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We determined whether therapeutic responses using a bispecific
antibody that pretargeted 90Y-hapten-peptide radioimmunother-
apy or a directly radiolabeled, humanized, 90Y-anti-CD20 IgG
(veltuzumab) could be improved by combining these treatments
with unlabeled humanized antibodies against CD22 (epratuzumab),
CD74 (milatuzumab), or veltuzumab. Methods: Nude mice
bearing established subcutaneous Ramos human Burkitt
lymphoma were treated with antibodies alone or in combination
with pretargeted radioimmunotherapy (PT-RAIT) or radioimmu-
notherapy, and tumor growth was monitored. Biodistribution
studies examined the effect that predosing with unlabeled veltu-
zumab had on radioimmunotherapy and PT-RAIT targeting. Re-
sults: None of the unconjugated antibodies was effective against
established and rapidly growing xenografts, but PT-RAIT, at ap-
proximately 30% of its maximum tolerated dose, and radioim-
munotherapy alone, at its maximum tolerated dose, were able
to arrest growth and even entirely ablate tumors in some animals.
Only combinations with veltuzumab improved therapeutic re-
sponses, most significantly when a veltuzumab regimen (weekly,
1.0 mg followed by 3 · 0.5 mg) was initiated 1 wk after PT-RAIT or
90Y-veltuzumab. Biodistribution data indicated that when unla-
beled veltuzumab (1.0 or 0.25 mg) was administered in advance
of the radiolabeled veltuzumab or bispecific antibody injection,
tumor uptake was significantly reduced (111In-veltuzumab,
47% and 25%, respectively; 111In-hapten-peptide, 74% and
49%, respectively). Despite an approximately 50% decrease in
radioactivity uptake in the tumor, antitumor responses were not
diminished significantly for 90Y-veltuzumab, and in the case of
PT-RAIT responses were improved. However, higher amounts
of predosed veltuzumab reduced the effects of PT-RAIT. Con-
clusion: These studies suggest that administering unlabeled
anti-CD20 IgG therapy after the radioactivity dose provides the
best efficacy and that the amount of unlabeled anti-CD20 IgG ad-
ministered as a predose to anti-CD20-targeted radionuclide
therapy should be minimized.
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Anti-CD20 antibodies are exceptionally good therapeu-
tics for non-Hodgkin lymphoma (NHL), with both unlabeled
and radiolabeled antibodies approved or being evaluated
for frontline use (1–5). We and others have focused on
pretargeted methods for delivery of radionuclides, because
these treatments are less toxic and more effective than is
direct radioimmunotherapy in animal models (6–10).
Pretargeted radioimmunotherapy (PT-RAIT) separates the
antibody-targeting step from the delivery of the radionu-
clide. After time has been allowed for pretargeting of a
bispecific antibody (bsMAb), the radionuclide coupled to a
small compound is given, instantly permeates the blood
vessels to localize rapidly and selectively in pretargeted
tumors, and just as quickly is removed by urinary excretion,
leaving only trace amounts of the radionuclide in the body
(7). The rapid clearance from blood and tissues reduces
radiation exposure, and hence the extent and duration of
hematologic toxicity is markedly reduced. Tumor uptake of
this small, pretargeted compound can achieve levels similar
to that of the directly radiolabeled antibody, resulting in a
more intense radiation dose rate and a higher overall
radiation-absorbed dose in the tumor at equitoxic levels
(10,11).

In contrast to radioimmunotherapy, which exerts antitu-
mor activity from radiation and from the effector or apoptotic
signaling functions contributed by the large amount of
unlabeled anti-CD20 IgG administered before the radio-
immunoconjugate (;450 mg/dose · 2 doses), the newer
forms of recombinant proteins used for pretargeting lack the
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Fc (crystallizable fragment) portion of an antibody that
contributes to the antitumor activity of the antibody itself
(12,13). Although in vitro studies have shown that the
divalent hapten-peptide can cross-link an anti-CD20 · anti-
hapten bsMAb and enhance apoptosis, in vivo studies in nude
mice bearing established tumors, versus untreated animals,
indicated no significant therapeutic improvement of the
bsMAb with the unlabeled hapten-peptide (9,14). Therefore,
the antitumor activity elicited with PT-RAIT is associated
solely with the radiation.

We hypothesized that the addition of an anti-CD20 IgG
might enhance the therapeutic effect of anti-CD20 bsMAb
PT-RAIT. Indeed, in NHL and multiple myeloma animal
models, several unconjugated antibodies have therapeutic
activity (15–18), and we and others have described enhanced
antitumor responses when combining anti-CD20 IgG with
radioimmunoconjugates binding to other antigens (19–21).
Thus, a logical question is whether the therapeutic activity of
PT-RAIT could be enhanced by combining it with unconju-
gated antibodies. Herein, we examine the addition of unla-
beled humanized anti-CD22 (epratuzumab; Immunomedics,
Inc.), anti-CD74 (milatuzumab; Immunomedics, Inc.), and
anti-CD20 IgG (veltuzumab; Immunomedics, Inc.) to our
standard anti-CD20-bsMAb pretargeting procedure (9) and
to 90Y-veltuzumab radioimmunotherapy. Only the anti-
CD20 IgG enhanced the therapeutic activity of the pretarget-
ing procedure or of a directly radiolabeled anti-CD20 IgG,
and only when administered after the radioconjugate had
localized in the tumor. These results have important impli-
cations for the future design of clinical studies with this
pretargeting procedure in NHL and potentially also for other
current radioimmunotherapy methods.

MATERIALS AND METHODS

Antibodies and Peptides
Veltuzumab (hA20 or Immu-106), a humanized anti-CD20 IgG,

and its 1,4,7,10-tetraazacyclododecane-N,N9,N$,N9$-tetraacetic
acid (DOTA) conjugate, were provided by Immunomedics, Inc. In
vitro and in vivo activity of veltuzumab against the Burkitt lym-
phoma cell line (B-cell) was reported previously (16,18). The
trivalent-Fab bsMAb TF4 (157 kDa), which has divalent binding
to CD20 and monovalent binding to the hapten histamine-succinyl-
glycine (HSG), and the di-HSG-DOTA-peptide IMP-288 were
provided by IBC Pharmaceuticals, Inc. and Immunomedics, Inc.,
respectively, and were described previously (9). Epratuzumab
(hLL2, humanized anti-CD22 IgG) and milatuzumab (hLL1, hu-
manized anti-CD74 IgG) also were provided by Immunomedics,
Inc. The antitumor activity of these antibodies in animal models has
been studied (15–17). The antitumor activity of epratuzumab and
veltuzumab in NHL patients has been reported (22,23); phase I
clinical testing with milatuzumab in NHL, chronic lymphocytic
leukemia, and multiple myeloma is under way.

111In- and 90Y-IMP-288 and 111In- and 90Y-veltuzumab were
prepared as reported previously (9,24). Quality-control testing
showed greater than or equal to 97% of the radioactivity bound to
the test articles, with greater than 95% retention of immunoreac-
tivity. Immunoreactivity of radiolabeled veltuzumab was deter-

mined by size-exclusion high-pressure liquid chromatography
(SE-HPLC) after mixing with an antiidiotype antibody (9). When
radiolabeled IMP-288 was mixed with excess TF4, the peptide
shifted to a higher molecular weight fraction by SE-HPLC. The
subsequent addition of the antiveltuzumab idiotype antibody
resulted in a further quantitative shift in molecular size, illustrat-
ing the bispecific binding of TF4.

In Vivo Studies
All studies were performed in accordance with protocols

approved by the Center for Molecular Medicine and Immunol-
ogy’s Institutional Animal Care and Use Committee. The Ramos
human Burkitt lymphoma cell line was purchased from the
American Tissue Culture Collection. On the day of implantation,
1 · 107 cells (0.25 mL; viability, .95%) were injected subcuta-
neously in 5- to 6-wk-old female BALB/c nude mice purchased
from the National Cancer Institute’s Charles River Facility. Within
17 d, tumors of palpable size and progressive growth were ob-
served. Tumors were then measured by caliper in 3 dimensions,
with the size reported as the product of these measurements (cm3).

Biodistribution Studies
Animals bearing established tumors were selected and given

intravenous injections of the test articles at the doses and sched-
ules indicated. For pretargeting, TF4 was always administered
29.5 h in advance of 111In-IMP-288 and administered at a 25-fold
excess of the moles of IMP-288 administered. Biodistribution
studies were performed with the same amounts of TF4 and IMP-
288 as were used in the therapy studies, with 355 mg (;2.25
nmol) of TF4 and 0.09 nmol of IMP-288 (1.11 MBq [30 mCi]) or
50 mg of 111In-veltuzumab (0.74 MBq [20 mCi]). In some studies,
a predose of 0.25 or 1.0 mg of veltuzumab was administered either
1 d or 1 h in advance of the TF4 or 111In-veltuzumab injection,
respectively. The 0.25- or 1.0-mg amount of veltuzumab is
equivalent to a human dose of about 1 or 4 mg/kg, respectively,
based on a conversion factor using the following formula: mg/kg
dose in a 20-g mouse divided by 12.3 equals a human equivalent
mg/kg dose (25). At the times indicated, groups of animals were
anesthetized, bled by cardiac puncture, and then euthanized by
cervical dislocation. Tumors and tissues were weighed, and 111In-
activity was determined by g-scintillation. A counting standard
was measured at the same time and used to convert counts per
minute per gram of tissue to percentage injected dose per gram
(%ID/g).

Therapy Studies
When tumors were greater than or equal to 0.4 cm3, animals

were sorted into groups with a similar tumor-size distribution.
They were monitored daily, with tumor and body weights mea-
sured at least twice weekly. All articles were administered by tail-
vein injection in a volume of no more than 0.2 mL. Unlabeled
veltuzumab, epratuzumab, and milatuzumab treatment regimens
consisted of 4 weekly injections, starting with 1–2 mg (day 0) and
then 3 · 0.5-mg injections. For PT-RAIT, TF4 was administered
on day 21, with 7.4–9.25 MBq (0.20–0.25 mCi) of 90Y-IMP-288
administered 29.5 h later (day 0). This level of radioactivity
represents no more than 30% the maximum tolerated dose (MTD),
and although therapeutically active, this level was not curative in
all animals (9). For radioimmunotherapy, 4.81 MBq (0.13 mCi) or
less of 90Y-veltuzumab (50 mg) were administered (day 0). This
dose was considered the MTD because prior studies indicated that
5.55 MBq (0.15 mCi) resulted in at least a 90% reduction in total
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white blood cells for more than 1 wk, and treatment-related toxicity
(TRT) occurred (9).

Consolidation therapy with veltuzumab consisted of the same
unlabeled veltuzumab treatment regimen mentioned above but
initiated 1 wk after PT-RAIT or radioimmunotherapy. In predosing
studies, veltuzumab was administered 1 d in advance of the TF4
(day 22) or 90Y-veltuzumab (day 21) injections. Unlabeled
epratuzumab was administered 2 d (day 2) after 7.4 MBq of PT-
RAIT, and the unlabeled milatuzumab treatment regimen was
given the same day as 9.25 MBq of PT-RAIT. Another study
combined the unlabeled epratuzumab treatment regimen with
90Y-veltuzumab, starting on day 0.

No more than 5 animals were housed per cage, and bedding
was changed within a few hours of PT-RAIT, to remove excess
excreted 90Y-activity. Animals were removed from the study if the
tumor size exceeded 2.5 cm3, if the body weight decreased by
more than 20% of the starting weight, or if there were any other
signs of morbidity.

Statistical Considerations
Biodistribution data were compared using a 2-tailed t test

(GraphPad Prism, version 4.0; GraphPad Software). Therapeutic
efficacy was based on Kaplan–Meier survival analysis (GraphPad
Prism) using a log-rank test, in which survival was based on the
approximate time required for tumor progression to 2.5 cm3 (dif-
ferences based on 2-tailed P values, requiring P , 0.05). Mice that
failed to reach this endpoint (most were tumor-free) were censored
at the end of the study. Animals withdrawn because of TRT or non–
treatment-related toxicity (NTRT) were censored at the time of their
removal. A few tumors progressed and then regressed well after the
time that such regression could be attributed with certainty to
treatment and were considered as treatment failures at the time of
their maximum size. The fraction of animals cured (S) was based on
those with no evidence of disease at the end of study divided by the
number of animals in the group that could be assessed unambigu-
ously (i.e., animals that were censored before the study end were
subtracted from the study total).

RESULTS

Figure 1 summarizes the therapeutic activity of the unla-
beled antibodies, PT-RAIT alone, and several combinations
based on time required for tumors to progress to 2.5 cm3 (i.e.,
survival). The individual growth curves, with median survival
times, are shown in Supplemental Figure 1 (supplemental
materials are available online only at http://jnm.snmjournals.
org). Untreated animals progressed from an average starting
size of 0.71 6 0.24 cm3 to 2.5 cm3 orgreater within 1 wk. None
of the unconjugated antibodies controlled tumor growth sig-
nificantly. All animals that were administered 9.25 MBq of
PT-RAIT alone experienced a complete response (no tumor
visible); within a few weeks, however, 7 of 10 tumors pro-
gressed, yielding a median survival of 4.9 wk (vs. untreated,
P, 0.0001).Threeanimals were tumor-free at16wk. Animals
treatedwith7.4 MBq ofPT-RAIT combinedwithepratuzumab
also showed an initial response, but 9 of 10 animals progressed
quickly, with 1 animal having complete tumor ablation. The
median survival time in this combination group was shorter
than the previously mentioned PT-RAIT–alone group (2.8 vs.
4.9 wk), because a lower dose of the 90Y-IMP-288 was

administered (7.4 vs. 9.25 MBq). The milatuzumab plus
PT-RAIT survival time was no better than the PT-RAIT–alone
survival time (P 5 0.5540). However, when a veltuzumab
treatment regimen was initiated 1 wk after PT-RAIT, complete
responses were induced in all animals for at least 4 wk; after 16
wk, 8 of 10 animals were tumor-free, providing a significantly
improved response, compared with the untreated (P , 0.0001)
and all other treatment groups.

If the veltuzumab regimen was started so that the initial
1-mg dose was administered 1 d in advance of the TF4
injection to simulate a predose commonly given to reduce
splenic targeting of the directly radiolabeled anti-CD20
IgG, the antitumor effect was impaired significantly, com-
pared with the PT-RAIT–alone group included in this set of
animals (Fig. 2). The antitumor effect was also impaired
significantly with this regimen, compared with the earlier
study, for which veltuzumab was initiated 1 wk after
90Y-IMP-288 had been administered (Fig. 1). In this study,
although all animals in the PT-RAIT–alone group initially
had a complete response, none of the tumors in the
veltuzumab-plus-PT-RAIT group regressed to smaller than
their starting size before progressing and the median time to
2.5 cm3 was reduced significantly (2.2 and 4.4 wk for
veltuzumab plus PT-RAIT and PT-RAIT alone, respec-
tively; P 5 0.0013). Thus, antitumor responses were in-
hibited significantly by shifting the veltuzumab treatment
regimen so that a single human-equivalent dose of approx-
imately 4 mg of veltuzumab per kilogram was administered
before PT-RAIT.

These data suggested that the predose reduced tumor
uptake of the 90Y-IMP-288. Biodistribution data showed
that tumor uptake 24 h after injection of the 111In-IMP-288
was decreased by 74% when 1 mg of veltuzumab was
administered 1 d in advance of the TF4 bsMAb injection,
compared with when no predose was administered (2.96 6

0.75 %ID/g from 11.28 6 0.21 %ID/g; P , 0.0001) (Table
1, set A). However, the concentration of 111In-IMP-288 in

FIGURE 1. Survival curves for PT-RAIT combined with
unconjugated antibodies with PT-RAIT. BALB/c nude mice
bearing subcutaneous Ramos tumors underwent PT-RAIT
with or without unconjugated antibody. Tumor size was
monitored for 16 wk. Animals were removed from study
when tumor progressed to greater than or equal to 2.5 cm.
Growth curves for individual groups and animals are shown
in Supplemental Figure 1 (hLL1, milatuzumab; hA20,
veltuzumab; hLL2, epratuzumab).
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the blood was unchanged. Additional studies examined the
effect of lowering the predose to 0.25 mg, which is
equivalent to a 1 mg/kg dose in humans, a level that was
found to improve biodistribution of 90Y-ibritumomab tiux-
etan (26). Under these conditions, tumor uptake measured
24 h after the 111In-IMP-288 injection was reduced by
48.5% (13.40 6 0.60 %ID/g vs. 6.82 6 0.75 %ID/g), with
no effect on blood or tissue concentrations (Table 1, set B).
Interestingly, when veltuzumab was administered just 1 h in
advance of TF4, tumor targeting and biodistribution were

similar to that found with the 1-d predose of either a 1.0- or
a 0.25-mg predose (Table 1, set C).

These results led to another therapy study in which
animals were administered the veltuzumab therapy regimen
starting with just 0.25 mg of veltuzumab 1 d before PT-
RAIT, followed by weekly 0.5-mg doses. In this setting, the
median time to 2.5 cm3 for the PT-RAIT–alone group of 4.4
wk was significantly shorter than that for the predosed PT-
RAIT group (9.6 wk; P 5 0.0389) (Fig. 3). Thus, even with
a reduction in tumor uptake of approximately 50%, this

FIGURE 2. Combining PT-RAIT with
veltuzumab treatment regimen starting
1 d in advance of TF4 injection: Un-
treated (A), percentage of animals re-
maining with tumors less than or equal
to 2.5 cm3 (B), PT-RAIT alone (2.25
nmol/355 mg of TF4, followed 29 h later
with 9.25 MBq/0.09 nmol of 90Y-IMP-
288) (C), and PT-RAIT plus hA20 before
and after PT-RAIT (same as treatment
C, but 1 mg of veltuzumab was admin-
istered 1 d before TF4 and then fol-
lowed by 3 weekly injections of 0.5 mg
of veltuzumab) (D). T0 is time 90Y-IMP-
288 was administered. Arrows show
times when veltuzumab was adminis-
tered.

TABLE 1. Effect of Veltuzumab Advanced Dose on Biodistribution of 111In-Veltuzumab IgG or TF4-Pretargeted
111In-IMP-288

Set A Set B Set C

Antibody and target No predose 1.0 mg/1 d No predose 0.25 mg/1 d No predose 0.25 mg/1 h 1.0 mg/1 h
111In-veltuzumab IgG

Tumor 16.9 6 4.1 9.0 6 1.4 22.5 6 3.8 16.8 6 2.0 22.1 6 2.7 18.1 6 2.5 13.2 6 4.5
Tumor weight 0.532 6 0.124 0.677 6 0.302 0.264 6 0.081 0.255 6 0.047 0.307 6 0.150 0.323 6 0.144 0.352 6 0.258

Liver 3.5 6 0.6 4.0 6 0.5 4.7 6 1.7 5.6 6 0.4 4.1 6 0.4 4.7 6 1.3 4.7 6 0.3

Spleen 4.3 6 1.8 4.3 6 0.5 5.4 6 4.0 5.6 6 0.8 3.6 6 0.8 4.1 6 1.0 4.3 6 0.5

Kidneys 5.0 6 0.7 7.1 6 1.0 4.8 6 0.5 5.40 6 0.8 5.2 6 0.6 6.7 6 1.2 6.6 6 0.3
Lungs 6.9 6 1.5 7.8 6 1.0 5.9 6 1.0 7.2 6 1.5 6.0 6 2.4 6.0 6 1.0 7.7 6 2.9

Blood 14.8 6 2.0 20.3 6 2.6 16.1 6 2.3 22.6 6 2.3 15.2 6 1.9 18.2 6 2.8 19.8 6 2.2

TF4-pretargeted
111In-IMP-288
Tumor 11.28 6 0.21* 2.96 6 0.75* 13.40 6 0.60 6.82 6 0.75* 13.23 6 1.81 6.74 6 1.51 2.40 6 0.61

Tumor weight 0.559 6 0.209 0.754 6 0.253 0.303 6 0.061 0.469 6 0.180 0.228 6 0.067 0.329 6 0.131 0.195 6 0.063

Liver 0.43 6 0.12 0.68 6 0.17 0.63 6 0.10 0.71 6 0.17 0.66 6 0.30 0.81 6 0.14 0.77 6 0.25
Spleen 0.63 6 0.23 1.38 6 0.52 1.40 6 0.71 1.40 6 0.56 1.32 6 0.98 1.29 6 0.69 1.23 6 0.51

Kidneys 1.14 6 0.14 1.50 6 0.09 1.38 6 0.18 1.31 6 0.26 1.53 6 0.27 1.46 6 0.24 1.27 6 0.15

Lungs 0.37 6 0.03 0.68 6 0.39 0.34 6 0.06 0.42 6 0.09 0.48 6 0.14 0.38 6 0.04 0.50 6 0.22

Blood 0.01 6 0.00 0.02 6 0.01 0.02 6 0.00 0.02 6 0.01 0.02 6 0.01 0.02 6 0.00 0.02 6 0.01

Animals were necropsied either 3 d after 111In-veltuzumab injection or 24 h after 111In-IMP-288 injection (111In-IMP-288 was

administered 29.5 h after TF4). %ID/g for each groups is shown (mean 6 SD; n 5 5/group, except where indicated by *, where n 5 4).
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veltuzumab predose with consolidation antibody therapy
enhanced the response.

We next asked how direct radioimmunotherapy with
90Y-veltuzumab would be affected by combinations with
unlabeled antibody therapy. As shown in Figure 4, all tu-
mors responded initially to the 90Y-veltuzumab treatment,
with 5 partial responses, 5 complete responses, and 1 animal
remaining tumor-free for 18 wk (Fig. 4D). One animal was
removed from the study because of severe body weight loss
at 3.4 wk, but this TRT was likely due to the lower body
weight of this animal (16.5 g) than that of the other animals
(19.1 6 1.4 g).

Earlier studies had indicated that unlabeled veltuzumab
amplified the therapeutic response to 90Y-epratuzumab (anti-
CD22) when the same veltuzumab regimen was initiated 1 d
before the 90Y-epratuzumab injection (21). However, a similar
treatment regimen of unlabeled epratuzumab added to 90Y-
veltuzumab did not affect the therapeutic response, with the
median survival time being 3.4 wk, compared with 4.4 wk for
90Y-veltuzumab alone (P 5 0.2281) (Fig. 4E). When veltu-
zumab treatment was initiated 1 d in advance of 90Y-
veltuzumab (Fig. 4F), antitumor responses were the same as
with 90Y-veltuzumab alone, but when the veltuzumab treat-
ment was started 1 wk after 90Y-veltuzumab, survival im-
proved significantly (P 5 ,0.0001) (Fig. 4G). Although 6
animals were tumor-free at the end of the study, 1 animal had
progressed and regressed on 2 separate occasions. Because the
initial progression occurred 6 wk after the last veltuzumab
injection, this was considered a treatment failure with pro-
gression at week 9.4, when the tumor was 0.53 cm3. One
NTRT caused the removal of an animal at 10.4 wk that had no
evidence of tumor at the time.

In this same study, 2 additional groups of animals under-
went PT-RAIT for direct comparison with 90Y-veltuzumab.
Five animals were tumor-free at the end of the study in the
PT-RAIT–alone group (Fig. 4B). Tumor progression had

occurred in 2 animals at 7 and 12 wk after treatment, but
because the tumors regressed without any additional inter-
vention, they were considered treatment failures with pro-
gression at these times, yielding a median time to 2.5 cm3

for PT-RAIT alone of 6.8 wk, which was not significantly
better than with 90Y-veltuzumab alone (P 5 0.0878). When
veltuzumab was initiated 1 wk after PT-RAIT, tumor
growth was completely arrested in all tumors for at least
12 wk, when 2 animals had tumor recurrence (Fig. 4C).
Thus, consolidation treatment added to PT-RAIT signifi-
cantly improved responses over PT-RAIT alone (P 5

0.0095), confirming the results of the previous study. On
the basis of the log-rank test, the antitumor response was
similar when consolidation veltuzumab therapy was added
to 90Y-veltuzumab or PT-RAIT (P 5 0.1316), but PT-RAIT
was administered at only approximately 30% its MTD,
whereas 90Y-veltuzumab was at its MTD. Additionally,
when the survival curve for the PT-RAIT combined with
veltuzumab that started with the 1-mg predose was com-
pared with the same regimen, but with 90Y-veltuzumab, a
greater negative impact on PT-RAIT was observed (P 5

0.0007).
Biodistribution studies provided insights into the differ-

ences in responses between direct and indirect targeted
therapy. Animals administered 111In-veltuzumab alone had
16.9 6 4.1 %ID/g in the tumor 3 d after injection (Table 1,
set A), but animals administered 1 mg of veltuzumab before
the radioimmunoconjugate had a 47% reduction in uptake
(9.0 6 1.4 %ID/g; P 5 0.003). Concentrations of the
radioimmunoconjugate in the blood also increased signif-
icantly by 37% (P 5 0.005), which potentially could
exacerbate hematologic toxicity. In a separate study exam-
ining the impact of a 0.25-mg predose, tumor uptake 3 d
after 111In-veltuzumab decreased 25%, from 22.5 6 3.8
%ID/g to 16.8 6 2.0 %ID/g when 0.25 mg was adminis-
tered 1 d earlier (Table 1, set B). Blood concentrations re-

FIGURE 3. Effect of single predose of
veltuzumab (0.25 mg) on PT-RAIT: un-
treated (A), percentage of animals re-
maining with tumors less than or equal
to 2.5 cm3 (B), PT-RAIT alone (2.25
nmol/355 mg of TF4, followed 29 h later
with 9.25 MBq/0.09 nmol of 90Y-IMP-
288) (C), and PT-RAIT plus hA20 before
and after PT-RAIT (same as treatment
C, but 0.25 mg of veltuzumab [hA20]
was administered 1 d before TF4 [1
animal was removed at 8.7 wk for
NTRT]) (D). T0 is time 90Y-IMP-288 was
administered.
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mained higher in animals administered the predose (16.1 6

2.3 %ID/g vs. 22.6 6 2.3 %ID/g). Administration of the
predose just 1 h before 111In-veltuzumab reduced tumor
uptake the same as when administered 1 d in advance.

The effect of a 1.0-mg veltuzumab predose on the 90Y-
veltuzumab treatment without a consolidation course of
antibody therapy was examined (Fig. 5). In this situation,
more tumors appeared to progress at an earlier time than

FIGURE 4. Effect of pre- and postdosing with unconjugated veltuzumab on therapeutic activity of 90Y-veltuzumab and PT-
RAIT: Untreated (A), PT-RAIT alone (2.25 nmol/355 mg of TF4, followed 29 h later with 9.25 MBq/0.09 nmol of 90Y-IMP-288) (B),
PT-RAIT followed 7 d later with veltuzumab, starting with 1 mg and then with 3 weekly doses of 0.5 mg of veltuzumab (C), 4.81
MBq (0.13 mCi; 50 mg) of 90Y-veltuzumab alone (D), treatment D coinjected with 1 mg of epratuzumab (hLL2) at T0, followed by
weekly injections · 3 of 0.5 mg of epratuzumab (E), 1 mg of veltuzumab administered 1 d before 90Y-veltuzumab (4.81 MBq/50
mg) and then followed weekly with 3 · 0.5 mg of veltuzumab (F), treatment D followed 1 wk later with 1 mg of veltuzumab, with
3 · 0.5 mg of veltuzumab administered weekly thereafter (G), and percentage of animals remaining with tumors smaller than
2.5 cm3 (H). Ramos tumors were administered 90Y-veltuzumab or PT-RAIT with or without unconjugated antibody. For PT-RAIT,
T0 is time 90Y-IMP-288 was administered. Each growth curve shows fraction of animals cured (S) and median time to 2.5 cm3

(MS). Arrows indicate animals removed from study because of TRT or NTRT event.
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with 90Y-veltuzumab administered alone, but although
there was a trend to a shorter median survival time in the
predosed animals, it was not statistically different (4.9 vs.
7.7 wk, respectively; P 5 0.1889).

DISCUSSION

We have been studying a promising new pretargeting ap-
proach for treating NHL that is more effective and less toxic
than the directly radiolabeled IgG in animal models (9).
Because the recombinant humanized anti-CD20 bsMAb
(TF4) lacks the Fc-effector portion of an anti-CD20 IgG, we
asked whether the fully functional anti-CD20 IgG veltuzumab
could be added to PT-RAIT in an effort to derive the same
unlabeled-antibody therapeutic benefit afforded with the radio-
antibody treatments that are administered with nearly 1 g of
unlabeled anti-CD20 IgG. We also examined the addition of
anti-CD22 and anti-CD74 antibodies, because these antibodies
are active in patients and animals, respectively (15,22). Al-
though lower doses of veltuzumab and milatuzumab alone were
active in micrometastatic severe combined immune deficient
(SCID) mouse–human B-cell lymphoma models, none of the
unconjugated antibodies alone was active against these well-
established tumors, and the addition of an anti-CD74 or anti-
CD22 IgG to the PT-RAIT regimen did not improve responses.
In contrast, initiation of a veltuzumab treatment 1 wk after
PT-RAIT or radioimmunotherapy, compared with radioimmu-
notherapy alone, significantly enhanced antitumor activity.

This finding led us to examine how a predose of unla-
beled veltuzumab might affect PT-RAIT or radioimmuno-
therapy. Anti-CD20 radioimmunotherapy regimens include
a predose of unlabeled anti-CD20 IgG before the radio-
immunoconjugate is administered, based on clinical testing
that showed uptake was high in the spleen in the absence of
a predose. This antigen sink, due to CD20-expressing

normal B-cells in the spleen, caused rapid clearance from
the blood, particularly in patients with splenomegaly or large
tumor burdens. Knox et al. reported a predose of 1 mg/kg
of unlabeled anti-CD20 IgG before 90Y-ibritumomab
tiuxetan significantly reduced the radiation-absorbed dose
to the spleen and significantly increased whole-body
(residual) and cardiac blood pool, compared with when no
predose was administered (26). Additionally, the percent-
age of known lesions was visualized better in 4 patients
administered a 2.5-kg predose per milligram, compared
with separate cohorts administered 1 mg/kg. Radiation-
absorbed doses to the tumor were not significantly different
between no predose and a 1 mg/kg predose but were highly
variable, possibly masking potential differences. Subse-
quent studies found no differences in biodistribution when
a predose of either 100 or 250 mg of rituximab per square
meter was administered before the radioimmunoconju-
gate, and therefore the higher dose was selected for future
treatments because they anticipated that it would provide
greater benefit (27). However, because a pretherapy imag-
ing study is performed before the therapy, patients actu-
ally receive 500 mg of rituximab per square meter before
the 90Y-ibritumomab tiuxetan injection. With 131I-tositu-
momab, 450 mg of unlabeled tositumomab are adminis-
tered before each radioimmunoconjugate injection (before
therapy and during therapy). However, clinical studies also
indicated that a 95-mg predose of tositumomab slowed the
clearance of the radioimmunoconjugate almost as well as
did a 450-mg predose (28). Nevertheless, several patients
who received a predose of 685 mg of tositumomab before
the 131I-tositumomab imaging dose experienced tumor
shrinkage even before they were administered the 131I-
tositumomab therapy dose, and these patients were more
likely to have a better response after the therapy dose

FIGURE 5. Effect of single predose of
veltuzumab (1 mg) on 90Y-veltuzumab
treatment: untreated (A), percentage of
animals remaining with tumors smaller
than 2.5 cm3 (B), 4.255 MBq (0.115
mCi; 50 mg) of 90Y-veltuzumab alone
(C), treatment C, first administered 1 mg
of veltuzumab (arrowhead) 1 d in ad-
vance of 90Y-veltuzumab injection (D).
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(29,30). As the mechanism of action of anti-CD20 anti-
bodies was examined further, the activation of apoptotic
signaling of the antibody drew attention to its ability to
sensitize cells to radiation (31,32). Thus, it is understand-
able that these predosing regimens were instituted. Indeed,
because clinical studies ultimately confirmed a significantly
higher objective response rate with the radioimmunoconju-
gates than with the unlabeled antibody (33,34), this finding
reinforced the belief that these predose amounts were not
detrimental to the ability of the radioantibody to provide
better therapeutic responses than could unconjugated IgG.

Because antihuman CD20 antibody is not cross-reactive
with mouse CD20 (35), mouse models cannot fully mimic
the binding competition between a normal B-cell sink and
the tumor using antihuman CD20 antibody. However, at the
time tositumomab (anti-B1) was being developed, studies
in mice also supported a predose to enhance tumor uptake
of 131I-anti-B1 by reducing splenic uptake and allowing the
antibody to clear more slowly from the blood (36). Anti-
bodies from other species and of different murine sub-
classes do clear differently in mice (37), and thus these
results were likely attributed to the IgG2a subclass of anti-
B1. Although the clearance mechanism is different between
mice and humans (i.e., IgG2a rapid clearance in mice is
related to Fc-receptor binding, not antigen binding), the
results do resemble the conditions seen with anti-CD20
antibodies in patients. Thus, these studies were helpful in
identifying the role of predosing when an antigen sink
exists; perhaps more important, however, was evidence that
excessive predosing (i.e., 1 mg) reduced tumor uptake (36).
The more unusual finding was reported subsequently when
the investigators observed that unlabeled anti-B1 antibody
elicited a better therapeutic response than did the radio-
immunoconjugate in nude mice bearing the Raji Burkitt
lymphoma cell line (38). We did not confirm this finding
using the humanized anti-CD20 IgG1 in nude mice bearing
established subcutaneous Ramos Burkitt lymphoma xeno-
grafts, but these results might simply reflect the more active
murine IgG2a antibody subclass of the anti-B1 antibody,
compared with the human IgG1. Thus, whereas animal
models may not reliably predict the therapeutic potential of
an unconjugated antibody optimized for human use, when
one is active in mice, we can derive an estimate of how the
conjugated and unconjugated antibodies contribute to the
overall effect, particularly in analyzing dose scheduling.

Although the results showing the benefits of predosing in
mice were helpful, it is difficult to reflect accurately the
human condition in mice. For example, the initial clinical
studies often reported that altered distribution was exacer-
bated mainly in patients with splenomegaly or large tumor
burdens, and thus a model would need to simulate these
conditions and define how antigen density within the sink
affects targeting. Significant differences in the volume of
distribution could also compromise the translation to hu-
mans. Antigen content and accessibility in the tumor are
other components to consider. Clinical studies did carefully

compare no predose to a particular predose level in the
same patient, and although some patients were adminis-
tered minimal and maximal predosing (e.g., 135 and 635
mg), the specific biodistribution and targeting data from
these patients were not presented in a manner to assess
critically the benefit for the larger versus the smaller
predose (28,29,39). There was also a lack of substantive
data to reflect how tumor localization of the therapeutic
product was affected from the cumulative predosing of
unlabeled antibody. It may be tempting to speculate that
predosing reduced the antigen sink sufficiently to allow
better uptake of the therapeutic radioantibody dose, but this
speculation ignores the competition for binding sites oc-
curring within the tumor. Ultimately, predosing require-
ments appear to have been influenced primarily by the
imaging or dosimetry findings that suggested that tumor
uptake was not compromised by the higher predoses and
by the direct observation of improved responses when the
higher predoses were administered (29,30) or from the
belief that responses would be improved by adding higher
amounts of a therapeutically active antibody (27).

Our studies suggest that careful attention needs to be
paid to the use of a predose in optimizing the pretargeting
of the radiolabeled hapten-peptide in patients, because
tumor uptake of the radiolabeled peptide in a pretargeting
setting was affected more adversely by the predose than by
the direct conjugate. Although we did not directly monitor
the distribution of the bsMAb, the data suggest that the
predose likely reduces the amount of bsMAb localized to
the tumor and, in turn, a lower fraction of the radiolabeled
peptide was captured in the tumor. Unlike the direct
conjugate, however, the predose did not appreciably affect
the tissue uptake of the radiolabeled peptide. Interestingly,
in clinical studies using an anti-CD20-streptavidin fusion
protein localizing 111In-biotin without the benefit of an
predose of unlabeled anti-CD20 IgG, whole-body images
of patients did not reveal enhanced splenic targeting, and
radiation doses to the spleen were more than 6-fold lower
than those to the tumors (40). Thus, predosing requirements
for pretargeting procedures might be different from direct
radioimmunoconjugates.

Although preclinical and clinical data leave little doubt
that in a situation in which a substantial antigen sink exists
a predose can favorably alter pharmacokinetics and bio-
distribution of a radioimmunoconjugate, our studies sug-
gest that the predose should be minimized to reduce
competition for binding. This approach should be followed
with a more aggressive dosing of the therapeutically active
unlabeled antibody. The most robust antitumor response
occurred when radioimmunotherapy or PT-RAIT was admin-
istered without predosing, followed by unlabeled antibody
therapy. Thus, the more radioimmunoconjugate delivered, the
more successful the treatment will be.

Unfortunately, animal studies cannot predict the extent to
which clinical responses might be affected had the advance
dose for the currently approved radioantibody treatments
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been lowered. We focused on the Ramos lymphoma cell
line because it has a moderate level of CD20 expression
(16), but, more importantly, it grows reliably in BALB/c
nude mice without host immunosuppressive conditioning.
Although several other cells lines will grow reliably in
SCID mice, SCIDs are highly sensitive to radiation, making
it difficult to study radioconjugates at effective doses. Thus,
although these studies clearly show how unconjugated anti-
CD20 antibody can be best used in combination with an
anti-CD20-targeted radionuclide, the benefit will vary on
the basis of several factors in animals and in humans.
Ramos in a nude mouse model does show a small percent-
age of spontaneous regression, thus complicating trial
design and extrapolation to clinical studies. Nevertheless,
repeated experiments confirmed the basic observations.

Because antibody-dependent cellular toxicity (ADCC) has
been considered one of the more important mechanisms of
action for anti-CD20 antibodies, the initiation of veltuzumab
therapy 1 wk after radioimmunotherapy, at a time when animals
had experienced an approximately 80%290% loss in their
peripheral blood counts, was still effective (9). One might infer
from this result that ADCC is not the principal mechanism of
action in this situation, but perhaps the loss in peripheral blood
cells does not correlate well with the ability of local effector
cells to exert ADCC activity or, alternatively, antibody concen-
trations were sufficiently persistent in the mouse to engage
ADCC during recovery from hematologic toxicity. In this sense,
examining the mechanism of action in this setting could be
important for determining how to best administer this treatment
clinically, particularly because hematologic toxicity has differ-
ent dynamics in mice and men treated with a radioconjugate.

Finally, we previously found that the same veltuzumab
treatment regimen starting 1 d in advance of 90Y-epratuzumab
(anti-CD22 IgG) did not alter the biodistribution and tumor
uptake of the radioantibody and enhanced antitumor activity
of this anti-CD22 radioimmunoconjugate (21). Gopal et al.
reported a similar finding, in which the combination of a
radiolabeled anti-CD45 antibody with rituximab provided
significantly better responses than did the combination with
131I-tositumomab anti-CD20, because rituximab blocked
the localization of the anti-CD20 radioimmunoconjugate
in the tumor by as much as 55% (20). We observed a
similar negative impact on tumor uptake when 1 mg of
veltuzumab was administered 1 d, or even 1 h, in advance
of 111In-veltuzumab. Perhaps because we continued the
unlabeled anti-CD20 IgG therapy after 90Y-veltuzumab,
we did not observe a significant negative impact on the
therapeutic activity of 90Y-veltuzumab. Nevertheless,
combining an active radioantibody with an active uncon-
jugated antibody that binds different antigens (or even
noncompeting epitopes) is a promising method.

CONCLUSION

PT-RAIT using the TF4-trifunctional bsMAb is a prom-
ising new therapeutic approach that can be enhanced by

combining it with a post–PT-RAIT veltuzumab treatment
regimen. Consolidation immunotherapy can provide en-
hancements similar to directly radiolabeled anti-CD20 IgG.
When using a predosing strategy to reduce targeting to a
normal tissue sink, the protein dose should be minimized to
avoid excessive competition with the binding of the radio-
immunoconjugate to the tumor and also to minimize
normal-tissue uptake.
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