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ABSTRACT

Many of the experimental approaches used in the search for new
targeted drug delivery systems ignore the disseminated nature of met-
astatic disease; the development of more relevant tumor models is there
fore a priority. A reproducible and tumor-specific model has been gen
erated by inoculating (C57BL/6 x BALB/c) F, (Ly-2.2+) mice i.v. with
the Ly-2.1* murine ITT(l) 75NS E3 thymic lymphoma (E3). At a dose
of 2x10' cells, E3 tumors grew in a disseminated fashion, arising initially

and predominantly in the lung and kidney, and later and less often in the
thymus, spleen, and other tissues. In addition, histopathological exami
nation and flow cytometry of blood did not detect E3 tumor cells in most
other organs or in the circulation throughout the course of disease. The
mean survival time (MSI) of untreated mice was both reproducible and
proportional to the number of E3 tumor cells injected and was therefore
used to demonstrate the suitability of this model for Â¡mmunochemother-
apeutic studies. \Vhen examining the antitumor efficacy of idarubicin-
monoclonal antibody conjugates, it was observed that the survival times
of treated mice were consistent within groups and between experiments.
The disseminated E3 (Ly-2.1+) tumor model, like the s.c. E3 tumor

model, demonstrated the dose-dependent efficacy of idarubicin-anti-Ly-
2.1 conjugate treatment and illustrated both the negligible antitumor
activity and toxicity of idarubicin alone. Furthermore, lung and kidney-

weight measurements formally demonstrated that the increased MSI of
treated mice represented a reduction of E3 tumor burden in these organs.
This model provides a useful tool for study of the immunochemotherapy
of disseminated tumors in mice and further illustrates the antitumor
activity of idarubicin-monoclonal antibody conjugates.

INTRODUCTION

Since MoAbs2 can be used to localize a number of human

tumors, many studies are focusing on the ability of these MoAbs
to target chemotherapeutic drugs, toxins, radionuclides, and
other antitumor agents in experimental murine tumor models.
These models can be divided into those using leukemia or other
nonsolid tumors usually confined to the peritoneal cavity (1-5)
and those using s.c. solid tumors (6-11).

The systemic or i.p. treatment of s.c. solid tumors with
immunoconjugates is more difficult, generally because the tu
mor is less accessible and penetration of the interior tumor
mass is limited. Consequently, i.v. immunoconjugate therapy is
often less effective than injection at or near the tumor site (12).
However, like i.p. tumor models, transplanted tumors growing
s.c. fail to provide a representative preclinical model for evalu
ating treatment of disseminated neoplastic disease. Total blood
flow, rates of perfusion, and vessel permeability may vary
significantly in tumors transplanted s.c. compared to those
developing as metastatic deposits in organs and all of these
vascular properties are of obvious importance in determining
the uptake of circulating immunoconjugates by tumors (13). In

Received 12/29/1988; accepted 10/22/90.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by Farmitalia Carlo Erba. Milan. Italy.
2The abbreviations used are: MoAb(s). monoclonal antibody (ies); LDX, \%

lethal dose; FITC, fluorescein isothiocyanate.

addition, antigen expression, development of drug resistance,
and metastatic and growth potential may also differ between
transplanted s.c. tumors and tumor cell deposits growing in
different organs. In this sense, few studies have considered the
clinically observed disseminated nature of advanced cancer
when determining the preclinical efficacy of immunoconjugate
therapy (14,15), yet it is probable that a heterogeneous response
of tumors to immunochemotherapy will be observed (16).

Previously, E3, a clonal variant of the radiation-induced Ly-
2.1'1"ITT(l) 75NS thymic lymphoma (17), has been used as
both an i.p. and a s.c. tumor model in Ly-2.1 ~ (C57BL/6 x

BALB/c) FI (hereafter called B6CF]) mice to investigate the
antitumor activity of anti-Ly-2.1 MoAbs covalently coupled to
chlorambucil (18), methotrexate, aminopterin (19), A'-acetyl-
melphalan (9), ricin (12), and Ida (11). Indeed Ida-Mo Ab con
jugates were demonstrated to eradicate small (< 0.1- cm2) s.c.

E3 tumors at doses of at least 80 ng Ida, but were considerably
less effective against larger (> 0.25 cm2) s.c. tumors at higher
doses (LDio = 10.0 mg/kg Ida equivalent) (II).3 By contrast

herein, following i.v. inoculation, E3 has been established,
characterized, and utilized as a disseminated tumor model for
evaluating the specific antitumor activity of Ida-MoAb conju
gates. While the Ida-anti-Ly-2.1 conjugate demonstrated dose-
dependent efficacy, prolonged treatment was the only schedule
which completely prevented the development of disseminated
E3 tumors. By contrast the control groups treated with PBS,
Ida, Ida and anti-Ly-2.1, or an irrelevant Ida-MoAb could not
increase the MST of mice. However, the administration of anti-
Ly-2.1 at high doses prolonged the survival time of 20% of
treated mice. This model appears both valid (results are repro
ducible, qualitatively and quantitatively) and selective (detecta
ble difference between the specific antitumor activity and the
toxicity of the preparations tested) and should aid future pre
clinical evaluation of other immunoconjugates.

MATERIALS AND METHODS

Mice

Normal female B6CF, mice were produced in the Department of
Pathology, University of Melbourne; groups of 5-15 mice (8-12 weeks
old) were used in each experiment.

MoAb

The MoAbs used were anti-Ly-2.1 (mouse IgG2a) reactive with the
murine Ly-2.1 specificity (20) and 250-30.6 (mouse IgG2b) which
recognizes an antigen present on normal and malignant human gas
trointestinal epithelium (21). The MoAbs were isolated from ascites
fluid by precipitation with 40% ammonium sulfate, dissolution in PBS,
and dialysis with the same buffer. These crude preparations were either
adsorbed onto protein A-Sepharose (Pharmacia, Inc., Piscataway, NJ),
washed extensively with PBS (pH7.3), and eluted with 0.2 M glycine-
HC1 (pH 2.8) or passed through an Affi-Gel blue column. Following
neutralization, MoAbs were then dialyzed against PBS, aliquoted, and

3 Unpublished results.
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stored at -70Â°C. When tested by sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis these MoAb preparations were estimated to
be 90-95% pure.

Tumor Cells

In Vitro. The cell lines examined in this study included the Ly-2.1*

murine thymoma ITT(l) 75NS E3 (different only by this antigen in
B6CF, mice) (18) and the Ly-2.r murine T-cell leukemia BW5147
(allogeneic for B6CF.) (22). Cells were maintained in vitro in Dulbecco's
modified Eagle's medium (E3) or RPMI 1640 (BW5147) (Flow Labo
ratories, Sydney, Australia), supplemented with 10% heat-inactivated
newborn calf serum (Flow), 2 ITIMglutamine (Commonwealth Serum
Laboratories, Sydney, Australia), 100 Mg/ml streptomycin (Glaxo, Mel
bourne, Australia), and 100 IU/ml penicillin (Commonwealth Serum
Laboratories).

In Vivo. The E3 tumor was maintained in vivo by serial passage into
B6CF, mice. Cells from the ascites fluid were washed and centrifuged
(400 x g for 5 min) twice in PBS, resuspended in PBS, and injected
i.v. (250 n\) into the lateral tail vein of mice. Mice were then subjected
to a series of i.p. treatments and the survival recorded as the MST Â±
SD. In addition, at different time points the organs of control or treated
mice were examined macroscopically for the presence of tumor, re
moved, and weighed prior to formalin fixation and staining by hema-

toxylin and eosin.
Biodistribution. [125I]-5-Iodo-2'-deoxyuridine, 32 Â¿Â¡Ci,with a specific

activity of 956 Â¿iCi/ml(Amersham International Ltd., Amersham,
Buckinghamshire, England), was used to label both E3 (from in vivo
passage) and a negative control cell line BW5147 (from culture and
does not grow in B6CF, mice) (8 x IO7cells). The cells were incubated
for 18-20 h at 37Â°C,washed three times in PBS, and resuspended to a
final concentration of 1 x IO7 cells/ml (>95% cell viability as judged
by the trypan blue exclusion test); a volume of 200 n\ (2 x IO6cells, 7-
8 x IO5cpm) was injected into the tail vein of each mouse. At various

times after i.v. injection of radiolabeled cells, 4 mice from each exper
imental group were sacrificed, and blood and organs were removed,
weighed, and thereafter counted in a gamma counter (LKB-Wallace
1260 Multigamma). Results were expressed as the percentage recovery
of injected radioactivity (means Â±SE) assuming a total blood volume
of 7% of body weight.

Flow Cytometry Analysis. The presence of circulating viable E3 tumor
cells in the blood of B6CF, mice were examined over a 28-day period
after i.v. E3 tumor inoculation using FITC-labeled anti-Ly-2.1. Groups
of 2-4 B6CF, mice given i.v. injections of 2 x IO6 E3 cells or control

B6CF, mice were sacrificed and bled out on days 1, 2, 4, 8, 14, and 28
after tumor inoculation. Blood [500 //I; (some samples of normal
B6CF,, blood were "spiked" with (104-5xl05) E3 cells] was centrifuged

(400 x g for 10 min) and the upper 100 Â¿ilbuffy coat containing WBC
and tumor cells were then removed and washed 3 times in PBS (1%
bovine serum albumin) and 0.83% NH4C1 to remove any RBC. These
cells were added to Eppendorf tubes and incubated with 100 p\ (10 /jg
MoAb) FITC-anti-Ly-2.1 at 4"C for 1 h. Unbound antibody was re

moved by 3 washes with PBS (9000 x g, 5-10 s), before being finally
resuspended in 500 Â¿ilof PBS (1% bovine serum albumin). Samples
were run on a FACScan (Becton Dickinson, Mountain View, CA) and
data were recorded as the percentage of cells bound relative to a normal
B6CF, blood negative control Â±SE (quadruplicate determinations) as
calculated by a HP310 system (Hewlett Packard Australia, Ltd., Mel
bourne, Australia).

Preparation of Ida-MoAb Conjugates

Intact MoAbs (2-3 mg/ml) in 0.05 M borate 0.075 M NaCl buffer
(pH 7.8-8.0) were mixed with a 10-20 molar excess of 14-bromo-4-
demethoxydaunomycin dissolved in A'./V-dimethylformamide at 10 mg/

ml. The reaction was maintained at room temperature for 4 h, before
centrifuging (9000 x g for 2 min) to remove any precipitate. Free 14-
bromo-4-demethoxydaunomycin and other unreacted starting materials
were removed by gel filtration chromatography using a Sephadex G-25
column (PD-10) and the conjugates were then passed through a column

of Porapak Q to remove any adsorbed drug. The amount of Ida
incorporated in the conjugate (2-4 molecules of Ida/molecule MoAb)
was determined by absorbance spectrophotometry at 483 nm (Â£483=
3.4 x IO3M~' cm"') (II). Protein concentration was determined using

the Bradford assay (11).

RESULTS

This study was conducted in two parts. Initially it was nec
essary to characterize the disseminated E3 tumor model; this
was achieved by observing E3 tumor cell biodistribution and
development and the survival time of mice inoculated with
increasing doses of E3 tumor cells. Subsequently the model was
used to test the ability of Ida-MoAb conjugates to reduce tumor
burden and prolong the survival time of the mice.

Dose of E3 Cells Required for the Generation of Disseminated
Tumors

Seven different doses of E3 tumor cells (2xl05 â€”Â»2x10")

were injected i.v. into groups of 10-15 B6CF,, mice to deter
mine whether a disseminated or metastatic tumor model could
be produced. As shown in Fig. 1, a combination of macroscopic
and light microscopic examination of the tissues of these mice
at the time of death detected tumors in a number of different
organs. Over the dose range tested, the predominant sites of
tumor growth were lungs, thymus, kidney, and spleen (Fig. 1).
However, at doses from IO7 to 2xl08 cells, lymph nodes and

liver were also usually involved. It should be noted that a small
percentage of mice that received the highest doses of E3 cells
also developed tumors in capillary beds behind the eyes or s.c.
but no tumors were detected in the brain, heart, muscle, gas
trointestinal tract, or reproductive organs. Increasing the dose
of E3 cells injected increased the likelihood of mice developing
tumors in lymph node, lung, liver, and thymus (Fig. 1); this
trend was not as obvious for the kidney and spleen which
developed tumors in 30-80% of the mice irrespective of the
dose of E3 cells injected.

Tumors did not arise in mice receiving doses <2xl04 cells.

However, the MST of mice appeared to be proportional (coef
ficient of variation, 0.97) to the log number of E3 tumor cells
injected over the dose range 2xl05-2xl08 cells (Fig. 2). In

addition, the calculated MST (26.9Â±1.0days) of groups receiv
ing 2xl06 E3 cells represents a value calculated from 4 exper

iments (total of 45 mice) therefore validating the quantitative
reproducibility of survival as an end point in this model. Be
cause the MST of mice receiving 2xl06 E3 cells was highly
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Fig. 1. Groups of 10-15 B6CF, were given i.v. injections of various doses of
ITT(l) 75 NS E3 tumor cells and at the time of death combined macroscopic and
light microscopic examination was used to detect disseminated E3 tumor in
different organs. Results are expressed as the proportion (%) of B6CF| mice with
E3 tumor in their organs versus the number of E3 tumor cells injected.
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LOG NUMBER OF E3 CELLS INJECTED

Fig. 2. The MST Â±SE of groups of 10-15 B6CF, mice given i.v. injections of
various doses of ITT(l) 75NS E3 tumor cells. It should be noted that tumors did
not develop in mice given injections of less than 10' E3 cells and the MST of
mice receiving 2x10' cells (*) was calculated from 4 independent experiments

(total of 45 mice) Bars, SE.

constant between experiments and the majority of these mice
had tumors limited to the lung, kidney, thymus, and spleen,
this dose was chosen for further characterization of the model
and assessment of the effectiveness of immunoconjugates.

Analysis of Tumor Development

Although the MST of mice receiving an i.v. inoculation of
E3 tumor cells had been established, it was important for the
purpose of scheduling treatment to determine the pathogenesis
and development of E3 tumors in various organs.

Distribution of E3 Tumor Cells after i.v. Inoculation. Cells
were injected i.v. into mice (4/group) and their distribution was
examined within 3 days of inoculation (Tables 1 and 2). Initially
almost all the E3 and BW5147 tumor (used as a negative or
background control) cells were arrested in the lungs, that being
the first capillary bed met by the tumor cells. From there the
tumor cells were rapidly cleared with <1.5% of the injected
dose left in the lungs 2 (BW5147) or 4 (E3) h after inoculation.
Whether this difference between E3 and BW5147 lung clear
ance is important in tumor cell engraftment in the lung is not
clear; however, it does partially account for the 30% lower total
recovery of radioactivity observed in BW5147-inoculated mice
after 2 h. Approximately 35% of the tumor cells (E3 and
BW5147) passed through the lung capillaries, as an amount of
radioactivity proportional to this number of cells was redistrib
uted to other sites. One half of these viable tumor cells were
found in the liver tissue, from which the cells were gradually
cleared; the other half were found in the blood or remaining

carcass (bone, skin, and muscle). Very few (<1.5%) E3 or
BW5147 tumor cells were found in the spleen, kidney, or
thymus suggesting that E3 tumors in these organs develop from
a small number of tumor cells or arise later as mÃ©tastasesfrom
other sites such as lung. The elevated levels (up to 7%) of
radioactivity in the stomach and gastrointestinal tract several h
after E3 or BW5174 tumor cell inoculation probably represnts
dehalogenated 125Iof nonviable tumor cells cleared from the

lung, liver, and blood inasmuch as no procedure was used to
remove any radioactivity not associated with intact cells. Whole
body counts revealed that <3% of the injected dose of radioac
tivity remained in E3- or BW5147-inoculated mice after 72 h,
however, taking into account the rapid doubling time (â€”24h)
of E3 tumor cells, a significant number of the progeny will be
unlabeled and therefore undetected in the organs of these mice.
Therefore from these data it is not possible to estimate the
number of E3 tumor cells present in the mouse 3 days after
inoculation.

Histopathological and Flow Cytometric Analysis of E3 Tumor
Development. A group of 28 B6CF, mice were given i.v. injec
tions of 2xl06 E3 cells and sacrificed (4/time) on days 1, 2, 4,

6, 14, 21, and 25 after inoculation. The organs and blood of
these mice were examined for the presence of E3 tumor cells
by histopathology and flow cytometry, respectively. Light mi
croscopic examination of hematoxylin and eosin-stained sec
tions indicated considerable differences in the onset and growth
rate of E3 tumor deposits in various organs. E3 tumor foci were
detected in lung tissue within 6 days of inoculation (Fig. 3) and
by day 21 had grown to involve 60-70% of the lung (Fig. 3).
histopathologically E3 tumor cells were not evident in the
kidney until 14 days after tumor inoculation; however, within
3-4 weeks rapid tumor growth had destroyed 30-90% of the
kidney (Fig. 3). Significant tumor deposits were not observed
in the thymus until 14 days after inoculation and, when in
volved, in the spleen and liver (2 of 8 and 1 of 8, respectively)
after 21 days. At the time of death (day 25), less than 15% of
lung, thymus, and kidney tissue remained viable, the majority
of mice dying as a result of respiratory or renal failure. As
previously noted, no E3 tumor cells were found in the brain,
heart, stomach, or gastrointestinal tract.

The possible initial presence and/or leukemic development
of systemic E3 tumor was monitored by flow cytometry. At a
detection limit minimum of IO4 E3 tumor cells (as determined

by normal B6CF, blood samples spiked with increasing num
bers of E3 cells), FACScan analysis could not detect FITC-
anti-Ly-2.1-bound E3 cells in the blood of mice, 1, 2, 4, 8, 14,
or 25 days after tumor inoculation (data not shown). As an

Table 1 Percentage of recovery ofE3 tumor cells at various sites at different times after /.v. injection
: of recovery of radioactivity injected"

SiteLungsLiverKidneySpleenThymusBloodStomachIntestineThyroidCarcassTotal0.0h'94.6

Â±1.30.60.00.00.01.70.00.10.00.00.00.00.10.00.00.0

Â±0.00.2
Â±0.197.40.16h67.1

Â±2.19.4
Â±1.50.3
Â±0.00.3

Â±0.10.0
Â±0.05.3
Â±0.60.2
Â±0.00.4
Â±0.00.1
Â±0.06.2
Â±1.289.20.5

h37.0

Â±1.517.41.50.80.18.91.82.90.20.70.00.00.00.80.10.20.05.5

0.876.02.0

h14.5

Â±1.09.5
Â±0.61.1

Â±0.11.2Â±
0.10.1
Â±0.09.9

Â±0.97.3
Â±0.35.7

+0.50.6
Â±0.117.3

Â±0.867.44.0

h1.3

Â±0.21.60.50.50.25.96.25.20.40.20.10.10.00.71.90.70.114.0

0.635.88.0

h0.2

Â±0.00.8
Â±0.10.3
Â±0.00.6

Â±0.10.1
Â±0.03.6

Â±0.32.1
Â±0.43.9

Â±0.20.4
Â±0.08.7
Â±0.820.724.0

h0.0

Â±0.00.2
Â±0.00.0
Â±0.00.2
Â±0.00.0
Â±0.00.2
Â±0.00.2
Â±0.02.1
Â±0.40.0
Â±0.02.8
Â±0.55.872.0

h0.0

Â±0.00.1
0.00.0
0.00.2
0.00.0
0.00.2
0.0O.I
Â±0.00.5
Â±0.10.0

Â±0.01.6
Â±0.42.7

* Two X 10* ['"l|-5-iodo-2'-deoxyuridine-labeled E3 tumor cells were injected i.v. into B6CF, mice. Mean Â±SE.
" Distribution of tumor at all time points was calculated from the initial injected dose (7-8 x IO5cpm).
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Table 2 Percentage of recovery ofBW5147 tumor cells at various sites at different times i.i1.injection

Total

% of recovery of radioactivity injected'

SiteLungsLiverKidneySpleenThymusBloodStomachIntestineThyroidCarcass0.0h'94.7

Â±0.90.3
Â±0.0O.I

Â±0.00.0
Â±0.00.0
Â±0.02.6
Â±0.90.1
Â±0.00.2
Â±0.00.0
Â±0.00.9
Â±0.10.16

h67.7

Â±3.45.3
Â±0.30.2
Â±0.00.1

Â±0.00.0
Â±0.05.6
Â±0.70.2
Â±0.00.4
Â±0.00.1

Â±0.05.0
Â±1.20.5

h38.3

Â±3.719.3
Â±1.41.3

Â±0.10.8
Â±0.10.1
Â±0.014.3
Â±0.71.5

Â±0.32.3
Â±0.10.2
Â±0.00.3
Â±0.02.0

h0.87.70.80.80.16.14.23.50.914.00.11.00.10.10.00.40.80.20.10.84.0h0.41.70.50.30.25.84.94.70.811.90.10.10.00.00.00.20.70.20.20.68.0h0.2

Â±0.10.5
+0.10.3

Â±0.10.3
Â±0.00.1

Â±0.02.1
Â±0.22.0
Â±0.13.0

Â±0.30.4
Â±0.13.3

Â±0.824.0h0.00.2O.I0.10.10.40.21.60.03.30.00.00.00.00.00.00.00.10.00.572.0

h0.0

0.00.1
0.00.0
0.00.2
0.00.0
0.00.2
0.00.1
0.00.6
0.00.0
0.02.0

0.3

98.9 84.5 78.3 39.6 31. 12.2 5.9 3.3
" Two x IO6['"Il-5-iodo-2'-deoxyuridine-labeled BW5147 tumor cells were injected i.v. into B6CF, mice. Mean Â±SE.
* Distribution of tumor at all time points was calculated from the initial dose (7-8 x 10' cpm).

example, when normal B6CF, blood was used as a negative
control (99% of the cells had fluorescence <70), and normal
B6CF, blood spiked with increasing numbers of E3 cells (IO4,
SxlO4, IO5, and 5xl05) was used as a positive control (4, 20,

31, and 58% of cells respectively with fluorescence >70), no E3
tumor cells were detected in the blood of B6CF, mice that had
been inoculated 2 days earlier. Thus due to their absence or
small number (<104 cells), circulating E3 tumor cells could not

be measured and utilized as a marker of immunoconjugate
efficacy.

Because the majority of E3 tumor cells were initially en
trapped in the lung (Table 1) and the development of tumor
foci in this organ was rapid (Fig. 3) it appears that E3 tumors
in the lung arise from the cells which lodge in this tissue
immediately after inoculation. It is unclear from this analysis,
however, whether E3 tumors in the kidney, spleen, liver, and
thymus originate mechanically following inoculation or stem
from single metastatic tumor cells or emboli of rapidly growing
established E3 tumors in the lung.

Using the Disseminated E3 Tumor Model for Immunochemo-
therapeutic Studies

Recently it has been demonstrated that the growth of day 4-
5 (0.2 cm2)-established s.c. murine and human tumors can be

specifically and significantly inhibited by i.v. or i.p. administra
tion of Ida-MoAb conjugates (11, 23).4 Indeed a number of

small s.c. E3 tumors in B6CFi mice could be eradicated at dose
of 80 ng of Ida-anti-Ly-2.1 conjugate, well below the single
dose LDio (10.0 mg/kg Ida equivalent) of this immunoconju
gate (11). Herein, by i.v. injection of a dose of 2xl06 E3 cells,

a disseminated tumor model was established in which the MST
of mice is highly reproducible. Using this end point, the efficacy
of Ida-MoAb conjugates was examined (Table 3).

Groups of 10 B6CF, mice inoculated i.v. with 2xl06 E3 cells
were treated with i.p. injections of either (a) PBS, (b) anti-Ly-
2.1, (c) Ida, (d) Ida and anti-Ly-2.1, (e) Ida-250-30.6 conjugate,
or (/) Ida-anti-Ly-2.1 conjugate. As shown, a variety of doses
of Ida-anti-Ly-2.1 conjugate and the control treatments were
administered to establish their therapeutic efficacy and toxicity.
The schedule of treatments were also varied to assess the
efficacy of immediate (days 1 and 2 against minimal numbers
of disseminated E3 cells), delayed (day 5-8 against more estab
lished E3 tumors) or prolonged (days 1-5) therapy. As previ-

4 M. J. Smyth, H. M. Foster, S. M. Andrew. J. G. Teh, 1. F. C. McKenzie,

and G. A. Pietersz. Immunochemotherapy of human colon carcinoma xenografts
in nude mice using combinations of idarubicin-monoclonal antibody conjugates,
submitted for publication.

ously demonstrated B6CF, mice receiving 2xl06 E3 cells i.v.

had a MST of approximately 25 days (PBS; 24.1 Â±3.5 days)
(Table 3). It was evident over the dose range tested that no
control treatment (Ida, Ida and anti-Ly-2.1, or Ida-250-30.6)
was able to increase the MST of mice. Indeed no dose of Ida
alone was therapeutically effective ( 15-40 Â¿ig),the higher doses,
25 and 40 ÃŸgcausing toxicity-related deaths (2 of 10 and 10 of
10, respectively) within 10 days of treatment. The lack of a
synergistic effect with a combination of Ida and anti-Ly-2.1 was
demonstrated by treating with a mixture of 15 /Â¿gof Ida and
2.7 mg anti-Ly-2.1, where all mice died with MST 27.3Â±3.2
days. By contrast, treatment with Ida-anti-Ly-2.1 conjugate
prolonged the MST of mice in a dose-dependent manner (Table
3). At the highest dose of conjugate administered (110 ng), the
MST was 42.4 Â±9.7 days; however, the smallest dose (40 tig)
prolonged survival by only 4 days (MST 28.4 Â±7.2 days) (P <
0.001 and P < 0.05 compared to PBS controls). Surprisingly,
over the dose range tested, there was no apparent difference in
therapeutic efficacy between immediate (days 1-3) and delayed
(days 5-8) treatment schedules. However, by prolonging the
immediate treatment schedule (days 1-5; total, 90 Mg),75% ( 15
of 20) of the mice survived tumor free (Table 3). The specific
antitumor activity of Ida-anti-Ly-2.1 conjugate was demon
strated by the ineffectiveness of 80 ng of Ida covalently
bound to the nonspecific 250-30.6 MoAb (MST 25.7 Â±2.8).
It is also apparent that opsonization of antibody coated tumor
cells did not contribute significantly to the therapeutic effect of
the Ida-anti-Ly-2.1 conjugate (80 ng Ida/4.6 mg anti-Ly-2.1) as
anti-Ly-2.1 alone (4.6 mg) did not prolong the survival time of
mice (MST 24.4 Â±2.7 days). However, when mice were treated
with a total of 5.4 mg anti-Ly-2.1 on days 1-4 an antitumor
effect was seen, where 20% of the mice survived. The survival
times obtained were highly reproducible, within treated and
control groups [small SD] and between experiments [Ida-anti-
Ly-2.1 (80 ÃŸg)MST was calculated from 3 independent studies
(10 mice/group)]. Toxic doses of Ida-anti-Ly-2.1 were not ad
ministered; however, the toxicity demonstrated by Ida alone
was similar in both disseminated and s.c. E3 tumor models
(LD20 ~ 1-2 mg/kg) (Table 3) (11).

Although the disseminated E3 tumor model primarily lends
itself to survival experiments, macroscopic examination of the
organs of treated mice at the time of death also revealed the
different therapeutic effects obtained (Table 4). Even taking
into account the unreliability of macroscopic examination and
the possible variation between different experiments it appeared
that a considerably lower proportion of Ida-anti-Ly-2.1-treated
mice (20-30%) died with E3 tumor in their lungs than those

313

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/310/2443873/cr0510010310.pdf by guest on 19 M

ay 2023



ANTITUMOR ACTIVITY OF Ida-MoAb CONJUGATES IN THYMIC LYMPHOMA

li- ' T - â€¢' - â€¢***Ã * IE '* â€¢-'Ã„* â€¢

^Ã¼%M

$^'^
t*^?-' :i|ÃÂ»l5B:c;I*rr:'^r;-r-\->

^Ã„F^%ar

Â«i'i>"'â€¢'."k'"''â€¢â€¢l"

â€¢â€¢I.

V*'

ir* V A T<
vÂ» Â«;k *A* "Â»^â€¢

W^

Fig. 3. HistolÃ³gica! H & E sections of the disseminated E3 tumors of (A) lung
(day 6), (fi) lung (day 21). and (C) kidney (day 21). Note (.4) small clusters of E3
tumor cells interspersed among surrounding lung tissue infiltrated by leukocytes
(x 240). (B) invading mass of E3 tumor (left) bordering some remaining normal
lung tissue (x 600). and (O 50-80cr of the normal kidney architecture is occupied
by E3 tumor cells. Some remaining tubules and glomeruli are completely sur
rounded by the expanding tumor mass (x 240).

given control treatments (80-90%) (Table 4). By contrast, 70-
90% of the mice inoculated i.v. with 2xl06 E3 cells had tumors

in the kidney at the time of death irrespective of the treatment
administered (Table 4). These findings suggest that the in
creased MST of these mice is due to the prevention of respira
tory failure. To examine this possibility and to formally dem
onstrate that Ida-anti-Ly-2.1 conjugate was reducing tumor

burden, an experiment was designed wherein treated mice were
sacrificed on day 21 or 30 and both their lungs and kidneys
were weighed (Fig. 4). Groups of 10 B6CFi mice inoculated i.v.
with 2.0X106 E3 cells were treated (on days 1-2) with i.p.

injections of either (a) PBS, (b) anti-Ly-2.1 (4.5 mg), (c) Ida
(15 Â¿ig),(d) Ida-250-30.6 conjugate (80 Mg).or (<?)Ida-anti-Ly-

2.1 conjugate (80 ^g)- Mice received equal doses of Ida and/or
MoAb (anti-Ly-2.1 or 250-30.6), respectively, on both days 1
and 2 after tumor inoculation. A group of 5 normal BoCF,
mice not given injections of E3 tumor cells were sacrificed and
their lungs and kidneys were weighed (mean weights: lung, 0.16
Â±0.01 g; kidney, 0.12 Â±0.01 g). PBS-, Ida-, Ida-240-30.6- or
anti-Ly.-2.1-treated mice all sacrificed 21 days after tumor
inoculation had lung weights in the range 0.24-0.27 g and
kidney weights of 0.19-0.26 g. By contrast, when sacrificed on
day 21 the mean lung and kidney weights of Ida-anti-Ly-2.1-
treated mice were 0.17Â±0.01 and 0.12Â±0.1g, respectively (Fig.
4). Thirty days after tumor inoculation the surviving Ida-anti-
Ly-2.1 -treated mice (8 of 10) had mean lung and kidney weights
of 0.17Â±0.02 g (data not shown). Thus the Ida-anti-Ly-2.1
conjugate treatment could more significantly inhibit E3 tumor
growth in the lungs than in the kidney, and consequently fewer
of these mice had macroscopically evident tumor in their lungs
at the time of death (Table 4). Given the day 21 weight of
control treated kidney, however, it is likely that a reduction of
E3 tumor growth in the kidney was also responsible for the
increased MST of Ida-anti-Ly-2.1 conjugated-treated mice.

DISCUSSION

The poor success rate of most immunotherapy and chemo
therapy protocols in solid tumors, which are effective in exper
imental tumor systems, suggests that the models utilized inad
equately represent the clinical disease (16). Most cancers are
lethal because of their ability to metastasize from the primary
tumor site and to proliferate at distant sites. It is therefore
conceivable that therapies which are effective against dissemi
nated tumor cells in experimental systems may be more appli
cable in the clinic. However, preclinical information on effective
treatment of metastatic disease in animals is sparse, and even
newer therapies such as immunotoxins and drug-MoAb conju
gates have generally been tested against ascites tumors growing
i.p. or well vascularized tumors implanted s.c. Indeed we have
used the murine ITT(l) 75NS E3 thymoma (17) as a tumor
specific i.p. (9, 18) or s.c. (9, 11, 12, 18, 19) tumor model to
assess the antitumor efficacy of a number of different immu-
noconjugates in these two sites. Therefore a logical progression
was to develop a disseminated tumor model in which the
efficacy of immunoconjugates could be examined in tumors
originating systemically in different organs like mÃ©tastasesob
served in advanced cancer.

Initially it was demonstrated that tumors could grow in a
number of different tissues when greater than IO5 E3 tumor

cells were injected i.v. Lung, lymph node, thymus, liver, kidney,
and spleen were all predominant sites of E3 tumor growth at
the highest doses (107-2xl08) of cells injected (Fig. 1); however,

only lung and kidney were consistently involved (>50% mice)
when B6CF, were inoculated with 2xl06 cells. A linear rela

tionship existed between the MST of mice and the log number
of E3 tumor cells injected (2xl05-2xl08), while the validity of

survival as an end point was demonstrated by reproducibility
within and between experimental groups of B6CF, mice (Fig.
2). Because the mice receiving 2xl06 E3 cells i.v. had repro

ducible MST and large tumor burdens confined to a few organs,
this dose was further characterized by analyzing tumor devel
opment and its suitability for immunoconjugate studies. Bio-
distribution studies (Tables 1 and 2) offered little evidence to
suggest that E3 tumor cells have affinity for some organs,
because most tumor cells, including allogeneic BW5147 cells
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Table 3 Effect oflda-MoAb conjugales on the survival ofBoCF, mice given i.v. injections of2x Iff E3 tumor cells

Schedule
Treatment(days)PBS

1,2Ida

1,21,21,2Ida

+ anti-Ly-2.1 1,21
, 2.3Anti-Ly-2.1

1.21,2,
3,4,5Ida-250-30.6

1,2Ida-anti-Ly-2.1

1,21,21.2.35,65,

65,
6, 7,81,2,3,4,5Total

doseÂ°

(Ida)15Â«25

Mg40
Mg40

Mg15
Mg4.6

mg5.4
mg80

Mg40

Mg80
MgHOME40

Mg80
MgllOxg90

MgSurvival

times(days)18.

21. 22. 22. 23, 24. 27, 28. 28.2819,

22, 22, 22, 24, 24, 25, 26, 26,3312,
14, 27, 27, 28, 29, 29, 29, 34,3412,
12, 12. 12. 12. 12. 12. 14,18,2612.

12. 12. 12, 12. 12. 13.13.21.3325
25 25 25 26 26 26 29 333318.

22. 24. 25. 25, 25, 25, 26, 26.2841,
41, 41, 41, 43, 43. 44, 45, >100 (2/10mice)22,

22, 23, 24, 26, 26, 28, 28, 28,3018,

24, 24, 25, 25, 26, 29, 33, 40,4027,
31, 34, 34, 36, 37. 39, 43, 43,4528,
30 34, 34 36 19. 39. 44. 444427,
31, 34, 34, 34, 39. 44, 44. 45.4529,
31, 34. 36, 42. 44, 46. 53, 53,5620,
24. 24, 25, 25, 26, 26. 32. 40.4121,
22, 29, 34. 36. 37, 40, 42. 43,4428,
31. 32, 35, 41, 43, 44, 47. 47.5023,
33. 36. 36. 36. > 100 (15/20 mice)MST

Â±SD"(days)24.1

Â±3.524.3

Â±3.726.3
Â±7.414.2
Â±4.615.2

+6.827.3
Â±3.224.4

Â±2.753.9
Â±24.325.7

Â±2.828.4

Â±7.2'37.3
Â±5.8"42.4

Â±9.7"28.3
Â±7.1'34.8

Â±8.3'39.8
Â±7.7'83.2

Â±30.0
" Total dose (except for anti-Ly-2.1 alone) refers to the Ida content which was approximately 1/60 the dose of MoAb in the conjugate or mixture.
* Calculated from groups of 10 B6CF, mice.
' Compared to PBS control, P < 0.05.
d Compared to PBS control. P < 0.001.

Table 4 Effect oflda-MoAb conjugates on different sites of disseminated E3 tumor growth in B6CF, mice

TreatmentPBSIdaIda

+anti-Ly-2.1Anti-Ly-2.1Ida-250-30.6lda-anti-Ly-2.1Schedule

(days)1.21,21,21,21,21,21,21,21,

21,2,35.65.65,

6, 7.81.2.3,4,
5Total

dose"

(Ida)15

Mg25

Mg40
Mg40

ME4.6

mg80

Mg40

Mg80
MgHOMg40

Mg80
MgHUMg90

MgKidney*9/109/105/81/17/107/107/1028/30''10/107/1010/1010/102/5Lung*9/108/107/81/18/1010/103/108/302/104/104/102/103/5Thymus*3/102/104/80/12/104/100/100/300/100/100/101/101/5Spleen*2/101/100/80/11/103/100/100/301/100/100/100/100/5Other

organ*0/101/100/80/11/100/101/100/300/100/100/100/102/5Toxicity'(deaths)0/100/102/1010/109/100/100/100/100/300/100/100/100/100/20

Â°Total dose (except for anti-Ly-2.1 alone) refers to the Ida content which was approximately 1/60 the dose of MoAb in the conjugate or mixture.
* Presence of E3 tumor in organs at the time of death was monitored by macroscopic examination only.
c Toxic deaths due to Ida were recorded and explained the low MST of these groups (Table 4).
d A total of 3 independent experiments (10/group) were performed.

(Table 2), are normally rapidly entrapped and destroyed in the
lungs following i.v. administration (24, 25). In addition, very
few E3 cells were detected in the kidney, spleen, or thymus
within 3 days of tumor inoculation (Table 1). Despite the low
percentage of labeled E3 cells (<3%) remaining in BoCP! mice
after 72 h, any progeny from the original E3 cells injected will
be unlabeled and may reside undetected in these organs. It is
therefore not possible to confirm whether E3 tumors arising in
the kidney, spleen, thymus, etc., were mÃ©tastasesfrom estab
lished lung E3 tumors resulting from cells lodging there im
mediately following i.v. inoculation. It was clear, however, that
sequential i.v. passaging of kidney E3 tumors eventually re
sulted in tumor deposition in the lung (data not shown) there
fore suggesting that E3 tumors of the kidney were not a unique
population metastasizing only to the kidney.

Both biodistribution studies and histopathological examina
tion of the development of disseminated E3 tumors (Fig. 3)

indicated that E3 tumors in the lungs probably originated from
cells entrapped immediately following tumor inoculation. Fur
thermore, the initial appearance of E3 tumors in the kidney
(Fig. 4), thymus, spleen, and liver was considerably later than
that observed in the lung (Fig. 4). The difference in development
of E3 tumors between organs and the absence of detectable
circulating E3 tumor cells during the course of disease did not
make histopathological or flow cytometric analysis of periph
eral blood useful for immunochemotherapeutic studies. Unfor
tunately, the nature of the disseminated model does not enable
any simple or reliable method to be used to measure the number
of E3 tumor cells present in control or treated mice. To further
characterize and compare the disseminated and s.c. E3 tumor
models, future studies will be undertaken to more thoroughly
investigate tumor morphology and Ly-2 antigen expression in
these model systems. Such investigations may determine
whether E3 tumor antigen expression, vasculature, and cell

315

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/310/2443873/cr0510010310.pdf by guest on 19 M

ay 2023



ANTITUMOR ACTIVITY OF Ida-MoAb CONJUGATES IN THVMIC LVMPHOMA

â€¢ CONTROL
S PBS
G IDA
Q ANTI-LY-2.1
Q IDA-ANTI-LY-2.1

IDA250-306

C 50

045-

g 040-

I 035-

Ã¼j 0.30 -

z 025-

Å’ 020-
Oz 0 15-

! 010-

005-i

C CO

Fig. 4. Groups of 10 B6CF, mice i.v. inoculated with 2x10" E3 cells were
treated i.p. on days 1 and 2 after tumor inoculation with PBS. Ida (total. 15 ,..m.
anli-Ly-1.2 (total. 4.6 mg). lda-anti-Ly-2.1 (total. 80 ng). or Ida-250-30.6 (total.
80 /ig)- On day 21 after tumor inoculation these mice were sacrificed and their
lungs and kidneys (left and right with any associated tumor mass) were removed
and weighed. A group of 5 normal B6CFi mice was used to calculate normal lung
and kidney weights (control) and results were expressed as the mean weight (g) Â±
SE. (bars).

with Ida conjugates in solid tumor models (11, 23). The differ
ence in efficacy between treatment schedules supports the value
of prolonged therapy; however, without better knowledge of
Ida-anti-Ly-2.1 conjugate biodistribution and clearance or ini
tial E3 tumor development it is difficult to confirm a reason
for this finding. Importantly, at the time of immediate treat
ment (days 1-5 after tumor inoculation) the E3 tumors are not
truly established (histologically or macroscopically); therefore
further studies will be required to determine if delayed, contin
uous conjugate treatment can completely eradicate established,
disseminated E3 tumors. In addition, no formal dose-response
comparison between i.p. and i.v. therapy has been performed
to determine if greater efficacy can be achieved with i.v. admin
istration of Ida-MoAb conjugates. By utilizing MST and organ
weight as end point standards of immunoconjugate efficacy and
considering its greater clinical relevance, the disseminated E3
tumor model will accompany both i.p. and s.c. E3 tumor
systems in our future preclinical assessment of immunoconju-
gates.

division vary depending on their site of growth. Preliminary
studies have indicated that tumor cells in the metastatic lesion
express Ly-2.1 similar to the parent cell line.

Ida-anti-Ly-2.1 conjugates were used to test the disseminated
E3 tumor model because they have previously been shown to
be specifically cytotoxic in vitro and in vivo against this murine
thymoma (11). From the number of mice treated at any one
dose of conjugate, drug, or MoAb alone, it appeared that the
MST were reproducible both within and between groups of
identically treated mice (Table 3). By varying the dose admin
istered, the disseminated E3 tumor model was demonstrated to
selectively measure differences in the antitumor activity of Ida-
anti-Ly-2.1 conjugates in a dose- and schedule-dependent man
ner (Table 3). Furthermore, the selectivity of this model was
illustrated by its ability to differentiate between the effectiveness
of specific (Ida-anti-Ly-2.1) conjugates and the low therapeutic
efficacy of ida alone (LD10 ~1.0 mg/kg).

The relatively greater antitumor activity of Ida-anti-Ly-2.1
conjugates compared to control treatments has also been dem
onstrated in s.c. E3 tumor models (11) and therefore, on this
basis, the disseminated E3 tumor model is qualitatively suitable
for immunochemotherapeutic studies. The validity of the MST
as an end point in these studies was qualified by organ weight
measurements 3 weeks after treatment (Fig. 4). These experi
ments indicated that an increased MST corresponded to a
reduced tumor burden. Mice that received prolonged immediate
Ida-anti-Ly-2.1 treatment (90 /ng i.p. over days 1-5) survived
tumor free (Table 3) yet higher and shorter dose schedules
(10<Vg, day 1-3) of conjugate could not eradicate tumors.
Unconjugated anti-Ly-2.1 (5.4 mg) administered on days 1-5
diaplayed an antitumor effect where 20% mice survivied com
pared to 75% when Ida-anti-Ly-2.1 was administered. This is
not surprising because the anti-Ly-2.1 antibody is of IgG2a
isotype (20). The therapeutic efficacy of Ida-anti-Ly-2.1 is
clearly due to specific recognition and killing of tumor cells.
Ida-250-30.6, a nonspecific conjugate given at the same dose
level (80 ng) as Ida-anti-Ly-2.1 did not increase the survival of
mice (Table 3). To examine synergy doses of Ida equivalent to
that used in the high dose conjugate could not be used due to
toxicity of Ida. However, a nontoxic dose of 15 fig, given with
2.4 mg of anti-Ly-2.1, did not prolong the mean survival time
of mice compared to antibody alone (4.6 mg) or Ida alone
(Table 3). This result is consistant with our previous studies
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