
applies small-molecule radioligand pharmacokinetics to
increase the therapeutic ratio. Conventional radioimmuno
therapy (Rif) with @3-emitterisotopes such as 1311,90Y,and

@Rehas realized only limited success in the treatment of
solid tumors (1â€”5),in part because of slow clearance of
radiolabeled antibody from circulation. The maximum toler
ated dose of radioactivity that can be admmistered is limited to
suboptimal therapeutic levels by bone marrow toxicity, the
consequence ofprolonged exposure to circulating rudicactivity.

Several strategies have been devised to reduce the levels
of circulating radiolabeled antibody. Regional administra
tion is appropriate in specific clinical situations, e.g., ovarian
cancer (6.-7) or gliomas (8â€”9).This has had greater success
than systemic RIT, because a higher therapeutic ratio can be
achieved by more rapid localization of the radiolabeled
antibody and lower marrow exposure. An alternative and
more generally applicable approach is to reduce the amount
ofradioactivity in circulation after radiolabeled antibody has
localized to tumor. This can be accomplished using an
extracorporeal immunoadsorption column (10) or a second
molecular construct, a â€œclearingagent,â€• which removes
antibody from the blood (11). However, because most of the
marrow radiation occurs within the first hours after adminis
tration, i.e., before removal of the radiolabeled antibody,
neither of these approaches reduces the radiation exposure to
marrow sufficiently to allow the administered dose to be
increased as much as 2-fold.

In 1984, Goodwin first proposed a strategy to improve the
tumor-to-normal organ dose ratio (12). In this strategy, the
antibody serves a dual purpose, targeting the tumor and also
serving as a receptor for the radioisotope. The radioisotope
is administered as a later step when the tumor-to-normal
organ concentration ratio is optimal. It is administered as a
small molecule, rather than bound to the antibody, and thus
distributes rapidly throughout the vascular and extravascular
space, where it is captured by prelocalized antibody receptor
in tumor. Unbound radioisotope clears quickly from circula
tion through renal excretion, thus reducing radiation expo
sure to marrow.

Pretargeted radioimmunotherapy (PRIT) was evaluated using an
antibody-streptavidinconjugate, followed by a biotin-galactose
humanserumalbuminclearingagentand @Â°Y-dodecanetetraace
tic acid (DOTA)-biotin as the final step for therapy. The objective
was to develop a clinical protocol that could show an improved
tumor-to-red marrow therapeutic ratio compared with conven
tional radioimmunotherapy(AlT) and at the same time preserve
the efficiency of tumor targeting. Method: Forty-threepatients
withadenocarcinomasreactivetoNR-LU-10munnemonoclonal
antibody receivedthe 3 components.Doses and timing param
eters were varied to develop an optimized schema. In some
patients,the conjugatewas radiolabeledwith 1@Reas an
imaging tracer to assess biodistribution of the conjugate and
effectiveness of the clearing agent. 111In-DOTA-biotinwas co
injected with @Â°Y-DOTA-biotinfor quantitative imaging. Safety,
biodistnbution, phamiacokinetics, dosimetry, and antiglobulin
formation were evaluated. Results: The optimal schema was
definedas a conjugatedoseof 125 pg/mLplasmavolume
followed at 48 h by a clearing agent in a 10:1 molar ratio of
clearing agent to serum conjugate. The therapeutic third step
was 0.5 mg radiobiotin administered24 h later. No significant
adverseeventswere observedafter administrationof any of the
components. The mean tumor-to-marrowabsorbed dose ratio
whenusingthe optimizedPRITschemawas63:1,comparedwith
a 6:1 ratio reportedpreviouslyfor conventionalAlT.Antiglobulin
to munne antibody and to streptavidin developed in most pa
tients. Conclusion: This initial study confirmed that the PRIT
approachis safe and feasibleand achieveda highertherapeutic
ratio than that achieved with conventional RIT using the same
antibody.

KeyWords:pretargetedradioimmunotherapy;NR-LU-10;@Â°Y
dodecanetetraaceticacid-biotin;monoclonalantibody
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retargeted radioimmunotherapy (PRIT) is a multistep
delivery system that takes advantage of sequentially admin
istered components to exploit antibody specificity and
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In 1987, Hnatowich et al. (13) proposed the use of
avidin-conjugated antibody and radiolabeled biotin for radio
immunoscintigraphy. Avidin is a 66-kd protein found in egg
white, and streptavidin (SA) is a 60-kd protein produced by
Streptomyces avidinii. Each molecule has 4 biotin-binding

sites. Biotin (vitamin H) is a 244-D bicyclic compound with
a valeric acid side chain. Both avidin and SA show similar,
strong biotin-binding properties. The affinity constant (1015
L/mol) results in rapid, highly selective, and tight binding
under physiologic conditions (14).

Kalofonos et al. (15) in 1990 used antibody SA conjugate
followed 2â€”3d later by â€˜@In-diethylenetriamine pentaacetic
acid (DTPA)-biotin for imaging tumor. Squamous cell lung
tumors were successfully imaged within 2 h, and back
ground radioactivity levels were reduced in all normal
tissues, including liver, kidneys, and blood.

In the pretargeted approach to RIT presented here, this
approach was modified by inserting a clearing agent to
improve further the tumor-to-tissue conjugate ratio. This
multistep approach incorporates the following features that
distinguish it from conventional RIT: the use of the antibody
against tumor antigens on the tumor cell surface to carry a
receptor, in this case a biotin binding receptor, rather than a
cytotoxic agent; use of a clearing agent to effect removal of
antibody not localized to tumor and create a differential
concentration between biotin binding receptor on tumor
cells and in blood that has been cleared of residual receptor;
and use of the biotin binding receptor (SA) on the antibody
now bound to the tumor cell surface to capture the radionu
clide linked to the small molecule (90Y-biotin).

Preclinical studies in tumored nude mice using this PRIT
approach showed complete regressions without apparent
toxicity and without regrowth in 80% of breast cancer
xenografts and 100% of colon and small cell lung cancer
(SCLC) xenografts (10 mice per group followed for >200 d
after PRIT) (16). By comparison, using conventionally
radiolabeled antibody with 7400 kBq (200 j.iCi) 9Â°Yin SCLC
xenografts, no cures and only a modest growth delay of 15 d
was observed. Thus, in the nude mouse human tumor
xenograft model, PRIT was clearly superior to RJT.

In the initial clinical study reported here, we sought to
determine the feasibility of this pretargeting approach in
patients and to develop a clinical protocol for therapy. The
objectives of this study were to evaluate the (a) safety of the
components; (b) tumor localization of NR-LU-l0-SA conju
gate; (c) effectiveness of the clearing agent in reducing
circulating antibody conjugate; (d) pharmacokinetics of the
dodecane tetraacetic acid (DOTA)-biotin; (e) ability of
90Y-DOTA-biotin to localize to tumor sites pretargeted with
antibody-SA (using an @In-DOTA-biotin tracer); (f) pro
jected radiation absorbed dose delivered for 90Y-DOTA
biotin at tumor sites and in normal organs, using an
I 11In-DOTA-biotin tracer; and (g) immunogenicity of the

components.

MATERIALSAND METHODS
The 3 components assessed were monoclonal antibody (MAb)

SA chemical conjugate, clearing agent (biotin-galactose-human
serum albumin [HSA]), and biotin-isotope chelate (@Â°Y-DOTA
biotin).

Three radioisotopes were used in the clinical studies: â€˜@Refor
radiolabeling the antibody-SA conjugate and t11Ii@and @Â°Yfor
radiolabeling the DOTA-biotin.

MurineMAbNR-LU-10-SAConjugate
Murine IgG@1,MAb NR-LU-lO recognizes the 40-kd epithelial

antigen known as Ep-CAM, which has been studied in human
clinical trials (5). NR-LU-lO (Boehringer Ingelheim, Biberach,
Germany) was chemically conjugated to SA(Genzyme, Kent, UK)
using succinimidyl 4-(N-maleimidomethyl)cyclohexane-l-carbox
ylate (SMCC) (Pierce, Rockford, IL) (17). NR-LU-lO was reduced
with dithiothreitol, desalted by gel filtration, and mixed in 1:1
molar ratio with SMCC-SA at 5 mg/mL total protein concentration
in phosphate-buffered saline (PBS). The conjugate was then
purified using iminobiotin affinity chromatography and then anion
exchange chromatography to remove the more highly aggregated
species. The conjugate appears as a single peak on size-exclusion
high-performance liquid chromatography (HPLC) with ultraviolet
detection (Zorbax SEC GF250; Hewlett Packard, Wilmington,
DE). By sodium dodecyl sulfate-polyacrylamidegel electrophore
sis, the conjugate is about 80% 1:1 SA to antibody, with the
remainder mostly 2:1 with some higher polymers. Immunoreactiv
ity was 90% of unconjugated antibody as assessed by an enzyme
linked immunoabsorbent assay (ELISA). The biotin binding capac
ity (100%) was determined by 2-(4'-hydoxyphenylazo)-benzoic
acid displacement from SA by biotin and by binding of radiobiotin
(18). In selected patients, the conjugate was radiolabeled with 600
MBq/m2 â€˜@Reas previously described (5). Purity of the â€˜@Re
labeled NR-LU-lO-SA determined by instant thin-layer chromatog
raphy was 90%, and HPLC after the â€˜ytrace was 85%
monomeric. Additional release assays included limulus amoeba
cyte assay of endotoxin burden (release criterion <5 endotoxin
units/mL) (Biowittaker,Walkersville,MA), immunoreactivityevalu
ated by radiolabeled cell binding assay (release criterion 45%),
and biotin binding evaluated by avidin bead binding (release
criterion 90%). The stability ofthe â€˜86Re-NR-LU-l0-SAinserum
was consistently >95% until the time of the DOTA-biotin injec
tion. SDS-PAGE showed the serum to be free of metabolites or
aggregates throughout the course of treatment. The conjugate
biotin binding capacity in serum immediately after injection was
90% of baseline. By 24 h it was 84%, and 4 h after administration
ofclearing agent it was 15% (n = 3).

Biotin-Galactose-HSA Clearing Agent
The clearing agent was biotinylated galactose-HSA (19). The

HSA was chemically derivatized with biotin through available
lysine residues, and then with galactose. An average of4O galactose
residues and 2 biotins were coupled to each HSA(20). The clearing
agent acted by forming complexes with the conjugate through
biotinâ€”SAinteraction. It was extracted from the circulation by the
Ashwell receptors of hepatocytes, which recognize its galactose
sugars.

1111n-and @Â°Y-DOTA-Blotln
The DOTA-biotin ligand, ([N-methyl-N-biotinyllglycyl) amino

benzyl-DOTA, is made of 3 parts: amino benzyl DOTA, N-methyl
glycine linker, and d-biotin. The N-methyl glycyl functions as a
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linker and is designed to reduce enzymatic cleavage of DOTA
biotin by serum biotinidase (17). The biotin, linked through a
carboxyl group, retains functional avidin-binding activity. @Â°Yis a
pure @3emitter (Emax: 2.3 MeY) with a physical half-life of 64 h.
Because 90Ylacks imaging photons, 185 MBq WIn@DOTAbiotin
was coadministered with 370 MBq/m2 @Â°Y-DOTA-biotinfor tumor
visualization and to evaluate biodistribution from @ycamera imag
ing. In patients who received â€˜@Re,@Â°Ywas not administered. @Â°Y
and @â€˜Inare comparably stably chelated by the DOTA macrocycle
(21). DTPA (100 mmol), 60 and 120 pL, was added to chelate any
free @Â°Yor â€œIn,respectively, should these be present. Preclinical
studies showed that â€œIn-DOTAand @Â°Y-DOTAexhibit similar
stability properties and biodistribution pharmacokinetics and are
excreted unchanged in the urine (16). The release criterion of
@Â°Y-DOTA-biotinby HPLC was 90% monomeric species. Gradi

ent HPLC used a Beckman Ultraspherogel 5 @unRPC-l8 column,
0.46 X 25 cm, coupled to a 170radiodetector (Beckman, Fullerton,
CA) runat 1 @iJJmin.A slope gradientsolvent of O%â€”75%B in 15
rain (5 mmol DTPAas solventA and 1:1ratio of5 mmol DTPAand
acetonitrile as solvent B) caused elution of free isotope at 2â€”3mm
and labeled DOTA-biotin at 9â€”11 mm. The purity of the labeled
DOTA-biotin was 99%â€”l00%for both @Inand @Â°Y.Endotoxin
was <5 endotoxin units/mL. Avidin binding was assayed by avidin
beads. Avidin agarose beads (Sigma, St. Louis, MO) (200 jiL) were
suspended into the top of a 0.2 microfuge (Bio-Rad, Hercules, CA)
filter unit. The beads were washed twice with 200 @.tLPBS, spinning
the filter at 10,000 rpm. The radiolabeled DOTA-biotin in 200 pL
PBS was addedto washedbeads,thenmixed for 5â€”10mm to allow
binding. The radioactive beads were spun and washed twice with
PBS, andboundandfree radioactivitywas countedin a @1'counter.
Avidin bead binding criterion was 90%, and the avidin binding
was >97%.

PatientEligibilityCriteria
Patients with advanced epitheial malignancies known to react

by immunohistology with the NR-LU-lO antibody were eligible for
study. Patients were required to have measurable or evaluable
tumor refractory to standard treatment and no evidence of other
serious systemic disease by history or standard measures of
hepatic, renal, cardiac, and pulmonary function. Platelet count was
required to exceed 100,000/mm3 and white cell count to exceed
4,000/mm3. Patients were enrolled in the study only if expression
of the NR-LU-lO antigen was shown by imaging with @Tc-NR
LU-lO antigen-binding fragment, Verluma (nofetumomab merpen
tan) (NeoRx Corp., Seattle, WA) (22,23). PRIT was performed
within 1wk ofthe diagnostic imaging study to avoid the possibility
that human antimouse antiglobulin (HAMA) might have devel
0@.

The study was approved by the Virginia Mason Medical Center
Institutional Review Board and was conducted under an Investiga
tional New Drug Application with the Center for Biologics
Evaluation and Research, U.S. Food and Drug Administration. All
patients granted informed consent after appropriate explanation of
the phase I nature of this study and therapeutic alternatives.

Forty-three patients with colorectal (22), lung (10), pancreatic
(3), gastroesophageal (2), bladder (2), breast (2), or ovarian (2)
cancers were studied. The tumor types did not influence the dosing
protocol the patients received.

PreliminaryStudies
Five patients received antibody SA conjugate (NR-LU-l0-SA)

only, either 40 or 200 mg, radiolabeled with @Re,to assess

whether the SA altered the pharmacokinetics, biodistribution, and
tumor targeting of the antibody. â€˜@Rewas used as the radiolabel
because of our experience with @Re-NR-LU-l0(5).

Two patients each received 2 mg â€œIn-DOTA-biotinalone to
study the biodistribution of the radioligand.

Pharmacokinetics
Serum was collected at 0.2, 1, 24, and 48 h after injection of

conjugate, and at 0.2, 1, 2, 4, 6, 8, 12, and 24 h after injection of the
clearing agent. When conjugate was not radiolabeled, conjugate
clearance was assessed by ELISA and, when radiolabeled, by @Re
counting in a@ counter. Serum and urine were counted after the
administration of DOTA-biotin to compare the pharmacokinetics
of the 111In@and @Â°Y-DOTA-biotin.Serum was counted at 0.2, 1,2,
4, 6, 8, 12, 24, 48, and 116 h. Urine was collected only in a limited
number of patients, because of radiation exposure concerns for
medical personnel. Thus, we relied on whole-body counting by -y
camera to assess whole-body clearance. Samples were counted in a
â€œYcounterfor 11l@and a liquid scintillation counterfor @Â°Y(24).
Serum data were fit to a 2-compartment model with bolus input and
first-order output. The elimination half-life was calculated using
PKAnalyst (Micromath Scientific Software, Salt Lake City, UT).
Fast-performance liquid chromatography analysis was performed
on the serum of 6 patients to assess the contribution of the free
DOTA-biotin and conjugate-bound DOTA-biotin. After an accept
able schema was developed, an escalation study of the @Â°Ydose
was initiated and will be reported separately. To increase the
sample size of the pharmacokinetic data reported here, we have
included 15 patients from the dose escalation study who received
the components of the optimized schema described below.

Dosimetry
Biodistribution of â€˜111nDOTA-biotin in organs and tumor was

evaluated by quantitative planar ycamera imaging using a Maxxus
camera with a medium-energy collimator and a 400i computer
(General Electric Medical Systems, Milwaukee, WI). Radiation
absorbed dose to evaluable tumors and organs was estimated using
standard MIRD techniques (25â€”29)and will be reported in detail
separately. Images were acquired from both the 173- and 247-keY
photopeaks. @Â°Ydosimetry was modeled from the â€œIndata.

Attenuation correction for conjugate view data was based on
57Coflood source transmission, corrected for â€˜111n.The correction
was based on patient studies with both isotopes. For single-view
source organs, attenuation correction was based on depth derived
from CT scans. Whole-bodyâ€”countingand planar spot images were
acquired immediately and at 3, 20, 44, and 115 h after injection.
Regions of interest (RO!) were drawn over the source organs, with
a background ROI close to the source organ. These included the
thyroid gland, kidneys, liver, bladder, entire intestinal tract, and
tumors. Activity observed in the gastrointestinal tract was assumed
to be related to localization on the antigen expressed in normal
intestinal mucosa, consistent with histopathologic assessment of
intestinal antigen expression. Because the small intestine accounts
for two thirds of the total intestinal mass, the intestinal dose was
estimated by assigning two thirds of the intestinal activity from the
abdominal RO! to the small intestine and using the MIRD model
for the intestinal tract to estimate the dose to the small-intestine
wall (29). Residence times were determined for the source organs
by trapezoidal integration of timeâ€”activitycurves with exponential
fitting to determine long-term retention.

Dose to the bone marrow was estimated from circulating
radioactivity. The radiolabel was assumed to bind immediately to
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D3: DOTA-biotin

4â€”24h mass: 0.5â€”2mg
over2Osorl5min

the conjugate. The conventional approach for marrow dose from
radiolabeled antibodies was used, assuming the concentration of
activity in marrow to be 0.25 relative to that of the blood (30).
Residence times were calculated from the @Inand @Â°Ycounted in
the serum.

The absorbed dose to the patient was adjusted for actual patient
mass. The absorbed dose to the liver was adjusted for liver mass
when hepatic metastases were present (28). MIRD phantom organ
masses were used for the other organs. Tumor dose was estimated
when tumor was visible on the images and tumor mass could be
derived from cumulative areas on CT slices. Tumors were modeled
as for organs and adjusted for mass (28). S-factors from
the International Commission on Radiation Protection and
Meaurement, as implemented in MIRDOSE2 software (RIDIC,
Oak Ridge, TN), were used to estimate the radiation absorbed dose.

Safety
Patients were monitored for toxicity by periodic evaluation of

symptoms and signs and by clinical laboratory analyses. Standard
toxicity and tumor response criteria were used (31).

Patients were monitored for the production of HAMA, antistrep
tavidin antibody (HASA), and anticonjugate antibody (HACA).
Antiglobulin levels were measured in patient sera using a sandwich
based ELISA in a format previously described (5). Briefly,
streptavidin, NR-LU-lO, or NR-LU-10/SA were used as capture
antigens for HASA, HAMA, and HACA, respectively. In each
case, antigen was coated overnight at 4Â°on 96-well polyvinyl
microliter plates (Falcon Plastics, Oxnard, CA) in PBS at 1 @ig/mL.
Patient sera were added for 1 h at room temperature in 4-fold
dilutions to wells in PBS containing 0.5% Tween (Sigma Chemi
cals, St. Louis, MO) and 4% chicken serum (Sigma) (PBS chicken
serum Tween buffer). After washing unbound sera components,
peroxidase-labeled goat antihuman (H and L chain) antibody was
added in PCT for each of the 3 assays for 45 mm. After additional
washes, the chromogen substrate, 2,2'-azino-bis-3-ethylbenzothio
zoline-6-sulfonic acid (0.28 mg/mL) was added, and color develop
ment was monitored spectrophotometrically at 45 am.

Relative reactivity was determined by measuring the HASA,
HAMA, and HACA immune response relative to a pooled serum
source of untreated normal individuals for the purpose of standard
izing the immune response among different patients (5). To be
considered a positive HAMA response, post-treatment levels
needed to be at least 2 times higher than pretreatment levels. Using
these techniques, qualitative assessments in the patient response to
the various components could be made.

RESULTS
Preliminary Studies

The mean serum clearance of @ReNR-LU-10-SAconju
gate from the 5 patients who received 40 (n = 2) or 200 (n =
3) mg is shown in Figure 1. For comparison,serum
clearance of 40 mg lteRe@NR@LU@l0antibody alone (n =
15) is shown. The elimination half-time of NR-LU-10-SA

I

FIGURE1. Meanserumclearanceof 1@Re-NR-LU-10anti
body (n = 15)and 1@Re-NR-LU-10â€”SAconjugate(n = 5).

was 27.2 h compared with 21.6 h for antibody, a statistically
significant difference (P < 0.001). While these clearance
curves are statistically different, likely as a result of the altered
charge and increased size of the molecule, a difference of this
magnitude seemed unlikely to be of clinical significance. More
important; -y camera imaging showed that tumor targeting and
organ biodistribution ofthe SA conjugate were comparable with
those ofunconjugated NR-LU-l0.

1\vo patients received@ alone. The radio
ligand was primarily excreted in the urine. Images showed
no retention in the organs, no nonspecific tumor localization,
and minimal hepatobiliary excretion (32). Because of the
rapid extravasation of the radiobiotin from the circulation, at
10 mm after administration only 19% of the injected dose
(ID) remained in the serum, and by 8 h <1% remained. The
first-order serum elimination half-time was 1.2 h. By 24 h,
97% of the ID had been excreted intact in the urine. No free
radioisotope was detected in urine. Dosimetry estimates
projected for @Â°Y-DOTA-biotinalone were bladder, 3.0
mGyfMBq (1 1 rad/mCi); whole body, 0.035 mGyIMBq
(0. 13 rad/mCi); kidneys, 0.35 mGyfMBq (1 .3 rad/mCi);
liver, 0.03 mGyIMBq (0.11 rad/mCi); bone marrow, 0.012
mGy/MBq (0.047 rad/mCi); and thyroid, 0.032 mGy/MBq
(0.12 rad/mCi).

Component Dosing Optimization
Initially, several patients were dosed on the basis of

results from preclinical animal studies, but dosing and
timing adjustments were required to improve the biodistribu
tion in patients. The range ofdoses and timing intervals were
as follows:

Dl :Conjugate D2: Clearingagent

mass:168-600mg 24-72 h, mass:110-600mg
overl5min overO.1to2Oh
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Patient
no.Dl(mg)1170220032004200540064007200920010*20012400144001560018400t194002040021400224002340125400294003040031400323003330035400364003740038200392504130042360433454426246336474104944250380513005442557298

Tl
(h)

24
24
24
44
44
46
48
48
48
48
48
48
48
48
48
48

48/58
48/59

48
48

48/58
48
48
48
72
72

48/62
48
48
48
48
48
48
48
48
48
48
48
48
48

D2

(mg)

110

150
300

300
300
300
300
300
300
400
400
600
400
350

400
400

350/50
350/51

400
400

350/50
400
400
400
400
400

200/200
350
260
360
315
415
500
220
230
450
400
312
440
301

T2
(h)

4

4
4
4

10
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

24
24
24

24
24
24
10/34

24
24

24
24
24
24
24
24
24
24
24
24
24

D3
(mg)

0.5
0.5
0.5
0.5
0.5
2
2

2
2

2
0.5
2
0.5
0.5
0.5
1.5
0.5
1.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.5/0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.5
0.5
0.5
0.5
0.5
0.5

TABLEIand whole-body clearance kinetics and radiationabsorbedDosing
and Timing Parametersdose estimates to organs. Thus, parameter changes were

based on evaluating available preclimcal and patient data.
Although more detailed study of the parameters and larger
patient numbers would have been preferable, limited re
sources confined us to thisapproach.â€”

â€” â€” â€” â€”Preliminary

observations were that (a) administrationofthe
individual components in a combined protocol wassafe;Q@)
conjugatewaseffectivelyremovedfromcirculationbythe
clearing agent to the liver, where it was metabolizedandexcreted

into the gut (as indicated by the @Reradiolabel);and
(c) radiobiotin rapidly localized to pretargeted conju

gate. The overall objective of these studies was tomaximizethe
projected radiation dose to tumor while maintainingahigh
tumor-to-bone marrow doseratio.Dl

(NR-LU-10/SA).Conjugatewas administeredasanintravenous
infusion over 15 mm in each patient. Highdoseswere

given to achieve the highest intravascular concentra
tions that could still be cleared effectively from thebody.The

aim was to saturate available tumor antigen siteswithconjugate
and achieve uniform distribution of SA through

out the tumor, although this was not directlyevaluated.Tumor
uptake had to be considered in conjunctionwithuptake
in normal organs that express the antigen.Thekidneys
and gastrointestinal tract, known to expresstheantigen

(5), were of particular concern, because imagesanddosimetry
estimates indicated that localization of the90Ycould

be potentially harmful at high dosages. In patient15,600
mg conjugate were given and high kidney uptakewasnoted.

This was assumed to be related to theantigenicexpression
by the kidney, so conjugate dose wasreduced.Patient

18 received 276 mg antibody 72 h beforeconjugatein
an attempt to preferentially block kidney uptake,buttumor

uptake appeared to be similarly reduced.Severalantibody
lots and native and recombinant SA werestudiedfor

consistency. The optimal dose was determined to be400mg.
However, to achieve more patient-to-patient consis

tency, dosing was modified on the basis of estimatedplasmavolume.
A mass dose of 125 @sgconjugate per milliliterof*Patients

11, 13, 16,and 17 received increasingdoses of @Â°Y.plasma volume, which approximates a 400-mg patientdose,tPatient
18 received276 mgunconjugatedantibody72 h beforewas adopted and used from patient 38onward.conjugate.

Dl = conjugatemassdose;D2= clearingagentmassdose;D3=
dodecanetetraaceticacid-biotinmassdose;Ti = intervalfromDl to
D2;T2 = intervalfromD2to D3.Ti

(Timing Interval Between Conjugate and Clearing
Agent Administrations). Because conjugate pharmacokinet
. . . .

ics are relatively slow, a sufficient interval is needed for peak
uptake in tumor. Preclinical and clinical studies with â€˜@Re
NR-LU-lO showed peak uptake in tumor at 24â€”48hafterTable

1 shows the doses and timing intervals of theinfusion (5). We tested 24 h, 44-48 h, and 72 h as Tl(seecomponents
for all 43 patients. Numbers not listed representTable 1). Because of the possibility of biotin filling ofthepatients

whodidnotreceivethecompleteprotocolbecausetumor over time and therefore reduced biotinbindingoffailure
to image tumor with @â€˜@Tc-Fab-NR-LU-10,plannedcapacity for the DOTA-biotin, and because conjugatetumorsurgical
resection after conjugate administration, progres localization was similar to antibody, 48 h was selectedassive

disease, etc. Not all combinations of doses andtimingoptimal.could
be evaluated, and decisions to change parameters wereD2 (HSA Clearing Agent). There was no obvious differ

frequently made after evaluation of data from just 1 or 2ence in the effectiveness of clearing agent, whether givenbypatients.
Dataevaluatedincludedqualitativeassessmentofintravenous bolus or continuous infusion over a 24-hperiodplanar

imaging and quantitative evaluation of blood, urine,or split into 2 equal doses given at various times over 24 h.
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conjugate from blood pool into the liver and subsequent
metabolism and excretion into gut.

72 (lime Interval Between Clearing Agent and Radio
DOTA-Biotin). Initially, radiobiotin was administered 4 h
after clearing agent. This resulted in relatively high liver
uptake of the radioligand, i.e., â€”12%of the ID. This may
have been due to conjugate-clearing agent complex cleared
to the liver but not yet completely metabolized and thus still
available to bind â€œIn-DOTA-biotin on hepatocyte cell
surfaces. Increasing the interval to 10 h or more resulted in
significantly less liver uptake. When the interval was 24 h,
â€˜â€”3%of the ID localized to the liver, consistent with this
hypothesis. Therefore, 24 h was selected as optimal.

D3 (Mass Dose ofDOTA-Biotin). Most patients received
0.5 mg or 2 mg of DOTA-biotin (Table 1). In patients who
received the 2-mg dose, lower radiation absorbed doses
were estimated in tumor compared with patients given the
0.5-mg dose. A bolus administration of 0.5 mg was found to
be equally as effective as a 15-ruin infusion and was
therefore adopted.

The serum clearance of 0.5 mg pretargeted â€œIn-DOTA
biotin (n = 22) is shown in Figure 4A. The serum clearance
of nonpretargetedâ€œIn-DOTA-biotin(n = 2) isincludedfor
comparison. The serum clearance was biexponential; with a
mean a half-time of 0.4 h and a @3clearance half-time of
33 h, the first-order plasma elimination constant was 10.3 h.
At 2 h, 10% of the ID remained in circulation. FPLC
analysis showed that by 6 h, all of the radiobiotin remaining
in serum was bound to conjugate. The rapid urinary excre
tion of free radiobiotin resulted in decreased blood pool
background at early time points. Whole-body counting
indicated that 36% Â±8% of the injected radioactivity had
been excreted by 2.5 h and 65% Â±3% had been excreted by

21 h. Urinary analysis confirmed excretion of intact radiobio
tin, with no change in HPLC retention and immobilized
avidinbindingactivity(24) relativetotheinjectedmaterial.
The serum clearance of @Â°Y-biotinwas similar to that of
â€œIn-biotin(Fig. 4B).

After administration of the radiobiotin, there was rapid
localization of radiolabel to tumor within minutes of admin
istration (Fig. 5). The radiolabel remained in tumor through
the last imaging time point at 115 h (Fig. 6). Abdominal images
from another patient at 3 h after â€œIn-DOTA-biotinshowed
prominent activity in the kidneys and the gastrointes

0.1

0.01

I
0.001

30 40
hr

FIGURE 2. NR-LU-l0-SAconjugate serum concentration deter
minedbyELISA(n= 22).At48hafterconjugateadministration,
clearing agent was administered. DOTA-biotinwas injected at
72h.

Bolus injection was most simple and was used from patient
38 onward. The doses evaluated ranged from 110 to 600 mg.
The dose of clearing agent as its molar ratio to the amount of
conjugate remaining in blood at the time of administration
was calculated, and various molar ratios were evaluated. As
assessed by imaging and blood clearance kinetics, the best
performance consistency was achieved when this ratio was
10:1, approximating a dose of 350-400 mg. Higher doses of
clearing agent compromised the uptake of subsequently
administered radio-DOTA-biotin.

The serum clearance pharmacokinetics of conjugate be
fore and after clearing agent administration for 22 patients
on the optimized protocol receiving 125 @ig/mLplasma
volume and a 10: 1 molar ratio of clearing agent is shown in
Figure 2. This was equivalent to â€”400mg conjugate and
-@-400mg clearing agent. At the time of administration of the
clearing agent (48 h) 40% of the ID ofconjugate remained in
the serum. Between 48 and 60 h, mean conjugate levels in
serum dropped from 0.01 13 Â±0.0046 to 0.001 Â±0.0005
%ID/g, a 93% reduction. The formation of complex is
apparently immediate, but there is a limited capacity of the
liver to processthecomplex;thus,12h arerequiredbefore
the nadir of the conjugate in the serum occurs. Images of
â€˜@Re-labeledconjugate (Fig. 3) illustrate the extraction of

BA

FiGURE 3. â€˜@Re-labeledNR-LU-i0-SA
conjugate anterior chest images. (A) Forty
sixâ€”hourimage, before clearing agent ad
ministration.(B) Twenty-threehoursafter
clearing agent, before DOTA-biotin adminis
tration.
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thequantitativeimagingdata.Thedosestothegastrointesti
nal tractunderestimatethetruedose,becausethestandard
MIRD model assumes all activity to be in the luminal
contents. In 29 patients who had marrow dosimetry esti
mates from both â€˜â€˜â€˜Inand @Â°Y,the mean red marrow
projected dose from â€œInwas 0.089 mGyfMBq (0.33
rad/mCi), similar to that from directly counting @Â°Yin the
serum,0.073mGyIMBq(0.27rad/mCi).Preclinicalstudies
with this chelate indicate that there is no localization of @Â°Y
in the bone. This was not evaluated by biopsy in patients;
thus, it is possible that the @Â°Ydid localize in bone and that
the doses were underestimated. Of these calculated marrow
doses, less than 7% was contributed by free radio-DOTA
biotin. In 9 patients who received the optimized protocol, the
average dose estimated to tumor was 5.4 mGy/MBq (20

rad/mCi), with 10.8 mGyIMBq (40 rad/mCi) being the
highest. Mean tumor-to-marrow dose ratio in this group was
63:1.

Toxicity and Response
No gradeable hematologic toxicities were reported for any

patient on the optimization protocols, even though patients
received 370 MBq/m2 @Â°Y.Nonhematologic toxicities possi
bly related to the study components included minor (grade I)
elevations in liver function tests, (lactate dehydrogenase [9],
serum glutamic-oxaloacetic transaminase [SOOT, 6], alka
line phosphate [5], serum glutamic-pyruvic transaminase
[3], bilirubin [1]), fatigue (8), fever (6), nausea (4), anorexia
(1), diarrhea (1), abdominal pain (1), elevated thyrotropin
(1), proteinuria (1), and elevated serum urea nitrogen (1).
One patient had a grade II SOOT elevation. No tumor
responses were observed at these doses.

Human Antibody Response. The immune response to the
murine antibody, SA, and the antibody-SA conjugate in 17
patients is compiled in Table 3. Data are presented as the
geometric mean in normal human serum units. Three
patientsreceived200 mg conjugateandnoclearingagent.
Seven patients received 200 mg conjugate followed by 300
mg clearing agent 48 h later. Seven patients received 400 mg
conjugate followed by 400 mg clearing agent 48 h later.

In most patients, HAMA, HASA, and HACA developed
by the second week after therapy. There is no evidence,
basedon the few patientsevaluatedwho did not receive
clearing agent, that the clearing agent substantially altered
levelsof HAMA, HASA, orHACA.

FIGURE5. 111in-DOTA-biotinwasadmin
isteredas I 5-mminfusion in patient4, who
hadcarcinomaof right lung (arrow).Serial 1
mm anterior chest images were acquired.
Images shown are at 2 (A), 9 (B), and 16
mm (C) after injection and show rapid tumor
uptake of DOTA-biotin.
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FIGURE4. (A) Serumclearanceof @in-DOTA-biotinalone
(n = 2) versus serum clearance of â€œ1in-DOTA-biotinin optimal
PRIT schema (n = 22). (B) Comparisonof â€˜â€œin-and @Y-DOTA
biotin serum clearance in patient.

tinal tract (Fig. 7). This is because of the cross-reactivity of
the antibody with antigen expressed in the collecting tubules
of the kidneys and in the mucosa of the intestinal tract.

OptimalSchema.In summary,theoptimalschemawasa
conjugate dose of 125 pg/mL plasma volume, followed by
clearing agent dosed as a 10:1 molar ratio at 48 h, and 24 h
later by 0.5 mg DOTA-biotin.This was similar to the
preclinical study but with longer time intervals because of
the lower metabolic rate of patients compared with mice.

Dosimetry
Radiation absorbed dose estimates (Table 2) are reported

for patients receiving 0.5 mg DOTA-biotin (n = 34) from
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FIGURE6. Anteriorchestimagesinpa
tient 14, with rectal cancer and metastases
to liverandpleura-basednodulesin right
chest. Noduleswereseen immediatelyafter
injectionandthrough 115 h imagingtime.

DISCUSSION

Although the use of an antibody as a targeting vehicle has
long been considered an attractive approach for the treat
ment of cancer, intact MAbs are not ideal carriers of
radiation, because of the relatively long time required for
antibody to localize in tumor and clear from the circulation.
In the pretargeted approach, the role ofthe antibody has been
modified from a carrier of the therapeutic isotope to the
carrier of a receptor for the therapeutic isotope, while still
taking advantage of the antigen specificity.

The initialpretargetingmethodstudieduseda bispecific
antibody (33). Bispecific antibodies are engineered with
tumor antigen specificity on 1 arm and specificity for a small
radiolabeled hapten ion on the other arm. Tumor-to
nontumor uptake ratios were improved, but because of the
monovalency, absolute tumor targeting was reduced (33).
The use of bivalent haptens increased the tumor localization
to the bispecific antibodies (34). A study with anticarcinoem
bryonic antigen (antiCEA)-anti-In-DTPA bispecific anti
body in 11 patients reported the influence of different doses

and time intervals on this 2-step approach but did not define
an optimal protocol (35). Important findings included im
proved tumor-to-nontumor localization of radioactivity in
tumorand comparableabsolutetumorlocalizationwhen
compared with the directly labeled F(ab')2 antibody. The
pharmacokinetics were comparable with the SA-biotin ap
proachinourstudies.Pretargetingwithbispecificantibodies
is being evaluated for therapy of patients with SCLC and
medullary thyroid cancer using this bispecific antiCEA
antibody and â€˜@â€˜Ibivalent hapten. Doses of 20â€”80mg
antibody are infused, and 4 d later up to 160 mCi â€˜@â€˜Iare
administered to the patients with SCLC. At this dose level,

FIGURE7. Anterior(A)andposterior(B)
abdomen images from patient 50 at 3 h.
Prominent â€œ1In-DOTA-biotinactivity was
present in bladder from excretion and in
gastrointestinaltract and kidneybecauseof
localization at antigenic sites expressed in
epithelial cells of these organs. Note mini
malactivityinliver.

o.@ hr 3hr:s 115 Hr.@

harvested peripheral blood stem cells were reinfused. (36).
In the patients with medullary thyroid cancer, 45 mCi/m2
was the maximum tolerated dose. Although tumor-to
nontumor ratios were improved, hematologic toxicity was
dose limiting at similar dose levels to that of radiolableled
antibody Rif (37).

Paganelli et al. (38) investigated pretargeted biotinylated
antibodies for both imaging and therapy. Biotinylated anti
body was followed 1â€”5d later by 2 injections of avidin. In

this scheme, avidin functioned as a clearing agent to remove
circulating biotinylated antibody and at the same time
localized to biotinylated antibody on the tumor cells and
functioned there as the radiobiotin receptor. Radiolabeled
biotin was administered 48 h later. Using an antiCEA F(ab')2
fragment,Paganelliet al. detectedtumorswithin 3 h of
administration of â€œIn-biotin in all 18 patients studied.
Urinary excretion was more rapid using this approach,
63% Â±5% excreted within 3 h, but localization in liver,
kidneys, and tumor was similar to that in our study. Paganelli
et al. also used pretargeted biotinylated antitenascin anti
body HC4 to treat patients with glioma. Biotinylated anti

body, 35 mg/m2, was followed 36 h later by 30 mg avidin
and 50 mg SA, and then 18â€”24h later by 1â€”2mg
9Â°Y-DOTA-biotin. Optimization of these components for
therapy has not been reported, but this approach has been
successful in achieving clinical responses in patients receiv
ing 2.96 GBq/m2 9Â°Ywithout dose-limiting myelosuppres
sion (39).

Our pretargeting schema modified the original approach
described by Kalofonos et al. (iS) by inserting a clearing
step to improve the therapeutic ratio. Preclinical studies in
the murine model showed increased therapeutic efficacy of

A B
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mGy/MBq 90Y
Mean Â±SDmGy/MBq

9Â°Y
RangeRad/mCi

@Â°V
Mean Â±SDTumor3.4

Â±2.50.27â€”10.712.7 Â±9.5GI
tract2.6 Â±1.10.74â€”4.99.9 Â±4.2Kidneys3.5

Â±1.71 .0â€”7.613.3 Â±6.2Liver1
.0 Â±0.030.35â€”1 .73.6 Â±0.1Thyroid0.8

Â±0.60.05â€”2.13.1 Â±2.1Whole
body0.2 Â±0.080.1â€”0.450.8 Â±0.3Marrow0.10

Â±0.060.02â€”0.320.37 Â±0.21From

@lndata as described intext, n = 34.

BaselineWeek2Week4HASAHAMAHACAHASAHAMAHACAHASAHAMAHACA200

mgconjugateGeometric
mean112NDNDND362lii307Range

1â€”51â€”31â€”3NDNDND120â€”109870â€”176129â€”731200
mg conjugate + 300mgclearing

agentGeometric
meanNANANA3493928173Range

0â€”40â€”80â€”90â€”3961â€”902â€”3512â€”24083â€”1467â€”1602400
mgconjugate+ 400mgclearing

agentGeometric
meanNANANA33022190102343Range

0â€”20â€”10â€”20â€”611â€”2632â€”37632â€”152948â€”27690â€”581Two

to eightpatientsampleswereevaiuatedateachdatapoint.ND
= nodata;NA= notavailable.

TABLE2
PRIT Radiation Absorbed Dose from Patients Receiving

0.5 mg DOTA-Biotin

that over time, biotin binding capacity of prelocalized
antibody SA was reduced by filling with endogenous biotin.
Because levels of circulating endogenous biotin are low, we
hypothesize that biotin released from the liver into circula
tion after clearance and processing of biotinylated clearing
agent is responsible for this effect.

This suggests that 1 way to improve the PRIT system

would be to develop a clearing agent with a metabolically
stable biotin linkage. A second generation, redesigned
clearing agent is now being evaluated.

The application of the clearing agent is of obvious benefit
in reducing nontarget radiation burden. However, the clear
ing agent only removes circulating conjugate and does not
alter conjugate distribution to antigen positive tissues, which
is dictated by the specificity of the antibody. Thus, another
limitation of the study described here was cross-reactivity of
thepan-carcinomaNR-LU-l0 antibodywithnormaltissues,
particularly the kidney and gut. We are therefore exploring
alternative antibodies with greater specificity and less cross
reactivity as candidates for PRIT.

CONCLUSION

We have shown that this 3-component (conjugate, clear
ing agent, radiobiotin) PRIT system is feasible and safe. A
significant improvement in the therapeutic ratio has been
shown with PRIT relative to conventionally labeled MAb
1UT. This should allow a higher total amount of @Â°Yactivity
to be administered,thus increasingthe total radiation
absorbed dose to tumor. An optimized dose and timing
schema was identified using the current components, and we
haveinitiatedadoseescalationstudytodefinethemaximum
tolerated dose, first organ of toxicity, and dose-limiting
toxicity (40).

this PRIT schema compared with conventional RIT (5) and

led us to perform this phase I study to optimize a PRIT
protocol for patients. Comparison of the serum pharmacoki
netics from this phase I study with those from conventional
1UT are encouraging. The lower circulating radioactivity
combined with the immediate uptake of the therapeutic
radionucide using the PRIT approach resulted in an im
proved tumor-to-marrow dose ratio compared with conven
tionally labeled NR-LU-10, i.e., 63:1 for PRIT (n = 9)
compared with 6: 1 for conventional RIT (5).

Using the components described, the tumor-to-marrow
dose ratios suggest that the total @Â°Yactivity administered
can be substantially increased. The absorbed dose estimates
to tumorperunitadministeredactivitydid notincreaseas
was anticipated by the presence of the 4 biotin binding sites
to capture the radioisotope. Though accurate tumor dosim
etry is difficult to obtain, our experience and dose estimates
suggest that tumor uptake was highly variable. Immunohis
tologic analysis of tumor biopsies obtained from patients
between 48 and 72 h after conjugate administration suggest

TABLE3
AntiglobulinLevelsAfterPRIT
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