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Radiometal-labeled monoclonal antibodies are retained longer
in tumors than iodinated antibodies, leading to their increased
use for radioimmunotherapy. Dissociation of radioiodine from
the antibody during metabolism has been documented. We now
report metabolites in the plasma of lymphoma patients given
MIn- and 9Y-2-iminothiolane-2-[p-(bromoacetamido)benzyl]-
1,4,7,10-tetraazacyclododecane-N,N’,N”",N"-tetraacetic acid-
Lym-1 (""In/90Y-2IT-BAD-Lym-1). Methods: Nineteen patients
with non-Hodgkin’s lymphoma (NHL) received ''In- and %0Y-
2IT-BAD-Lym-1; "In was used as a surrogate tracer for Y,
which emits no y-photon. Plasma was obtained up to 7 d and
analyzed by high-performance liquid chromatography to deter-
mine the fraction of radiolabel associated with monomeric an-
tibody, metabolites, and complexed antibody. Planar images of
conjugate views were acquired up to 7 d and used to quantitate
Inin organs and tumors. Results: Metabolites and complexes
were observed in the plasma of every patient who received
MIn-2IT-BAD-Lym-1. At 3 d, the mean percentages of "In in
the patients’ plasma in monomeric, metabolite, and complexed
forms were 54%, 36%, and 10%, respectively. Metabolites of
90Y-2|T-BAD-Lym-1 were formed to a similar extent. In compar-
ison, in groups of breast and prostate cancer patients who
received the radioimmunoconjugate ''In-2IT-BAD-m170, 91%
and 94% of "'In in the patients’ plasma were in monomeric
form, respectively. Metabolites and complexes of 'In-2IT-
BAD-Lym-1 contributed a mean 10% of the total area under the
time-activity curve (AUC) for blood. Little formation of metabo-
lites and complexes occurred in vitro in NHL patient or volunteer
plasma or in Raji cell culture. The clinical and in vitro data
supported the processing of 111In/%Y-2|T-BAD-Lym-1 in the
hepatocytes as the dominant mechanism for the production of
metabolites. Conclusion: Metabolites of 1'In/%0Y-2IT-BAD-
Lym-1 accounted for 10% of blood AUC in patients. The ther-
apeutic index was adversely affected by metabolism of 11In/
90Y-2|T-BAD-Lym-1 to the extent that the tumor specificity of
the radioactive metabolites was lost.

Key Words: antibodies; antibody conjugates; cancer; lympho-
ma; Lym-1; metabolism; radioimmunotherapy

J Nucl Med 2001; 42:1324-1333

Received Nov. 17, 2000; revision accepted May 2, 2001.
For correspondence or reprints contact: Gerald L. DeNardo, MD, Molecular
Cancer Institute, 1508 Alhambra Blvd., Suite 3100, Sacramento, CA 95816.

The area under the curve (AUC) for the blood concen-
trations of a drug is commonly used to characterize its
pharmacokinetic behavior in patients. In the case of radio-
immunotherapy using a monoclonal antibody (mAb) la-
beled with a radionuclide tracer under appropriate condi-
tions, the AUC can be determined by counting sequential
blood samples. To the extent that the radionuclide tracks the
antibody, the pharmacokinetics of the radiolabeled antibody
can be determined for all tissues of the body in a noninva-
sive manner using quantitative scintigraphy, a remarkable
asset. Typically, the stability of the radiolabeled antibody
over time in a biologic milieu, such as serum or plasma, is
established in preclinical studies,?). However, for radio-
iodinated antibodies the radiolabel is dissociated from the
antibody during metabolism3¢6). In such instances, the
pharmacokinetic behavior reflects, in part, that of the radio-
nuclide rather than that of the antibody. In any event, the
resulting dosimetric determinations are accurate because it
is the pharmacokinetics of the radionuclide that determines
radiation dose distribution.

Lym-1 has had little therapeutic effectiveness in non-
Hodgkin’s lymphoma (NHL) when used for immunother-
apy (7), but it has proven highly effective for NHL and
B-cell chronic lymphocytic leukemia when used to target
radionuclides to malignant tissu@,9). All histologic grades
of chemotherapy-resistant NHL were responsivel3t-
Lym-1 or®’Cu-2-iminothiolane-64}-(bromoacetamido)ben
zyl]-1,4,7,11-tetraazacyclotetradecaNegN’,N”,N"'-
tetraacetic acid-Lym-16(Cu-2IT-BAT-Lym-1) (10,11).
Radiometals, delivered by antibody carrier molecules, are
retained in tumors longer that¥y (albeit also in normal
tissues, particularly liver), leading to their increased use for
radioimmunotherapy®’Y was attractive for radioimmunro
therapy because it emits abundant, highly energegnis-
sions that deliver a higher radiation dose per unit of radioac-
tivity than 3% or 7Cu (12) and is commercially available. We
have used the anti-mouse lymphoma IgG2a Lym-1, radiola-
beled as®Y-2-iminothiolane-2-p-(bromoacetamido)benzyl]-
1,4,7,10-tetraazacyclododecadN’,N”,N"-tetraacetic acid-
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Lym-1 (°Y-2IT-BAD-Lym-1), for therapy of NHL (3). 114n  performance status was 81 (range, 70-90). m170 reactivity was
was used as a surrogate tracer®fyi, which lacks ay-photon shown in all patients by immunohistochemical staining or positive
emission. 1,4,7,10-Tetraazacyclododecahi:,N",N"”- tumorimaging. _

tetraacetic acid (DOTA) was designed specifically to 5 Patients were eligible if their serum tested negative for human

tightly, and0Y- and*4n-2T-BAD-Lym-1 radioimmunocon antimouse antibody (HAMA), they had received no other cancer

. . . . . therapy for at least 4 wk, they had measurable disease at the time
jugates (RICs) of high purity, exceptional stability, and Comdf entry, and they met additional trial-specific criteria. Before trial

plete retention of functional and structural mtegnty are rotsyyy patients signed an informed consent that was approved by
tinely produced 1,13,19. Molecular sieving high- e University of California at Davis human subjects and radiation

performance liquid chromatography (HPLC) of plasma angke committees under an investigational new drug authorization
urine samples in phase | trials has been used to confirm thatffagn the U.S. Food and Drug Administration.

radionuclide in the plasma remained attached to a species

having a molecular weight (MW) corresponding to an mAkAntibodies

and not lower (metabolites) or higher (complexes) Mws Lym-1 (Damon Biotechnology, Needham Heights, MA; or

(15,16. HPLC thus served as a simple surrogate for assayST@thidone' Inc., Tustin, CA) is a nonshedding, noninternalizing
immunoreactivity IgG2a mouse mAb with high affinity for a discontinuous epitope

Soon after injection ofiin- or %Y-2|T-BAD-Lym-1 on the B-subunit of human leukocyte antigen (HLA)-DR10, lo-

. . cated on the surface membrane of malignant B-lymphocyli®s (
radiolabeled metabolites and complexes were observed R0 (Biomira, Inc., Edmonton, Alberta, Canada) is an IgG1

the plasma of every patient by routine HPLC evaluation,qyse mab used in clinical trials for therapy of breast cancer and
Metabolites of iodinated mAbs, including Lym-1, are roupther adenocarcinomas2@). Biopsy specimens of metastatic
tinely identified in patient urine, and to a much lesser extepteast cancer revealed that 90% of tumors were stained abundantly
in the stool B), but do not commonly accumulate in thewith m170 @1).

plasma. Similarly, metabolites of radiometal-labeled mAbs

have been reported in urine of patient§)(but not, to our Radiolabeling _

knowledge, in plasma. In this study, the nature of the 2/T-BAD-Lym-1and 2IT-BAD-m170 were conjugated and ra-
metabolites, their impact on therapeutic indices (Tls), arfiP'abeled with'Hin (Mallinckrodt, St. Louis, MO; Amersham,

. . - . rlington Heights, IL; or Nordion, Kanata, Ontario, Canada) or
the mechanisms of formation were investigated. The resu] (Pacific Northwest National Laboratory, Richland, WA) as

were compargd with those for an qntiadenogarcinoma _ar}Ha'scribed 13,19. 14n-2IT-BAD-Lym-1, %Y-2IT-BAD-Lym-1,

b(_)dy labeled in an analogous fashion and given to patienf§; 142 T-8AD-m170 were purified and transferred to sterile

with breast or prostate cancer. saline by gel filtration chromatography. Patient doses were filtered
(0.22 pm) and formulated at 37 MBg/mL in 4% human serum
albumin/saline.

MATERIALS AND METHODS Lym-1 and m170 were radiolabeled witl (ICN Radiochemi
Patient Population cals, Irvine, CA) as reference standards for radioimmunoassays.
Nineteen patients with B-lymphocyte NHL that had progressé@3-Lym-1 was prepared by the chloramine-T reaction (Sigma

despite standard therapy entered studiéd!i-2IT-BAD-Lym-1.  Chemical, St. Louis, MO) to a final specific activity of 40 MBg/mg
The mean age was 53 y (range, 33-77 y). NHL was classifieggm-1. 124-m170 was prepared with IODO-GEN iodination-re
according to the Working Formulatioril§), and all grades of agent (Pierce, Rockford, IL) at 350 MBg/mg m170. The specific
lymphoma were eligible for study entry. The mean Karnofskyctivities were chosen to provide sufficient counts for the assays.
performance status was 82 (range, 60-90). Lym-1 reactivity was
shown in all patients by immunohistologic staining or positiv€uality Assurance
tumor imaging. Two patients had prior splenectomies. Radiopharmaceuticals were evaluated before injection for struc-
The plasma of all 19 patients who receiv&din-2IT-BAD- tural and functional integrity by HPLC, cellulose acetate electro-
Lym-1 was examined by radioanalytic HPLC, as described belowhoresis (CAE), and radioimmunoassay, except the radioimmuno-
for metabolites and complexes. The plasma of 3 of these patierassay of'™in-2IT-BAD-m170 was performed retrospectively on
who subsequently receivéY-2IT-BAD-Lym-1, was examined decayed samples. HPLC of radiopharmaceuticals (Beckman, Ful-
by radioanalytic HPLC. Thus, plasma HPLC data were obtainderton, CA) was performed using a gel filtration column (Biosep-
from a “parent group” of 19 patients receividglin-2IT-BAD- SEC 3000; Phenomenex, Torrance, CA [or equivalent]) eluted in
Lym-1 and a subgroup of 3 patients providing comparative data forl mol/L sodium phosphate buffer, pH 7, at a flow rate of 1.0

1Yn- and °Y-2IT-BAD-Lym-1. mL/min. HPLC traces were monitored by ultraviolet absorbance
Patients with metastatic prostate cancer= 15) that had (280 nm) and radioanalytic detection.
become refractory to hormonal therapy entered studie’s - CAE (Gelman Sciences, Inc., Ann Arbor, MI) was performed

and %Y-2|T-BAD-m170. The mean age was 64 y (range, 54—78sing 0.05 mol/L sodium barbital buffer, pH 8.6. A current of
y). The mean Karnofsky performance status was 85 (range, 76-mA per strip was applied. Samples were electrophoresed for
90). m170 reactivity was shown in all patients by positive tumat1l min to resolve small species (i.e., free radiochelates) from
imaging. immunoconjugates and 45 min to resolve high MW species

Patients with breast cancar € 7) that had progressed despitg(e.g., immunoconjugate aggregates) from monomers. Detection
standard therapy entered studied'dh- and®°Y-2IT-BAD-m170. and quantitation were by radiation scanning (AMBIS, San
The mean age was 45 y (range, 41-50 y). The mean KarnofdRiego, CA).
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The immunoreactivity oflin- and %°Y-2IT-BAD-Lym-1 was
assessed by solid-phase radioimmunoassay against partially puri-
fied membrane fragments from Raji cells as descril®). (The A
immunoreactivity of-in-2IT-BAD-m170 was assessed by a com A i
petitive assay against rabbit anti-m170 idiotype antibody. The
rabbit anti-m170 idiotype antibody binds m170 near the m170-
antigen binding site; thus, its ability to bind m170 indicates that the |
m170-antigen binding site is intact. Decayétin-2IT-BAD-m170
(0, 1.25, 2.5, 5.0, 10, 20, or 40 ng) a#-m170 (4 ng) were
incubated in a test tube coated with rabbit anti-m170 idiotyge
antibody fa 2 h atroom temperature. The fraction &3-m170
bound in the absence &in-2IT-BAD-m170 was the maximum s
binding fraction. The amount of decayéé#lin-2IT-BAD-m170 J “l"""uh Lo
required to reducé?d-m170 binding to half of the maximum e e e Wl Aasma72h
binding fraction (E3,) was determined. Thus, a smaller &D )\ v e a5 A8
indicated higher immunoreactivity. A parallel study was pef e I%Radiopharmaceuﬁcal
formed, in which the EE) of the m170 reference standard was o 2 4 6 8 10 12 14 16 18 ELUTION VOLUME (mL)
assessed. The relative immunoreactivity*8fn-21T-BAD-m170 4160 750 135 243 4.4 MOLECULAR WEIGHT (kDa)
was calculated as the quotient, Peference standard/Ep*Un- FIGURE 1. Radioanalytic HPLC traces of 'In-2T-BAD-
2IT-BAD-m170. Lym-1 radiopharmaceutical before injection in NHL patient
(front trace) and of patient plasma 24, 48, and 72 h after injec-

Antibody Injection . : o i .
U dified Lym-1 170 . bef diolabel tion. Percentage of '"In in patient’s plasma associated with
nmodihed Lym-L1 or m was given belore radiolabeleq, .y, ites (elution volume, 12-18 mL) and complexes (elution

Lym-1 or m170, respectively, to block nonspecific binding Site§o|ume, 7-9 mL) increased over time. Similar pattern was ob-
and provide stable pharmacokineti@3). The total unmodified gserved for every NHL patient who received 1'1In-2IT-BAD-
plus radiolabeled antibody injected, at a rate of 0.5-1.0 mg/mipym-1. Standard curve from MW standard proteins was used to
was 6.3-31 mg in patients receivitglin-2IT-BAD-Lym-1 and relate elution volume to MW.

5.1-11 mg in patients receivingin-2IT-BAD-m170, depending

on the specific activity of the radiopharmaceutical.

Iql|1..

RELATIVE ACTIVITY
e

Analysis of Blood and Urine counter and then multiplied by the measured urine volume to
Blood samples were obtained immediately, during the next 6 alculate output of!ln or .

and daily up ® 7 d after injection of radiopharmaceuticals. Blood

was collected in Vacutainer test tubes that were coated wiBharmacokinetics

buffered sodium citrate to prevent clotting (Becton Dickinson, The cumulated activity of*lin in the blood was obtained by

Franklin Lakes, NJ). Blood samples (0.1 or 0.5 mL) were countditting the percentage injected dose (%ID) 8fin in the blood

to obtain the concentration dftin or %Y in the blood. The versus time to a biexponential functiod3j. The cumulated ac-

remainder of the blood was centrifuged, the plasma was decantidty in the blood from monomeri¢in-2IT-BAD-Lym-1 was

and fresh plasma samples (0.1 mL) were examined by HPLC, @so calculated as follows. At each time point, the %I3%8h in

described, on the day received. HPLC eluant fractions (0.5 mtfje blood was multiplied by the fraction é#in as monomeric

were collected (Gilson, Inc., Middleton, WI), and their activitie$*in-2IT-BAD-Lym-1 from HPLC analysis of plasma. These data,

were measured in g-well counter (Pharmacia Biotech, Inc.,%ID of 4n as monomericd!4n-2IT-BAD-Lym-1 versus time,

Piscataway, NJ). HPLC traces of unmodified Lym-1 and ml17fere fitted to a biexponential function. The cumulated activities of

indicated an elution time of 9. 0.2 min (i.e., apparent MW, % in the blood, from all species and from monometfy-2IT-

147 = 25 kilodaltons [kDa]) based on a standard curve using MMBAD-Lym-1, were calculated by similar methods.

standard proteins (Bio-Rad, Hercules, CA). The correspondenceMethods for obtaining pharmacokinetic data f&fin-2I1T-

between elution volume and MW according to the standard curBAD-Lym-1 and*in-2IT-BAD-m170 in organs and tumors have

is shown in Figure 1. To allow for variability in HPLC perfor- been described2d). Briefly, planar images of conjugate views

mance, individual radioanalytic HPLC traces and fraction countgere acquired immediately, during the next 6 h, and daily for 3—7

were evaluated to designate peaks as complexes, monomers, @rdter injection of radiopharmaceuticals and used to quantitate

metabolites. Generally, HPLC fractions collected over the rang®in in organs and tumors.

7-9 mL, 9-12 mL, and 12-18 mL were designated as complexes,The cumulated activity in tissues was determined by integrating

monomers, and metabolites, respectively. the time—activity curve over time. Pharmacokinetic data in tissues
Immunoprecipitation studies were performed to further charawrere usually fit to a monoexponential function to calculate cumu-

terize the radioactive species in plasma, specifically, to test for tladed activity. However, in some instances, the uptake in tumor or

transchelation of radiometals to serum proteins. Affinity-purifietiver increased continuously over the imaging period of a week; in

antialbumin and antitransferrin antibodies (Sigma) were addedttese instances, the cumulated activities were determined by fitting

plasma from an NHL patient receividglin-2IT-BAD-Lym-1, and the data to a cubic spline function up to the last imaging data point

from an NHL patient receiving®Y-2IT-BAD-Lym-1, and precip  and then assuming a constant concentration afterward. Except for

itated as describedL). the spleen, MIRD reference man masses were used for all organs
Urine was collected upot7 d after infusion of radiopharma- to obtain cumulated activity concentratio@5]. Patient-specific

ceuticals. Aliquots of urine (0.1 mL) were assayed iny-&vell  splenic cumulated activity concentration was determined using the
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actual spleen volume measured from CT ima@8. (The masses was decanted and filtered (0.4%n). 114n-2IT-BAD-Lym-1 was

of palpable and nonpalpable tumors were determined using caldded to each plasma sample such that the final concentrations of
pers and CT or MRI images, respectively. Tumei3 g by caliper 1n, DOTA, and Lym-1 were 0.37 MBg/mL, 0.023mol/L, and
measurement, o£10 g by CT measurement, were excluded frond.017umol/L, respectively. The solutions were incubated at 37°C
the analysis to ensure accuracy. Lumbar vertebrae marrow imaging humidified, 5% carbon dioxide/95% air atmosphere. Aliquots
was used to calculate the cumulated activity in the mar@¥. ( (100 pL) were removed at 0, 1, 2, 3, drV d and evaluated by
The uptake of'lin in 3 lumbar vertebrae was extrapolated tanolecular sieving HPLC to determine the fraction *6fin-2IT-
uptake in total marrow, assuming that the red marrow mass in tBAD-Lym-1 in the forms of monomer, metabolites, and com-

3 lumbar vertebrae constituted 6.7% of total red marrow nizgs ( plexes.

Tis . To investigate the role of lymphoma cells in the metabolism of

To calculate®®Y radiation dosimetry, pharmacokinetic data for In-2IT-BAD-Lym-1, the radiopharmaceutical was added to Raji

%0y-2IT-BAD-Lym-1 were assumed to be the same as those ¢Gell culture and monitored for the formation of metabolites and

114n_2(T-BAD-Lym-1 (29). The AUC for each tissue was con complexes in vitro. Raji is an American Type Culture Collection—

verted to radiation dose using MIRD formulas as reported in det&?rtiﬁed cell line, established in 1963 from a Burkitt's lymphoma

(13). TIs were calculated by dividing the radiation dose to th& the Iegt ma:(mlllla OL‘Z” ;Il_l'_y;i%bf Y. Tlhrig i;s%/ 1%ultures were
tumor by the radiation dose to each of the normal tissues. In tREEPared as foflows.=in-zl1- -Lym-1 ( 9 ng) was

case of radionuclide therapy, Tls reflect relative tumor and norm%(tided to Raji cells (X 10) in medium (0.5 mL) of 10% fetal calf

tissue effect, albeit lacking radiobiologic factors, such as tiss&grum/RPMl medium 1640 (GIBCO BRL' Gra.n(.jnlsland, NY). The
cultures were incubatedf@ h at37°C in a humidified, 5% carbon

dioxide/95% air atmosphere, washed 3 times in medium, and

Chelate Stability and Formation of Metabolites In Vitro resuspended in medium (0.5 mL). The wash eluants and assay

Previously, 88Y-2|T-BAD-Lym-1 showed no measurable -de cultures were counted to determine the fractiod'dh-2IT-BAD-
composition in human serum under physiologic conditions for 251dym-1 bound to the Raji cells. The assay cultures were incubated
(1). For this study, the stability of4Mn-2IT-BAD-Lym-1 in  at 37°C in a humidified, 5% carbon dioxide/95% air atmosphere.
human serum was evaluated by similar methd®;and 1%4Mn At 4 h, 1 assay culture was centrifuged and washed, and the cell
were used as long-lived analogs ¥ and ''4n to allow pro  pellet and supernatant were counted to determine the fraction of
longed studies. Briefly}'4Mn-2IT-BAD-Lym-1 was prepared us 11n-2|T-BAD-Lym-1 bound to Raiji cells. The supernatant was
ing methods for'*in-2IT-BAD-Lym-1 radiolabeling as above. evaluated by HPLC to determine the fraction&in-2IT-BAD-
114Mn-2IT-BAD-Lym-1 was added to human serum from a-volLym-1 in the forms of monomer, metabolites, and complexes. The
unteer such that the concentrations*8f1n, DOTA, and Lym-1  remaining assay cultures were evaluated similarly at 1 and 2 d. A
were 1.9 MBg/mL, 2pmol/L, and 0.5pmol/L, respectively. similar study was performed with a smaller amount-6fn-2IT-
Duplicate solutions were incubated at 37°C in a humidified, S®AD-Lym-1 (3.7 kBg/27 ng). Similar studies were performed with
carbon dioxide/95% air atmosphere, and a pH of Z.4.1 was 125-Lym-1 (15 kBg/400 ng and 3.7 kBg/100 ng). Control studies
maintained. Aliquots (1QuL) were removed at 0, 0.83, 1.8, 4.7.ere performed as described, except Raji cells were excluded.
7.1, and 13.8 d and evaluated by native polyacrylamide gel eleggjtures of Raji cells (3< 10F) in medium (0.5 mL) were assessed

trophoresis and radioanalytic imaging, as descriigdto deter- for viapility by exclusion of trypan blue (Sigma) at all time points.
mine the fraction of4Mn transchelated to serum proteins. Control

solutions of1%Mn-2IT-BAD-Lym-1 in water and free'**mn in
serum were also electrophoresed at every time point to calibr®ESULTS
the migration of all**4mMn-labeled species.

To investigate possible mechanisms for the metabolishiliok- Radiopharmaceuticals
i 1 - _ - . 90V _ _ -
2IT-BAD-Lym-1, as observed in clinical studie$in-2IT-BAD- Patient doses of'lin-2IT-BAD-Lym-1, *%Y-2IT-BAD

Lym-1 was added to plasma from 2 NHL patients and a voluntebyM-1, and *:in-2IT-BAD-m170 showed high structural
and monitored for formation of metabolites and complexes @Nd functional integrity before injection (Table 1). Similar
vitro. Blood was collected in Vacutainer test tubes coated witlesults were obtained for RICs prepared for in vitro exper-
buffered sodium citrate. The blood was centrifuged, and plasriraents.

radiosensitivity.

TABLE 1
Radiopharmaceutical Quality Assurance Results
Relative

No. of Radiochemical Monomeric immunoreactivity
Radiopharmaceutical patients purity (HPLC) fraction (CAE) (RIA)
"1In-2IT-BAD-Lym-1 19 100% + 1.8% 99% * 4.5% 96% = 9.3%
90Y-2|T-BAD-Lym-1 3 97% * 4.4% 98% *+ 1.2% 94% + 5.6%
M1In-2IT-BAD-m170 22 99% + 1.9% 100% + 0.2% 74% + 19%

RIA = radioimmunoassay.
Data are presented as mean = 1 SD.
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Metabolites and Complexes
HPLC of 14n-2IT-BAD-Lym-1 radiopharmaceuticals A [ 100
before injection indicated a single peak corresponding o
monomeric mAb, but after injection HPLC of patienf X [80 5
plasma indicated substantial fractions of metabolites ahd 3 : %
complexes, which increased over time (Fig. 1). Metabolites é ;'60 8
and complexes oftlin-2IT-BAD-Lym-1 were observed in 5 [ 10 E
the plasma of 18 of 19 NHL patients withlL d ofinjection 4 =
and 19 of 19 patients within 3 d. Three days after injectign ¥ [ 0 ©
of 11n-2IT-BAD-Lym-1, a meant+ 1 SD of 1.3+ 1.4 %ID ‘_2 [
of 1n was in the patients’ blood, after correction for decay, [ o
of which monomer, metabolites, and complexes constituted
54% * 20%, 36%=* 18%, and 10%+ 5.9%, respectively. | B 100+ | | 100
The extent of metabolism é#in-2IT-BAD-Lym-1 was not ﬁT I T !
related to splenomegaly, circulating lymphoma cells, histp- £ g5 ~ [ 80 5
logic marrow lymphoma, or amount of Lym-1 injected. g ‘\\ 2
The apparent metabolism &tin-2IT-BAD-Lym-1 in ‘g 60 % L60 3
NHL patients occurred earlier and to a much greater extgnt < {*\\ g
than that of*in-2IT-BAD-m170 in breast and prostatel o 40 el F40 Z
cancer patients (Fig. 2). Three days after injectiod'8n- s 1T I £
2IT-BAD-m170 in patients with breast cancer, a mean ¢f & 201 F20 ~
29.2 * 5.4 %ID of **in was in the patients’ blood, after| = [ | | l
correction for decay, of which monomer constituted 93% | ~ o3 ; p 3 -0
8.8%. The corresponding values for prostate cancer patier@
were 26.4+ 3.6 %ID at 3 d, of which 94%+ 12% was 1007 [ 100
monomer. In 12 of 22 breast and prostate cancer patients] no... Y
metabolites or complexes &fin-2IT-BAD-m170 were ob 3 801 ‘\\ [80 &
serval 3 d after injection. = Ny 2
A comparison of114n-2IT-BAD-Lym-1 and %Y-2IT- 3 607 { [0 g
BAD-Lym-1 in the 3 evaluable patients who received both z RN @
showed that, in individual patients, the formationfin g 407 \1“ ~~~~~~~~ [40 2
and®%Y metabolites and complexes occurred at similar ratgs fué "I =
(Fig. 3). The immunoprecipitation studies indicated that @ 207 20~
transchelation oft*lin or %Y from 2IT-BAD-Lym-1 to = » i » %
albumin or transferrin did not occur. 3 1 2 3 0
TIME (days)

Pharmacokinetics and Tls

In patients receiving*in-2IT-BAD-Lym-1, the mean
values oft'ln in the blood were 6.& 7.0, 1.8+ 2.0, 1.3=*
1.4, and 0.26= 0.14 %ID at 1, 2, 3, ah 7 d after injection,
respectively!tlin cleared the blood with @-phase intercept
and B-phase half-time of 16%t 20% and 1.5+ 1.7 d,
respectively. The mean blood AUC was 0.83 kBrjg/MBq
injected. The contribution of*in-2IT-BAD-Lym-1 monc
mer to the total blood AUC was calculatéétin-2IT-BAD-
Lym-1 monomer cleared the blood withBaphase intercept
and B-phase half-time of 16%t 20% and 1.0+ 0.7 d,
respectively. The mean blood AUC frofin-2IT-BAD-
Lym-1 monomer was 0.75 kBd/g/MBq. Thus, because
monomeric Un-2IT-BAD-Lym-1 was the predominant
species in blood at early time points and contributed 90%

FIGURE 2. Comparison of metabolism of '"In-2IT-BAD-
Lym-1 in NHL patients (A), "'In-2IT-BAD-m170 in prostate can-
cer patients (B), and "'In-2IT-BAD-m170 in breast cancer pa-
tients (C). Of ""In-2IT-BAD-Lym-1 or '"'In-2IT-BAD-m170 in
patients’ plasma at specific points in time, percentage in mo-
nomeric (@), metabolite (m), and complexed (A) forms was mea-
sured by HPLC. In NHL patients receiving '"'In-2IT-BAD-Lym-1,
metabolites and complexes constituted substantially larger
fractions of ''In in plasma compared with prostate and breast
cancer patients receiving ''"In-2|IT-BAD-m170. Decay-cor-
rected mean percentage injected dose (%ID) of "''In in patients’
blood decreased over time (dashed lines). Thus, metabolites
and complexes of '""In-2|T-BAD-Lym-1 showed relative growth
over time as fractions of total "'In activity, but not absolute
growth in terms of %ID.

of

the AUC (0.75/0.83), the pharmacokinetic parameters of allFor every patient who receivedin/Y-2IT-BAD-

n in the blood and monomeri¢in-2IT-BAD-Lym-1 in  Lym-1, the AUC for tumor was greater than the AUC for
the blood were similar. Howevettln in the blood assoei marrow, kidneys, and lungs. However, in many patients, the
ated with nonmonomeric species grew over time and praUC for liver or spleen was greater than that for tumor
vided 10% of total blood AUC, a substantial fraction.  (Table 2). Tls for®0Y-2IT-BAD-Lym-1 were tumor/total
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FIGURE 3. Comparison of formation of metabolites and com-
plexes of 11In-2IT-BAD-Lym-1 and 0Y-2IT-BAD-Lym-1. Each
graph represents 1 NHL patient who received ''In- and 90Y-
2IT-BAD-Lym-1 in close temporal proximity. Of "1In-2IT-BAD-
Lym-1 in patients’ plasma at specific points in time, percentage
in monomeric (@), metabolite (m), and complexed (A) forms was
measured by HPLC. Of 29Y-2IT-BAD-Lym-1 in patients’ plasma
at specific points in time, percentage in monomeric (O), metab-
olite (OJ), and complexed (4) forms was measured by HPLC.
Extent of formation of nonmonomeric forms of "'In- and Y-
2|T-BAD-Lym-1 was similar in individual patients.

In Vitro Studies

Polyacrylamide gel electrophoresis 8fMn-2IT-BAD-
Lym-1 in serum from a volunteer showed that 98.0%,
98.1%, 98.4%, 97.5%, 97.3%, 96.9%, and 96.5%'6fin
was associated with 2IT-BAD-Lym-1 at 0, 0.83, 1.8, 4.7,
7.1,10.2, and 13.8 d, respectively, indicating a los¥4in
at a rate of 0.13% per day by transfer to serum proteins or
cleavage from Lym-1 antibody.

1Yn-2|T-BAD-Lym-1 added to the plasma of 2 NHL
patients in vitro formed metabolites and complexes similar
to those of the volunteer and much less than in vivo (Table
3). At 3d, 92.6%, 89.1%, and 85.8% Bfin was associated
with monomer in the plasma of the 2 NHL patients and the
volunteer, respectively, in the in vitro study. Comparatively,
at 3 d, a mean of only 54.0% 6é#in was associated with
monomer in the plasma of all patients in vivo.

1Yn-2IT-BAD-Lym-1 in Raji cell culture was examined.
The Raji cells were at least 94% viable up to 48 h. The
following data pertain to the Raji cell cultures containing 15
kBg 11n-2IT-BAD-Lym-1, but similar results were eb
tained in the 3.7-kBq studies. Mo&tin remained associ
ated with the Raji cells, 79% at 48 h (Table 4). The remain-
der of thel!n, dissociated from the Raji cells and in the
supernatant, was in the forms of monomer, 14.8%; metab-
olite, 5.1%; and complex, 1.1%?%3-Lym-1 showed greater
formation of metabolites, and thB4-Lym-1 metabolites
were smaller in size (data not shown).

DISCUSSION

Metabolites of iodinated antibodies and, less frequently,
radiometal-labeled antibodies have been reported in patient
urine but, to our knowledge, not in patient plasma; there-
fore, the observation of radiolabeled metabolitestain/
90Y-2IT-BAD-Lym-1 in patient plasma was unexpected. It
is not apparent whether the absence of reports of metabo-
lites in the plasma of patients receiviiidin- or °Y-labeled
antibodies reflects the fact that metabolites are uncommonly
formed or that diagnostic assays are uncommonly per-
formed or reported. In earlier studies, metabolites3f
Lym-1 or ¢7Cu-2IT-BAT-Lym-1 were generally not eb
served in patient plasma using HPLC, although it is possible
that they were formed and then rapidly excreted.

The fraction of radiolabeled metabolites &fin-2IT-
BAD-Lym-1 in plasma grew to 36% at 3 d, affély data
were similar. The fraction of total radiopharmaceutical that
had undergone metabolism up to that time was likely dif-
ferent because plasma represents a single compartment in a
dynamic system: Nearly 99% of the injected dose-'én
had cleared the blood in 3 d, species entered and left the
plasma and related interstitial space, and the pharmacoki-

body, 13.6; tumor/marrow, 3.7 (lumbar imaging methodetics of metabolites and whole antibody were likely dif-
tumor/liver, 1.2; tumor/lungs, 5.3; tumor/kidneys, 2.5; angerent. Regardless, on the basis of frequent sampling and

tumor/blood, 15.7.

analysis of patient plasma, nonmonomeric species contrib-

The mean cumulative excretion é#in in urine was uted a mean 10% of cumulated activity in the blood

45+ 22,127+ 4.7, and 21.2+ 6.8 %ID of 1*in-2IT-
BAD-Lym-1 at 1, 2, and 3 d, respectively.

(kBg-h/mL plasma per MBq injected). The nonmonomeric
fraction was less likely to be immunoreactive or capable of
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TABLE 2
AUC of "In (kBg- h/g of Tissue per MBq Injected) from '1In-2IT-BAD-Lym-1

Blood*
From
Patient Total From nonmonomeric Marrow
no. body monomer species Total Liver Spleen Kidneys Lungs (L3t Tumors
1 1.04 1.29 0.30 1.59 8.19 11.40 6.11 3.35 4.05 10.27
2 1.00 0.15 0.05 0.20 13.97 9.20 7.18 2.67 1.40 7.65
3 1.01 0.56 0.06 0.62 8.44 19.40 5.038 2.64 5.19 5.39
4 0.90 1.06 0.07 1.13 9.10 16.10 4.78 2.79 0.62 10.58
5 0.98 0.11 0.01 0.12 11.96 28.70 6.90 2.31 0.03 20.45
6 0.94 0.18 0.20 0.38 6.81 10.39 2.46 217 3.45 25.77
7 0.95 0.22 0.04 0.26 11.61 17.28 6.90 2.56 1.47 10.20
8 0.98 0.77 0.01 0.78 10.78 29.72 6.67 2.80 2.82 I
9 1.19 0.51 0.01 0.52 15.43 44.50 4.95 2.72 2.49 7.88
10 0.88 0.80 0.02 0.82 14.74 21.25 3.99 2.49 2.36 10.26
11 0.92 2.27 0.06 2.33 11.91 30.23 5.39 2.41 2.67 11.17
12 0.92 0.86 0.19 1.05 13.82 42.12 4.53 2.47 6.57 I
13 0.94 0.15 0.13 0.28 11.31 § 3.85 2.66 3.13 8.14
14 0.97 0.23 0.01 0.24 15.23 25.10 7.59 1.90 2.58 6.07
15 0.92 1.29 0.04 1.33 8.00 37.82 5.95 1.58 2.62 17.64
16 0.95 1.99 0.18 217 8.36 35.21 413 2.51 3.33 17.71
17 0.99 0.98 0.13 1.11 7.92 29.76 417 3.40 11.47 23.11
18 0.91 0.19 0.07 0.26 15.08 § 8.14 2.83 5.06 19.00
19 0.98 0.70 0.00 0.70 7.29 14.43 3.50 1.06 7.25 I
Mean 0.97 0.75 0.08 0.84 11.05 24.86 5.38 2.49 3.61 13.21
+ SD + 0.07 + 0.61 + 0.08 + 0.63 +2.92 +10.77 + 1.52 + 0.53 + 2.58 + 6.21

*AUC from monomer + AUC from nonmonomeric species (complexes and metabolites) = total blood AUC.
fLumbar imaging.

§Splenectomy.

¥Tumor(s) too small for accurate volume measurement.

active tumor uptake, resulting in lower Tls f&FIn/?0Y- plexes may or may not retain immunoreactivity but are
2IT-BAD-Lym-1. TlIs for the total body, marrow, liver, likely to be extracted by the phagocytic cells of the reticu-
kidneys, spleen, and blood fé#in/0Y-2IT-BAD-Lym-1 loendothelial system of the liver, spleen, bone marrow, and
were lower than those reported f8iCu-2IT-BAT-Lym-1 elsewhere. Metabolites are often readily excreted through
(30), suggesting that metabolism @flin/%Y-2IT-BAD- the kidneys or, less commonly, the gastrointestinal (Gl)
Lym-1 had an adverse effect on the TI. tract but may be trapped (dependent on the nature and size
The metabolism of!lin/?%Y-2IT-BAD-Lym-1 may affect of the metabolites) by the renal tubular cells or other tissues,
its uptake and retention in tumors and normal tissues. Coparticularly when the metabolites are radiometal labeled
(Fig. 4). Generally!in was readily visualized in the Gl

tract of the NHL patients who receivedlin-2IT-BAD-
TABLE 3

M1]n-2IT-BAD-Lym-1 in Plasma of 1 Volunteer and
2 NHL Patients In Vitro: % Monomer/

% Metabolites/% Complexes TABLE 4

Processing of 1"1In-2IT-BAD-Lym-1 and '25]-Lym-1
in Raji Cell Culture

Time

(d) Volunteer NHL patient NHL patient ;

% cell bound/% released intact/% released

o* 100/0.0/0.0 100/0.0/0.0 100/0.0/0.0 Time metabolites/% released complexes

of 89.4/3.2/7.4 93.9/4.9/1.2 90.0/4.4/5.6 (d) 11|n-2(T-BAD-Lym-1* 125|_Lym-1*

1 87.5/3.1/9.4 93.8/3.6/2.5 86.8/6.7/6.5

2 87.9/3.6/8.5 93.0/5.1/1.9 89.5/4.4/6.1 0.17 84/12.2/1.8/2.0 91/6.5/2.0/0.5

3 85.8/4.4/9.8 92.6/5.1/2.3 89.1/4.4/6.5 1 82/14.4/3.2/0.5 85/10.7/3.5/0.8

7 No data 92.3/4.7/3.0 85.3/4.6/10.1 2 79/14.8/5.1/1.1 80/7.9/10.9/1.2
*Before addition to plasma. *100% of """In and 125 was on intact Lym-1 before addition to
TAfter addition to plasma. Raiji cells.
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Lym-1 but not the breast and prostate cancer patients w p
received'n-2IT-BAD-m170 (Fig. 5).

The data support processing o6#in/?0Y-2IT-BAD-
Lym-1 in the hepatocytes as the dominant mechanism 1
the production of metabolites. Antibody processing wit
metabolite induction usually occurs in the hepatocytes; sy
cific hepatocyte receptors have been documented for mo
IgG2a antibodies, such as Lym-31(32, but not for mouse
IgG1 antibodies, such as m170, consistent with the presel
of 1n-2IT-BAD-Lym-1 metabolites and the absence o
1n-2IT-BAD-m170 metabolites in patient plasma. Hepa
tocyte processing is supported by the imaging evidence 1
13n in the Gl tract of patients given Lym-1 (Fig. 5). The
observation of a significant metabolite fraction in plasm
soon after injection (Fig. 2A) indicates the involvement of B
well-perfused system in the formation of metabolites. A
NHL patients received an amount of unlabeled Lym-1 thi
was documented in earlier studies to be sufficient to satur:
the Lym-1 receptor on hepatocyte3l). It is conceivable
that the hepatocytes were able to discriminate!tfie- or
90Y-2|T-BAD-Lym-1 from the unlabeled Lym-1, thereby
permitting uptake and metabolism. However, processing
hepatocytes does not explain ##n/°°Y-2IT-BAD-Lym-1
complexes in the plasma, which accounted for about o
fourth of the nonmonomeric species. Because of the pr¢
tical and conceptual importance of definition of the mect
anism for formation of the metabolites, hepatocyte involve
ment should be investigated further—specifically, the effe
of chemical modification of antibody for interaction with
hepatocyte molecules. C

Other possible mechanisms of formation of the nonmi
nomeric radiolabeled!n and °°Y species in the plasma
were considered, evaluated against clinical data, and,
some cases, investigated further in vitro, specifically: inst
bility of the 114n and®?Y RICs; complexation by antigen or
HAMA in the plasma and extraction with metabolism by
phagocytic cells; and uptake, internalization, and metahb
lism by lymphoma cells or normal B-lymphocytes.

The exceptional stability of the chelate moiety and th
conjugate linker of In- and Y-2IT-BAD-Lym-1 in human

Tissues Blood Tumor

<+—71 Complexes
Monomer —— FIGURE 5. Planar anterior view of pelvis of NHL patient given
Mn-2IT-BAD-Lym-1 (A) and breast (B) and prostate (C) cancer
patients given 1In-2IT-BAD-m170, 3 d after injection. In addi-

«+—— Metabolites

l tion to In in lymphoma («) and marrow (<), '''In was present
in Gl tract () of patient with NHL but not in patients with breast
Excretion and prostate cancer. Specific hepatocyte receptors have been

] N T documented for mouse IgG2a antibodies, such as Lym-1, but
FIGURE 4. Simplified model for distribution of "In/%Y-2IT- 4t mouse IgG1 antibodies, such as m170.

BAD-Lym-1 RIC in circulation in blood. Monomeric RIC is pref-

erentially distributed to tumor, whereas metabolites and com-

plexes of RIC are excreted or distributed to normal tissues. serum under physiologic conditions in vitro has been shown
Thus, formation of metabolites and complexes of "11In/0Y-2IT- h d el P %l a gTh tability ofi1Y d%y_2IT
BAD-Lym-1 resulted in reduced cumulated activity in tumor and ere and e _SeW erd) The sta ity 0 ] n-an et
increased cumulated activity in normal tissues (lower Tls and BAD-m170 in the plasma of patients with breast or prostrate

higher toxicity). cancer in vivo also corroborated the stability of the chelate
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and conjugate linker. Finally, immunoprecipitation studiesiay be instructive. Although these observations have po-
of plasma of patients who had receivBén- and®°Y-2IT- tential importance for all RICs and emphasize the need to
BAD-Lym-1 indicated that transchelation éfin or ®°°Y document the nature of the radiolabeled species in the
from 2IT-BAD-Lym-1 to albumin or transferrin did not plasma (and urine and stool), they may not necessarily be
occur in vivo. In evaluating specifically for the metabolisnextrapolated to other RICs. The discrepant results for the
of 11n-2IT-BAD-Lym-1 in vitro, metabolites and com other radiolabeled mABHin- and®°Y-2IT-BAD-m170, are
plexes were formed to a minor extent in lymphoma plasnpaobably more representative of the common circumstance.
in vitro, similar to volunteer plasma (Table 3), and the iduweid et al. 40) have shown substantial improvement in
vitro results were quantitatively insufficient to explain the iffls for 14n- or °0Y-labeled humanized LL2 anti-CD22
vivo events observed in the NHL patients. Because all NHibAb compared with!3Y-labeled mAb in NHL patients,
patients tested negative for HAMA, complexation andlthough results for HPLC or immunoreactivity were not
phagocytosis with subsequent metabolism were also ueported.

likely.

Lastly, the possible uptake and metabolisni'élin/°0Y-
2IT-BAD-Lym-1 by normal or malignant NHL lympho- o o
cytes (or both) were considered. Two patients who exhibitedMolecular sieving HPLC indicated the presence of me-
substantial metabolite fractions in plasma, despite lacking@Polites and complexes in the plasma of every NHL patient
pool of normal B-lymphocytes, provide anecdotal eviden&90n after injection oflin- and®%Y-2IT-BAD-Lym-1, de-
against normal lymphocytes. One patient had no spleen Snite the stability of_ these RICs in vitro. Metabolism of
the second patient had B-lymphocyte depletion associated-2!/T-BAD-Lym-1 in the NHL patients appeared to-re
with earlier rituximab (Rituxan; IDEC Pharmaceuticalgluce Tls for radiation dose. Clinical data and subsequent in
Corp., San Diego, CA) therapy. Furthermore, the HLA-DRitro studies suggested processing'8n/*°Y-2IT-BAD-
antigen is low in density on the surface membrane of normigyM-1 in the hepatocytes as the dominant mechanism for
B-lymphocytes and has not been observed to be a sourcdft Production of metabolites.
significant Lym-1 binding §3). In the case of malignant
NHL lymphocytes, the degree of internalization of Lym-JACKNOWLEDGMENTS
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