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Recently, Weitman et al. (20) described a method for screen
ing large numbers of MoAbs for their efficacy as IT-As. This
method, called an â€œindirectITâ€•assay, is analogous to indirect
immunofluorescence staining. Target cells are treated with pri

mary (1 @)unconjugated MoAbs, washed, and then incubated
with a secondary (2@)GAMIg-A. Weltman et a!. (20) used this
method to screen 12 MoAbs specific for a small cell lung cancer
line. One MoAb induced significant inhibition of protein syn
thesis in the cell line in this indirect assay. Since none of the
MoAbs was tested directly as IT-As, the validity, specificity,
and sensitivity of the assay could not be evaluated. Moreover,
there was a potential flaw in the design of the method since the
GAMIg-A was divalent and could thereby cross-link the 1@cell
bound MoAb. This cross-linking could alter the route of inter
nalization of the MoAb (21) and, hence, the toxicity of the
bound GAMIg-A.

In the present study, we used a modified indirect IT method
in which the 2Â°IT-A consisted of a univalent fragment (Fab) of

GAMIg coupled to ricin A chain (Fab-GAMIg-A). We corn
pared the cytotoxicity of MoAbs in the indirect assay with their
cytotoxicity as IT-As in the direct assay using a panel of 8
human and mouse cell types and 14 MoAbs. The correlation in
toxicity was virtually 100%. Hence, this procedure provides a
simple, rapid, and reliable screening method for predicting the
ability of various MoAbs to function as effective IT-As.

MATERIALS AND METHODS

Antibodies. Fourteen antibodies were used in this study. All were
purified immunoglobulins. Their specificity and isotype are listed in
Table 1. GAMIg was prepared by immunizing a goat with 100 ig of
purified mouse serum IgG. The goat was boosted twice a year and bled
at bimonthly intervals. Serum was affinity purified on a column of
Sepharose-mouse serum immunoglobulin at a ratio of 1 ml Sepharose/
10 ml serum. The bound GAMIg was eluted in 3.5 M MgC12, dialyzed
against phosphate-buffered saline, pH 7.2, and vacuum dialyzed/con
centrated to 1.0 mg/ml. Samples were stored at â€”70T.

Cell Lines. Direct and indirect IT assays were performed on a panel
of cell types (described in Table 2). Cells were maintained in RPMI
1640 containing 10% fetal calf serum and antibiotics.

Preparation of Fab-GAMIg-A. Fab fragments of affinity-purified
GAMIg were prepared by papain digestion as previouslydescribed (22)
and were then reduced with 5 mr@idithiothreitol for 1 h at 25C and
desalted on Sephadex G-25. The reduced fragments were reacted with
a 100-fold M excess of 5,S'dithio-bis(2-nitrobenzoic acid) (ElIman's
reagent) (23) to convert the thiol groups of the cysteine residues into
activated disulfide groups (24).

Ricin A chain (purchased from Inland Laboratories, Austin, TX) was
purified and characterized as previously described (25). A chain was
reduced with 5 mM dithiothreitol and coupled to the Ellman's-substi
tuted Fab fragments as described (24). The reaction mixture was filtered
through a column (2.5 x 80 cm) of Sephacryl S-200. The IT-A peak
was collected and contaminating unconjugated Fab was removed by
chromatography on Blue Sepharose CL6B (1.5 x 5 cm) (Pharmacia,
Inc., Piscataway, NJ) according to Knowles and Thorpe (26). The IT
A was eluted from the Blue Sepharose column with 0.05 MNaPO4 and
1 M NaCl, pH 7.0. The IT-A was concentrated to 1â€”5mg/ml, divided
into sterile aliquots, and stored at â€”20'C.

ABSTRACF

In this report, wedescribean assay forscreening monoclonalantibodies
for their cytotoxicpotentialas ricinA chain-containingimmunotoxins.
The assay involves treating cells with dilutions of the test antibody
followed by a Fab fragment of a secondary antibody coupled to ricin A
chain (â€œindirectassayâ€•).The cytotoxicity of the indirect assay is corn
pared to that ofthe direct assay where the monoclonal antibody is coupled
to ricin A chain. Indirectand directassays were carriedout using 14
antibodiesand a panel of 8 humanand mousecell types. The two assays
showedvirtually100%correlation.The indirectassay, therefore, predicts
the potency of a given monoclonalantibody to make an effectiveirnmu
notoxin and should be useful in screening rnonoclonal antibodies for use
as immunotoxins.

INTRODUCIION

Conjugates of cell-reactive antibodies and the A chains of
toxins such as ricin [immunotoxins (IT-As)3] have been used to
kill normal and malignant target cells both in vitro (1â€”4)and
in vivo (5â€”9).IT-As have been used experimentally or clinically
to treat autoimmune diseases, various malignancies, and to
purge bone marrow of T-cells or tumor cells before transplan
tation (reviewed in Refs. 10 and 11). Not all MoAbs make
highly cytotoxic IT-As. Different MoAbs used as IT-As vary
over 10,000-fold in their potency as specific cytotoxic reagents
(10, 11). The factors which determine the potency of an IT-A
include the cell surface antigen to which the antibody is directed
and its resultant pathway of internalization after binding to the
IT-A (1 2â€”14),the density of the cell surface antigen (15â€”16),
the epitope recognized by the antibody,4 and the affinity of the
antibody utilized (17). Finally, different cells expressing the
same antigenic determinants may vary in their susceptibility to
the same IT-A (17â€”19).Because ofthis complexity, it is difficult
to predict whether any given antibody will make an effective
IT-A. Based on the results of studies by Bjorn et aL (18), we
estimate that only one in four MoAbs is of sufficient potency
(ICro i0â€•@i0'@ M) to be considered for clinical use as an
IT-A. Previously, in screening MoAbs for their potential use as
IT-As, it has been necessary to produce and purify large quan
tities of MoAbs, couple them to ricin A chain, and purify the
resultant IT-A. Each IT-A must then be tested for its ability to
kill an appropriate target cell. This procedure is laborious and
expensive and limits the number of MoAbs that can be evalu
ated.
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All antibodies are of mouse origin with the exce
culture supernatants(SNS).ption

of goat anti-mouse immunoglobulin antibodies andwere used as purified immunoglobulins or astissueAntibodyClassSpecificityRef.9.6

RFTII
64.1
RFTI
RFT2a
WT1
Rfl@8
RIO
OX7
UV22-l
UV22-2
HD6
RFB4
MOPC-21
Anti-mouse immunoglobulin (goat)lgG2a

IgGI
IgG2a
IgG1
lgG2a
IgG2a
IgGI
IgGI
IgGI
lgGl
IgG1
IgGI
IgGI
IgGi
PolyvalentHuman

CD2
HumanCD2
Human CD3
HumanCD5
Human CD7
Human CD7
HumanCD8
Human glycophorin
Thy-l.l
Human CD22
Human CD22
HumanCD22
Human CD22
Unknown
Mouse immunoglobulin30,

31
32
30,31
32
32
33
32
34
35
Footnote 5
Footnote 6
36
32
Litton Bionetics,Kensington,MD
See â€œMaterialsand Methodsâ€•

Table 2 CelllinesCell

lineDescriptionDaudiHuman

Burkitt's lymphoma cellline.EL-4Mouse
thymoma cell line originating in

a C57BL/6mouse.AKR-AT-cell
lymphomacell line originatingin

an AKRmouse.AKR-l
10T-cell lymphomacell line originatingin

an AKR mouse(P. Krammer, Hei
delberg,Germany).JurkatHuman

T-cell leukemia cellline.Nalm-6Pre-B-cell
line establishedfrom a pa

tient with acute lymphocytic
leukemia.Chinese

hamster ovaryCell line initiated from biopsy of an
ovary of an adult chinesehamster.
This cell line was obtained from
ATCC (Rockville,MD).Peripheral

blood T-cellsObtained from human peripheral blood
as described(37).

MoAbs AS IMMUNOTOXINS

Table 1 Antibodies

4â€”8h with 5 MCi/well [3Hjleucine. Cells were harvestedas described
above and their radioactivity was measured. Results were expressed as
a percentage of the mean (3HJleucine incorporation of 12â€”24wells of
untreated cells.

ImmunofluorescenceAnalysis. The specificity of each antibody for
the cell lines tested was evaluated by an indirect immunofluorescence
assay; 10' cells were treated with optimal concentrations of I â€¢MoAb
(5â€”0.1sg/ml) for 30 mm at 4C. After washing with phosphate-buffered
saline containing 10 mM sodium azide, the cells were incubated with
fluorescein isothiocyanate-coupled GAMIg for 15 mm at 4C. Cells
were washed and analyzed on a fluorescence activated cell sorter (FAC
STAR; Becton Dickinson, Mountain View, CA). The percentage of
positive cells and their mean fluorescence intensity are summarized in
Table 3.

RESULTS

Technical Parameters of the Indirect IT Assay. Several tech
nical parameters were evaluated in order to optimize the mdi
rect IT assay. The critical parameters are the following: (a) it
is essential to titrate the secondary reagent, i.e., Fab-GAMIg
A, against each dilution of a MoAb known to function effec
tively as a direct IT-A in order to determine the single dilution
of the Fab-GAMIg-A to be routinely used in the indirect IT
assays. This concentration of Fab-GAMIg-A (typically 0.5â€”1
@ig/ml)can then be used on any target cell with dilutions of any
primary antibody to be tested; (b) of various times and temper
atures of incubation evaluated, the most reliable procedure
involved preincubating the target cells with different dilutions
of the unconjugated MoAb for 60 mm at 4Â°Cfollowed by the
addition of the optimal concentration of the Fab-GAMIg-A for
36 h at 37Â°C.When cells expressed a high density of the target
antigen, the primary antibody could be washed away before
adding the Fab-GAMIg-A without significantly changing the
IC50. However, when the density of the target antigen was low,
better reproducibility was obtained by eliminating the washing
step. This may be due to the requirement of repeated rounds of
internalization of the 1@ and 2Â°reagents when the cell surface
antigen is expressed at a low density; (c) when the washing step
between the addition of the MoAb and the IT-A was omitted,
a reduced cytotoxic effect was observed at the highest concen
tration of MoAb added to the cells. Although the reasons for
this were not determined, it is likely that excess unbound 1â€¢
antibody complexed with the Fab-GAMIg-A, thus inhibiting it
from binding to the cell-bound antibody. Nevertheless, the IC50
value was unchanged. It.was, therefore, essential to titrate the
1Â°MoAb rather than to use it as a single concentration. When
using hybridoma supernatants, dilutions of 0.5, 0.1, and 0.01

Preparation of Direct ITs. Antibodies were coupled to ricin A chain
by means of one of three different disulfide cross-linking agents: 2-
iminothiolane hydrochloride (27); N-succinimidyl-3-(2-pyridyldi
thio)propionate (28); or 4-succinimidyloxycarbonyl-a-methyl-a(2-pyr
idyldithio)toluene (29). The conjugation and purification procedures
were as previously described (24, 27â€”29).The three coupling agents
give IT-As of equal cytotoxic potency in vitro (27â€”29).

Indirect IT-A Assay. Cells were used in logarithmic growth phase
when cell viabilities were greater than 95%. Serial dilutions of l
unconjugated antibody ranging in concentration from 2 x 10'â€”2 X
iO-'@ M were prepared in the appropriate media and 10O-@ilaliquots
were plated in triplicate in 96-well plates; l0@cells in a volume of 100

@lof the same medium were added to each well and plates were
incubated for 1 h at 4C. Fab-GAMIg-A (final concentration, 2 @g/ml)
was then added to the appropriate wells. Controls included (a) untreated
cells,(b)cells treated with 2 IT-A only, (c)cells treated with 1@ antibody
only, and (d) cells treated with 1' antibody followed by Fab-GAMIg
(no A chain). The plates were then incubated for 36 h at 37T in 5%
CO2. Cells were washed, resuspended in leucine-free medium, and
pulsed for 4â€”8h at 37'C with 5 @Ciof(3Hjleucine in the same medium.
Cells were harvested on glass fiber filters using a Titertek automatic
harvester. Incorporation of [3Hjleucine was determined by liquid scm
tillation counting in a LKB beta counter. Results were expressed as a
percentage of the I3Hlleucmneincorporated by the untreated cells. Cells
in all the control cultures incorporated 80â€”100% of the [3H]leucmne
taken up by untreated cells.

Direct IT-A Assay. Cells suspendedin RPMI 1640 medium supple
mented with 10% fetal calf serum and antibiotics were distributed at
i0@cells/well in 96-well microtiter plates. Solutions of IT-As in the
same medium were then added in triplicate, giving a final concentration
of IT-A ranging from iO@â€”i0@M. The plates were incubated for 36
h at 37T in an atmosphere of 5% CO2 in humidified air. The cells
were then washed, resuspended in leucine-free medium, and pulsed for
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Table 3 indirectfluorescenceanalysisofcell linesstained
fluoresceinisothiocyanateGAMigwith

antibodyandCell

Antibody Specificity % positiveMean
fluorescence

intensityâ€•Daudi

HD6 CD22 92.4
UV22-l CD22 97.1
UV22-2 CD22 90.8
RFB4 CD22 85.9
MOPC-21 Unknown 1.2765

982
541
629

50EL-4

R 10 Human glycophorin 2.1
OX7 Thy-I.I 0.96017AKR-A

RIO Human glycophorin 1.2
0X7 Thy-l.l 98.555862AKR-l

10 RlO Human glycophorin 0.1
OX7 Thy-I.l 99.8252484Chinese

hamster R1O Human glycophorin 0.3
ovary OX7 Thy-l.l 0.12526PBL

T RFTI I CD2 96.0
(human)

9.6 CD2 95.0
64.1 CD3 94.0
RFT1 CD5 90.1
RFT2a CD7 83.0
WT-l CD7 81.0
RFT8 CD8 52.0
0X7 Thy-1.l (mouse) 3.3416

415
491
616
387
323
498

16Jurkat

RFTI 1 CD2 99.2
RFT1 CD5 99.3
RFT2a CD7 95.9
WT-l CD7 98.2
RFT8 CD8 3.6
0X7 Thy-l.l 4.1639

448
448
652

21
20Nalm-6

UV22-l CD22 99.9
MOPC-21 Unknown 1.287446a

Log scale maximum value = 10,000.

Table 4Comparison ofiC,@sofiTs on humanpre-B-andB-cellsTarget

cellAntibodySpecificity (Anti-)IC,,(x

10_aoM)a

IndirectDirectDaudiRFB4

UV22-I
UV22-2
HD6
0X7
MOPC-21'CD22

CD22
CD22
CD22
Thy-l.1
Unknown0.04

0.03
0.5 0.3
5.3 3.30
1.5 1.3

>300 >300
>300>300Nalm-6UV22-1

MOPC-21CD22 Unknown0.8
0.9

>300 >300

Cell lineAntibodySpecificity (Anti-)IC,,,(x

1

Indirect0'Â°M)â€•DirectAKR-AOX7

Rl0Thy-l.1 Human glycophorin0.2 >3000.1>300AKR-llO0X7

RlOThy-l.I Human glycophorin0.8 >3000.2>300EL-40X7

RlOThy-l.l Human glycophorin>300>300>300 >300

Target cellAntibody.

.Specificity
(Anti-)IC,,@(x1IndirectO'Â°M)â€•DirectPBL

T9.6
RFF1I
64.1
RFTI
RFT2a
WT-1
RFT8
0X7CD2

CD2
CD3
CD5
CD7
CD7
CD8
Thy-l.l>300

2.0
0.3
5.0
2.0
8.0

>300
>300>300

1.0
0.6
0.8
3.0
3.0

>300
>300JurkatRFTI

I
RFT1
RFT2a
WT-l
RFT8
OX7CD2

CDS
CD7
CD7
CD8
Thy-l.l0.5

>300
1.6
1.0

>300
>3000.1

>300
0.3
0.03

>300
>300

MoAbs AS IMMUNOTOXINS

100

80

SO

40

20

0
1o12 . io@@ â€¢ Ioâ€”@ . 10â€”6

a Average of 3â€”7 separate experiments (SD among experiments was less than

30%).
b Myeloma protein.

Table 5 ComparisonofiC,o@sofiTs on mouseT-cell
lymphoma or thymoma lines

proved to be sufficient (data not shown); (d) when some target
cells were used in the indirect IT assay, the cells could be
harvested 24 h after adding the primary antibody and the
secondary IT. However, with other cells, 24 h did not give
optimal results. In these cases, 36 h was found to give IC50
values which were more reproducible and which more closely
matched those obtained with 1Â°IT-As; (e) it was important to
add no more than 10@cells/well in either killing assay. When
larger numbers of rapidly dividing cells were used as target
cells, they gave high background killing values, presumably
because they overgrew the wells and died during the 36 h of
incubation.

Comparison of the Direct and Indirect IT-A Assay. Data
obtained from direct and indirect killing assays using coded
samples indicated a correlation in IC50s between the two assays
that approached 100%. The results of a typical comparison
between an indirect and a direct assay are shown in Fig. 1 for
the AKR-A cell line and the antibody, 0X7 (anti-Thy-i). Com
parisons of other cell lines, MoAbs, and ITs are shown in
Tables 4â€”7.

As can be seen in the Tables 4â€”7,the IC50s obtained from
the direct and indirect assays were generally within 5-fold of
each other. Using the panel of MoAbs and ITs described here,
the presence of positively stained cells and a high mean fluo
rescence intensity generally indicated that an IT-A specific for

a given antigen would be toxic. However, the IC50 did not
correlate directly with the density of the cell surface antigen. In
an extreme case, such as 9.6 (anti-CD2) on PBL T-cells (Table
6), there was no killing in either the indirect or the direct assay,
even though the cells were positive by immunofluorescence
(Table 3). These results suggest that the route of internalization

a Average of 3â€”7separate experiments (SD among experiments was less than
30%).

Table 6 Comparison ofiC,@3souTs on human peripheral blood T-cellsand a T
cell leukemia

a Average of 3â€”7separate experiments (SD among experiments was less than
30%).

ofsome antigens, and not their density, is critical in determining
whether they will serve as good targets for IT-As. This has
aLready been suggested by Press et a!. (30) who reported that

1121

CONCENTRATION(hi)

Fig. 1. Representativeexperiment showing a comparison of the direct (0) and
indirect (â€¢)IT assayusing AKA-A cells and OX7 antibody.
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Table 7 Comparison ofIC,os ofiTs on Chinese hamster ovary celllinesIC,,(x

l0'Â°M)â€•Cell

line Antibody Specificity (Anti-) IndirectDirectChinese

hamster R1O Human glycophorin >300>300ovary
0X7 Thy-l.l >300>300a

Average of 3â€”7separate experiments (SD was less than 30%).

MoAbs AS IMMUNOTOXINS

accurately predict the toxicity of a direct IT-A on the cell lines
tested in this study.

DISCUSSION

The present study, which exploits an initial finding by Welt
man et aL (20), has resulted in the development of a rapid,
simple, and reproducible assay for predicting the potency of a
MoAb as an IT-A in vitro. This assay should facilitate screening
of MoAbs and thereby allow the selection of those that will
make clinically useful IT-As. In the current study, the indirect
IT assay of Weltman et aL (20) was modified so that the
secondary IT consisted of a Fab fragment of GAMIg-A chain.
It was reasoned from results of an earlier report (21) that a Fab
fragment would not cross-link the cell-bound antibody and,
hence, reroute it to a different compartment in the cell. Using
this indirect assay, we compared the relative effectiveness of a
panel of MoAbs coupled to ricin A chain. The results indicated
a correlation between the direct and indirect assays which was
virtually 100% using 8 different target cells and 14 different
MoAbs. Although all but one cell line were oflymphoid origin,
there is no reason to suspect that the same method cannot be
used on other cell types as well, as demonstrated by Weltman
et a!. (20).

It is of importance that the indirect assay was effective in
predicting differences in the direct assay resulting from (a) the
affinity of the antibody, (b) the epitope on the cell surface
molecule which the antibody recognized, and (c) differences in
the cell type on which the molecule was expressed. Although
not shown in this study, it is possible to apply this assay to
supernatants of hybridoma cells after their selection for cell
specificity and can therefore serve as an effective secondary

screening assay for selecting MoAbs to be used as IT-As.
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Addendum

Following submission of this paper, Weltman et a!. (38) described
the use ofindirect ITs prepared with pokeweedantiviral protein coupled
to Fab' or IgG to screenmonoclonal antibodies against human small
cell lung carcinomas. The results suggest that the assay will be useful
on nonlymphoid tumors as well.
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