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B lymphocyte stimulator (BLyS) protein is a member of the
tumor necrosis factor (TNF) superfamily of cytokines that
binds to B lineage cells, but not T cells, monocytes, natural
killer cells, or granulocytes. BLyS protein binding to B cells is
restricted to immunoglobulin-positive cells and is not evident
on pro- or pre-B cell populations. This unique binding profile
suggests that a radiolabeled form of BLyS protein may be a
useful treatment for B cell neoplasias such as B cell lym-
phoma and multiple myeloma. Here, we report the biodistri-
bution of radiolabeled recombinant human BLyS after intra-
venous injection into normal mice and mice bearing BCL1
tumor in the spleen or J558 tumor in the subcutaneous
space. We also report the use of these data to estimate
human dosimetry. Methods: '?5|-Labeled BLyS protein (50
ng/kg, 0.185-0.37 MBqg per mouse) was injected intrave-
nously into BALB/c mice, and biodistribution was measured
by direct counting of radioactivity in dissected tissues and by
quantitative whole-body autoradiography (QWBA). Results:
The half-life of radiolabeled BLyS protein in blood was ~2.7
h in both normal and tumor-bearing mice. The spleen showed
the highest uptake of BLyS protein in both normal and tumor-
bearing mice, with a maximum concentration (C,,,,) of 35-45
percentage injected dose per gram (%ID/g) occurring be-
tween 1 and 3 h after injection. In lymph nodes, C,,., was ~20
%ID/g in normal and J558 tumor-bearing mice and 8-15
%ID/g in BCL1 tumor-bearing mice. Limited biodistribution
data from the J558 tumors showed a C,, of ~15 %ID/g. By
contrast, C,,.x was only ~5 %ID/g for both kidney and liver.
QWBA confirmed high radioactivity in spleen, lymph nodes,
and stomach contents and low radioactivity in kidney and
liver. After 24 h, spleen and lymph nodes were still positive in
QWBA images, whereas liver and kidney no longer had ob-
servable levels. Conclusion: Radiolabeled BLyS showed
specific and rapid targeting to lymphoid tissues and B cell
tumors in mice. Unlike monoclonal antibodies, which have
long plasma half-lives and considerable liver uptake, BLyS
has distinct pharmacokinetic and biodistribution properties
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that may offer advantages compared with antibody-based
radioimmunotherapy.
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B lymphocyte stimulator (BLYS protein, also known as
BAFF (B cell activating factor belonging to the tumor
necrosis factor [TNF] family), TALL-1 (TNF and apoptosis
ligand-related leukocyte-expressed ligand 1), zTNF4,
TNFS20 (TNF superfamily member 20), or THANK (TNF
homologue that activates apoptosis, nuclear factor [NF]-kB,
and c-Jun NH,-terminal kinase) is a member of the TNF
superfamily of cytokines that was first identified from a
human neutrophil/monocyte-derived complementary DNA
library. BLyS shares homology with other ligands in the
TNF family, including APRIL (a proliferation-inducing li-
gand), TNFa, lymphotoxin-a, and TRAIL (TNF-related
apoptosis-inducing ligand). Full-length BLYS is a 285-
amino acid type |l transmembrane protein with a carboxy
terminal extracellular domain and, like other TNF ligands,
is cleaved to form a soluble product. Highest levels of
full-length BLYS messenger RNA have been found in
spleen, lymph nodes, bone marrow, peripheral blood mono-
nuclear cells, and myeloid cell lines (1).

A soluble form of BLyYS has been produced in both
prokaryotic and eukaryotic expression systems (1-4). This
recombinant human BLYS consists of 152 amino acids and
forms a 52-kDa homotrimer in solution (1). BLyS protein is
known to promote B cell proliferation, activation, and dif-
ferentiation, enhance B lymphocyte survival, and thereby
stimulate immunoglobulin production both in vitro and in
vivo (1-6). In norma mice receiving injections of BLYS,
lymphoid compartments in the spleen undergo marked ex-
pansion, and plasma levels of immunoglobulins increase
significantly (7). The role of BLYS in B cell homeostasis
became evident from studies in BLyS null (8,9) and BLyS
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transgenic mice (10-12). Mice lacking BLyS have extreme
reductions of mature B cells in periphera blood, whereas
mice overexpressing BLyS have increased numbers of ma-
ture splenic and lymph node B cells, elevated immunoglob-
ulin levels, and manifestations of autoimmune disease.

Three cellular receptors that bind BLyS with similar high
affinities have been identified: transmembrane activator and
calcium-modulating cyclophilin ligand interactant (TACI),
B cell maturation antigen (BCMA), and BAFF-receptor/
BLyS receptor 3 (BAFF-R) (12-20). BAFF-R and BCMA
expression isrestricted to B cells, whereas TACI isfound on
both B cells and activated T cells. The BLyS receptors
appear to be expressed on immunoglobulin-positive B cells
but not on immunoglobulin-negative pre- and pro-B cells.
In vitro studies have determined that radiolabeled BLyS
binding to human tonsillar B cells is specific and saturable,
with a dissociation constant of 0.1 nmol/L and approxi-
mately 2,600 binding sites per cell (21).

BLYS receptors are expressed on a broad range of tumor
cellsof B cell lineage, including multiple myeloma, large B
cell lymphoma, follicular B cell lymphoma, chronic lym-
phocytic leukemia, and Burkitt’'s lymphoma (22). This re-
ceptor distribution suggests that BLYS has significant po-
tential as atargeting protein for an extensive array of B cell
malignancies. Because of the radiosensitivity of these types
of tumors, BLYS labeled with a cytotoxic radionuclide may
be able to deliver a sufficient radiation dose to induce tumor
cell death.

Recently, it has been demonstrated that radioimmuno-
therapy with monoclonal antibodies directed against the B
cell-specific CD20 antigen achieves significant response
rates in non-Hodgkin's lymphoma (23,24). One drawback
of this therapy is the substantial radiation dose delivered to
normal organs from the circulating, long—half-lived mono-
clonal antibody. This limits the dose that can be given to the
patient and may contribute to the tumor relapses seen after
initial positive responses. Binding of radiolabeled anti-
CD20 antibodies on pre-B cells may also lead to delayed
rebound of mature lymphocytes. In addition, the CD20
antigen is expressed on the malignant plasma cells of only
about 20% of multiple myeloma patients (25). BLyS, in
contrast, binds to multiple myeloma cells, does not bind to
early pre- and pro-B cells, and has a much shorter half-life
in mice than immunoglobulins (half-life of 2.7 h, compared
with 4-5.4 d for 1gG (7,26)). These characteristics may
allow BLySto be used in clinical situations as an alternative
to monoclonal antibody radioimmunotherapy.

The following biodistribution studies in normal and tu-
mor-bearing mice provide quantitative in vivo data on the
localization and clearance of radiolabeled BLyS. Direct
y-counting of dissected tissues and quantitative whole-body
autoradiography (QWBA) indicate that 12°1-BLyS preferen-
tially binds to tissues with high concentrations of B lym-
phocytes such as spleen, lymph nodes, marrow, gut-associ-
ated lymphoid tissue, B cell lymphomas, and plasma cell
tumors. Uptake of %I1-BLyS was rapid and specific. In
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contrast, tissues with nonspecific uptake such as kidney and
liver were quickly cleared of radioisotope. These studies
confirm the targeting potential of radiolabeled BLyS. The
restricted expression patterns of BLYyS receptors together
with the pharmacokinetic profile and favorable distribution
of radiolabeled BLYyS support the further development of
radiolabeled BLYS as a potentially novel treatment for B
cell disease.

MATERIALS AND METHODS

Radiolabeling

Recombinant human BLyS was produced at Human Genome
Sciences, Inc. (Rockville, MD), in Escherichia coli as a soluble
52-kDa trimeric protein. BLYS was labeled with 125 at MDS
Nordion (Kanata, Ontario) using a method of iodination that di-
rectly modifies tyrosine residues on the protein. The specific ac-
tivity of 125-BLyS was 263-287 MBg/mg (7.10-7.75 mCi/mg)
BLyS, the BLyS concentration was 0.4 mg/mL, and the molar ratio
of iodine to BLyS was 1.74-1.90. Before injection, 1251-BLyS was
diluted to a concentration of 5 pg/mL in buffer (10 mmol/L
sodium citrate, 140 mmol/L NaCl, pH 6.0). The percentage of free
iodine (measured by trichloroacetic acid [TCA] precipitation) in
the dosing solutions administered to animals used for determining
biodistribution ranged from 15% to 18%.

Animals and Dosing

Female BALB/c mice 10-12 wk old weighing from 20 to 24 g
were obtained from Ace Animals (Boyertown, PA) and allowed to
acclimate for at least 1 wk before the start of the experiment. Three
to 5 d before the start of the experiment, and continuing up to the
time of sacrifice, mice were given drinking water containing 0.4%
Lugol’s solution (Sigma) to block thyroid uptake of 1%, Fifteen
days before injection with 1251-BLyS, mice designated to receive
the BCL1 tumor were injected intraperitoneally with 3 x 10°
viable BCL1 cells. Mice selected to receive the J558 tumor were
injected subcutaneously above the right hind limb with 5 X 10°
viable J558 cells 10 d before injection with 125-BLyS.

Mice wereinjected intravenously through the tail vein with 0.01
mL/g of body weight at 5 wg/mL, to give afinal protein dose of 50
wg/kg 251-BLyS (0.185-0.37 MBq per mouse). At the specified
time after injection (1, 3, 16, or 24 h), mice were euthanized by
CO, overexposure, and a urine sample was collected. Mice were
designated for either tissue dissection or QWBA to determine
biodistribution. In addition, for a more complete description of the
blood and plasma curves for 1231-BLyS, 3 mice per time point were
sacrificed at 5 and 30 min after injection and only blood, plasma,
and urine were taken.

Biodistribution

After sacrifice, the animals that were designated for dissection
were exsanguinated through the inferior vena cava, and the blood
was transferred to tubes containing ethylenediaminetetraacetic
acid (0.78 mg per tube; Termuno Medica Corp., Elkton, MD). An
aliquot of whole blood was taken for y-counting and the remaining
blood was centrifuged to obtain plasma. Plasma and whole blood
were read on the y-counter before and after TCA precipitation. The
following tissues were removed, weighed, and counted on a
y-counter: spleen, mesenteric lymph node, kidney, part of the
liver, stomach, part of the duodenum, heart, lung, a piece of
skeletal muscle (biceps femoris), and part of the femur.
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QWBA

Mice designated for QWBA were euthanized with CO,, posi-
tioned onto a metal plate, and frozen in a durry of dry ice and
isopentane. Limbs were removed from the frozen carcass, and the
carcass was decapitated. Body and head were embedded separately
in optimal cutting temperature (OCT) compound (Sakura Finetek,
Torrance, CA). The embedded blocks were stored at —80°C until
the time of sectioning, when they were mounted on a cryostat (Carl
Zeiss Inc., Thornwood, NY) maintained at —20°C. Sections were
obtained by placing plastic adhesive tape on the block and cutting
20-m sections through the block. Sections from the bodies were
made at 2-mm intervals starting from the level of the spleen, and
sections from the head were made at 1-mm intervals starting at the
orbit of the eye. The sections used for autoradiography were left on
the tape and placed in plastic sleevesfor protection. Corresponding
sets of adjacent sections were transferred to glass slides coated
with a photo-cross-linkable polymer gel, briefly exposed to ultra-
violet light, and stained with hematoxylin and eosin (H&E).

To quantify the amount of radioactivity per gram of tissue from
the QWBA sections, tissue standards were prepared by adding a
known amount of 23| to BALB/c mouse liver homogenate. Liver
homogenates were then placed into holes drilled in ablock of OCT
compound, frozen, and cut into 20-pum sections for the standards.
QWBA sections were exposed to previously erased imaging plates
(Fuji Photo Film Co., Tokyo, Japan) inside a cassette along with
the 12| tissue standards. After exposure, the imaging plates were
read on aBAS-2500 IP reader (Fuji Photo Film Co.). Images from
the IP reader were quantified with Image Gauge software (version
3.0; Fuji Photo Film Co.). Regions corresponding to organs and
tissues were selected on the basis of structures identified on adja-
cent H& E-stained sections.

TCA Precipitation and y-Counting

The percentage of protein-bound radioactivity in the 11-BLyS
dosing solution, urine, plasma, and whole blood was determined
by TCA precipitation. Samples were read on the y-counter, then
200 pL of 5% bovine serum abumin were added to the sample
followed by 200 pL of 12% TCA. The samples were then stirred
and incubated at 4°C for 10 min. After incubation, the samples
were centrifuged, the supernatant was removed by aspiration, and
the samples were recounted on the y-counter.

Counts per minute (CPM) in dissected tissues, blood, plasma,
urine, and dosing solutions were determined using a y-counter
(Wallac 1480 WIZARD; Perkin EImer Life Sciences Inc., Boston,
MA). The counter subtracts background and cal culates an adjusted
CPM. The adjusted CPM was then used to calculate percentage
injected dose per gram of tissue (%ID/g) or milliliter of fluid
(%ID/mL) and the percentage of TCA-precipitable radioactivity.
The %ID/g was calculated by dividing the adjusted CPM by the
tissue weight and the CPM injected for that animal. The %l D/mL
was calculated by dividing the adjusted CPM by the fluid volume
and the CPM injected for that animal. The ratio of CPM before and
after TCA precipitation (xX100) was taken as the percentage of
protein-bound radioactivity.

Dosimetry

Dose estimate tables for BLYS labeled with 131 were devel oped
on the basis of biodistribution data from tissue dissection and
QWBA in normal 20-g BALB/c mice using the 123|-labeled com-
pound. Data for the %ID/g in the animal organs were extrapolated
to humans using the approach of Kirschner et a. (27), which
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assumes that the %I D/g normalized by the whole body weight, in
kilograms (i.e., the %ID-kg/g), is the same in the animal and the
human. In addition, the time scale was extrapolated according to
the ratio of the human-to-animal total-body masses raised to the
0.25 power (28). Data were fit with SAAM |l software (SAAM
Ingtitute, Inc., Seattle, WA) using 1 or 2 exponentia functions.
From the fitted functions, organ residence times were estimated.
Activity not accounted for in any organ was assigned to the
remainder of the body and assumed to clear the body with the
total-body clearance kinetics. Data from the lymph system were
not used directly. This activity was assumed to be part of the
“remainder of the body” for dosimetry purposes. The total-body
retention data were assumed to give the best estimate of the
excretion of the compound. For most organs, the fitted biokinetic
model was represented as an initial fractional uptake and abiologic
half-time. In all cases except the thyroid, the functions were
derived as 3, a X exp(—A\it) (with either 1 or 2 terms). In the case
of thyroid, the functional form was g X (1 — exp[—Ait]). Dose
estimates were calculated using the MIRDOSE3.1 computer pro-
gram (29).

RESULTS

Biodistribution in Normal Mice

The %ID/g of 31-BLyS at 1, 3, 6, 16, and 24 h after
injection into normal mice is shown in Figure 1 for the
tissues collected by dissection. The highest %ID/g among
these tissues (which did not include thyroid) was found in
the spleen (maximum concentration [Co] = 45.2). High
levels were also found in the mesenteric lymph nodes
(Crax = 17.7). This localization agrees with the expression
of BLYS receptors, found predominantly on mature, immu-
noglobulin-positive B cells. The high levels of radioactivity
found in the stomach (C,,« = 25.7) are consistent with the
known elimination routes of free iodine (30). High levels of
radioactivity in the lung (C = 27.2) may be associated
with 125]-BLyS in the blood in this highly perfused tissue,
and 1?5|-BLyS clears from the lung with a half-life similar to
the plasma half-life. The kidneys, liver, muscle, heart, du-
odenum, and femur all had relatively low %I D/g.

The %ID/mL values for blood, plasma, and urine (TCA-
precipiteble activity) are listed in Table 1. The plasma
half-life of 1%I-BLyS in BALB/c mice is 2.7 h, a value
comparable to that of unlabeled BLyS in BALB/c mice (7).
The percentage TCA-precipitable (protein bound) radioac-
tivity in the plasma is comparable to that of the dose
solution for 3 h after injection (76%—89%) but decreases
significantly to 52%-55% by 6 h after injection. The time
course of the increase in nonprotein-bound radioactivity in
the circulation parallels the accumulation of radioactivity in
the stomach, further supporting the presence of free 123 in
the stomach. Little of the radioactivity in the urine is pre-
cipitable by TCA (~5%), consistent with dehal ogenation of
the BLYS protein, or degradation of BLyS into small pep-
tides or amino acids.

The ratios of the area under the %ID/g curve (AUC) for
the tissues (AUC,ie) to that in the blood (AUCy ) are
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FIGURE 1. %ID/g after intravenous in-
jection of 50 pg/kg of '251-BLyS into normal
BALB/c mice. Female BALB/c mice were
injected intravenously with 125|-BLyS at 50
ng/kg, and biodistribution was determined
by the tissue dissection method at 1, 3, 6,
16, and 24 h after injection. Error bars rep-
resent SEM.

listed in Table 2. Spleen and lymph node had the highest
AUC;i / AUCy 000, With values of 6.53 and 3.35, respec-
tively. In contrast, the AUC ratios for the lung, kidney, and
liver were 1.65, 0.50, and 0.42, respectively, demonstrating
greater specificity of 1?5-BLyS for lymphoid tissues. The
stomach also had a high AUC ratio (3.16), presumably
because of free 1%5I.

QWBA images for normal mice are shown in Figure 2.
The images confirm the localization of '%]-BLyS to the
spleen and lymph nodes and also demonstrate targeting to
gut-associated lymphoid tissue. By comparison, kidney and
liver have low levels of radioactivity, and by 16 h, lung,
kidney, and liver are not visible in the images. High levels
of radioactivity are also found in the thyroid (not shown),
stomach, and submandibular salivary gland, consistent with
the expected distribution of free iodine (30). High radioac-

TABLE 1
%ID (TCA-Precipitable)/mL of Blood, Plasma, and Urine
After Intravenous Injection of 50 pg/kg of 1251-BLyS
into Normal BALB/c Mice (=SEM)

Time Blood Plasma Urine

5 min 22.80 = 1.28 48.20 + 1.82 8.74
30 min 17.40 = 1.51 40.90 + 2.68 10.20 = 2.27
1h 9.45 = 2.07 26.00 + 3.95 6.06 = 0.57
3h 5.13 £ 0.85 10.50 + 1.58 10.30 + 3.60
6h 2.32 £ 0.13 3.60 = 0.34 6.69 = 0.83
16 h 0.14 = 0.04 0.11 = 0.04 0.08 = 0.14
24 h 0.08 + 0.01 0.09 + 0.01 0.74 = 0.11

Urine values represent activity present only at specified time
point, not cumulative excretion.

tivity in the thyroid indicates that blocking with Lugol’s
solution was incomplete. Examination of adjacent H&E-
stained sections shows that the radioactivity in the stomach
appearsto bein theluminal contents, not concentrated in the
stomach wall. Radioactivity is aso found in the mineralized
regions of the teeth. The mechanism for localization to teeth
is not clear but could be related to the fact that teeth become
permeable to iodide as they cycle through mineralization
and demineralization (31).

The %I D/g valuesfor varioustissues arelisted in Table 3.
For comparison, the values for %I D/g determined by tissue
dissection are also listed in Table 3. Results obtained for the
2 techniques are quite comparable, although each method is
associated with different limitations. In QWBA, different
tissues may undergo different thermal expansion during
freezing, whereas in tissue dissection, loss of blood is
greater from organs with high blood volume than from other
organs. The QWBA technique has the advantage of being

TABLE 2

Ratio of AUC;issue to AUC, 004 in Normal Mice

Tissue AUC AUCtissue/AUCb\ood
Blood 81.3 1.00
Spleen 531.0 6.53
Lymph node 272.0 3.35
Stomach 257.0 3.16
Lung 134.0 1.65
Duodenum 74.8 0.92
Heart 42.0 0.52
Kidney 40.2 0.50
Liver 34.1 0.42
Femur 32.0 0.39
Muscle 17.6 0.22
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FIGURE 2. QWBA after intravenous in- | 24 h Cortex
jection of 50 pg/kg of 1251-BLyS into normal Stomach i
BALB/c mice. Female BALB/c mice were //L
injected intravenously with 125|-BLyS at 50
rg/kg and were frozen for QWBA at 1, 3, 6, i )
16, and 24 h after injection. Images were Salivary
contrast-enhanced for display purposes ; gland Lymph
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sue.

able to detect accumulation in tissues not removed by dis-
section, and it can show spatial distributions within a par-
ticular organ. For example, in this study, we found that the
gut-associated lymphoid tissue had a higher concentration
of radioactivity than did other parts of the gut. The disad-
vantage of QWBA is that it is more labor- and time-
intensive than the dissection method.

Biodistribution in BCL1 Tumor-Bearing Mice

The BCL1 line was derived from a spontaneous mouse B
cell tumor (32). When BCL1 cells are injected intraperito-
neally into BALB/c mice, splenomegaly and leukemia de-
velop, and the splenic architecture is progressively dis-
rupted by tumor cell infiltration and proliferation. The
BCL1 tumor cell phenotypeis IgM positive, is complement
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receptor negative, is Fc receptor positive, and has marginal
IgD expression. Fluorescence-activated cell sorter analysis
using biotinylated BLYS shows that BCL1 cells freshly
isolated from the spleens of BALB/c mice expressthe BLyS
receptors on their cell surface.

The spleens of mice 15 d after intraperitoneal injection of
3 X 10° BCL1 cells were noticeably enlarged, with an
average weight of 194 = 2.6 mg (mean = SEM). Thisis
significantly greater than the spleen weight of normal mice
(80-100 mg) and is consistent with the known in vivo
growth pattern of BCL1 cells.

The %ID/g of 125-BLyS in BCL1 tumor-bearing mice at
1, 3, 6, 16, and 24 h &fter injection is shown in Figure 3 for
the tissues collected by dissection. The highest %ID/g was
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TABLE 3
%I1D/g Determined by Whole-Body Autoradiography or Tissue Dissection

Biodistribution

Tissue method n 1h 3h 6 h 16 h 24 h
Spleen Autoradiography 2 36.00 39.20 33.70 12.30 4.77
Tissue dissection 3 39.10 34.40 28.50 10.40 6.25

Mean 5 37.80 36.30 30.60 11.20 5.66

Lymph node Autoradiography 2 9.30 17.40 13.60 4.16 2.51
Tissue dissection 3 9.20 20.10 17.40 3.94 3.1

Mean 5 9.24 19.00 15.90 4.03 2.87

Stomach Autoradiography 2 7.99 16.60 14.20 1.87 1.33
Tissue dissection 3 7.07 10.80 21.50 2.62 0.61

Mean 5 7.44 13.10 18.60 2.32 0.90

Lung Autoradiography 2 14.50 9.06 4.42 0.25 0.15
Tissue dissection 3 17.00 7.70 3.89 0.35 0.17

Mean 5 16.00 8.24 4.11 0.31 0.16

Duodenum Autoradiography 2 3.45 5.67 5.95 0.57 0.38
Tissue dissection 3 5.18 4.52 4.80 1.68 0.37

Mean 5 4.49 4.98 5.26 0.64 0.38

Heart Autoradiography 2 9.28 6.92 3.56 0.14 0.12
Tissue dissection 3 7.49 3.72 2.03 0.15 0.07

Mean 5 8.21 5.00 2.64 0.15 0.09

Kidney Autoradiography 2 5.64 4.93 3.08 0.26 0.17
Tissue dissection 3 5.56 2.96 2.29 0.21 0.09

Mean 5 5.59 3.75 2.59 0.22 0.13

Liver Autoradiography 2 6.82 6.22 3.07 0.26 0.15
Tissue dissection 3 4.37 2.35 1.74 0.17 0.08

Mean 5 5.35 3.90 2.27 0.21 0.11

Muscle Autoradiography 2 1.00 1.13 0.88 0.07 0.03
Tissue dissection 3 1.53 1.73 1.12 0.06 0.06

Mean 5 1.32 1.48 1.02 0.06 0.05

Pancreas Autoradiography 2 2.40 3.20 2.75 0.22 0.16
Ovary Autoradiography 2 6.83 5.21 2.15 0.23 0.18
Bone marrow Autoradiography 2 6.61 7.05 3.99 0.70 0.34
Thymus Autoradiography 2 3.23 2.75 1.37 0.41 0.18
Uterus Autoradiography 2 4.06 7.70 3.02 0.22 0.18
Thyroid Autoradiography 2 31.50 32.20 157.00 75.70 229.00
Femur Tissue dissection 3 3.21 2.53 2.07 0.31 0.11
Whole body Autoradiography 2 3.29 4.44 3.01 0.40 0.33

found in the spleen (C,,»x = 35.8) and is similar to what was
observed for the spleen in normal mice. However, the C,
in BCL1 tumor-bearing mice occurred 3 h after injection,
whereas C,,5 occurred at 1 h after injection in normal mice.
In addition, although the %ID/g was higher in the mesen-
teric lymph nodes (C,o« = 8.2) than in most other tissues,
the levels of radioactivity were not as high as in the lymph
nodes of norma mice (Co = 17.7). This may be because
the lymph nodes of BCL1 tumor-bearing mice were often
greatly enlarged relative to those of normal mice, possibly
indicating an edematous state (mean weight, 14.8 mg in
BCL 1 tumor-bearing mice, compared with 8.8 mg in normal
mice). The larger weight lowers the concentration when
%ID is divided by the weight of the tissue. As in normal
mice, high levels of radioactivity were found in the stomach
(Crax = 11.8) of BCL1 tumor-bearing mice, whereas the
kidneys, liver, muscle, heart, duodenum, and femur all had
arelatively low %ID/g.

The %ID/mL values for blood, plasma, and urine (TCA-
precipitable activity) for BCL1 tumor-bearing mice are
listed in Table 4. The plasma half-life is 2.65 h and agrees
well with the plasma half-life of 1%1-BLyS in normal mice
and the reported plasma half-life of unlabeled BLyS. Al-
though the half-life of 1?5[-BLyS is similar in norma and
BCL1 tumor-bearing mice, the volume of distribution is
greater in tumor-bearing mice (225 mL/kg) than in normal
mice (150 mL/kg). Thisis demonstrated by the observation
that the values for %ID/g in blood and plasma at each time
point are lower in tumor-bearing mice than in normal mice.
The increased volume may be due to a larger number of
BLyS-receptor—positive cellsin the tumor-bearing mice and
suggests that tumor binding removes BLyS from the plasma
compartment.

The ratios of the area under the %ID/g curve for the
tissues, AUC;isqe 10 the AUC, o are listed in Table 5.
Spleen and lymph node had the highest AUC.
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AUC 504, With values of 11.00 and 2.89, respectively. In
contrast, the AUC ratios for the lung, kidney, and liver
were 1.49, 0.44, and 0.46, respectively, demonstrating
the greater specificity of 1%51-BLyS for lymphoid tissues.
The AUC ratio in the spleen for BCL1 tumor-bearing
mice was greater than in normal mice (ratio = 6.53). This
could be due to a larger number of BLyS-receptor—
positive cellsin the spleens of BCL 1 tumor-bearing mice,
as well as alower AUC in blood. The AUC ratio in the
lymph node was lower for BCL1 tumor-bearing mice
than for normal mice (ratio = 3.35). The comparatively
lower value in lymph nodes may indicate edematous
lymph nodes. The stomach also had a high AUC ratio
(2.70), presumably because of free 125,

QWBA images of BCL1 tumor-bearing mice are shown
in Figure 4. Radioactivity in the BCL1 enlarged spleens is
high at early timesand is still evident at 24 h, indicating that

TABLE 4
%ID (TCA-Precipitable)/mL of Blood, Plasma, and Urine
After Intravenous Injection of 50 ng/kg of '251-BLyS in
BCL1 Tumor-Bearing BALB/c Mice (=SEM)

BCL1 tumors are capable of binding '?5-BLyS. Lymph
nodes also appear enlarged, compared with lymph nodes in
normal animals. As was seen in normal animals, lymph
nodes and gut-associated lymphoid tissue were positive for
radioactivity, demonstrating the ability of BLyS to target B
cell-rich tissues, and high levels of radioactivity were also
found in the thyroid, stomach, and submandibular salivary
gland.

Biodistribution in J558 Tumor-Bearing Mice

To assess the ability of 1?51-BLyS to distribute to tumors
in nonlymphoid tissues, we used a second tumor model in
which the murine plasmacytoma, J558, was injected into the
subcutaneous space on the hind flank of BALB/c mice.
Similar J558 models have been used in studies of cytokine-
based cancer therapies (33,34). This model is particularly
well suited for studies of 1%I1-BLyS because the tumor
expresses BLYS receptors and its growth in the subcutane-

TABLE 5
Ratio of AUCjssue 10 AUCh 004 in BCL1 Tumor-Bearing Mice

Time Blood Plasma Urine
5 min 16.80 = 0.66 33.30 = 4.25 1.31
30 min 11.40 = 0.75 23.30 = 1.67 523 = 1.59
1h 6.92 = 0.77 13.90 = 1.43 2.94 = 0.42
3h 2.83 = 0.25 6.56 = 0.50 6.49 = 1.75
6h 1.25 £ 0.10 1.56 + 0.22 5.89 = 0.74
16 h 0.08 = 0.02 0.09 = 0.02 0.63 = 0.06
24 h 0.06 + 0.01 0.04 + 0.01 0.66 = 0.13

Urine values represent activity present only at specified time

point, not cumulative excretion.

Tissue AUC AUCtissue/AUCblood
Blood 50.00 1.00
Spleen 552.00 11.00
Lymph node 145.00 2.89
Stomach 135.00 2.70
Lung 74.60 1.49
Duodenum 46.60 0.93
Liver 23.20 0.46
Heart 23.10 0.46
Kidney 21.80 0.44
Femur 18.90 0.38
Muscle 6.66 0.13
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ous space mirrors that of lymphomeas that arise in nonlym-
phoid compartments.

The %ID/g of 1%5-BLyS in J558 tumor-bearing mice at 6
and 24 h after injection is shown in Figure 5 for the tissues
collected by dissection. The highest %I D/g was found in the
spleen (Cx = 40.2), followed by the mesenteric lymph
nodes (Cra = 24.0) and the J558 tumor (C,o = 15.3). The
values for C,5 in the spleen and lymph node are similar to
those observed in normal mice injected with 125-BLyS. In
addition, good uptake in the J558 tumor demonstrated the
ability of radiolabeled BLYyS to target plasma cell tumors.

BiobisTRIBUTION OF RaDIOLABELED BLYS ¢ Riccobene et al.

Asin normal and BCL 1 tumor-bearing mice, high levels of
radioactivity were also found in the stomach (C,.x = 15.2)
of J558 tumor-bearing mice. The %I D/mL of blood, plasma,
and urine at 6 and 24 h after injection were similar to levels
observed in normal mice.

QWBA images obtained from J558 tumor-bearing mice
are shown in Figure 6. The images confirm the localization
of 125-BLyS to the spleen, lymph nodes, and tumor and also
demonstrate targeting to gut-associated lymphoid tissue.
The relatively uniform distribution of radioactivity in the
J558 tumor indicates that %51-BLyS is able to penetrate
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throughout the tumor. As in normal mice, high levels of
radioactivity were also found in the thyroid, stomach, and
submandibular salivary gland.

Dosimetry

Human radiation dose estimates for 3!-labeled BLyS
developed from the normal mouse biodistribution data are
listed in Table 6. With the exception of the thyroid, the
highest radiation dose is predicted to be to the spleen (1.2
mGy/MBQq) after administration of 13!-BLyS. The dose to
the bone marrow, an organ sensitive to radiation, is esti-
mated to be 0.15 mGy/MBq (0.55 cGy/mCi).

DISCUSSION

These studies show the rapid and specific targeting of
radioiodinated BLyS to lymphoid tissues and B cell tumors.
After intravenous injection of 1%1-BLySin mice, tissues that
have a high proportion of B cells, such as spleen, lymph
nodes, and gut-associated lymphoid tissue, had relatively
high uptake and exposure (AUC), demonstrating the spec-
ificity of BLySfor B cells. High levels of radioactivity were
also seen in the thyroid, stomach contents, and sdivary
glands, consistent with the expected distribution of free
iodide (30). Lung uptake at 1 h was higher than that in
lymph nodes but then declined in parallel to the plasma
concentration, suggesting that lung exposure was due to the
high blood volume in this tissue. Other tissues, including
kidneys, liver, muscle, heart, duodenum, and femur, al had
relatively low values for %ID/g. Radiolabeled BLYS aso
showed localization to spleens containing BCL1 lymphoma
cells and subcutaneously implanted J558 plasma cell tu-
mors.
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The biodistribution of BLYS in mice differs considerably
from that of other radiolabeled proteins, including antibod-
ies directed against B cells. Illidge et a. (35) measured the
biodistribution of radioiodinated anti-B cell monoclona an-
tibodies in mice bearing BCL 1 tumors. The maximal uptake
of the anti-CD22 antibody in the spleen, where BCL 1 tumor
cells migrate to and proliferate, was ~15 %l D/g, compared
with ~35 %ID/g for BLYS. The antibody also had much
higher maximal valuesin liver (15%—-20 %I D/g) and kidney
(10%-—15 %I D/qg) than did BLYS (~5 %ID/qg). By 24 h, the
radioactivity in liver and kidney had decreased to 2—7
%ID/g for the anti-B cell antibodies, but after radiolabeled
BLyS injection, these organs were almost completely
cleared of radioactivity at 24 h (<0.2 %ID/g).

Buschbaum et a. (36) studied the biodistribution of ra-
dioiodinated anti-J5 antibody in athymic mice in which
human B cell Namalwa tumors were implanted subcutane-
oudly. The tumor-to-blood ratio ranged from 0.7 to 1.2 over
a 7-d period, with the maximum occurring 4 d after injec-
tion. By contrast, in the subcutaneous J558 tumor, BLYyS
achieved tumor-to-blood ratios of 4.1 and 50 at 6 and 24 h,
respectively. In comparison with other proteins, such as
Fab' fragments and streptavidin, that are of comparable
molecular weight to BLyS (molecular weight = 52 kDa),
BLYyS has far lower kidney accumulation. For example,
Colcher et a. (37) found that the Fab’ of the antibody B6.2
has a maximal kidney uptake of 132 %ID/g at 0.5 h in
athymic mice. The values at 1, 6, and 24 h were 41, 33, and
2.9 %ID/g, respectively, whereas for BLyS, the values are
only 5.6, 2.6, and 0.13 %ID/g. Wilbur et a. (38) found that
131]-labeled streptavidin had a ~20 %ID/g uptake in the
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kidneys of athymic mice 4 h after injection, and this con-
centration persisted through 48 h.

Because the bone marrow is the most radiosensitive or-
gan, radioimmunotherapy protocols are generally limited by
dose to the marrow. Meredith et al. (39) have reviewed
severa radioimmunotherapy trials, and they estimate that
the maximally tolerated dose to the bone marrow after 131
therapy is 185 cGy. Based on the dose estimates for 31]-
BLyS in humans (Table 6), the bone marrow is predicted to
receive 0.15 mGy/MBq. Although the human dose esti-
mates for BLyS radiolabeled with 3! are based on extrap-
olation from mouse biodistribution data for the 125 analog
and must be interpreted cautioudly, the predictions suggest

BiobisTRIBUTION OF RaDIOLABELED BLYS ¢ Riccobene et al.

that the maximally tolerated dose of 3!-BLyS will be
approximately 12 GBq (324 mCi).

In addition to its distinct biodistribution, the ability of
BLyS to bind to multiple myeloma cells and to target and
penetrate a subcutaneous plasmacytoma in a murine model
suggests that radiolabeled BLYS could potentially offer a
new therapeutic option for a disease with few other treat-
ment options. In contrast to BLYS receptors, the CD20
antigen is expressed on the plasma cellsin only afraction of
multiple myeloma patients, and expression can be weak and
heterogeneous (25), limiting the use of anti-CD20 antibod-
ies in this indication. Taken together, the unique biodistri-
bution, pharmacokinetics, and receptor distribution of ra-
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TABLE 6

Human Organ Radiation Doses for '3'|-Labeled BLyS

Target organ mGy/MBq cGy/mCi
Adrenals 1.4E-01 5.0E-01
Brain 1.1E-01 3.9E-01
Breasts 1.0E-01 3.7E-01
Gallbladder wall 1.3E-01 4.9E-01
Lower large intestine wall 1.3E-01 4.7E-01
Small intestine 1.3E-01 4.8E-01
Stomach 2.7E-01 9.9E-01
Upper large intestine wall 1.3E-01 4.8E-01
Heart wall 1.8E-01 6.8E—01
Kidneys 1.4E-01 5.2E-01
Liver 1.3E-01 4.8E—-01
Lungs 2.2E-01 8.0E-01
Muscle 1.1E-01 4.2E-01
Ovaries 1.6E-01 5.7E-01
Pancreas 1.6E-01 5.8E—01
Red marrow 1.5E-01 5.5E-01
Bone surfaces 1.5E-01 5.5E-01
Skin 9.5E—-02 3.5E-01
Spleen 1.2E+00 4.3E+00
Testes 1.1E-01 4.0E-01
Thymus 1.1E-01 4.1E-01
Thyroid 1.1E+01 4.1E+01
Urinary bladder wall 1.2E-01 4.6E-01
Uterus 1.3E-01 4.8E-01
Total body 1.2E-01 4.6E—-01
Effective dose equivalent 5.5E-01 2.0E+00
Effective dose 7.5E-01 2.8E+00

diolabeled BLYS provide a rationae for future studies on
human populations with a variety of B cell malignancies.

CONCLUSION

Radiolabeled BLyS showed specific and rapid targeting
to lymphoid tissues and 2 different B cell tumors in mice.
The relatively short half-life and low exposure of this cy-
tokine to normal organs suggest that radiolabeled BLyS
may offer advantages over radioimmunotherapy with mono-
clonal antibodies in certain clinical settings. These data
provide preclinical support for future studies of the phar-
macokinetics and biodistribution of radiolabeled BLYS in
human populations with B cell malignancies.
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