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Abstract

Objective: Radioimmunotherapy of cancer with radiolabeled antibodies has shown promise. We evaluated an
anti-CD25 monoclonal Antibody, 7G7/B6, armed with *°Y as a potential radioimmunotherapeutic agent for
CD25-expressing lymphomas.

Materials and Methods: The lymphoma model was established by subcutaneous injection of 1x10” SUDHL-1
cells into nude mice. The biodistribution of '''In-7G7/B6 and therapeutic studies with *°Y-7G7/B6 were per-
formed in the tumor-bearing mice.

Results: Therapy using *°Y-7G7/B6 prolonged survival of the SUDHL-1 lymphoma-bearing mice significantly,
as compared with either untreated mice or the mice treated with *°Y-11F11, a radiolabeled isotype-matched
control antibody (p < 0.001). All of the mice in the control and the *°Y-11F11 treatment groups died by days 18
and 24, respectively. In contrast, 30% of the mice in the low-dose group (75 uCi of °Y-7G7 /B6/mouse) and 75%
in the high-dose group (150 uCi of *°Y-7G7 /B6/mouse) became tumor free and remained healthy for greater than
6 months.

Conclusions: Our findings suggested that *°Y-7G7/B6 is a potentially useful radioimmunotherapeutic agent for
the treatment of patients with CD25-expressing lymphomas.
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Introduction

Harnessing the immune system to treat cancer is a major
goal of immunotherapy. Passive immunotherapy using
monoclonal antibodies (mAbs) have come of age, with 21
therapeutic mAbs approved by the U.S. Food and Drug Ad-
ministration (FDA), including eight directed toward the
treatment of cancer." A limitation in the use of certain mAbs is
that they are often poor cytocidal agents. Therefore, mAbs
have been armed with cytokines, chemotherapeutic agents,
toxins, and radionuclides to augment their efficacy as tumor

cytotoxic agents.>™ A pivotal issue to be addressed in all
systemic radioimmunotherapy trials is the selection of a mAb
that targets an antigen expressed by a tumor and thereby
defines the type of malignancy chosen as the target for
radioimmunotherapy. In the present study, we have chosen
an epitope of human interleukin (IL)-2Ro identified by the
mAb, 7G7/B6, as our target for radioimmunotherapy. The
scientific basis for this choice of the a-subunit of the IL-2R is
that virtually no normal resting cells, with the exception of
CD4" CD25" T regs, express this receptor subunit, whereas
this receptor is expressed by a high proportion of the abnormal
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cells in certain forms of lymphoid neoplasms, including adult
T-cell leukemia/lymphoma (ATL), anaplastic large-cell lym-
phoma (ALCL), and Hodgkin’s lymphoma.”” We reported
on the production of the murine anti-Tac mAb (MAT) that
identifies the human IL-2Ra subunit and blocks the interac-
tion of IL-2 with its receptor.® The unmodified MAT was
utilized in the treatment of patients with ATL, a malignancy of
mature CD4" CD25" suppressor T-lymphocytes, and 7 of the
19 patients responded to therapy.” To augment the efficacy,
the antibody was armed with ?°Y. In a subsequent study, 9 of
16 of the evaluable patients with ATL responded with a
partial or complete response to “>Y-MAT.? In a recent study,
patients with relapsed or refractory Hodgkin’s lymphoma
were treated with repeated infusions of 15mCi of *°Y-
humanized anti-Tac (daclizumab). In 30 Hodgkin’s lym-
phoma patients treated with *°Y-daclizumab, there were 6
with progressive disease, 5 with stable disease, 7 with partial
responses, and 12 with complete responses (Janik JE and
Waldmann TA, unpublished observations). Although these
results were very encouraging, neither the daclizumab nor
9Y-daclizumab as monotherapy was curative for ATL.” A
paradigm is emerging that for cancer therapy, the addition of
two therapeutic agents that function via different mechanisms
may be greater than additive in their cytotoxic action lead-
ing to malignant cell death.'®® In our previous therapeutic
trials, we obtained improved therapeutic efficacy by com-
bining daclizumab at receptor-saturating doses with radio-
immunotherapy in an ATL model.'#1%17 Our future goal is
to use two mAbs directed toward different epitopes of the
CD25 antigen: one to block IL-2 binding to yield antibody-
dependent cellular cytotoxicity (ADCC) and cytokine
deprivation-mediated cell death and the other armed with a
strong f-emitting radionuclide, 0V, to provide tumor cyto-
reduction by irradiation mediated by therapeutic radio-
nuclides delivered at high specific activity by the mAb to
leukemic cell surfaces. The aim of the present study was to
determine if *°Y-7G7/B6, a mAb directed toward an epitope
on CD25 other than that defined by daclizumab, was effective
in the treatment of a lymphoma model to provide the scien-
tific basis for the subsequent use of *°Y-7G7/B6 in a combi-
nation regimen with saturating doses of daclizumab.

Materials and Methods
Monoclonal antibodies

7G7/B6 is a mouse IgG2a mAD directed toward an epitope
of the IL-2Ru« subunit other than the IL-2 binding site that is
identified by daclizumab.® The 7G7/B6 was purified from
supernatants of a hybridoma (American Type Culture Col-
lection, Manassas, VA), using ImmunoPure Protein A col-
umns (Pierce, Rockford, IL). 11F11 is also a mouse IgG2a,
which recognizes the Shiga-like toxin II of enterohemor-
rhagic Escherichia,'® and it was used in this study as an iso-
type-matched control antibody. The hybridoma-producing
11F11 mAb was obtained from Alison D. O’Brien, Ph.D.
(Department of Microbiology, Uniformed Services Uni-
versity of Health Science, Bethesda, MD). UPC10, a murine
IgG2a, which does not recognize resting or activated pe-
ripheral blood mononuclear cells or cell lines including T-
cell, B-cell, and monocyte populations, was used as a non-
specific agent to block the nonspecific binding of radi-
olabeled 7G7/B6 in liver and spleen in nude mice. The
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plasmocytoma-producing UPC10 was obtained from Michael
Potter (National Cancer Institute, Bethesda, MD). Daclizu-
mab was obtained from Hoffmann-La Roche (Nutley, NJ).

Radiolabeling of monoclonal antibodies

The 7G7/B6 and 11F11 were conjugated with 2-(p-
isothiocyanato-benzyl)-cyclohexyl-diethylenetriaminepenta-
acetic acid (CHX-A"). The conjugation of the antibodies with
CHX-A” was performed as previously described.'**
7G7/B6-CHX-A” and 11F11-CHX-A” were labeled with **In
(Amersham Corporation, Arlington Heights, IL) at specific
activities of 3-5uCi/ug (0.111-0.185MBq/ug) for biodis-
tribution experiments and with Oy (NEN, Boston, MA) at
specific activities of 10-30 uCi/ug (0.37-1.11MBq/pug) for
therapeutic studies, as described previously.lg'zo The 7G7/B6
was labeled with '*I for the internalization study at a spe-
cific activity of 12uCi/ug (0.444MBq/ug) by using the
chloramine-T method.

Tumor cell lines and mouse model

Kit225IG3 is a leukemic T-cell line, which expresses CD25
on the cell surfaces. We used this cell line for the bindability
assay. SUDHL-1 (a kind gift from S. Morris, St. Jude Chil-
dren’s Research Hospital, Memphis, TN) is a human ana-
plastic large-cell lymphoma (ALCL) cell line, which also
expresses CD25 on the cell surfaces. The tumor model was
established by the subcutaneous (S.C.) injection of 1x107
SUDHL-1 cells into the right flank of female nude mice."”
Both cell lines were maintained in RPMI-1640 containing
10% heat-inactivated fetal bovine serum (FBS), 100 U/mL of
penicillin, and 100 ug/mL of streptomycin in an atmosphere
containing 5% CO,. All animal experiments were approved
by the National Cancer Institute Animal Care and Use
Committee (NCI ACUC) and were performed in accordance
with the NCI ACUC guidelines. NCI-Frederick is accredited
by AAALAC international and follows the Public Health
Service Policy for the Care and Use of Laboratory Animals.
Animal care was provided in accord with the procedures
outlined in the “Guide for Care and Use of Laboratory An-
imals” (National Research Council; 1996; National Academy
Press; Washington, DC.)

Immunoreactivity assay

The immunoreactivity of *°Y-7G7/B6 was evaluated as
described previously,” using the CD25-positive kit2251G3
cells, and compared with Mn-7G7 /B6. Briefly, radiolabeled
7G7/B6 (5ng) was incubated with an increasing number of
kit225IG3 cells (2x10*-1x10”) with or without unlabeled
7G7/B6 (25 ug/tube) inhibition at 4°C for 1 hour. After cen-
trifugation, the supernatant was aspirated and the radioac-
tivity bound to the cells was quantitated in a y-counter
(Wallac, Turku, Finland).

Internalization and modulation study

The internalization of '*I-labeled 7G7/B6 by SUDHL-1 and
kit225IG3 cells was evaluated by using an in vitro method
described previously.” The modulation of CD25 from
SUDHL-1 and kit225IG3 cells was analyzed by flow cytom-
etry. The cells were cultured with medium alone or with
medium containing unmodified 7G7/B6 at a concentration of
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20 pg/mL for 24 hours. Then, the cells were washed and ali-
quots of 0.5-1x10° cells were incubated with or without da-
clizumab (1 ug/50 uL) on ice for 45 minutes. The cells were
washed and then stained with a Flourescein isothiocyanate
(FITC)-labeled antihuman IgG antibody (BD Biosciences, San
Jose, CA). After washing, the cells were analyzed by using a
FACScan flow cytometry (Becton Dickinson, San Jose, CA).

Biodistribution study

SUDHL-1 lymphoma-bearing mice were injected intrave-
nously (i.v.) with 10 ug of "In-7G7/B6 or "'In-11F11. At
intervals after injection, groups of 4 or 5 mice were killed,
and the tumors and organs were taken, weighed, and
counted in a y-counter. The percentage of the injected dose
per gram of tissue (%ID/g) was calculated for each organ
and normalized to a 20-g mouse. All mice were coinjected
with 400 ug of UPC10 to block the nonspecific binding of
mouse IgG2a in the liver and spleen of nude mice.

Definition of maximum tolerated dose

Prior to the initiation of radioimmunotherapy, the maxi-
mum tolerated dose (MTD) of *°Y-7G7/B6 was determined
in healthy nude mice without tumor. Four groups of 5
healthy nude mice received doses of 100, 150, 200, and
300 uCi (3.7, 5.6, 7.4, and 11.1MBq) of *°Y-7G7/B6, respec-
tively. All of the mice received a coinjection of 400 ug of
UPC10. The body weights and the complete blood counts
were measured before and after treatment (initially at weekly
and, subsequently, at monthly intervals).

Therapeutic study

The therapeutic study was performed in SUDHL-1-bearing
nude mice. Groups of 10 mice were injected i.v. with 75 or
150 uCi (2.78 or 5.55 MBq) of *°Y-7G7/B6 or 75 uCi (2.78 MBq)
of °Y-11F11 or 200 uL of phosphate-buffered saline (PBS). The
tumor progression was monitored by measuring tumor size in
two orthogonal dimensions twice per week for 3 weeks after
treatment and then once per week. The tumor volume was
calculated by using the formula % (long dimension) (short
dimension). Body weight and survival of the SUDHL-1-
bearing mice were monitored throughout the experiment. The
therapeutic study was repeated with the PBS control and
150 uCi (5.55 MBq) of °Y-7G7/B6 in the same tumor model,
and the results from these two sets of studies were pooled
together. The mice in the *°Y-7G7/B6 and “°Y-11F11 groups
received a coinjection of 400 ug of UPC10.

Statistical analysis

Tumor volumes at different time points for the different
treatment groups were analyzed by using the t-test for un-
paired data. Statistical significance of differences in survival
of the mice in different treatment groups was determined by
the log-rank test, using the GraphPad Prism program
(GraphPad Software, San Diego, CA).

Results
Immunoreactivity of *°Y-7G7/B6

For a radiolabeled antibody to be effective, the labeling
procedure should not compromise antibody specificity. We
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tested the bindability of *°Y-7G7/B6 and compared it
with "In-7G7/B6 in vitro. The proportion of *°Y-7G7/B6
that bound to kit225IG3 cells was very similar to that ob-
served with '"'In-7G7/B6 (Fig. 1). The maximal bindings for
9Y-7G7/B6 and '"'In-7G7/B6 were greater than 80% of the
added radiolabeled antibodies. The bindings were specifi-
cally inhibited by unmodified 7G7/B6 (Fig. 1). Both '''In-
11F11 and *°Y-11F11 did not bind to kit225IG3 cells.

Internalization of '2°I-labeled 7G7/B6
and modulation of CD25

It is important for the combination regimen of 90Y_labeled
7G7/B6 with unmodified daclizumab that the administered
9OY-labeled 7G7/B6 does not cause the modulation of the
CD25 from the cell surface and does not affect the binding of
daclizumab to the tumor cells. The internalization of *I-
labeled 7G7/B6 by SUDHL-1 and kit225IG3 cells was
investigated. After surface labeling, the cell-associated ra-
dioactivity of both cell lines was more than 90% initially (Fig.
2A). As the cell-associated radioactivity decreased with time,
the radioactivity in supernatant increased accordingly. The
internalization rates of '*’I-labeled 7G7/B6 by the two cell
lines were different (Fig. 2A). At 24 hours after incubation,
more than 50% of initially bound activity was free iodine in
the supernatant with SUDHL-1 cells, which reflects the re-
lease of iodine from the cells after internalization and pro-
cessing of the radiolabeled 7G7/B6 (Fig. 2A). In contrast, the
amount of free iodine in the supernatant with kit225IG3 cells
was less than 10% at 24 hours of incubation (Fig. 2A).
However, incubation of SUDHL-1 and kit225IG3 cells with
medium containing unmodified 7G7/B6, at a concentration
of 20 ug/mL for 24 hours, did not cause a significant mod-
ulation of CD25 from the cell surface and did not affect the
binding of daclizumab to the cells (Fig. 2B).

90
—— In-7G7
——In-7G7+7G7
——Y-7G7
60 -
o —— Y-7G7+7G7
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[11]
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FIG. 1. Immunoreactivity of 0y.7G7/B6 and "In-
7G7/B6. The cell-binding assay of the radiolabels was
performed as described in Materials and Methods. Both Y-
7G7/B6 and "'In-7G7/B6 bound to CD25-positive kit2251G3
cells similarly and the bindings were inhibited by the addi-
tion of a 1000-fold greater concentration of unmodified
7G7/B6. °Y-11F11 and "'In-11F11 did not bind to kit2251G3
cells.
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FIG. 2. Internalization of '*I-labeled 7G7/B6 and modulation of CD25. (A) Internalization of **’I-7G7/B6 by SUDHL-1 and
kit225IG3 cells. Cells were incubated with '°I-7G7 /B6 for 1 hour at 4°C for surface labeling. After washing, the cells were
incubated at 37°C for 0, 1, 3, 6, and 24 hours. The relative percentages of radioactivity associated with cells and in the
supernatant, which was further differentiated by methanol precipitation as free and precipitable, are depicted as a function of
time. The data represent the mean of triplicates. (B) Flow cytometric analysis showed that the binding of daclizumab to
SUDHL-1 and kit225IG3 cells was not affected meaningfully by incubation of the cells with unmodified 7G7/B6 at a

concentration of 20 ug/mL for 24 hours.
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Biodistribution

Biodistribution data of '"In-7G7/B6 and '''In-11F11 in
SUDHL-1-bearing mice are shown in Figure 3. After the in-
jection of 111Ir1-7G7/B6, the blood concentration of radio-
activity reduced with time, while the tumor uptake of
radioactivity increased with the peak uptake at 48h (Fig.
3A). Compared with ""'In-7G7/B6, '''In-11F11 showed a
similar tissue distribution, except for the much lower tumor
uptake of radioactivity (Fig. 3B).

Definition of MTD

In the experiment defining the MTD of *°Y-7G7/B6 in
normal nude mice, the animal body weights did not show
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FIG. 3. Biodistribution of ''In-7G7/B6 and ''In-11F11 in
SUDHL-1-bearing nude mice. (A) Biodistribution of Hn-
7G7/B6 at different time points after injection. gB) Compar-
ison of the biodistributions of ''In-7G7/B6 and '''In-11F11 at
48 hours after injection. After the injection of "''In-7G7/B6, the
blood concentration of radioactivity reduced with time, while
the tumor uptake of radioactivity increased with the peak
uptake at 48 hours. Compared with '''In-7G7/B6, "' In-11F11
showed a similar tissue distribution, except for the much
lower tumor uptake of radioactivity. The data are expressed
as the percent injected dose per gram of tissue. Bars represent
the mean =+ standard deviation.
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significant changes with doses of 200uCi or less of *°Y-
7G7/B6 (data not shown). The platelet counts were reduced
in a dose-related manner (Fig. 4). The nadir occurred at 2
weeks and recovered 3 weeks after radiation treatment. The
white blood cell (WBC) counts showed a similar pattern as
the platelet counts (data not shown). Three (3) of 5 mice in
the 300-uCi group died approximately 2 weeks after the
treatment. The mice that received 200 uCi or less of *°Y-
7G7/B6 remained healthy for greater than the 6-month pe-
riod of observation.

Therapeutic study

Radioimmunotherapy with *°Y-7G7/B6 was performed in
SUDHL-1 lymphoma-bearing mice. SUDHL-1 tumors in the
control group grew rapidly, from 0.4 cm? at the initiation of
the experiment, to >2 cm® within 3 weeks (Fig. 5A), and these
mice were sacrificed according to our animal protocol.
Treatment with 75 uCi of *°Y-7G7/B6 inhibited the tumor
growth significantly, when compared with the control group
(Fig. 5A; p < 0.001). By increasing the radiation dose from 75
to 150 uCi, the tumor growth was halted and the tumor vol-
ume decreased (Fig. 5A). Further, survival of the mice in the
treatment groups was significantly prolonged, when com-
pared with the control groups (Fig. 5B; p < 0.01). Three (3) of
the 10 mice in the 75 uCi of *°Y-7G7/B6 group and 75% of the
mice (15 of 20) in the 150 uCi of *°Y-7G7/B6 group became
tumor free and remained healthy for greater than 6 months
(Fig. 5B). To confirm the specificity of the therapeutic effect of
*9Y-7G7/B6, we used the irrelevant mouse IgG2a monoclonal
antibody, 11F11, armed with 0¥ in the same model. Although
the treatment with 75 uCi of *°Y-11F11 slowed down the tu-
mor growth, when compared with the control group (Fig. 5A;
p < 0.01), survival of the mice in this group was not prolonged
significantly, when compared with the control group
(p>0.1). There were significant differences in tumor size
(p<0.05) and survival (p <0.001) of the mice between the
0Y-7G7/B6 (75 uCi) and “°Y-11F11 (75 uCi) groups.
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FIG. 4. Platelet counts were measured in normal nude mice
that received different doses of *°Y-7G7/B6. The platelet
counts were reduced in a dose-related manner. The nadir
occurred at 2 weeks with recovery at 3 weeks after the ad-
ministration of °°Y-7G7/B6. Three (3) of 5 mice in the 300-uCi
group died approximately 2 weeks after treatment. The mice
receiving 200 uCi or less of *’Y-7G7/B6 remained healthy for
greater than 6 months.
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FIG. 5. Therapeutic study of *°Y-7G7/B6 in the SUDHL-1
model. (A) Tumor volume. (B) Kaplan-Meier survival plot of
the SUDHL-1-bearing nude mice. Treatment with *°Y-
7G7/B6 inhibited the SUDHL-1 lymphoma growth signifi-
cantly, as seen by tumor size and prolonged survival of the
SUDHL-1-bearing mice, when compared with the control
and *°Y-11F11 groups. *p <0.01, Tp < 0.001, compared with
the control group; *p <0.05, compared with the *°Y-7G7/B6
(75-uCi) group.

Discussion

In the present study, *°Y-7G7/B6 showed efficacy as a
single radioimmunotherapeutic agent in the treatment of
SUDHL-1 lymphoma-bearing mice. The Y-7G7/B6 treat-
ment prolonged the survival of the SUDHL-1 lymphoma-
bearing mice significantly, as compared with either the un-
treated mice or mice treated with “°Y-11F11, a radiolabeled
isotype-matched control antibody. A pivotal issue in defin-
ing an optimal radioimmunotherapeutic agent is to consider
the nature of the radionuclide used in relation to the nature
of the disease being treated. An «-emitting radionuclide,
because of its high-linear energy transfer and short-path
length, is superior to a f-emitting radionuclide for the
treatment of small tumors, including micrometastases, indi-
vidual tumor cells, and leukemia.'*'>'72-2” However, such
o-emitters are not effective against large tumor masses.?”
Previously, we demonstrated that 211A’c—7G7/ B6 was effec-
tive in the MET-1 murine leukemia model of human ATL
but was ineffective in treating the SUDHL-1 lymphoma
model."”*” In contrast, f-emitters may be preferable in the
treatment of large tumor masses. 1528 Therapeutic benefits
of f-emitters result from “crossfire.” Therefore, one of the
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advantages of f-emitters is their ability to bypass tumor-
antigen heterogeneity and poor penetration of mAbs into
tumor masses. In clinical situations such as Hodgkin’s lym-
phoma, f-emitting radionuclides linked to mAbs eliminated
nontargeted tumor cells through the crossfire effect ema-
nating from neighboring antigen-bearing cells that have been
targeted by the radiolabeled mAb (Janik JE and Waldmann
TA, unpublished observations).

An additional pivotal issue to be addressed in all systemic
radioimmunotherapy trials is the selection of the mAb that
targets the tumor and thereby defines the target for radio-
immunotherapy. In the present study, we have chosen an
epitope of human IL-2Rx identified by 7G7/B6 as our target
for radioimmunotherapy. The 7G7/B6mAb recognizes an
epitope on IL-2Rx other than that identified by daclizumab.®
Therefore, the two non-cross-competing mAbs could be
combined for treatment of CD25-expressing leukemias and
lymphomas. In our previous therapeutic trials, we obtained
therapeutic efficacy by employing daclizumab in IL-2Ro re-
ceptor-saturating doses.'62%30 Further, we showed efficacy in
clinical trials that used *°Y-daclizumab in the treatment of
lymphoma (Janik JE and Waldmann TA, unpublished ob-
servations). However, with a single-radiolabeled mAb it is
difficult to obtain the complementary actions of receptor-
saturating doses of daclizumab to yield ADCC and IL-2
deprivation-mediated apoptotic leukemic cell death in con-
junction with the tumor cytoreduction provided by irradia-
tion mediated by therapeutic radionuclides (e.g., °°Y)
delivered at high specific activity by the mAb to the leukemic
cell surfaces. To address this limitation inherent in systemic
radioimmunotherapy, our long-term goal is to use daclizu-
mab at receptor-saturating doses in conjunction with small
quantities of 7G7/B6 armed at high specific activity with
Y for the treatment of CD25-expressing leukemia and lym-
phomas.

Conclusions

The encouraging results of the present study that involved
a single dose of *°Y-7G7/B6 in the CD25-expressing SUDHL-
1 lymphoma model suggest that *°Y-7G7/B6 is a potential
therapeutic agent for the treatment of CD25-expressing
lymphomas. Further, the present study, taken in conjunc-
tion with previous studies on the effectiveness of receptor-
saturating doses of daclizumab, provides the scientific basis
for the subsequent combination of °Y-7G7/B6 with receptor-
saturating doses of daclizumab in human clinical trials
to provide the desired two independent cytotoxic actions
for the treatment of CD25-expressing leukemias and lym-
phomas.
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