




TWO.STEP TARGETING OF LUNG METASTASES
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Fig. 2. Autoradiography (a), Ag staining (b),
and Ab staining (c) of contiguous sections of lung
tissue from a guinea pig pretargeted with D3-biotin
and sacrificed 4 h after injection of â€˜@-â€˜I-labeled
streptavidin. Bar, 1,000 @m.

Fig. 1 shows the serum HPLC pattern of a guinea pig pretargeted
with D3-biotin and sacrificed 4 h after injection of 1@I-labeled
streptavidin. In every serum sample tested, high molecular weight
complexes were found eluting in the void volume of the TSK-2000
column. The remaining radiolabel appeared as free streptavidin and a
minimal amount of free iodine.

Microdistribution of Streptavidin. Fig. 2 shows the typical au
toradiographic and immunohistochemical patterns seen in the lung
tissue and metastases of guinea pigs injected with â€˜@I-labeledstrepta
vidin after pretargeting with D3-biotin. As shown in Fig. 2a, the
distribution of WI-labeled streptavidin 4 h after injection was quite
heterogeneous inside nodules and from nodule to nodule. The staining
of Ag and the in vivo delivered MAb shown in Fig. 2, b and c, are
similar, indicating that 3 days after injection of 1 mg of D3-biotin, the
MAb had penetrated well and bound evenly to the uniformly distrib
uted Ag. This finding is identical to our previous observations using
nonbiotinylated 131I-D3 (52). Fig. 3 shows the change of autoradio

Cb@ w@ â€˜â€˜-@
.@@ : â€¢@

@ .@ .:@-@
i@ -,@ @ur::4a@ @,@@

a

;rt.

. ..@ :â€¢@â€ :̃ .@

_I-@â€•;@ I â€˜ .â€˜

Fig. 3. Autoradiography of frozen sections showing the distribution of WI-labeled
streptavidin in metastatic nodules in the lungs of guinea pigs pretargeted with D3-biotun
andsacrificed 1.5 (a), 4 (b), and 24 (c) h afterinjectionof the â€˜@â€˜I-labeledstreptavidin.
Bar, 1,000 pm.

Table 2 Quantitative observations of the microscopic distribution of streptavidin
in micrometastase?

%of metastasesshowingthepattern

Diffuse Diffuse
Marginal heterogeneous homogeneous

1.5 h 39.6 (21/53) 43.4(23/53) 17.0 (9/53)
4 h 8.7 (14/161) 45.3 (73/161) 46.0(74/161)

24 h 0.0(0/135) 36.3 (49/135) 63.7 (86/135)

a Cross-sections counted here were more than 300 pm in diameter. Patterns of

radioactivity distribution were divided into three categories: marginal, radioactivity found
only at the nodular margin and sometimes near intranodular vessels; diffuse heteroge
neous, radioactivity found throughout the nodule but distributed very heterogeneously;
and diffuse homogeneous, radioactivity found throughout the nodule and distributed more
homogeneously. Parentheses, numbers of nodules counted for each category.
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graphic pattern with time after injection of â€˜@I-labeledstreptavidin in
a pretargeted guinea pig. Radioactivity was distributed quite hetero
geneously 1.5 h after injection (Fig. 3a), and many nodules had
radioactivity only at the nodule margins. After 4 h (Fig. 3b), a more

diffuse pattern predominated, but the radioactivity was still quite
heterogeneously distributed. By 24 h (Fig. 3c), the grain density had
become somewhat lower than at 4 h, but the distribution was now
more homogeneous.

The autoradiographic findings of â€˜@I-labeledstreptavidin at 4 h
contrast with our previous observation on the distribution of radiola
beled D3 Ab (52); most of the D3 Ab radioactivity was still localized
in the periphery of the metastatic nodules 6 h after injection of 1 mg
of D3 Ab. Thus, the labeled streptavidin appears to diffuse into tumor
nodules more quickly. These qualitative fmdings for 1@I-labeled
streptavidin distribution in the present study are substantiated by
quantitative morphometric analysis as shown in Table 2. At 1.5 h,
40% of the nodules showed marginal distribution of radioactivity.
After 4 h, more than 90% of the nodules showed a diffuse pattern,
indicating better penetration, although some (9%) still showed a
marginal pattern. At 24 h, all nodules showed diffuse radioactivity,
and the percentage with a homogeneous pattern increased to 64%,
indicating further improvement of penetration with time.

When guinea pigs were not pretargeted with D3-biotin, the pattern
of distribution of â€˜@I-labeledstreptavidin was completely different,
that is, diffuse and relatively homogeneous within each nodule. By
â€œpretargetedâ€•we mean to include experiments done by preadminis

tering either the specific antibody D3 or the nonspecific antibody
BL3, although we recognize that in a strict sense BL3 cannot achieve
â€œpretargetingâ€•since it has no antigen target in this tumor model
system. Fig. 4 shows autoradiography and hematoxylin staining of a
frozen histological section from the lung of a guinea pig without
D3-biotin pretargeting sacrificed 1.5 h after injection. In contrast to
the autoradiography shown in Fig. 3a, radioactivity was found
throughout the nodules as early as 1.5 h after injection. This finding
indicates rapid penetration of streptavidin in the absence of pretarget
ing. The location and size of the nodules were established by hema
toxylin staining of adjacent histological sections.

Quantitative Autoradiography. The uptake of 1@I-labeled
streptavidin in each metastatic nodule was quantitated autoradio
graphically. Table 3 summarizes results from the first experiment
comparing the uptake of â€˜@I-labeledstreptavidin with and without
pretargeting with D3-biotin. The absolute uptake of â€˜@I-labeled

streptavidin was much higher for the pretargeted group than for the
nonpretargeted group at every time point. The higher uptake in the
pretargeted groups indicates that any binding of streptavidin by en
dogenous biotin did not prevent effective targeting. The highest ab
solute uptake in metastases was obtained at 4 h and was 5.6 times
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MetastasisMeta./lungMeta./bloodLI.D3-biotin

+ â€˜@â€˜I-Streptavidin2,128Â±571â€•
(62 Â±13'@)8.19'114d4.22eBL3-Biotin

+ â€˜@â€˜I-Streptavidin458Â±138
(13 Â±4)2.160.27â€˜@â€˜I-D3

only1,326 Â±357
(77 Â±20)4.300.572.851@'I-BL3

only425 Â±63
(25 Â±4)1.560.20
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Fig.4:Autoradiography(a) andhematoxylinstaining(b) of thesamesectionof lung
tissue from a control guinea pig not pretargeted with D3-biotin and sacrificed 1.5 h after
injection of â€˜@â€˜I-labeledstreptavidin. M, metastatic nodules; By, blood vessels. Bars,
1,000 pm.

higher than the uptake for nonpretargeted animals. The activity in
normal lung tissue was also quantitated, and metastasis:normal lung
ratios were calculated. However, the values varied considerably be
cause there was a dependence on the degree of lung expansion, which
varied from lung to lung. Activity in the blood was calculated from the
biodistribution data tTable 1), and metastasis:blood ratios were ob
mined. Although the absolute amount of radioactivity in metastatic
nodules decreased by 30% from 4 to 24 h, the metastasis:lung and
metastasis:blood ratios increased to 20.0 and 2.43, respectively. The
pretargeting index (i.e., the metastasis:blood ratio for a pretargeted

group divided by that of the corresponding ratio for a nonpretargeted
group) was highest at 4 h and was above 3 at all the times studied.

Table 4 summarizes the quantitative autoradiography results from
the second experiment comparing the one-step and two-step targeting.
The first two sets of results are almost the same as those in Table 3.
Pretargeting with D3 gave higher absolute uptake and higher metas
tasis:background ratios than did pretargeting with control BL3 MAb.
Absolute protein uptake of streptavidin in the D3-biotin-pretargeted
group was similar to that of 1@I-labeled D3 in one-step targeting.
However, the metastasis:lung ratio, metastasis:blood ratio, and local
ization index were higher in the two-step protocol than in the one-step
protocol. In one sense, it may be unfair to compare these ratios at 4 h
for one-step delivery because antibodies are typically used to image
tumors after 1 to 3 days. However, the comparison does highlight the
advantage the two-step method offers in providing higher ratios at
early times after injection of the radiolabeled species.

DISCUSSION

In this paper, the distribution of radiolabeled streptavidin in a
two-step tumor targeting method was investigated in a guinea pig lung
metastasis model. Since this is a two-step method, we must consider
factors affecting both the distribution of Abs used as the first step and
streptavidin used as the second (27). With regard to the first step,
many factors have been shown to affect the distribution of Abs at the
microscopic level: heterogeneous Ag expression, heterogeneous vas

cular supply, heterogeneous vascular permeability, elevated intersti
tial pressure, and mechanical barriers such as intercellular junctions
(39â€”47).All of these factors can contribute to the heterogeneity of Ab
distribution (14â€”20).Several years ago, mathematical analysis led us
to formulate an additional possibility, the â€œbindingsite barrierâ€•hy
pothesis (22â€”26,48), which holds that the very fact of successful
binding of Ab to the target Ag may retard deep penetration into a
tumor. We have already reported experimental evidence for this
barrier in bulky intradermal tumors (21) and micrometastases of line
10 carcinoma in guinea pigs (52). From the results of those experi
ments, we selected for the present work a 1-mg dose for D3-biotin
(human equivalent dose, â€”175mg) and a 3-day waiting time before
injection of streptavidin. In the prior study,4 Ab reached almost all

a antigen-positive cells within 3 days after injection of 1 mg of D3 Ab,
as was also observed in the present experiments (Fig. 2).

Biodistribution experiments showed about 70 p.g of radiolabeled
D3-biotin remaining in the bloodstream 3 days after injection (52).
Therefore, the 20O-@g dose of streptavidin (human equivalent dose,
â€”35mg) administered represents about a 7-fold molar excess in the
blood immediately after i.v. injection. A preliminary in vitro mixing
experiment of D3-biotin and streptavidin indicated that, with this
mixing ratio (1:4 to 1:9), almost all D3-biotin was complexed with
streptavidin, and a significant amount of free streptavidin remained.
HPLC analysis of serum samples showed that there were both high
molecular weight complexes and free streptavidin in the blood. The
high molecular weight complexes may explain the greater liver and
spleen uptakes seen in the pretargeted animals. Importantly, there was
still enough free streptavidin in the bloodstream to enter metastatic
nodules. High renal uptake, such as that seen in these experiments, is
a major disadvantage of smaller ligands (Table 1).

Very little low molecular weight radioiodine was seen in the serum
HPLC profiles, but this fmding by no means rules out dehalogenation
and breakdown of the labeled protein. Released iodine would tend to
be sequestered rapidly in the thyroid or gut, or else excreted in the
urine, rather than remaining in the serum. Radioiodine is by no means
a perfect tracer of the protein in either blood or tissues, but use of
iodine radioisotope labels facilitates paired-label experiments with the
test and control antibody coadministered.

By using a lower molecular weight molecule in the second step, we
hoped to obtain more rapid penetration into tumor nodules (20, 23).
However, the â€œbindingsite barrierâ€•principle (22, 26) suggests that
higher affinity may also decrease the rate of penetration. Therefore,

Table 3 Quantitation of uptake of â€˜251-labeledstreptavidin in lung tissues
with metastases

Twenty-six to 171 nodules were measured for each group.

Metastasisa Meta./lungâ€• Meta./bloodc p1d

1.5 h with D3-biotin 1,067 Â±400 11.7 0.77 350
4 h with D3-biotin 1,409 Â±492 11.9 1.18 4.72
24 h with D3-biotin 979 Â±477 20.0 2.43 3.16
1.5 h w/o D3-biotin 288 Â±76 2.99 0.22
4 h w/o D3-biotin 252 Â±60 335 0.25
24 h w/o D3-biotin 221 Â±43 2.86 0.77

a Mean Â± SD of absolute uptake into each metastatic nodule in the lung estimated by

quantitative autoradiography (nCi/g).
b Absolute uptake into metastases divided by that into normal lung tissue.
C Absolute uptake into metastases divided by calculated activity in the blood from

biodistribution data (Table 2).
d p I., pretargeting indices; calculated by dividing metastasis:blood ratio for the

pretargeted group by that for the nonpretargeted group.

Table 4 Quantitation of uptake of â€˜@J-inbeledcompounds in lung tissues
and metastase?

Sixteen to 106 nodules were measured for each group.

a Guinea pigs were sacrificed 4 h after injection of â€˜@I-labeled compounds.

M@ Â±SDof radioactivityin metastaticnodulesin thelungestimatedbyquanti
tative autoradiography (nCi/g). (Values were normalized to a 115-@Ciinjected dose.)

C Radioactivity in metastases divided by that into normal lung tissue.

d Radioactivity in metastases divided by calculated activity in the blood from biodis
tribution data.

eL I.,localizationindices;calculatedbydividingmetastases:bloodratiotothespecific
group by that of corresponding control group.

1Mean Â±SD of protein concentration in metastatic nodules calculated from specific
activities and radioactivity concentrations (pmol/g).
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there could be a balance between rapid penetration of low molecular
weight streptavidin and the binding site barrier effect imposed by
antigen-bound biotinylated antibody.

Autoradiography studies showed that penetration into the meta
static nodules was far from uniform 1.5 h after injection (Fig. 3a).
After 4 h, penetration was deeper, and it was deeper still after 24 h
(Fig. 3, b and c). Compared with our previous and present experi
ments on the microdistribution of radiolabeled D3 Ab, streptavidin
penetrated at least as rapidly, despite the very high-affinity constant.
However, we do not know whether that would generally be the case;
our companion modeling studies (27) indicate that these quantitative
comparisons will depend strongly on the relative quantities of the
agents used and on multiple, complex aspects of the experimental
system.

Retarded penetration was not observed when only radiolabeled
streptavidin was injected (Fig. 4). Streptavidin penetrated very rapidly
and was quite uniformly distributed in each metastatic nodule, even
1.5 h after injection. This observation indicates that specific binding is
the major cause of the retarded penetration observed at earlier times
with pretargeting. Clearly, the binding site barrier functions in this
two-step targeting protocol with biotin and streptavidin as it does in
the usual one-step targeting of antibody to antigen. Theoretical anal
ysis by van Osdol et aL (49) predicts, in fact, that the degree of
heterogeneity can be greater for a two-step approach under some
conditions.

Quantitation of the uptake of WI-labeled streptavidin in metastatic
nodules showed signfficantly higher uptake in the pretargeted group
than in the nonpretargeted group or the group pretargeted with control
Ab-biotin conjugate (Tables 3 and 4). The metastasis:blood ratio was
more than one at 4 h, and the metastasis:normal lung ratio was more
than 10 from as early as 1.5 h. The localization index at 4 h was
greater than 4, indicating that reasonably high specificity ratio and
tumor:background ratios can be obtained with this pretargeting
strategy.

Despite the advantages apparent from our present investigation,
there are several disadvantages of this two-step strategy: (a) high
renal uptake of streptavidin may be a problem when therapeutic
application is considered. However, it may be possible to change the
properties of avidin-like molecules to alter the biodistribution (50,
51); (b) the time needed to complete the two-step strategy is fairly
long (3 to 4 days in the present experiment). If there is active
metabolism of the antigen-bound Ab-biotin conjugates in the tumor,
little will remain for binding by the streptavidin. Therefore, Ag-Ab
systems known to internalize rapidly are not good candidates for
two-step methods. We have not measured the internalization rate in

this experimental model, but it is sufficiently slow that effective
targeting is obtained nonetheless; and (c) since streptavidin is a

foreign protein, one must consider its immunogenicity, especially

with respect to repeated injections.
Because streptavidin is a moderately large molecule, one must ask

whether it is useful to consider a two-step protocol with that molecule
(or avidin) as the second ligand. In addition to the modest advantage
with respect to clearance rate and transport properties, two reasons can
be adduced: (a) this two-step system forms the basis for a three-step
approach in which the radiolabel is on a subsequently administered
biotin moiety; and (b) labeling the streptavidin (as opposed to directly
labeling the MAb permits a â€œone-size-fits-allâ€•approach in which
various MAbs (or cocktails of MAbs) can be used without radiola
being each one separately.

In conclusion, this investigation of the distribution of radiolabeled
streptavidin in the pretargeted strategy indicates that streptavidin
penetrates into metastatic nodules and gives higher tumor uptake and
uptake ratios at earlier times. Specific binding was the major cause of

inefficient penetration seen at earlier times, indicating that the â€œbind
ing site barrierâ€•principle applies to two-step systems. The paper that
follows develops a pharmacokinetic model of this targeting strategy
based on these experiments.
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