed by Press et al. (28). Fresh Daudi cells (107/ml) were first incubated

with a mixture of BsAb ( 1 u,g/ml) and radioiodinated saporin ( 1 u.g/ml) for I
h at 0Â°Cto allow binding at the cell surfaces. Cells were then warmed to 37Â°C

and cultured in a humidified atmosphere of 5% COs in air, to allow uptake of
the labeled complexes. At intervals during the culture, cells were carefully
resuspended and either (a) duplicate 0.4-ml aliquots were rapidly centrifuged

through phthalate oils to separate the cells, as described above, or (b) duplicate
I-ml aliquots were washed three times in acidic RPMI 1640 medium to remove
surface-bound BsAb-saporin complexes and allow the internalized I25l-saporin

to be measured. For each of these washes. 2 ml of ice-cold RPMI 1640 medium

(pH 1.5 with HC1) were added and the samples remained on ice for 15 min
before the cells were recovered by centrifugation at 500 x g for IO min.
Radioactive counts obtained with an irrelevant BsAb were subtracted to give
levels of specific binding and uptake. Surface-bound I25l-saporin was then

deduced by subtraction of intracellular counts from the total counts and results
were plotted as number of saporin molecules in each cellular compartment.

RESULTS

Incorporation of [ 'HjLeucine into Cells in the Presence of Sa-
porin-BsAb Complexes. A panel of bispecific F(ab')2 antibodies

were prepared to deliver saporin to neoplastic B-cells via a range of
differentiation antigens [CDI9 (RFB-9 and HD37), CD22 (4KB128),
CD37 (WR17 and MB-1), /Â¿-chain(M15-8), and Â«-chain(HB6-1)]. In

each case Fab' fragments from these antibodies were thioether-linked
to Fab' fragments from the antisaporin antibody anti-sap-1. The effi

ciency with which saporin could be delivered to Daudi or Raji cells to
inhibit incorporation of [3H]leucine was investigated in vitro. Fig. 1

shows that, in the absence of BsAb, saporin was only slightly toxic
and for Daudi cells inhibited the uptake of [3H]leucine by 50% (IC50)
at 2 X 10~7 to UT" M. However, in the presence of anti-CD22 BsAb,

saporin toxicity was increased approximately 700-fold for both Raji
and Daudi cells, resulting in an IC50 close to 3 X 10~'Â°M. Surpris

ingly, no significant increase in toxicity was observed with BsAb
containing anti-CD 19 or anti-CD37, despite the presence of these

molecules on Daudi and Raji cells (see below). Fig. la shows results
obtained using BsAb constructed with Fab from the anti-CD19 mAb
RFB-9 and the anti-CD37 mAb WR17. BsAb containing Fab from a
second anti-CD 19 mAb (HD37) and a second anti-CD37 mAb (MB-1 )

also failed to potentiate saporin toxicity significantly (Table 1). Fi
nally, two BsAb directed to surface Ig on Daudi cells, anti-/x and
anti-K BsAb, did produce modest increases in saporin toxicity, which
resulted in an approximately 10-fold reduction in the saporin IC50

(Fig. \b). Similar small increases in toxicity were obtained when these
anti-Ig reagents were used on Raji cells (data not shown). The anti-

CD22 BsAb was not effective on Namalwa cells (data not shown),
which is consistent with their very low expression of CD22 (29).

To investigate whether other CD22-specific BsAb performed in a
manner similar to that of 4KB 128 X anti-sap-1, BsAb were prepared
using Fab' from three more anti-CD22 mAb, HD6, HD39, and RFB-4,

and their performance was compared with that of the original 4KB 128
BsAb. As shown in Fig. 2, all four anti-CD22 BsAb performed very

similarly in cytotoxicity assays, giving IC50 values between 1.5 X
10-'Â°Mand 6 X IO'10 M for Daudi and Raji cells.
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Fig. I. Uptake of ['H]leucine by Daudi cells cultured in medium containing saporin

and BsAb. Cells (lOVwell) were cultured for 18 h with BsAb at 1 ng/ml and saporin al
the concentrations shown, before pulsing with ( 'H|leucine and harvesting of cells to assess

the level of incorporated radioactivity. Triplicate samples were assayed for each concen
tration of saporin investigated. Panel a: X, saporin alone; O, RFB-9 X anti-sap-1 (anti-
CD19);Â«,4KBI28 x anti-sap-l (anti-CD22); â€¢¿�.WR17 X anti-sap-l (anti-CD37). Panel
b: X, saporin alone; â€¢¿�.4KB 128 X anti-sap-l (anti-CD22); G. M 15-8 X anti-sap-l
(anti-fi-chain); A. HB6-I x anti-sap-l (anti-Kl. At least three other experiments yielded
similar results.
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Table I Delivery of saporin to Duitdi cells using one or two BsAb

BsAbspecies"Saporin

aloneHD37
x ami-sap-14KB

128 x anti-sap-14KB
128 xanti-sap-5MB-I

x anti-sap-1HB6-1
x anti-sap-1M

15-8 x anti-sap-14KB
128 x anti-sap- 1+4KB

128 xanti-sap-5HD6
x anti-sap- 1+4KB12X

xanti-sap-54KB
128 x anti-sap-5+HB6-1

x anti-sap-14KB
128 x anti-sap-5+M
15-8 x anti-sap-14KB
128 x anti-sap-5+RFB-9

x anti-sap-14KB
128 x anti-sap-5+WRI7

x anti-sap- 1Antiger.'7CDI9CD22CD22CD37K-chainÂ¿Â¿-chainCD22CD22CD22CD22CD22K

chainCD22/i

chainCD22CDI9CD22CD37IC51,

(Ml'3.1

Â±0.5 x IO'7(12)>3
x IO'8(4/6.6Â±

l.8xl(r"'(IO)2.4
Â±0.9 x IO'9(3)>3

x IO"*<3/5
x l(r8(2/3
x IO"8(2/1.5Â±0.4x

IO-"(5)*2.1

x l(r"(2)3x

ur"ID7x

ur"ID7x

l()-'"(l)3x

l(r"'<l>Molecules

atl/^
d

I<-W>2().(KX)I.(XX)ND*>W.(X)07().(XX)NDI.(XX)NDNDNDNDNDFold
Increase''<KS300-1.

(XX)150-3000-5611)HMXXMO.OUOIO.Ã•XXKSO.ÃœOOU).(XX)4.3(X)400I.IXX)

11Mixtures of BsAb were selected (equal quantities) to bind to saporin through different specificities (anti-sap-1 and anti-sap-5) and one or two B-cell differentiation antigens as

indicated.
''Target antigen recognized by BsAb on Daudi cells.
' Saporin concentrations giving half-max imum inhibition of protein synthesis in cylotoxicity experiments. Shown are mean Â±SE of ICsÂ»values determined in the number of separate

experiments given in parentheses. Where the experiment was done only once or twice, the mean value alone is given.
*' Average number of molecules present/Daudi cell at the ICso concentration, as calculated from binding studies (see Fig. 3).
'' Fold increase in saporin toxicity, compared with that of saporin alone, obtained in individual experiments.

fp < 0.01. compared with 4KB128 x anti-sap-1.
K ND. not determined.
h 0.02 < p < 0.05, compared with 4KB 128 x anti-sap-1.

IO" 10" 10-' 10""

Saporin IMI

10"'0 10"' 10-

Fig. 2. Toxicity of saporin in the presence of different CD22-specific BsAb. Using the
same conditions as described for Fig. I. we have compared the uptake of [ 'Hjleucine in

the presence of saporin and 4KB 128 X anti-sap-1 (â€¢).HD6 X anti-sap-1 (D), HD39 X
anti-sap-1 (A>. or RFB-4 X anti-sap-1 (O). with Daudi (a) and Raji (fc) cells. The 1C,,,
values for saporin alone on Daudi and Raji cells were 5.3 x IO'7 and 3 X I0~7 M,

respectively. One of two similar experiments.

Binding of I25l-Saporin to Daudi Cells in the Presence of BsAb.

We next investigated whether the performance of the BsAb deriva
tives was related to their ability to capture saporin on the target cell
surface. The binding of radiolabeled '-^I-saporin to Daudi cells by

BsAb was investigated using the same concentrations of saporin and
antibody as those used in the toxicity assay. Cell-bound and free
I25l-saporin in the equilibrated reaction mixture were separated by

rapid centrifugation of the cells through a mixture of phthalate oils, as
described in "Materials and Methods." The binding curves in Fig. 3

show that all the BsAb, regardless of which differentiation antigen
they recognized, bound saporin to Daudi cells. Interestingly, the anti-

CD22 BsAb which had been most active in toxicity was probably the
least effective in capturing saporin on the cells. In contrast, the anti-
CD37 BsAb containing MB-1, which had been totally inactive in

boosting saporin toxicity (Table 1), bound the most saporin to the cell.
These binding data emphasize the efficiency of CD22 BsAb in deliv
ering saporin and show that, at its 1C,,, value of 3 X 10~'Â°M(Fig. 1

and Table 1). this derivative binds only about 1000 molecules to each
cell surface. The anti-CD37 BsAb MB-1 X anti-sap-1, however, was

unable to affect the uptake of |'H]leucine significantly even when

90.000 molecules of saporin were bound to each cell.
Uptake of I25l-Saporin by Cultured Daudi Cells. Because of

this lack of correlation between binding of I25l-saporin and cytotoxic

activity, we next investigated the ability of each BsAb to transport
I25l-saporin from the cell surface into the interior of metabolically

active Daudi cells. To distinguish between surface-bound and inter
nalized 12il-saporin, at various intervals during culture aliquots of

cells were taken and washed three times in RPMI 1640 medium at pH
1.5 to remove any surface-bound '2<iI-saporin-BsAb complexes. Fig.

4 shows the results for four BsAb derivatives. anti-CD22 (4KB 128),
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Fig. 3. Binding of I2'l-saporin to Daudi cells in the presence of single BsAb. BsAb

(I ng/m\} were incubated with various concentrations of I2il-saporin for I h at 37Â°C.
Daudi cells ( 107/tube) were then added, and the incubation was continued for an additional
I h. Any endocytosis of cell-bound complexes was inhibited by including 15 niM sodium
azide and 50 HIM2-deoxyglucose in the reaction mixture. The cells were then sedimentcd
through phthalate oils and the pellet was counted for radioactivity. The results are ex
pressed as the number of molecules of saporin bound/cell. O, RFB-9 X anti-sap-1
(anti-CDW);Â«. 4KB128 x anti-sap-1 (anti-CD22|; â€¢¿�.WRIT X anti-sap-1 (anti-CD37);
A. HB6-1 X anti-sap-1 (anti-K-chain). One of three similar experiments.
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BSAB FOR DELIVERY OF SAPORIN TO LYMPHOMA

0246 02

Time in culture (h)
Fig. 4. Internalizaron of I25l-saporin by Daudi cells in the presence of BsAb. BsAb and

I25l-saporin, each at 1 ng/ml. were incubated with Daudi cells for l h at 4Â°C.The
temperature was then increased to 37Â°Cto allow uptake to occur and duplicate aliquols
were taken at the times shown. With the first sample, total cell-associated I25l-saporin

(surface and internal) was determined by measuring radioactivity after sedimenting the
cells through phthalate oils. With the second sample, intracellular I25l-saporin was deter
mined by measuring the remaining radioactivity after removing all surface-bound com
plexes by washing the cells three times in RPM1 1640 medium, pH 1.5. Surface radio
activity was obtained by subtraction. The results are expressed as the number of molecules
of saporin/cell. â€¢¿�,total cell associated; â€¢¿�.intracellular; A, surface. The four BsAb used
in these experiments were. 4KBI28 X anti-sap-1 (anti-CD22). (Panel a); RFB-9 X
anti-sap-1 (anti-CDI9), (Panel b); WR17 X anti-sap-1 (anti-CD37), (Panel c); and M15-8
X anti-sap-1 (anti-n) (Panel d). Two other experiments yielded similar results.

anti-CD19 (RFB-9), anti-CD37 (WR17), and anti-K. Under the con
ditions used (125I-saporin and BsAb each at 1 fxg/ml), between 20,000
and 65,000 molecules of 125I-saporin were bound to each cell at the
outset of culture. As expected, the efficiency of I25l-saporin-binding

was in the same order as that shown in Fig. 3, i.e., anti-CD37 > anti-K
> anti-CD 19 = anti-CD22. However, once the cells were warmed to
37Â°C,the accumulation of radioactivity inside the cells showed a

completely different hierarchy, with BsAb performing in the order
anti-CD22 anti-K > anti-CD 19 = anti-CD37. Thus, despite anti-

CD22 BsAb binding only 20,000 molecules of saporin to the surface
of each cell at the outset, by 4 h of culture radioactive counts indicated
that at least 15,000 molecules of saporin had been internalized
(Fig. 4a). In contrast, the anti-CD 19 and anti-CD37 derivatives, which

captured close to 23,000 and 65,000 saporin molecules, respectively,
accumulated <2000 molecules of saporin in each cell over the same
period. The anti-K reagent shown in Fig. 4d fell partway between these

two extremes, collecting counts consistent with approximately 5000
molecules of saporin. Thus, the hierarchy of 125I-saporin uptake

by BsAb correlates closely with their performance in cytotoxicity
(Fig. 1).

Inhibition of Protein Synthesis in the Presence of Combinations
of BsAb Directed at One or Two Differentiation Antigens. Previ
ous work from this laboratory has shown that selected pairs of BsAb
that bind cooperatively to saporin outperform single derivatives in the
delivery of saporin to lymphoma cells (11). In the current work we
investigated whether a similar improvement could be achieved by
combining various BsAb specific for CD22. For this investigation a
new BsAb was prepared with Fab' from the anti-CD22 mAb 4KB 128

cross-linked to Fab' from anti-sap-5, an antisaporin antibody which

binds to an epitope on saporin different from that recognized by
anti-sap-1. This new derivative, 4KB 128 X anti-sap-5, alone was
slightly less effective than 4KB 128 X anti-sap-1 at enhancing saporin

toxicity. However, when combined with an equal amount of 4KB 128
x anti-sap-1, the mixture was 30-50-fold more potent than 4KB 128
X anti-sap-1 or 4KB 128 X anti-sap-5 alone (Fig. 5), giving an IC50
value for saporin on Daudi and Raji cells of about 2 X 10~" M.

Similar increases in toxicity were observed when 4KB 128 X anti-
sap-5 was paired with BsAb containing anti-sap-1 and Fab' from each

of the three other anti-CD22 mAb, HD6 (Table 1), HD39, and RFB-4

(data not shown). The enhanced performance of cooperative pairs of
BsAb depends on binding to separate epitopes on saporin (e.g., sap-1
and sap-5) (11) but is not dependent on whether one (CD22D) or

two (e.g., CD22D and CD22B) epitopes are recognized on CD22
(Table 1).

To investigate whether toxicity could also be enhanced by deliver
ing saporin via different target molecules, we combined pairs of BsAb
which were specific for separate epitopes on saporin and different
antigens on the target cell. The results in Table 1 show that mixing an
anti-CD22 BsAb, 4KB 128 X anti-sap-5, with either the anti-/Â¿or
anti-K BsAb (Table 1) produced an approximately 30-fold increase in
toxicity over that produced by 4KB 128 X anti-sap-5 alone and came

close to matching the performance of the most potent combination of
CD22-BsAb (Fig. 5). However, there was only a minimal increase in
toxicity when 4KB 128 X anti-sap-5 was combined with either an
anti-CD 19 or anti-CD37 BsAb. Here the activity of the mixture
slightly exceeded that of 4KB 128 x anti-sap-5 alone but was never
better than that of 4KB 128 X anti-sap-1. Thus, it appears that pairs of

BsAb can target via two different surface antigens and achieve aug
mented toxicity, but only if both the selected antigens (e.g., CD22 and
Ig) perform individually as target molecules.

Binding of I2sl-Saporin to Cells in the Presence of Combina

tions of BsAb. Finally, experiments were performed to measure the
functional affinity with which radiolabeled saporin binds to target
cells when tethered by a single BsAb or cooperative pairs of BsAb.
Previous work has shown that the main advantage of using two BsAb
stems from the increased avidity with which they can capture saporin
on the target cells (11). The results in Fig. 6 confirm this benefit
showing that there was an approximately 20-fold increase in avidity
when 125I-saporin was bound to cells via a combination of 4KB 128
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Fig. 5. Comparison of the performance of a single anti-CD22 BsAb and a pair of

anti-CD22 BsAb constructed with different antisaporin Fab' arms. Daudi cells were

cultured as described for Fig. 1, using BsAb at 1 Â¿ig/ml(for the pair, 0.5 ^ig/ml of each)
and saporin at the concentrations shown. The points represent the means of triplicates, x,
saporin alone, â€¢¿�,4KB128 X anti-sap-1; A, 4KB128 X anti-sap-5; â€¢¿�4KB128 X anti-
sap-1 plus 4KB128 X anti-sap-5. At least five other experiments yielded similar results.
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1(T12 10'11 10 10-

Saporin (M)
Fig. 6. Binding of '2M-saporin lo Daudi cells in the presence of a single anli-CD22

BsAb or a pair of anti-CD22 BsAb. The binding of '"I-saporin to Daudi cells was

determined as described for Fig. 3. The results are expressed as the number of molecules
of saporin bound/cell. Inset, saturation curves plotted on a linear scale. The BsAb deriv
atives used were 4KB 128 X anti-sap-1 (â€¢)and 4KB 128 X anti-sap-1 plus 4KB 128 X
anti-sap-5 (â€¢).

X anti-sap-1 and 4KB 128 X anti-sap-5, compared with that of the
individual BsAb. This is based on the concentration of I25l-saporin
needed to achieve half-maximum binding (5 X 10~lu M, compared
with >1 X 10~8 M). Interestingly, despite this significant increase in

avidity for saporin, both the single BsAb, 4KB 128 X anti-sap-1, and
the mixture of CD22-BsAb, 4KB 128 X anti-sap-1 plus 4KB 128 X
anti-sap-5, needed to capture approximately 1000 molecules of sa

porin on each cell to achieve the ICM) (Table 1). At saturation, ap
proximately half the number of saporin molecules were bound per
cell with the pair of BsAb, compared with a single derivative
(10,000/cell versus >20,000/cell). These data are consistent with the
1:1 and 2:1 BsAb:saporin binding ratios expected when each mole
cule of saporin is delivered by one or two molecules, respectively, of
BsAb.

DISCUSSION

Previous studies from this laboratory have shown that F(ab')2 BsAb

can be used to target saporin in the treatment of animal (10, 11) and
human (12) lymphoma. In both situations the derivatives were de
signed to target saporin, through either surface IgM idiotype on the
guinea pig cells or CD22 on the human lymphoma. The results
achieved, although preliminary, were sufficiently encouraging to jus
tify investigation of other B-cell differentiation molecules which
could be considered as targets for therapy in B-cell lymphoma. Here

we have compared the performance of a panel of BsAb, with speci
ficity for saporin and CD 19, CD22, CD37, /Â¿-chain,or Â«-chain, in
targeting the Burkitt's lymphoma cell lines Raji and Daudi (Fig. 1).

Surprisingly, only the anti-CD22 BsAb gave efficient potentiation of
saporin toxicity, resulting in close to a 1000-fold reduction in the

amount of saporin required to achieve an IC50 with Raji and Daudi
cells. In contrast, BsAb specific for p.- and x-chain performed poorly,
giving just a 10-fold increase in saporin toxicity, and, finally, two
anti-CD19 and two anti-CD37 BsAb derivatives failed to enhance

saporin toxicity significantly.
Binding studies with '25I-saporin showed that there was no corre

lation between the activity of the various BsAb in toxicity assays and
their ability to bind saporin to the target cell surface. Thus, for ex
ample, the CD37-specific reagents, which failed to potentiate saporin
toxicity, bound by far the most '-^ I-sapori n to the target cells, reflect

ing the level at which CD37 is expressed by Daudi and Raji cells (30).
However, the CD22-specific BsAb, which bound only 20-25% as

much saporin on the surface of cells, was a highly potent reagent in
toxicity. These differences in efficiency of binding and toxicity are
emphasized when we compare the number of saporin molecules re
quired at the cell surface, for each type of BsAb derivative, to achieve
an IC50 for protein synthesis. With the anti-CD22 BsAb only 1000

molecules of saporin are required on each cell to reach the IC,0 (3 X
10~'Â°M) (Figs. \A and 2), while when saporin is delivered by the

anti-Ig BsAb approximately 60,000 are needed, and with the anti-

CD37 reagents significant inhibition of protein synthesis is not seen
even when 90,000 saporin molecules are bound to each cell. Such
results indicate that capture of saporin on the cell surface alone is not
enough to determine the potency of a BsAb and suggest that perhaps
a key event lies at a later stage in delivery, such as during endocytosis
and/or intracellular routing of the BsAb-saporin complexes.

Uptake studies lend weight to this interpretation, showing that
CD22-specific BsAb were alone in accumulating significant levels of
radiolabeled saporin inside cultured cells. Thus, when an anti-CD22
BsAb was used to capture 20,000 molecules of I25l-saporin on the

surface of each cell, the transfer of radioactivity over 4 h of culture
suggested that approximately 15,000 molecules had been inter
nalized. By contrast, under the same conditions a BsAb functioning
through CD37 bound >70,000 molecules to the surface of each cell
and yet never appeared to accumulate >3000 molecules inside each
cell. The anti-Ig reagents fell somewhere between these two extremes.

Thus, the performance of the various BsAb appeared to correlate very
closely with their ability to accumulate saporin within the target cells.

A number of studies have shown a high correlation between the
potency of an IT and its rate of endocytosis into the target cell
(31-34). Since a single BsAb is univalent for saporin and the target
cell and is therefore unable to promote internalization through cross-

linking of adjacent target molecules (35), it is likely that the entry of
BsAb-saporin complexes into the cell depends on constitutive mem

brane turnover of the surface molecule being targeted, a process which
may not occur if the molecule being targeted is not being continually
delivered inside the cell (36). Numerous studies have shown that,
since univalent IT function efficiently, bivalent binding is not required
for activity, and the small loss of potency which is sometimes ( 11, 29,
37) but not always (38, 39) observed on moving from a bivalent to a
univalent reagent probably reflects a drop in functional affinity (avid
ity) (29). A plausible explanation for our findings, therefore, is that
only CD22 and to a lesser extent surface Ig are turning over at a rate
which allows efficient translocation of saporin into the cell, while
CD 19 and CD37 are not. The binding and uptake data in Figs. 3 and
4 would support this conclusion, and the data from Press et al. (30),
which show that mAb against CD22 and surface /Â¿-chainare inter

nalized by lymphoid cells, while those reacting with CD37 remain on
the cell surface, are also consistent with this interpretation.

Our failure to potentiate saporin toxicity or to accumulate saporin in
target cells with either of the anti-CD 19 BsAb is more difficult to

explain. While such results are consistent with a failure to inter
nalize the complexes, most IT containing anti-CD 19 mAb and RIP
have functioned well as both bivalent (29, 40â€”42)and, more impor

tantly, univalent (29) derivatives. One exception to this finding was
with an IT made with the anti-CD 19 mAb B4, which was unusual in
that it was not internalized by B-cells during extended culture (34).

Our only reluctance in accepting this explanation for our finding is
that most anti-CD 19 mAb, at least in a bivalent form, are internalized
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(30, 40), and one of the anti-CD 19 BsAb was constructed using

HD37, a mAb which is known to function as a univalent reagent (29).
Among the alternative explanations which should be considered is the
possibility that these BsAb are being internalized but rapidly degraded
inside the cell, perhaps in the lysosomal compartment (36). It is
known from a number of studies that, within the group of IT which
undergo internalization, intracellular routing often plays a key part in
determining their potency (43^6). For example, the activity of a
range of IT directed at various T-cell antigens, CD2, CD3, and CDS,

was shown to depend more on their rate of transfer to the lysosomal
compartment than on their delivery from the surface to the interior of
the cell (45). Likewise, differences in the route of internalization of
anti-CD22 and anti-CD 19 mAb, especially their ability to enter a
"prominent tubular endocytic compartment" adjacent to the trans-

Golgi apparatus (30, 46), may explain the somewhat superior perfor
mance of IT made with anti-CD22 over those made with anti-CD 19

(29). Experiments are currently underway to investigate the fate of
CD 19 BsAb-saporin complexes on target B cells and, if internalized,

their destiny within the cell.
In the current work, the performance of a single CD22-specific

BsAb could be improved 10-50-fold by using a combination of two
CD22-specific BsAb or one anti-CD22 BsAb and one anti-Ig BsAb

(see Table 1). Each pair of BsAb was constructed to bind different
nonblocking epitopes on the saporin. We have previously described a
similar improvement in performance with selected pairs of BsAb
directed towards guinea pig L2C leukemic cells (11). Similar improve
ments in performance have been described using cooperative binding
of two BsAb specific for a tumor-associated antigen and an indium-

labeled bivalent hapten, when imaging tumors in mice (47) and more
recently patients.5

We have found that the superior performance of cooperative pairs
of BsAb derives mainly from the increased avidity with which saporin
is held at the cell surface (Fig. 6) ( 11). Multivalent binding of saporin
to the cell surface could also favor more rapid uptake of BsAb-saporin

complexes through antigenic modulation (35), but, as previously dem
onstrated in the L2C leukemia model in guinea pigs (11), this appears
to be a minor factor influencing the performance of combinations of
BsAb. This interpretation is supported by results showing that the
average number of saporin molecules bound on each cell at the IC50
of protein synthesis for Daudi and Raji cells is approximately the same
( 1000) (Table 1), regardless of whether a single BsAb or a combina
tion of anti-CD22 BsAb is used. Thus, although the mixture of BsAb

is about 20 times more efficient at capturing saporin on the cell
surface, it is no more effective than a single BsAb at delivering that
saporin into the cell once it is bound.

In conclusion, the favorable internalization and/or intracellular
routing of anti-CD22 BsAb-saporin (and to a lesser extent anti-Ig
BsAb-saporin) complexes have resulted in high efficiency killing by
saporin and make CD22 a good target for delivering toxin to neoplas-
tic B-cells by BsAb. Two other potential B-cell targets, CD19 and

CD37, have not proved suitable. While lack of potency with CD37
derivatives probably arises from a failure to enter the cell, we have yet
to determine whether the surprising lack of cytotoxic activity using
anti-CD 19 BsAb results from a lack of internalization or rapid deg

radation in the lysosomal compartment of the cell. Finally, the use of
a cocktail of two CD22-specific BsAb to obtain optimum delivery of

toxin could provide an important benefit for therapeutic applications
and make BsAb an interesting alternative to conventional IT in the
treatment of neoplastic disease.
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