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To increase tumor-to-nontumor localization ratios of injected
radiolabeled antibodies (Abs), several interrelated methods were
used. Methods: The model systems used were two human
carcinoma xenografts grown in nude mice, targeted by antibod-
ies RS11 (antiepithelial glycoprotein-2) or MN-14 (anticarcinoem-
bryonic antigen). The Abs were conjugated with biotin and
Min-benzyl diethylenetriamine pentaacetic acid, and, at various
times after injection, were cleared by intraperitoneal injection of
galactosylated streptavidin, which delivers the complexes to
hepatocytes. The radiolabel used was selected because it is
retained within tumors after catabolism of the Ab by the tumor cell
but is quite rapidly excreted from hepatocytes into bile. Results:
With blood clearance induced at 24 h, and dissection 5 h later,
high tumor-to-nontumor ratios were attained. Depending on the
model used, tumor-to-blood ratios were 16:1 to 31:1, and
tumor-to-nontumor ratios for the kidney, lungs and bone were
also high and greatly increased by the clearance regimen.
Despite clearance into the liver, tumor-to-liver ratios remained
>1, due to fairly rapid biliary excretion of the label. The absolute
antibody uptake by the tumors was also high, because 24 h was
allowed for the Ab to penetrate and bind to cells within the
subcutaneous tumors. Conclusion: The method described pro-
duced high tumor-to-nontumor ratios at 1 d after injection and
may be advantageous for tumor imaging with antibodies. Radia-
tion dosimetry calculations indicate that there is only a slight
advantage with this approach for radioimmunotherapy.
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Radiolabeled antibodies (Abs) are increasingly being
used for imaging and therapy of tumors and other diseases
(I). A basic goal is to obtain high tumor-to-nontumor ratios
of the injected label. One of the inherent obstacles is the fact
that Abs normally have very long circulation times, longer
than that of any other major serum protein (2), which means
that serum levels, and hence levels in all normal tissues, will
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be relatively high. This will limit the tumor-to-nontumor
ratios, even if very high Ab uptake in the target tissue is
achieved. Many approaches have been used to circumvent
this problem. One approach is to use a modified Ab that is
cleared more rapidly from the blood, such as a Fab’' or
F(ab'), Ab fragment. Although the use of Ab fragments has
produced successful clinical imaging within 24 h (3), this
approach inevitably results in lower tumor uptake, due
primarily to the much faster blood clearance. The use of Ab
fragments also results in high kidney uptake (4). A second
strategy is to rapidly clear the circulating Ab from the blood
at a desired time, approximately 2 d postinjection, after the
tumor has been thoroughly penetrated. This approach is
particularly attractive if large amounts of Ab are injected and
the antigen on the tumor becomes saturated, because, at that
point, excess circulating Ab is clearly a disadvantage.

Conceptually, the simplest mode of blood clearance is
extracorporeal immunoadsorption (5). However, this ap-
proach seems cumbersome and is unlikely to clear Ab from
the blood as completely as methods in which a clearing
agent is injected. Rapid clearance in vivo has been induced
by various mechanisms (6-8). However, two basic problems
have made it difficult to use this strategy effectively. First, it
has been found that after Ab is cleared from the blood,
radioactivity in the tumor decreases substantially (5-9).
Second, the cleared Ab usually goes to the liver, resulting in
high uptake in this organ (5-7). We now have developed
strategies to deal with both of these problems.

The loss of radioactivity from the tumor after rapid blood
clearance has several distinct causes, which will be of
varying importance depending on the particular Ab and
tumor, but a significant part is due to catabolism of the Ab
and release of catabolites. Conventional iodine-labeled
catabolites are released rapidly from the cells. However,
In-labeled catabolites and certain iodine labels are trapped
within cells, probably within lysosomes (10,11). The use of
such labels, termed residualizing radiolabels, can provide a
major advantage in some circumstances (71, 12). Residualiz-
ing labels, however, are trapped not only in tumor cells or
other target cells, but also in any other organ that normally
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catabolizes the Ab, primarily the liver, spleen and kidney
(11). The problem of retention in normal tissues is markedly
increased when clearance mechanisms are used, because
activity going to the liver, for example, would be expected to
be trapped there for long periods, as has been reported (6,7).

To reduce the presence of radioactivity in the liver, we
have taken advantage of the fact that the hepatocyte is the
only cell in the body that can deliver metabolic products
directly to the bile for excretion. There is evidence that the
indigestible material present in aged lysosomes in hepato-
cytes can be directly delivered, through exocytosis, into the
bile (13,14). Thus, there is a basis to speculate that residual-
izing labels may be trapped in the lysosomes of tumor cells
but may be efficiently excreted by hepatocytes. The first data
supporting this idea were described by Arano et al. (/5) in
their investigation of the liver catabolism of various radiola-
bels. They examined radiometals, conjugated to albumin,
delivered to either hepatocytes (through the asialoglyco-
protein receptor) or Kupffer cells (through the mannose
receptor). Their results demonstrated that '''In-benzyl-ethyl-
enediaminetetraacetic acid (EDTA), but not '"In-diethyl-
enetriamine pentaacetic acid (DTPA) (prepared from the
cyclic anhydride), was excreted much more rapidly from
hepatocytes than from Kupffer cells, and that excretion was
through bile. In this context, Kupffer cells can be considered
similar to tumor cells, in that neither has direct entry into the
biliary system. These studies provided the first clear evi-
dence for a label with the desired properties, namely,
Mn-benzyl-EDTA. Our previous studies demonstrated that
]n-benzyl-DTPA also is rapidly excreted from hepatocytes
into bile, although it is retained within tumor cells and
therefore is another appropriate label for this approach (/6).
It was interesting that '*I-iodo-dilactitol-tyramine (DLT),
another residualizing label, was not processed like !!'In-
benzyl-DTPA by hepatocytes, although otherwise these are
very similar residualizing labels. The last requirement to use
this strategy was a method to induce blood clearance into
hepatocytes at any time desired. We use herein a galacto-
sylated clearing agent, namely, galactosylated-streptavidin
(gal-SA) in conjunction with biotinylated Abs, which deliv-
ers complexes to the asialoglycoprotein receptor (ASGP-r).

MATERIALS AND METHODS

Tumor Cell Lines and Growth of Xenografts

The cell lines and their growth conditions were previously
described (4,11). Calu-3 lung carcinoma cells were propagated in
vitro, and 107 tissue culture cells were injected subcutaneously into
nude mice. LS174T colon carcinoma cells were serially trans-
planted in nude mice.

Antibodies, Radiolabeling and Biotinylation

The Abs used, all mouse IgGls, were described previously. For
Calu-3 tumors, the Ab used was RS11 (antiepithelial glycopro-
tein-2 [EGP-2)) (11). Another Ab to EGP-2, MJ37 (17), was used in
some of the earlier experiments. The antigen EGP-2 is recognized
by many widely used monoclonal Abs (mAbs), including 17-1A,
KS1/4 and NRLU-10 (/7). For LS174T tumors, the Ab was MN-14
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(anticarcinoembryonic antigen [anti-CEA]) (4). Labeling with
conventional iodine, using chloramine T, was described previously
(I11), and streptavidin was iodinated by similar methods. The
method of biotinylating Abs, using NHS-LC-biotin (Pierce Chemi-
cal Co., Rockford, IL) has been described (/8), and produced 7-12
biotins per IgG. Biotinylation was performed before 4-isothiocya-
nato-benzyl-DTPA conjugation and did not noticeably interfere
with DTPA conjugation, although some of the amino groups were
blocked. The DTPA/Ab molar ratios were 1-2, and 0.1 mg of Ab
was labeled with 37 MBq "'In, as described (/7). Briefly, the
MInCl; was diluted with 3 volumes of 0.5 mol/LL ammonium
acetate, pH 5.5, then mixed with the Ab. After 1 h at room
temperature, excess DTPA was added to a final concentration of 1
mmol/L, and 15 min later the volume was made up to 0.5 mL with
phosphate-buffered saline (PBS) containing 1.0% human serum
albumin. All labeled preparations were analyzed by instant thin-
layer chromatography on Silica gel strips (No. 61885; Gelman
Sciences, Ann Arbor, MI). The developing buffers were acetone,
for iodinated proteins, and 10 mmol/L EDTA for '''In-labeled
proteins. Representative preparations were also analyzed by gel
filtration high-performance liquid chromatography on a Bio-Sil
SEC-250 column (BIO-RAD, Hercules, CA), with a running buffer
of PBS. More than 90% of the radioactivity migrated as expected
for intact IgG (usually >95%). Immunoreactivity was monitored
by two types of cell-binding assays: use of a large number of cells
(antigen excess) to demonstrate the maximum bindable counts per
minute (/7); and use of fewer cells and nonsaturating Ab concentra-
tions to provide an indication of Ab avidity (/9). The Ab conjugates
prepared for these experiments had fully intact immunoreactivity,
in comparison with Abs labeled by simpler and more conventional
methods (iodination or '"'In-benzyl-DTPA without additional bio-
tin).

Use of Galactosylated Streptavidin as a Clearing Agent

The methods described by Marshall et al. (9) were followed,
with slight modifications. Streptavidin (Vector Labs, Burlingame,
CA) was galactosylated with cyanomethyl-tetra-O-acetyl- 1-thio-B-
D-galactopyranoside (20). At 1-2 d after 0.19-0.37 MBq injection
of the radiolabeled, biotinylated Ab, 40 pug gal-SA was injected,
either intraperitoneally or intravenously, and the blood clearance of
the Ab was monitored by bleeding repeatedly from the tail vein.
The preliminary experiments were performed with normal outbred
mice (strain ICR; Taconic Labs, Germantown, NY). The variations
in this protocol that were tested are described in the results section.
The final method developed, used in the biodistribution experi-
ments, was to inject 40 pug gal-SA intraperitoneally in 0.5 mL, and
to similarly inject a second dose of 20 ug gal-SA 3 h later.

Antibody Biodistribution

The general methods used were described previously (/7). The
size of tumors used for biodistribution experiments was 0.13-0.5 g
at the time of injection, and groups of 5 mice were used. Various
intervals between Ab injection and clearance induction were tested,
namely, 17, 24 and 48 h, to determine the interval that was optimal
for imaging or therapy (the optimal interval was different depend-
ing on the purpose). Mice were dissected at various times, and
tissues counted for radioactivity. To show clearly the effect of
induced clearance, groups of mice were always killed just before
induction of clearance, and 2 h after the second injection of the
clearing agent, when blood clearance was essentially complete.
The other time points that were included routinely were day 1, 3
and 7 after clearance induction. In addition, most experiments
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included a second time point before clearance induction, usually at
4 h; this time point was necessary to allow extrapolation of the
curve of uptake/time to time 0. Although experiments with
nonreactive control Abs were not included in this study, previous
experiments had compared these same specific Abs with nonreac-
tive Abs of the same subclass and demonstrated that Ab localization
was predominantly antigen-specific (/1,21). Statistical compari-
sons of groups were by Student ¢ test.

Dosimetry

Radiation dose estimates delivered to the tumor and normal
tissues were calculated from the biodistribution data, as described
previously (/7). Briefly, a graph of percentage injected dose per
gram (%ID/g) of tissue versus time was integrated to provide the
cumulative disintegrations per gram of tissue per millicurie in-
jected. Because of the induced blood clearance, the rate of loss of
radioactivity from normal tissues could not be approximated by a
simple exponential curve, and the area under the curve was
determined by the trapezoidal method for regions between the data
points. For regions before or after the data points, exponential
extrapolations were made for the normal tissues, as described
previously (6), based on either the first two or the last two data
points, respectively. Tumor dosimetry was calculated similarly,
except that the value at time 0 was set at O; this conservative
assumption will tend to underestimate slightly the dose to the tumor
relative to the normal tissues. The S values used to calculate rad
doses were based on small sphere models of mouse organs (22),
which do not assume 100% absorbtion of B-particles. For the
blood, the absorbed dose was calculated for a sphere the size of the
total blood volume of the mouse (assumed to be 7.4% of the body
weight). This is not implied to be an accurate model of the blood,
but is useful in that the blood dose calculated has been found to
correlate well with experimentally determined bone marrow toxic-
ity, which is the dose-limiting toxicity (23).

RESULTS

Effect of Galactosylation on Blood Clearance
of Streptavidin

Preliminary experiments investigated the clearance rate of
gal-SA, in comparison to the unmodified SA, using iodin-
ated SA. Although unmodified SA was cleared from the
blood of mice with a t,, of approximately 34 h, gal-SA was
cleared much faster (Fig. 1). By 20 min, virtually all the
label was cleared from the blood. At 5 min after injection,
substantial activity was still present in the blood, so it can be
concluded that complete clearance required approximately
10-20 min. This very rapid clearance is expected for ligands
binding to the hepatocyte ASGP-r (20) and is consistent with
the results of Marshall et al. (9). To confirm that clearance
was through the ASGP-r, some mice were injected with
asialobovine submaxillary mucin intraperitoneally before
injection of the radiolabeled gal-SA, as described in previ-
ous experiments (20). Clearance was effectively inhibited
(data not shown).

Use of Galactosylated Streptavidin as a Clearing Agent,
in Conjunction with Biotinylated, Radiolabeled Antibody
In preliminary experiments, nontumor-bearing mice were
injected intraperitoneally with gal-SA 24 h after intravenous
injection of '2I-biotin-Ab MJ37. At 15 min after injection,
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FIGURE 1. Effect of galactose conjugation on blood clearance
of SA in normal mice. Blood concentration of SA (®) and gal-SA
(V) at various times after intravenous injection is shown. Values
shown are mean + SD from triplicate mice.

there was very little clearance, but clearance was near-
complete at 45 min and complete at 90 min. The change in
blood level over this 90-min period was from 11.5 * 1.1
%ID/g to 1.8 * 0.1 %ID/g. Additional experiments were
performed with an intravenous injection of the gal-SA for
comparison. In this case, as expected, the clearance was
faster, being complete at 15 min. With the intravenous
injection, but not with the intraperitoneal injection, there
was a small but distinct rise in the Ab concentration in the
blood after the initial clearance (data not shown). The blood
level rose from 1.73 * 0.3 %ID/g at 15 min to 2.64 * 0.76
%ID/g at 45 min, a 53% rise in the blood concentration that
was statistically significant (P < 0.05). To obtain a more
complete clearance, two intraperitoneal injections of gal-SA
were administered, separated by a 3-h interval. The second
injection produced an approximately two-fold decrease in
the blood concentration, from 1.65 * 0.27 %ID/g (just
before the injection), to 0.85 * 0.17 %ID/g, (at 1 h after the
injection). Although this absolute difference appears small,
it would result in an approximately two-fold improvement in
the tumor-to-blood ratio. Therefore, the use of two intraperi-
toneal injections, with a first dose of 40 ug, followed 3 h later
by a second dose of 20 pg, was adopted as our standard
clearance method. Results obtained using this protocol are
shown in Figure 2. The decrease in Ab concentration in the
blood was approximately 10-fold.

Enhancement of Tumor-to-Nontumor Ratios in Nude
Mice Bearing Human Tumor Xenografts

The strategy described was applied initially to a model
using the lung carcinoma Calu-3 and the Ab RS11 (anti-
EGP-2), with clearance at 24 h. Figure 3 shows the %ID/g
and the tumor-to-nontumor ratios at various times. Figure 3
includes a magnification showing only the two time points
that were just before clearance, at 24 h and just after
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FIGURE 2. Delayed rapid blood clearance of '25I-biotinylated-
MJ37 induced by injection of gal-SA (®). Mice were given two
intraperitoneal injections of gal-SA at 24 h (immediately after
24-h bleeding) and at 27 h (immediately after 27-h bleeding),
using dose of 40 pg and 20 pg/mouse, respectively. Blood
clearance rate in control mice, not injected with gal-SA, is also
shown (H). Mean + SD are shown. Second dose of gal-SA
produced small but significant decrease in level of circulating Ab,
although not clearly evident in this figure.

clearance (5 h later), which is necessary because these two
points are too close together to show up clearly in the
complete figure. Blood clearance was effective, with a
reduction from 14.1 *+ 1.5 %ID/g at24 hto 2.2 = 0.9 %ID/g
at 29 h, a 6.4-fold decrease. Clearance from the other normal
tissues was not as effective as clearance from the blood,
presumably because of the content of interstitial fluid in
these tissues, but the lung and kidney had a high clearance
factor of approximately 3.5-fold. In contrast, radioactivity in
the tumor was retained quite well, with only an 8.4%
decrease, so the tumor-to-nontumor ratios increased mark-
edly for most normal tissues. The tumor-to-blood ratio
increased from 2.4 + 0.7 at 24 hto 16.0 = 11.3 at 29 h. At
the same time points, the tumor-to-kidney ratio increased
from 7.2 = 2.2 to 23.2 * 12.0, and the tumor-to-lung ratio
increased from 4.8 *+ 2.1 to 14.4 * 2.8. The spleen and bone
showed considerable benefit from induced clearance, al-
though not as great as the kidney and lungs. The muscle was
not significantly affected by the blood clearance, because the
percentage of the injected dose per gram muscle did not
change substantially as a result of blood clearance, presum-
ably reflecting the low content of blood in the muscle.
However, tumor-to-muscle ratios were very high in any case,
even in the absence of induced blood clearance of the Ab.
There were two normal tissues in which the isotope
accumulated because of clearance. One, of course, was the
liver, because clearance was into the liver, and because
biliary excretion requires some time. However, tumor-to-
liver ratios were >1 at all time points, which means that
excretion from the liver was quite fast and that the radioac-
tivity cleared into the liver did not remain there for long. The
other site of normal tissue uptake was in the intestines, both

HEPATOCYTE-DIRECTED ANTIBODY CLEARANCE ¢ Patel et al.

large and small, but particularly in the large intestine;
however, this uptake was transient. It is important to note
that the entire large and small intestines (including their
contents) were collected and counted, so this uptake can be
attributed to biliary excretion, as seen previously in similar
experiments, in which fecal excretion was assayed (/6). This
accumulation in the intestines was totally eliminated by 72 h
(the next time point in these experiments), at which time the
tumor-to-nontumor ratios for the intestines were as high as
for the highest normal tissues (muscle and bone), in the
range of 25:1-40:1.

Table 1 provides a comparison of these results with those
of previous localization experiments that used a similar
label, #Y-benzyl-DTPA, on the same Ab and with the same
Calu-3 tumor. The tumor sizes were similar. In this earlier
experiment, the labeled Ab was simply injected, and biodis-
tribution monitored at various times. The difference between
the radiometals used, #Y versus !''In, is not significant,
because the only significant difference in biodistribution
between these two labels (with the benzyl-DTPA chelate
used) is a slight uptake of 33Y in washed bone (24). We note
that the data in Table 1, for the gal-SA clearance method,
represent means of data from two experiments, one of which
was described in detail in Figure 3; therefore, the values are
slightly different from those in that figure. As shown, there
are two key advantages of the gal-SA clearance method:
higher tumor-to-nontumor ratios were achieved, and high
ratios were attained much faster. The conventional method
produced relatively low tumor-to-nontumor ratios at 24 h;
these ratios increased substantially by 72 h, but never (even
at 336 hr) approached the levels obtained with the gal-SA
method at 29 h for the blood, spleen, kidney and lungs. Table
1 also presents the ratio of the values obtained by the two
methods at 24 or 29 h, the time interval that would be most
useful for tumor imaging. The advantage of the gal-SA
method was greatest for the blood (seven-fold) but was also
large for the lungs and kidney (nearly four-fold). For the
intestines, the effect of blood clearance was partially offset
by the biliary excretion, as noted previously, so the tumor-to-
nontumor ratios were worse immediately after clearance, at
29 h. However, by 72 h the tumor-to-intestine ratios
obtained by the gal-SA method were comparable to those
obtained with the conventional method. For the liver, the
ratios were approximately two-fold better with the standard
method than with the gal-SA clearance method, but tumor-to-
liver ratios were still 2.2:1 at the worst time point tested,
which was immediately after blood clearance, and by 72 h,
the tumor-to-liver ratio was 4.7:1 * 0.2.

Similar blood clearance experiments were performed with
clearance at 48 or 17 h, instead of the 24 h used in the
experiments previously described. Results with clearance at
48 h were very similar to those described previously.
Clearance at 17 h resulted in substantially lower tumor
uptake, 11.9 * 2.9 %ID/g just after blood clearance, com-
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FIGURE 3. Biodistribution of ''In-biotin-RS11 in nude mice bearing Calu-3 lung carcinoma xenografts, with rapid blood clearance
induced at 24 h by injection of gal-SA. (A and B) %ID/g; (C and D) tumor-to-nontumor ratios. Blow-up of data at 24 h (B and D), just
before clearance, and 29 h, just after clearance is completed (times too close together to be seen clearly in [A] and [C]). Values shown
are mean =* SD of 5 mice per group. Mean tumor sizes were 0.13-0.15 g attimes 4-29 h, 0.18 gat 72 h and 0.23 g at 168 h. Log scale

is used in some graphs simply to improve clarity of figure.

pared with tumor levels of approximately 30 %ID/g when
clearance was at 24 or 48 h. These data indicate that tumor
penetration and binding was incomplete at 17 h after Ab
injection, and that, in this model system, the optimal time for
Ab clearance (for imaging purposes) is at 24 h.

To determine whether this approach would be an advan-
tage for radioimmunotherapy (RAIT), radiation dosimetry
calculations were performed. It would be expected that, for
therapy, earlier blood clearance would be an advantage,
because this would reduce the radiation delivered to normal
tissues from radioisotope circulating in the blood. These
calculations used the !''In biodistribution as a model for the
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therapeutic isotope *Y (that binds to the same chelators),
which is known to be a close approximation (24). Table 2
shows the results of these calculations, in comparison to a
standard experiment without induced blood clearance. The
blood dose and the liver dose are presented, in addition to the
tumor dose. The blood dose provides the best indicator of
bone marrow toxicity, which is expected to be the limiting
toxicity (23). The liver dose is also shown, because the
liver-directed clearance could potentially make the liver the
dose-limiting organ. Although the liver dose is 2.1-fold
higher than the blood dose when clearance is induced at
17 h, it is only 1.4-fold higher when clearance is induced at
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TABLE 1
Comparison of Two Methods of RS11 Localization to Calu-3 Tumor Xenografts

Tumor-to-nontumor ratio )

®Y-RST1 "in-biotin-RS11 plus gal-SA Ly

Tissue 24h 72h 168 h 336h 29h 72h 168 h M|n/sy
Liver 59+12 94+28 8.6 +21 91*20 22+ 0.0 47 *0.2 4714 0.37
Spleen 76*+*08 114+12 84+23 53+17 145 * 0.6 9.6 + 4.0 94+19 191
Kidney 56+*12 101*13 121 £ 27 125 + 3.6 21.7+22 168=*13 14.0 + 3.0 3.88
Lungs 4.7 + 08 8025 74 +14 7815 174+42 17.3*6.8 20.1 £ 0.9 3.70
Blood 25*0.7 44 +10 43 *+0.8 82+25 17623 188 =*6.6 195+ 35 7.04
Smallintestine 18.8 +38 39.7 +59 39.2+98 598 +11.0 15188 557+243 575=+9.1 0.80
Large intestine 246 7.3 457 *128 459+ 154 747 * 183 7720 31898 423 +25 0.31
Muscle 234+73 473*127 442+80 686 +191 293*23 332=*14 339+59 1.25

gal-SA = galactosylated streptavidin.

88Y-RS11 data were from standard biodistribution experiment, without any manipulation of blood clearance rate (method 1); it is taken from
previous publication (77) and is used here for comparative purposes. For "'In-biotin-RS11 plus gal-SA data, blood clearance was induced by
injection of gal-SA at 24 h, and clearance was essentially complete at 29 h (method 2). Although different radiometal was used, there is no
significant difference between biodistribution of 88Y or 1"In labels, with chelator used, except for slight difference in bone uptake, as noted in
text. Values shown for 8Y-RS11 experiment are mean + SD of 4-5 mice per group; for "in-biotin-RS11 plus gal-SA experiment, they are
mean * SD of two experiments, each having 5 mice per group. Differences between two methods are statistically significant (P < 0.001) for
blood, lungs, kidney and spleen for all time points. Last column presents ratios of (tumor-to-nontumor ratio by method 2 at 29
h)/(tumor-to-nontumor ratio by method 1 at 24 h) to facilitate comparison.

24 h, which appears to be the optimal time for RAIT. Thus,
as a result of the greater radiation resistance of the liver
relative to the bone marrow, the bone marrow would still be
the dose-limiting organ. The ratio, tumor dose-to-blood
dose, included in the table, is thus a reasonable measure of
specific therapeutic effect. As shown, the use of the gal-SA
method does not appear to provide a substantial advantage
for therapy. For comparative purposes, Table 2 also includes
dosimetry calculations for 3'I-DLT-labeled RS11 (/1), which
show that the simple injection of this residualizing iodine
label appears to provide the highest tumor-to-blood dose ratio.

To establish the generality of the blood clearance method,
similar experiments were performed with a different Ab and
tumor cell line, and the results are shown in Figure 4. In this
study, the colon carcinoma LS174T, Ab MN-14, and clearance at

TABLE 2
Dosimetry Calculations for Antibody RS11 Localizing
to Calu-3 Xenografts

cGy/MBq injected

Tumor-to-

Experiment Tumor  Blood Liver  blood ratio
Standard %Y 774 271 150 29
Standard '3'|-DLT 675 93 103 7.3
Clearance at 17 h 249 110 229 2.3
Clearance at 24 h 413 141 193 29
Clearance at 48 h 437 167 141 2.6

All calculations are for %Y, except as noted, but are based on
experiments performed with in. Standard experiment denotes
simple injection of antibody, whereas clearance experiments denote
blood clearance induced with galactosylated streptavidin at time
indicated.
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24 h were used. One advantage of this experimental model is that
it has been extensively used with a variety of radiolabels and Ab
fragments, therefore allowing comparison with historical data.
As shown, blood clearance was slightly more effective than in
the RS11 experiments, with a reduction from 12.7 * 2.3
%ID/g at 24 h to 0.7 = 0.4 %ID/g at 29 h, an 18-fold
decrease, resulting in a tumor-to-blood ratio of 31.0 *+ 11.4
at 29 h. Very similar to the results described previously with Ab
RS11, the efficient blood clearance resulted in high tumor-to-
nontumor ratios at 29 h for all normal tissues, except the liver
and the intestines. Thus, the tumor-to-kidney ratios in-
creased from 2.9% * 1.7% at 24 hto 11.3% * 4.6% at 29 h,
the tumor-to-lung ratio increased from 2.7% * 1.6% to
16.8% * 6.8%, and the tumor-to-spleen and tumor-to-bone
ratios increased to a somewhat lesser extent. In this experi-
ment, unlike the RS11 experiment shown in Figure 2, the
tumor-to-muscle ratio was substantially increased by blood
clearance, from 11.5% * 7.4% to 26.9% * 9.6%. The
tumor-to-nontumor ratios for the intestines decreased from
24-29 h, but then increased to high levels at 72 h. The
tumor-to-liver ratio remained slightly >1.0 at time points
out to 3 d; at day 7, the tumor-to-liver ratio decreased to
0.56, indicating that the label was retained somewhat better
by the liver than by the tumor. The liver uptake both before
and after clearance was considerably greater in the MN-14
experiment than in the RS11 experiments. Because this
difference in liver uptake was present at 24 h, before the
clearing agent was injected, it was not a result of the clearing
protocol itself. The amount of activity in the liver at 24 h was
9.2% * 2.8% in the LS174T experiments and 4.5% * 0.3%
in the Calu-3 experiment, and this difference (approximately
5%) was maintained for the 7-d duration of the experiment.
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in some graphs simply to improve clarity of figure.

Because tumor counts per minute decreased during this
period, the 5% increment in the liver had a greater effect on
the tumor-to-liver ratio at later time points. Radiation
dosimetry calculations were also performed for this experi-
ment, for a ®Y label. The ratio of the cGy dose for
tumor-to-blood was 1.39, which is somewhat lower than the
values obtained with a simple injection of Ab (albeit with an
88Y label rather than "'In) (GL Griffiths and DM Golden-
berg, unpublished data, July 1993).

DISCUSSION

The strategy described herein produced very high tumor-
to-nontumor ratios 1 d after Ab injection. We believe that
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this approach is potentially widely applicable for imaging
purposes and that generally similar strategies can be applied
with other protein imaging agents. Many other approaches
to induce blood clearance, for the same purpose, are also
under investigation (5-7,16,25-28). Although it is difficult
to compare the results with those described here because of
the differences in the tumor target, the Ab and other
parameters, none of the previously described methods has
the theoretical advantages of the gal-SA clearance method.
Although some liver accumulation of isotope did occur with
the gal-SA method, the level was not very high, and
tumor-to-liver ratios remained >1.0. The transient uptake in
the intestines, due to biliary excretion, could be reduced by
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emptying the intestinal tract, which can be achieved in
various ways. Streptavidin, either alone or in various
conjugates (28), has been injected into patients, so the
method proposed here can probably be applied, in a
relatively straightforward fashion, to the clinic.

The effect of gal-SA clearance is most clearly seen by
comparing values obtained just before clearance with those
just after clearance, which was 5 h later. These two time
points would be basically the same in the absence of induced
blood clearance, and the values obtained before clearance
therefore provide the values that would be obtained in a
simple Ab biodistribution experiment. In addition, for com-
parative purposes, we have provided in Table 1 historical
data with 88Y-benzyl-DTPA-RS11 and the Calu-3 tumor (the
difference in the radiometal is not significant for our current
purpose, as previously discussed). These data show that,
although the tumor-to-blood ratios did increase with time in
a simple biodistribution experiment, they never reached the
values obtained at 29 h with gal-SA clearance. Although we
have not included similar data with the LS174T model
system, the general pattern of results was very similar. In
particular, the tumor-to-blood ratio, 31.0 in these experi-
ments, was only 2.2 to 4.3 at 24 h in conventional
biodistribution experiments (GL Griffiths and DM Golden-
berg, unpublished data, July, 1993), and even by day 7 did
not exceed 14.2.

Our experiments used two Ab/target cell combinations to
establish the generality of the results, but an important
difference between these two models should be noted.
Although RS11 biodistribution has been shown to benefit
markedly from the use of a residualizing radiolabel (11),
because the Ab is internalized and catabolized at a substan-
tial rate, this is not the case for anti-CEA (MN-14). With this
Ab, the residualizing label !''In has little advantage over the
nonresidualizing label conventional '°I (24); presumably
because there is little internalization of the Ab. Thus, this
model would not take advantage of one of the features of the
method described, the use of a residualizing radiolabel.
However, it was selected for these experiments because of
the extensive published work with this model, in which Fab’
or F(ab’), fragments labeled with %™Tc were used in Ab
biodistribution experiments (4). In any case, these experi-
ments with MN-14 demonstrate that, even for Abs that are
not substantially internalized, the gal-SA clearance method
produces high tumor-to-nontumor ratios.

The blood clearance of MN-14 by gal-SA was consider-
ably more efficient than with RS11. This cannot be ex-
plained, but might be attributed to small impurities or
heterogeneity in the RS11 Ab preparation. We note that Ab
MJ37, used in Figure 2, was also cleared somewhat more
efficiently than RS11, with <1.0 %ID/g blood remaining 5 h
after clearance. The markedly greater liver uptake of MN-14
compared with RS11, which occurred before clearance was
induced and which persisted throughout the course of the
experiments, can be most readily interpreted as resulting
from uptake of Ab-antigen complexes by Kupffer cells in the
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liver. Because the Kupffer cells cannot excrete the radiolabel
into bile, as demonstrated in previous experiments (/6), the
label would be retained for long periods within these cells.
In fact, Beatty et al. (29), using the same LS174T tumor,
demonstrated that anti-CEA Abs localized significantly to
the liver of tumor-bearing nude mice because of the
formation of immune complexes (29).

It has been argued that #™Tc-labeled Ab fragments are the
most suitable tumor imaging agents (/,3,4). Localization of
9mTc-Ab fragments of MN-14 to LS174T tumors was
determined previously (4). On the basis of the data presented
here, the tumor-to-nontumor ratios produced by gal-SA
clearance were markedly higher than those obtained with
either Fab’ or F(ab'), for the blood, kidney, lungs and bone,
for time points of 24-29 h. The advantage was due both to
higher tumor uptake and to lower uptake in the normal
tissues. Only the liver displayed a lower ratio. Because the
liver is an important metastatic site for colon carcinoma, it
may be necessary in some cases to select the imaging
method to be used based on the organ of major interest.

The studies of Gautherot et al. (26) and Janevik-
Ivanovska et al. (27) are relevant to this work, because they
used the same tumor model, LS174T, and the same target
antigen, CEA, as used here, although with a different Ab.
These authors used a pretargeting method, with bispecific
Abs and bivalent radiolabeled haptens. Their tumor-to-blood
ratios were lower than those obtained here at day 1, whereas
at later time points the ratios were generally similar to those
obtained here. In general, it should be noted that each
method has certain disadvantages, such as kidney uptake
with pretargeting and liver uptake with the gal-SA clearance
method. One difference between the gal-SA clearance
method and many of the competing methods is that the
former results in higher absolute values of percentage of the
injected dose per gram of tumor. Although it is considered
that the tumor-to-nontumor ratio is the critical parameter in
tumor imaging, it must be true at some level that the absolute
uptake in the tumor can be a significant factor, particularly in
attempting to detect very small tumors, or tumors having
low antigen expression.

The first use of a galactosylated clearing agent was by
Bagshawe (30) and others (37), who used a galactosylated
second Ab. These reports demonstrated that the clearing
agent remained in the circulation long enough to bind to the
labeled molecules, which was not obvious, considering that
uptake by the ASGP-r is complete within minutes, probably
in one or a few passes through the liver. The first use of
gal-SA in conjunction with biotinylated Abs was by Mar-
shall et al. (9), who also demonstrated that such clearance
was through hepatocytes, as expected. This clearing agent
probably has a significant advantage over the use of a
galactosylated second Ab: because a second Ab forms
immune complexes, it can potentially bind to both Fc
receptors, on Kupffer cells and macrophages, as well as to
the ASGP-r on hepatocytes. Thus, it may not provide as
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“clean” a delivery to hepatocytes. However, this possibility
is only speculative at this time.

The advantage of intraperitoneal over intravenous injec-
tion of the clearing agent was described by Marshall et al. (9)
and confirmed here. This can be attributed to the fact that a
considerable fraction of the Ab is in interstitial fluid at the
time of injecting the clearing agent, and therefore will not be
bound by gal-SA injected intravenously before the rapid
removal of this clearing agent from the blood. This Ab will
gradually re-equilibrate from interstitial fluid to blood. In
contrast, with an intraperitoneal injection of gal-SA, the Ab
moves more gradually from the peritoneal cavity to blood,
which effectively means that the clearing agent will be
present in the blood for a longer period. Similarly, the
second injection of the clearing agent is effective probably
because it removes Ab that was in interstitial fluid at the time
of the first injection but has since been transferred from
interstitial fluid to blood.

By performing dosimetry calculations, we have attempted
to predict whether this approach would be advantageous for
RAIT. It is likely that the conditions optimal for imaging will
not be the same as those optimal for therapy. More
specifically, imaging requires the highest possible tumor-to-
nontumor ratio at a single time point, whereas therapy
depends on the area under the curve of radioactivity versus
time. Therefore, it would be expected that optimal imaging
would be achieved by clearance induction as late as possible,
depending on the half-life of the isotope used, to allow
maximal Ab uptake in the tumor. In contrast, optimal
therapeutic ratios would be achieved by earlier clearance
induction, to reduce the nonspecific radiation dose delivered
by Ab circulating in the blood. Accordingly, experiments
were performed with clearance at 17 h, which was consid-
ered to be the earliest time at which substantial Ab uptake in
the tumor would occur, as well as at later time points.
However, even with this early clearance, or with later
clearance, there is little or no dosimetry advantage of the
gal-SA clearance method compared with the simple use of a
radiolabeled Ab, due primarily to decreased tumor uptake.

CONCLUSION

By selecting an Ab radiolabel that is trapped within tumor
cells but is excreted from hepatocytes into bile, and by using
a clearance method that delivers the Ab to hepatocytes, high
tumor-to-nontumor ratios were obtained 1 d after injection
of the radiolabeled Ab. The radiolabel was !!'In-benzyl-
DTPA, and the clearing agent was gal-SA, used in conjunc-
tion with biotinylated Abs. For most organs, the tumor-to-
nontumor ratios obtained were considerably higher than
those that have been obtained by other approaches using the
same tumor xenograft models and the same Abs. Uptake
in the liver was substantial, but tumor-to-liver ratios re-
mained >1 as a result of biliary excretion. Transient uptake
in the intestines was due to biliary excretion. This method
may be widely applicable to the imaging of tumors and other
diseases with Abs or other protein targeting agents.
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