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ABSTRACT

We have studied the potential use of immunotoxins (ITs) for
therapeutic treatment of human tumors in an experimental model
of human neoplasia. We tested intact ricin IT for its antitumor
activity against established tumors. CEM, a human T-cell leuke

mia line expressing an M, 67,000 cell surface antigen, and Daudi,
a human B-cell lymphoma line which does not express the
antigen, were found to be consistently tumorigenic in nude mice.
ITs were synthesized using T101, a high-affinity monoclonal

antibody reacting with the M, 67,000 protein determinant and

intact ricin.
We have shown for the first time that established CEM solid

tumors in nude mice will regress following intratumoral injection
of T101-ricin IT, while Daudi tumors will not. Selective activity of
T101-ricin IT is dependent on systemic i.v. administration of
lactose and local intratumoral injection of the T101-ricin IT with

lactose. Intact ricin ITs require the presence of lactose to block
native ricin binding and render them antigen specific when linked
to monoclonal antibody. Killing of target was cell specific since
(a) nonspecific (irrelevant) ITs did not cause the regression of
CEM tumors, and (b) injection of large amounts of free T101
antibody prior to T101-ricin IT blocked antitumor activity. Selec

tivity was not absolute, since regression occurred in one of six
animals given irrelevant IT, and blocking was observed in two of

four mice.
Intratumoral IT treatment with 1 or 2 u,g of T101-ricin IT plus

lactose was not harmful to mice in contrast to intratumoral ricin
treatment, which killed all treated tumor-bearing mice at a dose

of 0.3 fig. Without i.v. injection of lactose, intratumoral injection
of T101-ricin IT was also effective in eliminating established
tumors. However, this treatment did not result in the selective
elimination of tumor, since Daudi tumors also regressed following
T101-ricin IT treatment.

IT, made with ricin A chain only (T101-A chain IT), was also

tested against established CEM tumors. We found that high
dosages of T101-A chain IT did not destroy CEM tumors when

injected intratumorally, even in the presence of activating agents
such as NH4CI or the carboxylic ionophore X-537 A. In contrast,
in vitro experiments demonstrated that T101-A chain IT plus

activating agents had potent and selective cytotoxic effect
against CEM cells.

We conclude that ITs are specifically toxic to established

1This work was supported in part by the Israel Cancer Research Fund grant
sponsored by Henry L. Bayles, by National Cancer Institute Grants CA-31618 and
CA-36725, and by American Cancer Society Grant IM-380.

2 Recipient of Anna Fuller Fund Fellowship 577. To whom requests for reprints

should be addressed, at Department of Therapeutic Radiology, Box 367, Mayo
Memorial Building, 420 Delaware Street S.E., Minneapolis,MN 55455.

3 Scholar of the Leukemia Society of America.

Received August 15,1984; accepted December 7,1984.

tumors. Although selectivity is not absolute, ITs exhibit potential
as a new class of antitumor reagents.

INTRODUCTION

The advantages of using ITs4 as potent and selective cytotox-

ins have become eminently clear. We (13, 35-38) and others

(24, 26, 32, 40, 43) have demonstrated the efficacy of this new
class of pharmacological reagents for the in vitro depletion of
select cell populations. Our findings have resulted in the clinical
use of ITs as purgative reagents for the depletion of donor graft-
versus-host disease-causing cells in allogeneic bone marrow

transplants of patients with acute leukemia (4).
ITs are composed of 2 moieties: (a) antibodies, usually mono

clonal because of their consistency and homogeneity; and (b) a
potent catalytic toxin, such as the phytotoxin ricin. Ricin is
composed of 2 M, 30,000 chains, the A and B chains, which are
linked by a disulfide bond. The function of A chain is to enzy-

matically inhibit protein synthesis of eukaryotic cells (21). The B
chain contains the galactosyl binding site which binds to terminal
galactosyl residues on the cell surface (21) and facilitates trans-

location of A chain into the cytoplasm (44). Ricin binding can be
inhibited by adding lactose which competes with the galactosyl
binding site (21). Under these conditions, ITs bind only through
their antibody binding site to specific antigens on the cell surface.

It has been argued that selective and safer ITs, suitable for in
vivo use, can be made by linking purified A chain devoid of B
chain to antibody. We (13, 36) have shown that A chain ITs are
less potent and display slower kinetics than intact ricin ITs.
However, the presence of certain activating agents, such as
NH4CI, which increase lysosomal pH (20), increases the potency
of A chain ITs (3).

The current goal in IT research is to extend in vitro observa
tions and to investigate the use of ITs as therapeutic agents for
cancer. By choosing appropriate MOABs, IT can be directed to
destroy neoplastic cells. Intact ricin IT or A chain IT selectively
kills in vitro human malignant cells from colorectal carcinoma (9),
melanoma (3), lymphoma (17, 25, 41), lymphoblastic leukemia
(26, 29, 31), and murine cells from mammary tumors (30) and
leukemia (11,40,44). The results of initial trials in which ITs have
been used therapeutically have not been dramatic. A chain IT
showed a therapeutic effect on cancer cells in mice only under
restricted conditions, such as high-dose injections of A chain IT

only a short time following tumor cell inoculation (1, 24, 30, 34)
or when combined with cytoreductive therapy, such as irradiation
and splenectomy in leukemic mice (40).

In this paper, we report our studies using intact ricin ITs as
antitumor reagents. Such studies were undertaken based on

'The abbreviatons used are: IT, immunotoxin; MOAB, monoclonal antibody;
PBS, phosphate-buffered saline.
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REGRESSION OF TUMOR WITH ANTI-p67-RICIN

earlier observations that intact ricin itself had some degree of
antitumor activity in in vivo animal models (6,7,15) and in cancer
patients (5). We examined an IT consisting of the high-affinity

antibody T101 (27) linked to intact ricin or ricin A chain. These
ITs were tested against a human T101-positive T-acute lympho-

cytic leukemia cell line heterotransplanted s.c. into nude mice.
Unlike most other studies to date, we examined the effect of our
ITs against established tumor. We found that, in certain circum
stances, intact ricin IT plus lactose could selectively induce tumor
regression. We also found in pathological studies that intratu-

moral treatment with intact ricin IT was less harmful to mice than
was treatment with intact ricin.

We conclude that, given the limitations of the nude mouse
model, ITs show potential in treatment of solid tumors.

MATERIALS AND METHODS

Antibodies. T101, an lgG2a MOAB, recognizes an M, 67,000 glyco-
protein on all T-cells, CD 5 (Footnote 5; Ref. 27) (T101 was generously
provided by Hybritech, Inc., La Jolla, CA). XI-10, a monoclonal anti-
human HLA-DR, lgG2b, produced by immunizing BALB/c mice with the
Raji cell line, precipitates M, 29,000 and 34,000 proteins. (XI-10 was
generously provided by Kallestad Laboratories, Inc., Austin, TX). Anti-
Thy 1.2, a MOAB produced from clone 30-H-12, was generously supplied

by Dr. Jeffrey Ledbetter.
Hybrid Synthesis. Intact nein was linked to MOAB by thioether linkage

(43). Briefly, ricin was reacted with m-maleimidobenzoyl-N-hydroxysuc-

cinimide ester to link maleimide residues to ricin. T101 MOAB was
prepared for cross-linking by partial reduction of disulfide bonds with 10
rriM dithiothreitol for 30 min. The maleimide-linked ricin was mixed with

the sulfhydryl containing antibody forming a nonreducible thioether link
age between the 2 species. IT was purified by high-pressure liquid

chromatography. Ricin A chain was linked to MOAB as described previ
ously (12). Briefly, disulfide radicals were incorporated into the antibodies
by reaction with 3-(2-pyridyldithio)propionic acid activated with carbodi-

imide. Following dialysis, the modified antibodies were allowed to react
with the free thiol group of ricin A chain, and the conjugates were purified
on a G-100 column.

Cell Lines. The human T-cell leukemia line CEM (8) and the Burkitt's

lymphoma cell line Daudi (14) were maintained in culture (5% COz-95%
air at 37Â°).Cells were passaged every 4 days in culture medium (RPMI

1640 supplemented with 10 to 20% fetal calf serum and antibiotics).
In Vitro Cytotoxicity Test. Varying concentrations of T101-ricin IT in

lactose or T101-A chain IT in NH4CI (from Matheson, Coleman, and Bell,
Los Angeles, CA) or X-537 A (generously provided by Dr. W. E. Scott at
Hoffmann-La Roche Inc., Nutley, NJ) was added to equal volumes of 2
x 10" leukemia cells in 0.2 ml of medium (final concentration, 100 mw
lactose of 40 HIM NH4CI or 8.5 x 10"3 mv X-537 A). The cells were

preincubated with IT at 37Â°for 2 hr and then washed twice. The cells

were resuspended in culture medium and were plated at 10rwell in 150
n\ of medium in 96-well, flat-bottomed microtest plates. Duplicate sam
ples were incubated at 37Â°in a humidified atmosphere of 5% COz and

95% air. The number of viable cells was determined by trypan blue dye
exclusion (0.16% in PBS).

Mice. Four- to 5-week-old male BALB/c nude (nu/nu) mice (Harian-

Sprague Dawley, Inc., Madison, Wl) were kept under sterile conditions
in cages with filter bonnets in a laminar flow unit. They were maintained
on Teklad L-485 sterilized mouse diet and were given sterilized distilled

water ad libitum.
Transplantation of CEM or Daudi Cells to Nude Mice and Tumor

Cell Characterization. CEM cells, 107/0.5 ml, or Daudi cells, 5 x 10e/

0.5 ml, were injected s.c. in the flanks of nude mice. The mice were

examined for tumor formation. For characterization, CEM or Daudi
tumors were removed from the mice and minced, and viable cells were
isolated by Ficoll-Hypaque gradient density centrifugaron. The cells were

examined for their ability to bind various MOABs by indirect immunoflu-
orescence with fluorescein-conjugated goat anti-mouse IgG (Meloy,

Springfield, VA). Fluorescent cells were counted under a Zeiss fluores
cent microscope equipped with Ploem epiillumination (Carl Zeiss, Inc.,
New York, NY).

Tumor Treatment with IT. CEM and Daudi tumors were selected on
the basis of size. Palpable tumors of 0.30- to 0.50-sq cm size were
treated by intratumoral injection of T101-ricin IT in PBS which always

contained 500 HIM lactose. In certain experiments, injections of intratu
moral IT were preceded by an i.v. injection of 0.5 ml of 500 mw lactose
in PBS. In the blocking experiment, 100 Â¿igof free T101 were given
intratumorally 30 min prior to i.v. lactose and immunotoxin. In some
experiments, tumors were treated with T101-A chain IT prepared in 320
rtiM NH<CI or in 1.7 mw X-537 A. The treatments were repeated 3 days
after the first treatment in all cases. As controls, tumor-bearing mice
were treated with antibody alone or ricin alone. All tumor-bearing mice

were observed for 7 to 8 weeks. At different time intervals, animals were
sacrificied, and their tumors were removed and weighed. Tumor size
was determined by measuring 2 perpendicular diameters and calculating
the approximate surface area.

Histology. Sections from the tumors, spleens, livers, and kidneys
were fixed in formaldehyde (10% in PBS). The sections were embedded
in Tissuemat, cut on a microtome, stained with hematoxylin-eosin, and

examined by light microscopy.

RESULTS

Binding of Free MOAB and IT to Human Leukemia Cell
Lines. CEM and Daudi cell lineswere tested with various MOABs
by indirect immunofluorescence (Table 1). CEM, a T-leukemia
cell line, displayed antigens characteristic of T-cells and bound
T101 MOAB. CEM did not bind anti-DR MOAB. Daudi, a B-
lymphoma cell line, did not bind T101 MOAB. Therefore, it was
used as a specificity control in our studies. Daudi did bind anti-
DR MOAB. T101-ricin IT, in the presence of lactose, bound

selectively to CEM cells and not to Daudi cells.
Biochemistry of IT. PurifiedT101 ITs were analyzed biochem

ically by electrophoresis on a 6 to 20% gradient of sodium
dodecyl sulfate-polyacrylamide (data not shown). Data showed
that T101 -ricin IT contained either one or 2 ricin molecules linked
to T101. T101-A chain IT preparation was found to contain one,

2, 3, and 4 ricin A chain molecules linked to a single antibody.
IT Specifically Inhibits Growth of CEM in Vitro. To determine

whether our IT killed selectively, CEM cells were preincubated
for 2 hr with IT, washed, and measured for survival in a trypan
blue dye exclusion assay. T101 -ricin IT in the presence of lactose

Table 1
Binding of MOABsand IT to CEMor Daudi cell lines

Cells (1.25 x 10s)in 100 Â»ilof PBS were incubated at 4Â°for 30 min with 10 ng
of purified MOAB and then washed twice with PBS. Treated cells were incubated
at 4Â°for 30 min with a 1:32 dilution of goat anti-mouse IgG conjugated to
fluorescein. When treating cells with IT, 1 ng of T101-ricin in 100 /il of PBS
containing 100 mM lactose was added to cells prior to the addition of goat anti-
mouse IgG conjugated to fluorescein.

% of positive cells

5Clusters of differentiation were defined at the First and Second International

Workshops on Human Leukocyte DifferentiationAntigens.

CellsCEM

cell line
CEM tumor cell
Daudi cell line
Daudi tumor cellT10188

940

0Anti-DR0

0
86

100T1

01-ricin9284

0
0
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was cytotoxic to the cells at a concentration of 100 ng/ml (Chart
14). When treated with 30 ng/ml, plus lactose, replication was
inhibited, but the cells recovered and grew after 3 days in culture.
T101-ricin IT plus lactose did not kill Daudi control cells even at
a concentration of 3000 ng/ml (Chart 10).

Interestingly, we observed that not all CEM cells treated with
IT (100 ng/ml) were killed 5 days following IT treatment as
measured by trypan blue exclusion. However, the viable cell
fraction (containing about 20% of the cells) was incapable of
division. This was shown in a separate experiment in which dead
cells were removed using a Ficoll-Hypaque gradient. The remain
ing viable cells were recultured at a concentration of 0.5 x 105

cells/well for 13 additional days with addition of fresh medium
every 3 days. While, under these conditions, control untreated
CEM cells grew, there was no additional growth of IT-treated

cells. Since reproductive death may prevent the recurrence of a
tumor, this observation may be of clinical importance.

It should be noted that T101-ricin IT without lactose and ricin
alone killed CEM cells at 1 to 3 ng/ml (data not shown), sug
gesting that ricin toxicity was not altered by conjugation. The
growth of CEM cells was not affected by treatment with T101
MOAB at concentrations as high as 300 to 10,000 ng/ml (data
not shown).

T101-A chain IT was tested because it has been argued that
ITs devoid of B chain are less toxic to non-target cells than are
intact ricin ITs (12). T101-A chain IT did not inhibit cell growth in
our system, since even 40,000 ng of T101-A chain IT per ml did

Chart 1. Growth curves of CEM and Daudi cells pretreated with T101-ricin IT
or T101-A chain IT. CEM (107 cells) were pretreated for 2 hr with varying concen
trations of IT. Cells were washed, plated in duplicate at 105/well, and incubated at
37Â°.Viable cells were counted for 5 days as described in "Materials and Methods.'

Each point represents the mean of duplicate samples from a representative
experiment. The numbers beside each line represent IT concentration in ng/ml. A,
growth curves of CEM cells treated with T101-ricin IT in the presence of 100 mw
lactose (control untreated cells, â€¢ â€¢).B, growth curves of CEM cells treated
with T101-A chain in the presence ( ) or absence ( ) of 40 mw NH4CI
(control cells treated with 40 mw NH.CI, â€¢ â€¢).C, growth curves of CEM cells
treated with T101-A chain in the presence of 8.5 x 10~3 HIM X-537 A (control cells
treated with 8.5 x 10~3 rriM X-537 A, â€¢ â€¢).D, growth curves of Daudi cells

treated with T101-ricin IT in the presence of 100 mtt lactose (control untreated
cells, â€¢ â€¢).

not kill CEM (Chart 1ÃŸ).However, addition of NH4CI did render
T101-A chain IT highly toxic. In the presence of 40 FTIMNH4CI,
CEM cells were killed using 10 ng of T101-A chain IT per ml

(Chart 18), while Daudi control cells were not influenced even at
a concentration of 10,000 ng/ml. Thus, A chain IT plus activating
agent was 10-fold more toxic to CEM than was intact ricin IT
plus lactose. Another lysosomotropic agent, the carboxylic ion-
ophore X-537 A, was also tested with T101-A chain IT. T101-A
chain IT and 8.5 x 10~3 mM X-537 A were preincubated with

CEM cells. Even 1 ng of T101-A chain IT per ml plus ionophore

killed CEM cells (Chart 1C), while 3000 ng/ml did not kill Daudi.
CEM cells were not affected in vitro by preincubation with high

concentrations of A chain alone (20 to 30 Mg/ml) or by preincu
bation with 100 mM lactose, 40 mM NH4CI (Chart 1ÃŸ),or 8.5 x
10-3mM X-537 A (Chart 1C).

Tumor Growth in Nude Mice. Mice were given injections of
CEM cells and observed every 2 to 3 days for tumor formation.
CEM cells were found to be consistently tumorigenic in nude
mice when injected s.c. into the flank. A minimum of 5 x 108
cells produced tumors. Injection of 107 cells resulted in a high

frequency of tumor formation (86%). At 15 to 20 days postino-

culation, small tumors (0.3 cm in diameter) were detected, which
grew to 3 to 4 cm in diameter by 40 to 45 days. Tumors were
soft, well vascularized, and localized to the injection site. Cells
from developing tumor were tested for expression of surface
antigens by indirect immunofluorescence. CEM tumor cells
bound T101 and T101-ricin IT in the presence of lactose (Table

1).
Untreated tumors were removed from mice when they reached

various sizes. These tumors were measured and weighed, and
the cells were isolated and counted. Chart 2 shows that the
number of viable cells and tumor weight were logarithmically
related to the size of the tumor until growth reached a plateau
at 30 x 106 cells/3-sq cm tumor or 0.85 g/3-sq cm tumor. Small
tumors of 0.3 to 0.5 sq cm containing 1.5 x 106 to 3 x 106 cells

were chosen for our experiments. To follow the effect of IT on
the tumors, the tumor size, weight, and morphology were deter
mined and compared to untreated control tumor.

Daudi cells were injected s.c. into the flanks of nude mice.

100rr

>
'S

â€¢ 10 â€”

4 6 8 10
Surface Area (cm2)

12

Chart 2. Relation between surface area of CEM tumor and number of viable
cells or weight of the tumor. Mice were given injections s.c. into the flank with 107

CEM cells. Developing tumors were excised from the mice at different times.
Approximate surface area (sq cm) of the tumors was determined by measuring 2
perpendicular diameters. Tumor weight and the number of viable cells isolated from
the tumor were plotted.
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REGRESSION OF TUMOR WITH ANTI-p67-RICIN

These cells were highly tumorigenic (95% of the mice developed
tumors when given injections of 5 x 106 cells) as reported

previously (19). Daudi cells when passaged through mice re
tained surface antigens characteristic of the cell line, binding
anti-DR, but not T101 or T101-ricin IT in the presence of lactose

(Table 1).
Treatment of Tumors with T101-Ricin IT. To determine

whether intact ricin IT plus lactose could be used for intratumoral
treatment, we treated palpable tumors of 0.30 to 0.50 sq cm. In
a representative experiment, one mouse bearing a CEM tumor
was given an injection i.v. of 0.5 ml of 500 mw lactose, and then
5 min later, it was treated with an intratumoral injection of 1 u,g
of T101-ricin IT in 0.1 ml of lactose (500 mM). Within 3 days, the

tumor mass decreased. At this time, we repeated the treatment.
The CEM tumor regressed, while untreated CEM tumor grew to
a larger size (Chart 3). When the same treatment was adminis
tered to a mouse bearing a Daudi tumor, the tumor initially
declined in size, but approximately 10 days later, the tumor
regrew rapidly (Chart 3; Fig. 5). Five additional mice bearing CEM
tumors and 4 mice bearing Daudi tumors (0.30- to 0.50-sq cm

tumor size) were treated as described above (Table 2). All 5
CEM tumors regressed, and there was no relapse even after 50
days (Fig. 4). In 3 of 4 mice, Daudi tumors regressed, but 5 to
20 days later, they relapsed in a manner similar to the tumor
shown in Chart 3. To determine whether the regression of the
CEM tumors was due to the specific binding of IT through the
antibody moiety, we performed blocking experiments in which
free T101 MOAB (100 u.g) was injected 30 min prior to i.v.
lactose and T101-ricin IT. In 2 of 4 mice, the treated tumors

regressed and then relapsed (Table 2). CEM tumors were also
treated with irrelevant control ITs anti-Thy 1.2-ricin IT and anti-

2rxJ IT
Injection

Charts. Growth of CEM and Daudi tumors with and without T101-ricin IT

treatment plus lactose. In a representative experiment, a mouse bearing a CEM
tumor of 0.30 to 0.50 sq cm was first given an injection i.v. of 0.5 ml of 500 mw
lactose, and then 5 min later it received an intratumoral injection of 1 j*g of T101-

ricin IT in 0.1 ml of lactose (500 mu). This was repeated on Day 3. Following
treatment, tumor growth was plotted with time (A A). Tumor growth of an
untreated CEM tumor was plotted as control. A mouse bearing a Daudi tumor was
treated with lactose and T101-ricin IT in an identical manner. Tumor growth was
plotted with time (O O). An untreated Daudi tumor was plotted as control.

Table 2
Selective regression of CEM tumors following treatment with T101-ricin IT plus i.v.

lactose

Mice bearing CEM (Group 1) or Daudi (Group 2) tumors (0.30 to 0.50 sq cm)
were first given injections i.v. of 0.5 ml of 500 mw lactose and then 5 min later,
they received an intratumoral injection of 1 Â»Â¿gof T101-ricin IT in 0.1 ml of lactose

(500 mw). This was repeated on Day 3. For blocking experiments (Group 3), mice
bearing OEM tumor were given injections first with 100 Â¿igof T101-MOAB intratu-
morally, and then 30 min later, they received i.v. lactose plus T101-ricin IT as

described above. Mice bearing CEM (Group 4) or Daudi (Group 5) tumors (0.30 to
0.50 sq cm) were treated with T101 -ricin IT in lactose as described above with no
i.v. lactose. Mice bearing CEM tumors were given injections i.v. of 0.5 ml of 500
mu lactose and intratumorally with 0.1 ml of lactose (500 mM) containing 1 ng of
anti-Thy 1.2-ricin IT (Group 6) or 1 ng of anti-DR-ricin (Group 7).

Tumor
Group Tumor Treatment regression

1 CEM i.v. lactose, T101-ricin 6/6

2 Daudi i.v. lactose, T101-ricin 1/5

3 CEM Free T101 MOAB, i.v. lac- 2/4
tose, T101 -ricin

4 CEM No. i.v. lactose, T101-ricin 5/6

5 Daudi No i.v. lactose, T101-ricin 4/5

6 CEM i.v. lactose, anti-Thy 1.2- 0/3
ricin

7 CEM i.v. lactose, anti-DR-ricin 1/3

Table 3

Treatment oÃCEM tumors with intact ricin orT101 MOAB alone

Mice bearing CEM tumors (0.30 to 0.50 sq cm) were given injections intratu
morally with 1 ng of T101 antibody in 0.1 ml of RPMI or 0.15 to 0.6 ^g of ricin in
0.1 ml of RPMI.

TreatmentT101

antibody
Ricin
RicinIT

doseGig)2x1"

0.3-0.6
0.15Tumor

regression0/3

4 mice died
1/4

" Two injections of the samedose at 3-day intervals.

DR-ricin IT. These ITs do not bind CEM cells. When administered
with i.v. injection of lactose, 5 of 6 CEM-treated tumors relapsed

(Table 2). This effect was not due to differences in toxicity
between the relevant and irrelevant ITs (data not shown). To
gether with our findings using the Daudi cell line, these data
show the specificity of IT intratumoral therapy in the presence of
i.v. lactose. It should be noted that the i.v. injection of lactose
was necessary for obtaining selectivity, since when lactose was
injected only intratumorally both CEM and Daudi tumors re
gressed (Table 2). Injection of lactose alone did not affect the
growth of tumors.

As a control, we tested the effect of the antibody alone on
CEM tumor development. Two intratumoral injections of 1 ^g of
T101 antibody had no effect on the development of 0.30- to
0.50-sq cm CEM tumors (Table 3). As an additional control, CEM
tumors were treated with intact ricin. Intratumoral injections of
ricin at concentrations of 0.6 or 0.3 Â¿igkilled all mice (Table 3).
These ricin doses are equivalent in mol to 2 or 1 ^g of T101 -ricin

IT, respectively. Our calculation was based on the finding that,
in T101 -ricin IT, either one or 2 ricin molecules are linked to one

antibody molecule (observed by gel electrophoresis). Lower
doses of ricin did not kill the mice but did not cause tumors to
regress. One of 4 mice treated with 0.15 ^g showed regression
(Table 3). Thus, we could not find a dose of intact ricin which
was safe to mice and destructive to tumor.
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REGRESSION OF TUMOR WITH ANTI-p67-RICIN

IT Dose Dependence for Tumor Therapy. When tumors of
0.30 to 0.50 sq cm (containing 1.5 to 3.106 cells, see Chart 2)

were treated with one half the IT dose (1 /Â¿g)usually used (i.e.,
2 injections of 0.5 /ig of T101-ricin IT), only one of 5 regressed.

Four of 5 showed signs of incomplete regression, but relapsed.
Thus, the minimal dose for regression of these tumors was 1 ng
given twice. Treatment of tumors 3 times as large (1.5 sq cm,
containing 14 x 106 cells; see Chart 2) with a higher intratumoral

dose of IT (2 doses of 2 ^g) did result in regression of tumor.
Morphology and Histology of Treated and Untreated CEM

Tumors. Regression was characterized morphologicallyand his-

tologically in mice bearing CEM tumors which were treated
intratumorally with T101-ricin IT. Two injections of 1 ng of T101-
ricin IT, 3 days apart, resulted in regression of 0.30- to 0.50-sq

cm CEM tumors. Five to 6 days following treatment, the mice
exhibited a white flat fibrotic scar (Fig. 2) instead of a soft
vascularized tumor (Fig. 1) at the injection site. Between 10 and
60 days post-IT treatment, the mice were sacrificed and autop-

sied to ensure that there was no tumor regrowth. Only one of 7
treated mice had a tumor growing underneath the scar, while 6
of 7 showed no pathological evidence of tumor. The area of
fibrosis was removed, weighed, and preserved for histology
studies. The size of the fibrotic area ranged from 0.25 to 0.7 sq
cm, and the weight was 0.06 to 0.11 g (Figs. 2 and 4), while
control untreated tumors removed at the same times measured
4 to 20 sq cm and weighed 0.8 to 6 g (Figs. 1 and 3).

The treated and untreated tumors were analyzed further his-

tologically. CEM tumors were well vascularized and contained
islands of s.c. fat tissue. Untreated CEM tumors showed numer
ous mitoses (6 to 10 in -10 random high-power fields) (Fig. 6).

The cells were pleomorphic with polymorphic nuclei including
multinucleated giant cells (Fig. 6). After treatment of the CEM
tumors with T101-ricin IT, samples taken from the injection site
were largely composed of necrotic tissue, showing much calcifiÃ©
cellular debris (Fig. 7). Some pyknotic nuclei were still discernible,
and no mitoses were observed (Fig. 7). Adjacent normal connec
tive tissue and vascularized fat tissue were damaged. Some
blood vessels contained thrombi. Together, these observations
suggest destruction of the CEM tumor cells by IT and some
minor damage in the immediate vicinity.

Pathology of Mice Treated with IT. Pathological studies
showed little, if any, damage to mice receiving s.c. injections of
IT into the flank. Mice treated intratumorally with 2 injections of
1 or 2 nQ of T101-ricin IT remained healthy throughout the
experiment (50 to 60 days). Merely a patch of fibrosis remained
at the site of injections (Fig. 4). There was, at autopsy, no
morphological evidence of damage to liver (Fig. 9, a and b),
spleen (Fig. 8, a and b), and kidney.

As control, 0.3 or 0.6 ng of ricin was injected intratumorally
into CEM tumor-bearing mice. Animals displayed symptoms of
poisoning (weight loss, hemorrhage, respiratory difficulties, loss
of balance) followed by death 2 to 5 days later. Pathologically,
we observed circumscript areas of acute liver cell necrosis and
areas of coarse vacuolar change of the liver cells with focal loss
of hepatocytes (Fig. 11, a and b). The spleens were reduced in
size, showing follicles depleted of lymphocytes and patchy con
gested pulp with a considerable breakdown of cells (Fig. 10, a
and b). The kidneys, however, were historically unremarkable.
The tumor tissue was necrotic in these animals.

Treatment of CEM Tumors with T101-A Chain IT. We have

demonstrated in our studies in vitro (Chart 1, ÃŸand C) that T101 -

A chain IT was a very potent killer of CEM cells but only when
the cell treatment was performed in the presence of lysosomo-

tropic agents. We used a similar approach for in vivo treatment.
Five mice were given injections intratumorally with 1 ng of T101-

A chain IT in the presence of 320 mw NH4CI. Then, an additional
intratumoral injection of 320 mw NH4CI was performed 20 to 30
min later to ensure that large amounts of NH4CI would be present
to neutralize lysosomal pH. The injections were repeated on Day
3 with no effect on 0.30- to 0.50-sq cm CEM tumors. A 10-fold
or 20-fold increase of T101 -A chain IT (2 doses of 10 or 2 doses

of 20 M9) still did not affect tumors of the same size.
In vitro (Chart 1C) addition of X-537 A potentiated the toxicity

of the T101 -A chain IT. Five mice were given injections intratu-
morally with 10 ng of T101-A chain IT in 1.7 mw X-537 A. As
above, a second injection of 1.7 mw X-537 A was performed 20

min later. The injections were repeated on Day 3. Tumor growth
was unaffected.

DISCUSSION

Studies have shown that ITs are powerful reagents in in vitro
systems, but few studies have addressed the problem of In vivo
usage. Although we have used ITS to purge donor bone marrow
of graft-versus-host disease-causing cells in clinical allogeneic

bone marrow transplants (4), the in vivo clinical applications of
ITs as anticancer therapeutic agents were not successful. It is
believed that toxicity towards nontarget tissue and instability of
reagents are the major limiting factors. In the present study, we
determined the potency of ITs as anticancer agents on human
malignant cells heterotransplanted s.c. in athymic nude mice.
Although this in vivo animal model permitted us to evaluate the
effect of ITs on human tumors, one must consider the limitations
of this system. The current model is (a) restricted to the study
of solid tumors and does not permit the study of IT on dissemi
nated cancers, and (b) restricted only to the tumors which can
grow in nude mice.

CEM leukemic cells have been studied extensively in vitro as
a target for ITS (2, 13, 31). The tumor line expresses an M,
67,000 glycoprotein (CD 5), which is found on the majority of
human T-cells and is considered a pan-T-cell marker. It is rec

ognized by the MOAB T101 (27). In previous studies, we have
shown that T101 -ricin ITs plus lactose are inhibitory to human
T-cells as determined in functional assays, such as phytohemag-
glutinin and mixed-lymphocyte reaction (23, 35). In the current
studies, we tested the effect of T101-ricin against human leu

kemia cells in a bulk culture assay.
CEM cells were selectively killed in vitro following pretreatment

with T101-ricin IT in the presence of lactose. Daudi, a Burkitt's

B-lymphoma cell line, which does not express the M, 67,000

glycoprotein antigen, was not killed. Both CEM and Daudi cells
were tumorigenic in nude mice. Daudi tumors were used as a
control for IT selectivity in vivo.

Our approach was to treat established human tumors in nude
mice as a clinical model for solid tumor therapy. Thus, our model
was different than others (1, 24, 30, 34) in which ITs were
administered (i.p. or i.v.) simultaneously with the malignant cells
or at a short time following inoculation of cells (i.e., before the
formation of an ascitic or a solid tumor).

Clearly, our most important and unique finding in these studies
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was that established GEM tumors treated with T101-ricin IT

regressed, while Daudi tumors treated identically did not. Tumors
of 0.30 to 0.50 sq cm were given 2 injections of T101-ricin IT 3

days apart. IT was administered in this manner because we
wished to prevent recurrence due to tumor cells underneath the
scar which may have escaped the first IT treatment. It is impor
tant that selectivity could only be observed in this system when
lactose was first injected i.v. Under these conditions, CEM and
Daudi tumors regressed, but unlike the CEM tumors, the regres
sion of Daudi tumors was transient. Further proof of the selectiv
ity of our system was provided by the failure of irrelevant ITs
(not binding to CEM cells) to eliminate CEM tumors and by
blocking experiments. Our findings clearly show that high-dose

i.v. lactose results in a high enough concentration of lactose
within the tumor to block the B chain binding site and render our
reagent antibody specific. Studies are currently under way to
determine the maximum amount of lactose and IT that can be
tolerated by animals receiving injections. Lactose i.v. plus IT i.v.
have not yet been tested in our system, but hepatic clearance
of IT may prove problematic.

Without i.v. lactose, intratumoral injection of IT alone or IT with
intratumoral lactose caused CEM tumor regression. But this
regression was not selective since Daudi tumor also regressed.
Daudi regression was probably the result of IT binding through
the ricin moiety. This is supported by the observation that Daudi
cells were killed in vitro when treated with T101-ricin IT in the

absence of lactose or ricin alone (data not shown). It is possible
that intratumoral lactose was not adequate to block ricin toxicity,
because the lactose did not stay localized in the tumor or was
metabolized quickly.

In all studies, the regression of tumors was marked by a rapid
decrease in the mass of the tumor of which remained a flat,
fibrotic scar. Microscopy showed that this scar resulted from
organization of the necrotic tumor and repair of damage to
surrounding normal tissues. Furthermore, pathological exami
nation of spleen and liver did not reveal any evidence of damage.

As control, we observed that ricin doses, equivalent to IT
doses, were lethal to the nude mice 2 to 5 days post-ricin

treatment. Death was preceded by weight loss, skin hemor
rhages, and respiratory and nervous system dysfunctions. The
spleens and livers of these mice were damaged. These findings
were in agreement with earlier light microscopic descriptions (13)
of ricin damage in the spleen, liver, and vessels. A lower dose of
ricin (0.15 /Â¿g)did not kill tumor-bearing mice but did not cause

tumor regression. Thus, in contrast to IT, uncoupled ricin was
not an effective antitumor reagent. These findings are important
in light of recent studies in which cancer patients have been
treated with ricin alone (5).

In situations in which IT without lactose caused nonspecific
regression of tumor, perhaps the high affinity of the T101 anti
body (K = 1010 M~1)6contributed to the localization of IT to the

tumor. Ricin which has a lower binding coefficient [K of B chain
= 2 x 107 ivT1(18)] may not localize in the tumor as well, causing

damage to the adjacent normal tissue.
In order to overcome the problem of the binding of ricin to

nontarget tissue, it is possible to link MOAB to ricin A chain
devoid of B chain. A chain ITs have been tested and are found
to have slower kinetics than intact ricin IT (13, 36). Lysosomo-

8 F. Jansen, unpublished data.

tropic agents such as amines and carboxylic ionophores can be
used to neutralize lysosomal pH (20), increasing IT potency (3).
We found that T101-A chain IT was toxic to CEM cells at low

doses only when pretreatment was performed in the presence
of NH4CI or the carboxylic ionophore X-537 A. Thus, the A chain

ITs were extremely potent reagents in the presence of these
activators.

X-537 A affects the lysosome by acting as a cationic carrier

through the hydrophobic regions of the membrane (22, 28). This
membrane association and the fact that its effect on pH is not
readily reversible as is the effect of NH4CI (20) prompted an
attempt to use A chain IT plus X-537 A in our nude mouse model

against the established CEM tumor. Neither high concentrations
of X-537 A or NH4CI facilitated the antitumor effect of high doses

of A chain IT. The ineffectiveness of lysosomotropic agents might
be attributed to the faster clearance/dilution of these agents in
vivo. It is important to note that our studies do not rule out the
potential application of activating agents, since we have tested
a limited range of concentrations and routes of inoculation. New
approaches have been used to improve the potency of A chain
conjugates by addition of ricin B chain (16, 44) or addition of an
anti-IT containing ricin B chain (39), which facilitates the internal-

ization of A chain ITS. The potential of these approaches for in
vivo therapy is yet undetermined.

In conclusion, our findings in the nude mouse model clearly
indicate that, under certain conditions, IT used in vivo can
mediate the selective regression of established solid tumor with
minimal pathological complications. It is important to recognize
that the specificity observed in our system is not absolute since
(a) in experiments with i.v. lactose, T101-ricin clearly causes

Daudi tumors to decrease in size before relapse, (b) One of 5
Daudi tumors regressed (Table 2). (c) In experiments with irrel
evant (nonbinding) ITS, one of 6 CEM tumors regressed, (d) In
blocking experiments, free T101 MOAB failed to block T101-
ricin IT activity in 2 of 4 tumor-bearing mice. Perhaps, this

nonselective toxicity was due to incomplete protection by lactose
and may be improved with higher lactose concentrations. Also,
our studies involve intratumoral treatment while systemic treat
ment will be required for the elimination of metastatic cancers.
Future studies must focus on examining the systemic approach
and improving IT reagents. Perhaps, antibody-ricin ITs containing

blocked galactose binding sites (10, 33, 42) or ITs composed of
toxins with no native receptor on human cells, such as pokeweed
antiviral protein ITs, are worthy of investigation in our nude
mouse model. Also, if IT reagents are to prove useful for immu-

notherapy, problems related to antibody choice, toxin choice,
delivery, and localization must be overcome. This nude mouse
system will be useful for such studies.
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Figs. 1 to 5. BALB/c-rtu/nt/ mice bearing CEM or Daudi tumors following IT

treatment.
Fig. 1. Untreated mouse bearing a CEM tumor at 26 days post-cell inoculation.

Note tumor of about 2.5-cm diameter; it weighed 2 g (see inset).

Fig. 2. Mouse bearing a CEM tumor inoculated and examined at the same time
as the mouse in Fig. 1, only in this case, the tumor was treated with 2 doses of 1
tig of T101-ricin IT intratumorally when it measured 0.36 sq cm. Ten days later, a
fibrotic lesion was present at the previous site of the tumor. This scar measured 1
x 1 cm and weighed 0.12 g (see inset). It had a white, flat appearance.

Fig. 3. Untreated mouse bearing CEM tumor at 45 days post-cell inoculation.
The tumor reached a size of 5.5 x 3.5 cm.

Fig. 4. Mouse in which a CEM tumor has been treated with 2 doses of 1 ^g of
T101-ricin IT intratumorally at 50 days posttreatment. Only a scar remains at the
location of the tumor.

Fig. 5. Mouse bearing a Daudi tumor which has been treated with 2 doses of 1
fig of T101-ricin IT in 500 mw lactose intratumorally and 500 mM lactose i.v. at 33
days posttreatment. The tumor initially regressed, leaving an eschar covered
retracted area, but recurred 10 days later.
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Figs. 6 to 11. Histopathology of tumor, spleen, and liver from CEM tumor-bearing nude mice with and without IT treatment. H & E.
Fig. 6. Microscopic section of a solid growing s.c. implant of CEM tumor in the nude mouse depicted in Fig. 1. Note the sheet of pleomorphic viable cells with

numerous mitoses, x 100.
Fig.7. Microscopic section of a CEM tumor comparable to the one in Fig. 6, but 10 days after the intratumoral injection of 2 doses of 1.0 /Â¿gof T101-ricin IT. The

tumor tissue is now necrotic, with much dark-staining calcifiÃ©debris in the area. No viable tumor cells remain, x 100.
Fig. 8. After the intratumoral injection of 2 doses of 1.0 ng of T101-ricin IT, there is no change in the architecture of the spleen (a),and the follicles are populated by

lymphocytes in the usual manner(b). Tissue from the animal used for Figs. 2 and 7. a, x 16; b, x 100.
Fig. 9. In the livers of the intratumorally treated mice, such as those in Figs. 7 and 8, no stromal or hepatocytic damage is apparent,a, x 51; b, x 160.
Fig. 10. In mice dying 2 days after intratumoral injection of 0.6 ^g of ricin, a lethal dose, the spleen shows severe lymphocyte depletion of the follicles and pulpal

congestion (a),and pyknosis and breakdown of cells (b). Compare to Fig. 8b. a, x 16; 6, x 100.
Fig. 11. The liver of the mouse used for Fig. 10 shows disseminatedpatches of acute liver cell necrosis(a)and marked coarse vacuolarchange and focal loss of liver

cells, lower right quandrant (b). a, x 16; b, x 160.
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