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METABOLISM OF RADIOLABELED ANTIBODIES

been described in detail elsewhere (16). Briefly, the liver was first
perfused with oxygenated DPBS without calcium and magnesium for
12 min. Collagenase (Fraction 4; Sigma Chemical Co., St. Louis, MO)
was then perfused through the liver at a flow rate of 40 ml/min as a 1-
mg/ml solution in oxygenated DPBS at pH 7.8 at 37°C. At the end of
10 min the collagenase buffer was washed out by perfusing the liver for
2 minutes with DPBS and a crude cell suspension was obtained by
gently agitating the liver. A single cell suspension was produced by
filtering the crude cell suspension through a series of nylon filters.

Parenchymal and nonparenchymal cells were purified by sedimen-
tation in Percoll (17). Briefly, the crude cell suspension obtained
following collagenase perfusion was centrifuged for 2 min at 50 X g in
a Beckman TJ-6 centrifuge at 4°C. The cell pellet which contained both
viable and nonviable parenchymal cells was resuspended in 10 ml DPBS
and mixed with an equal volume of Percoll (Pharmacia, Uppsala,
Sweden) which had been diluted 1:10 in 10 times concentrated DPBS.
The cell suspension was centrifuged at 1500 X g for 15 min. Cells in
the resulting pellet were resuspended in DPBS and counted using a
hemacytometer. The radioactivity in the cell pellet was measured using
an LKB Gamma Counter. Nonparenchymal cells were purified from
the initial 50 % g supernatant which was layered on a two-step Percoll
gradient, consisting of 2.5% Percoll in DPBS layered on 5% Percoll in
DPBS. The tubes were subsequently centrifuged at 800 x g for 15 min
at 4°C. The lower Percoll zone and the interface of the two Percoll
layers, which were enriched in nonparenchymal cells, were combined,
mixed with an equal volume of DPBS, and centrifuged at 1400 x g for
10 min at 4°C. The resulting nonparenchymal cells were resuspended
in DPBS and counted using a hemacytometer, and the radioactivity in
the cells was determined by gamma scintillation counting.

Metabolism Studies. In the liver fractionation and metabolite analysis
experiments, rats were given injections of 25-250 uCi each of either
1251 or "'In-labeled B6.2 or 250 uCi of °Fe-DTPA or '''In-DTPA. At
selected times after antibody injection, the liver of each rat was washed
in situ with DPBS for 2 min at 4°C via a catheter inserted in the hepatic
vein. The rat was then sacrificed by ether inhalation, liver samples were
weighed, and the radioactivity was measured by gamma scintillation
counting. To determine the distribution of radioactivity between the
membrane fraction and the cytosol, several liver samples were freeze-
thawed three times and sonicated using a Branson Sonifier (Model 185)
for 2 min at 4°C. The sonicated liver samples were centrifuged in a
Sorvall RT6000 at 400 X g for 10 min at 4°C to remove cell debris.
The resulting supernatants were centrifuged in a Beckman Airfuge at
95,000 X g for 30 min at room temperature and the radioactivity in the
resulting supernatants was determined. The pellets were washed twice
by resuspension in DPBS followed by recentrifugation. The radioactiv-
ity in washed pellets and supernatants was then determined by scintil-
lation counting.

Estimation of the molecular weight of the radioactive products in
the supernatants obtained by ultracentrifugation was initially deter-
mined by SEC-HPLC using a Gilson HPLC system fitted with a
DuPont GF250XL column. The mobile phase, which was used at a
flow rate of 2 ml/min, was 300 mmMm sodium phosphate, pH 7.0.
Radioactivity was detected with a Berthold radioactivity monitor
(Model LB 506) interfaced with a IBM-AT computer. Fractions (0.3
ml) were collected and peak radioactivity fractions stored at —70°C for
further analysis. These fractions were subsequently analyzed by sepa-
ration on an Ultrahydrogel column (Waters, Milford, MA) using 40
mM Tris, pH 8.5, as the aqueous phase at a flow rate of 0.5 ml/min.
Fractions were collected and counted. Using polyethylene glycol stand-
ards, the linear molecular weight separation range of the column was
shown to be 600 to 4250.

Solid Phase Immunoassays. Fractions corresponding to radioactivity
peaks obtained by SEC-HPLC were pooled for immunoassay. Aliquots
of the pooled fractions were added to plates coated with a crude
membrane preparation (9) of LS174T cells which had been grown in
culture (9), incubated for 2 h at 37°C, washed, and counted. The bound
cpm were compared to the total added cpm.

Anion Exchange Chromatography. Supernatants from liver samples
obtained 24 h after injection of '''In-DTPA-B6.2 were chromato-
graphed by SEC-HPLC using an elution buffer containing 40 mm Tris,

pH 8.5. Selected fractions corresponding to radioactivity peaks were
analyzed further by anion exchange chromatography using a Pharmacia
Mono Q column. Fractions were collected to determine radioactivity.

Results

Identification of the Liver Cells Responsible for Radiolabeled
Antibody Uptake. Following perfusion with collagenase and
separation by Percoll gradient, two liver cell fractions were
visually identified on the basis of cell size as parenchymal and
nonparenchymal cells. Each fraction contained at least 95% of
the designated cell type. Further identification of these cell
fractions was accomplished by the use of cell markers, Microlite
and Hepatolite, which were used to functionally identify the
two cell fractions. The majority of the **Tc-Microlite and
9mTc-Hepatolite were recovered in the nonparenchymal and
parenchymal fractions, respectively (Table 1). One h after ra-
diolabeled (*''In or '**I) antibody injection, approximately equal
amounts of each radionuclide were associated with each cell
type, as calculated on a per cell basis. Since the majority of
liver cells (approximately 80%) are parenchymal cells, the larg-
est fraction of both radionuclides were found within the paren-
chymal cells of the liver (Table 1).

When the Fc portion of the antibody was removed by pepsin
digestion, and the resulting F(ab’), radiolabeled and adminis-
tered, at 1 h after injection the absolute uptake of '''In was
reduced from 0.61 + 0.04% (SD) of the injected dose/g of liver
to 0.16 = 0.06% of the injected dose. Similarly, the uptake of
1251 was reduced from 0.23 + 0.06 to 0.11 + 0.01. The predom-
inant cell type responsible for the uptake was identified as the
parenchymal cell, again due to its greater number in the liver
(Table 1). These data suggest that uptake by both liver cell
types is dependent on the Fc portion of the molecule.

Radiolabeled Antibody Metabolism. The time course of the
production of metabolic products of '*I- and '''In-DTPA-
labeled B6.2 was determined by SEC-HPLC analysis. Fig. 1
shows typical SEC-HPLC patterns obtained from the analysis
of supernatants derived from rat livers at 1 and 24 h after
radiolabeled antibody injection. The radioactivity was found in
four major peaks which had approximate molecular weights of:
greater than 400,000 (Peak 1); 150,000 (Peak 2); 15,000-
50,000 (Peak 3); and less than 10,000 (Peak 4). Similar peaks
were obtained after injection of either '*I- or '''In-DTPA
labeled antibodies.

The relative amounts of the major metabolite peaks changed
when studied over an extended period of time (1 min to 24 h),
as shown in Fig. 2. At early times, the majority (60%) of the

Table 1 Recovery of parenchymal and nonparenchymal cells from the rat liver

One h after injection of radiolabeled cell markers or radiolabeled antibodies,
liver cells were separated on Percoll gradients as described in “Materials and
Methods.” Each data point is expressed as the product of the counts recovered
per cell and the percentage of each cell type recovered in the crude cell supernatant
(see “Materials and Methods™ for experimental details).

% of liver uptake®

Parenchymal Nonparenchymal

Cell markers

#=Tc-Hepatolite 89.7+ 8.4 10.3+ 84

»=Tc-Microlite 11.8 +£9.7 884 +9.8
Antibodies

1251.B6.2 688 +11.5 31.24°

"[n.DTPA-B6.2 65.4+13.9 34.58°

1251.B6.2 F(ab’), 81.5+12.0 18.5°

'"In-DTPA-B6.2 F(ab’), 773+ 229 22.7%

“ Each data point is the mean of three determinations, except for those marked
with Footnote b, where the values represent the mean of two determinations.
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Fig. 1. SEC-HPLC analysis of rat liver supernatants. Liver supernatants from
rats given injections of '**I-B6.2 or '''In-DTPA-B6.2 were prepared from livers
taken at 1 or 24 h after injection. The profiles show the radioactivity recovered
after SEC-HPLC. 4, B, '*1 at 1 and 24 h, respectively; C, D, '''In at 1 and 24 h,
respectively. Major peaks are labeled / through 4.
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Fig. 2. Time course of recoveries of '*I and '"'In in rat liver supernatants.
The integrals of the major radioactivity peaks were obtained after separation by
SEC-HPLC of liver supernatants. Livers were removed at various times after
injection of (4) '**I-B6.2 or (B) '''In-DTPA-B6.2.

Table 2 In vitro binding of radiolabeled B6.2 and metabolites

Peaks 2, 3, and 4 were derived from SEC-HPLC chromatography as defined
in Fig. 1B ("**I) and Fig. 1D (""'In).

% of B6.2 bound
usl lllln
B6.2 100 100
Metabolites®
Peak 1 57.6 33.0
Peak 2 81.7 32.1
Peak 3 NA® 38

“ Data are presented as

cpm metabolite bound

x
cpm B6.2 bound 100

5 NA, not applicable.

1251 is found in Peak 2, corresponding to a M, 150,000 IgG.
The contribution of this peak to the total radioactivity in the
supernatant decreases with time to 30% at 24 h. Peak 3,
corresponding to the molecular weight range of a proteolytic
fragment of an IgG, M, 15,000-50,000, increases with time
from 10% of the supernatant at 1 min after antibody injection
to 50% of the total supernatant radioactivity recovered at 24 h.
When assayed for their ability to bind antigen, Peaks 2 and 3
were both immunoreactive (Table 2). These data suggest that
Peak 2 represents unmetabolized, cytosolic '**I-labeled anti-

body, while Peak 3 represents proteolytic fragments containing
the intact antigen-binding site.

In contrast, parallel studies of the metabolic products gener-
ated after the injection of '''In DTPA-B6.2 showed a different
metabolic time course (Fig. 2). Metabolic analysis at early time
points indicated that, similar to '*’I-B6.2, 60% of the radioac-
tivity in the supernatant corresponded to intact IgG. This peak
rapidly decreased until, at 24 h, it represented only 8% of the
supernatant radioactivity. Concomitant with the observed de-
crease in intact B6.2 (Peak 2) was a rapid increase in the low
molecular weight metabolite (Peak 4), which increased from
less than 8% of the radioactivity in the supernatant at 1 min
after antibody injection to almost 75% of the supernatant
radioactivity at 24 h. Unlike the time course seen for '*I-
labeled antibody, the '''In-labeled B6.2 fragment (Peak 3)
showed only a transient increase, reaching approximately 30%
of the supernatant radioactivity at 1 h and then decreasing to
less then 10% 24 h postinjection. As seen with '*5I-B6.2, only
Peaks 2 and 3 (Table 2) retained the ability to bind antigen.

Fig. 3 shows the recovery of '*I and '''In at each step of the
liver fractionation protocol using livers obtained from rats 24
h after injection of radiolabeled antibody. When the data shown
in Figs. 1 and 2 were back-calculated to determine the percent-
age of each peak that was found in the intact liver (Fig. 3),
approximately one-half of the radioactivity following '*°I-B6.2
injection was found associated with the cell membrane fraction.
Of the remainder which was recovered in the cytosol, approxi-
mately one-half comprised labeled proteolytic fragments. In
contrast, 80% of the '"'In was cytosolic. The low molecular
weight Peak 4 accounted for almost 60% of the total '''In found
in the liver.

Characterization of the Low Molecular Weight Metabolite of
""In-DTPA-B6.2. To determine whether '"'In is processed in
vivo in a manner similar to that for iron, liver supernatants
taken from rats given injections of ''In-DTPA were compared
with those from rats given injections of **Fe-DTPA (Fig. 4). In
supernatants from rats given injections of *Fe-DTPA, *°Fe was
recovered principally as a single peak with a molecular weight
of approximately 40,000-50,000 (Fig. 4C). As expected, this
coeluted with one of the two peaks seen on HPLC analysis of
[*Fe]ferritin (Fig. 4D). '"'In, however, was recovered as a low
molecular weight species of less than 10,000 (Fig. 4B) which
did not coelute with either of the two major peaks of [**Fe}-
ferritin but which did coelute with the low molecular weight
metabolite (Peak 4) of '''In-DTPA-B6.2 (Figs. 1D and 44).

In order to compare the behavior of the low molecular weight
metabolite of '''In-DTPA-labeled monoclonal antibody with

Liver homogenate

100.0 (100.0)
|
Centrifuge I:
(1,000X g, Pellet 1 Supernatant 1
10 mins) 3238 96.8I(96.2)
Centrifuge I1: | |
(95000 X g, Pellet Il Supernatant II
30 mins) 16.0 47.9) so.slus.s)

SEC-HPLC: I I I

High MW Antibody Antibody Low MW
4.03.4) 6.5(15.4) Fragment Metabolite
6.5(242) 59.8(3.9)

Peak 1 Peak 2 Peak 3 Peak 4

Fig. 3. Recovery of '*I and '"'In from rat liver. Livers were fractionated at 24
h after injection, and the recoveries of radioactivity determined for '**I-B6.2
(numbers in parentheses) or '"'In-DTPA-B6.2 (unparenthesized numbers). HPLC
profiles of Peaks 1 through 4 are shown in Fig. 1, B ("**I) and D (*''In). MW,
molecular weight.
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Fig. 4. SEC-HPLC analysis of '"'In and *°Fe recovered in rat liver superna-
tants. Rats were given injections of (4) '"'In-DTPA-B6.2, (B) '"'In-DTPA, or
(C) **Fe-DTPA. Livers were removed after 1 h and processed for SEC-HPLC in
300 mm phosphate buffer as described in the “Materials and Methods,” D, typical
radioactivity profile of a [*°Fe]ferritin standard.
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Fig. 5. SEC-HPLC analysis of rat liver supernatant. Liver supernatants ob-
tained from rats at 24 h after injection of '"'In-DTPA-B6.2 were analyzed as
described in “Materials and Methods.” SEC-HPLC was performed using 40 mm
Tris buffer, pH 8.5 (Panel A). Peaks A, B, and C obtained in Panel A were pooled
and SEC-HPLC performed on the pooled peak using an Ultrahydrogel column
(Panel B).

Table 3 Analysis of metabolic products of *''In-DTPA-B6.2 by anion exchange
chromatography
Peaks A, B, and C were recovered after SEC-HPLC (see Fig. 54). Each peak
was analyzed by aion exchange chromatography using a Pharmacia Mono Q
column. Buffer A was 40 mm Tris, pH 8.5, and Buffer B was 100 mm NaCl in
Buffer A. The flow rate was one ml/min.

'""In-DTPA-B6.2 metabolite
recovered from GF250XL

Retention time
on Mono Q

column (40 mm Tris) % column (min)
Peak A 15 Unrecovered
Peak B 15 30
Peak C 70 5 (major peak)

20 (minor peak)
'"In-DTPA standard 20

that of '''In-DTPA standard on ion exchange chromatography,
samples of the metabolite and '''In-DTPA were reanalyzed on
SEC-HPLC in a buffer containing 40 mm Tris, pH 8.5 (Fig.
5A). In this buffer, although '''In-DTPA migrated as a single
species, the metabolite peak chromatographed not as a single
entity, but as a triple peak (Peaks A, B, and C). Peaks A, B,
and C were then further analyzed by ion exchange chromatog-
raphy. Only 4% of the original triple peak which had been
recovered from SEC-HPLC (Fig. 5) had a retention time similar
to that of !''In-DTPA (Table 3). When Peaks A, B, and C were
combined, the pooled peak was shown by size exclusion chro-
matography using an Ultrahydrogel column to have a molecular
weight of approximately 1000 (Fig. 5B).

Discussion

Numerous studies have described antibody binding sites on
both parenchymal and nonparenchymal cells of the liver (18-
20). Carbohydrate receptors (18, 19) and Fc receptors (20)
which bind immunoglobulin occur on both parenchymal and
nonparenchymal cells. Consequently, both may contribute to
the hepatic uptake of a radioisotope which is attached to a
monoclonal antibody. The data showed that on a per cell basis
the parenchymal cells and nonparenchymal cells equally se-
questered '°I and ''"'In, although the absolute uptake of '''In
was higher than that of '**I for both the intact and the F(ab’),
forms of the antibody. Since the parenchymal cells account for
approximately 80% of total liver cells (17) the majority of the
radioactivity found in the liver was found in these cells. This
was the case whether the radiolabel was attached to either intact
B6.2 or F(ab’),.

The mechanism by which '''In-labeled antibodies are metab-
olized by the liver is poorly understood. Binding of '''In to
transferrin in the serum (6, 21, 22) or ferritin in liver cells (23,
24) has been proposed as a possible mechanism for sequestra-
tion of '''In by the liver. In addition, if antigen is present in the
circulation, the formation and uptake of immune complex may
also play a role in elevating the levels of '''In (8, 25) in the
liver. Since these studies were performed in non-tumor-bearing
animals, the uptake of radiolabeled immune complex by the
liver was not a factor. In order to investigate the mechanism of
liver metabolism, the nature of the metabolic products of '''In
and '*I-labeled B6.2 was evaluated. '''In-labeled metabolites
which were recovered from the liver differed from the '*I-
labeled metabolites. At early times after injection, '''In which
was recovered in the cytosol fraction was attached to a M,
40,000-50,000 metabolite which retained the ability to bind to
LS174T tumor membranes. This metabolite was subsequently
further metabolized to a species with a molecular weight of
<1000. This finding is in agreement with that of Shochat et al.
(24) who found a low molecular weight metabolite of '''In-
labeled antibody in the liver. In contrast are the data found
after '°I-B6.2 injection. At 24 h after injection, approximately
50% of '**I in the cytosol was attached to B6.2. There were no
'5]-labeled low molecular weight species detected in the cytosol.
Comparison of the time course for the various radioactive
species in the liver supernatants suggests that the amount of
intact radiolabeled B6.2 taken up by the liver may be the same
regardless of the isotope. However, the low molecular weight
1251 diffuses out of the liver, while the '''In-DTPA is “trapped”
and remains.

The precise identity of the primary metabolite of '''In-DTPA-
B6.2 is unclear. The possibility exists that '''In is cleaved from
the antibody and then bound to ferritin in the liver. However,
when '"'In-DTPA was injected into rats, '''In was not trans-
ferred to ferritin but remained as '''In-DTPA. The low molec-
ular weight metabolite found in the liver after injection of '''In-
DTPA-B6.2 did not cochromatograph with '''In-DTPA, sug-
gesting that it was not simply '''In-DTPA. Thus, it appears
possible that the DTPA-amino acid linkage remains intact.

These data suggest that the sequestration of '''In after the
injection of '"'In-DTPA-labeled antibody is the result of a
normal hepatic cellular mechanism which is largely dependent
on the presence of the Fc portion of the molecule. Further
metabolism of the antibody results in the production of a low
molecular weight (<1000) metabolite which is trapped within
the cell, possibly as a result of ionic charge. This metabolite is
most probably '"'In-DTPA attached to one or more amino
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acids. The results reported here indicate that reduction of liver
uptake of '''In is not simply a case of utilizing a chelator with
better affinity for '''In, since '''In apparently does not dissociate
from the chelator. Liver accretion may be reduced by the use of
chelators which result in the formation of a '''In metabolite
which is actively or passively extruded from the liver cells.
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