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Abstract

Antibody fragments with optimized pharmacokinetic profiles
hold potential for detection and therapy of tumor malignan-
cies. We studied the behavior of three anti–carcinoembryonic
antigen (CEA) single-chain Fv-Fc (scFv-Fc) variants (I253A,
H310A, and H310A/H435Q; Kabat numbering system) that
exhibited differential serum persistence. Biodistribution
studies done on CEA-positive tumor xenografted mice
revealed that the 111In-labeled I253A fragment with the
slowest clearance kinetics (T1/2B, 27.7 h) achieved the highest
tumor uptake (44.6% ID/g at 24 h), whereas the radiometal-
labeled H310A/H435Q fragment with the most rapid elimina-
tion (T1/2B, 7.05 h) reached a maximum of 28.0% ID/g at
12 h postinjection. The H310A protein was characterized by
both intermediate serum half-life and tumor uptake. The
111In-based biodistribution studies showed that all three
fragments were eliminated primarily through the liver, and
hepatic radiometal activity correlated with the rate of
fragment clearance. The 111In-labeled H310A/H435Q protein
exhibited the highest liver uptake (23.5% ID/g at 24 h).
Metabolism of the 125I-labeled scFv-Fc proteins resulted in low
normal organ activity. Finally, the 125I/111In biodistribution
data allowed for dose estimations, which suggest the
131I-labeled scFv-Fc H310A/H435Q as a promising candidate
for radioimmunotherapy. [Cancer Res 2007;67(2):718–26]

Introduction

New approaches aiming to optimize radiolabeled anticancer
antibodies for clinical usefulness are currently being pursued.
Alterations in the native form of intact antibodies are made to
enhance their desirable qualities while diminishing the suboptimal
characteristics in imaging and therapeutic applications (reviewed
in refs. 1–5). For example, engineered antibodies and their
fragments can be designed with controlled targeting, distribution,
and clearance kinetics. Both preclinical and clinical studies have

confirmed the ability of radiolabeled antibody fragments to quickly
target and accumulate at the tumor site while retaining relatively
fast clearance kinetics. Single-chain Fv (scFv; 27 kDa) fragments
have shown extremely rapid serum and tumor kinetics in clinical
studies (6); however, their small molecular size and monovalency
might be a limiting factor for their use. Larger, multivalent
recombinant antibody fragments such as diabodies (dimers of
scFvs, 55 kDa; ref. 7) or minibodies [(scFv-CH3)2 fusion proteins, 80
kDa; ref. 8] have shown usefulness as in vivo imaging agents in
preclinical studies when radiolabeled with single-photon emitters
such as 111In and 123I for single-photon emission computed
tomography (8) or positron emitters such as 64Cu and 124I for
positron emission tomography (PET; refs. 9, 10). Clinically, both the
123I-labeled diabody (11) and minibody (12) have been evaluated in
patients and have shown promising results in detection of tumor
lesions.

Manipulation of the receptor interactions controlling the
extended serum persistence of intact antibodies offers an
alternative approach in tailoring their pharmacokinetics for
radionuclide delivery. The protective FcRn receptor is responsible
for maintaining the levels of immunoglobulin Gs (IgG) in the
circulation (13–15). Compromising the binding of antibodies to the
FcRn leads to shortening of their serum half-life (16–18) whereas
domain-deleted antibody fragments containing a complete Fc
region show pharmacokinetic behavior similar to intact antibodies
(19). We produced an anti–carcinoembryonic antigen (CEA)
fragment, assembled VL-linker-VH-hinge-CH2-CH3 [(scFv-Fc)2, 105
kDa] along with five variants carrying specific mutations in the Fc
region, where FcRn binding occurs (20). Biodistribution studies in
BALB/c mice showed that the radioiodinated scFv-Fc antibody
fragments possessed a spectrum of terminal half-lives ranging
from 12 days to 8 h. The difference in clearance kinetics was also
visualized by in vivo serial imaging of fragments labeled with 124I
using a small animal PET scanner. Of the six scFv-Fc fragments, the
three fastest-clearing variants (scFv-Fc I253A > H310A > H310A/
H435Q) exhibited the most optimal serum kinetics and were
considered as potentially suitable for therapy of CEA-expressing
tumors.

Direct radioiodination of residues on the surface of the scFv-Fc
antibody fragments was practical and very useful in preliminary
studies because small amounts of protein (micrograms) can be
labeled with high labeling efficiency. However, the disadvantage of
conventional radioiodination methods using chloramine-T or
iodogen, which are based on modification of random surface
tyrosine residues, is that the radioiodinated proteins are readily
metabolized and dehalogenated in vivo (21). The free radioiodide
and the metabolized iodinated peptide fragments are washed out
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of the tissues (including tumor) and excreted in the urine. In
contrast, when radiometals are bound to antibodies via a
bifunctional chelate, the radiolabeled antibody complex is
relatively stable in vivo and the radiometal is generally trapped
within cells, leading to accretion indicative of the overall organ and
tumor distribution. Thus, in addition to the radioiodine label for
biodistribution in tumor-bearing animals, studies with radiometal-
conjugated scFv-Fcs were necessary to determine the therapeutic
potential of scFv-Fc fragments conjugated to a therapeutic
radiometal, as well as to provide information about the tumor
uptake and routes of elimination.

In this work, we report the pharmacokinetics and biodistribu-
tion of three radioiodinated and radiometal-conjugated anti-CEA
scFv-Fc antibody fragments in mice. We make several comparisons
involving different antibody fragments, radionuclides, and animal
systems to determine how these factors influence the kinetics of
radioimmunoconjugate distribution. Finally, both radioiodine and
radiometal distribution data were used to generate 131I and 90Y
dose estimates to select the best agent with the appropriate
radiolabel for therapy.

Materials and Methods

Production and purification of anti-CEA scFv-Fc antibody frag-
ments. The recombinant anti-CEA scFv-Fc antibody fragments used in
these studies were previously described (20). Briefly, the T84.66/GS18 scFv-

Fc proteins were expressed in NS0 murine myeloma cells by using the

pEE12 expression vector with a cytomegalovirus promoter and glutamine
synthetase as the selectable marker (22). Proteins were purified by anion

exchange chromatography (Poros HQ50, PerSeptive Biosystems, Framing-

ham, MA), followed by hydroxyapatite chromatography (Macro-Prep Type 1,

Bio-Rad Laboratories, Hercules, CA) and a final step of anion exchange
chromatography (Source 15Q, GE Healthcare, Piscataway, NJ) using an

AKTA Purifier (GE Healthcare).

Radioiodination of scFv-Fcs. Radioiodination of the T84.66 scFv-Fc

proteins was done by the iodogen method as previously described (23).
Briefly, f0.2 mg of purified protein was labeled with Na125I (Perkin-Elmer

Life Sciences, Inc., Boston, MA) in 0.1 mL phosphate buffer (pH 7.5) using

polypropylene tubes coated with 20 Ag iodogen (Pierce, Rockford, IL) for
3 to 5 min at room temperature. The sample was purified by a Gilson

high-performance liquid chromatography (HPLC) system on a Superdex 75

column (GE Healthcare). The fractions containing the radioactive peak

were selected and diluted in saline/1% human serum albumin to prepare
doses for injection. The radiolabeling efficiency was determined by

integrating peak areas on the size exclusion HPLC trace and calculating

the percentage of radioactivity associated with the 105-kDa peak of the

scFv-Fc. Immunoreactivity and valency were determined by incubation of
the labeled protein with a 20-fold molar excess of either CEA or the

recombinant N-A3 fragment of CEA (24), followed by HPLC analysis on

Superose 6 HR 10/30 columns (GE Healthcare) to assess the formation of

antibody-antigen complexes.
Chelate conjugation and radiolabeling with 111In. Purified scFv-Fc

proteins were conjugated to 1,4,7,10-tetraazacyclododecane-N,N ¶,N 00,N�-
tetraacetic acid (DOTA; Macrocyclics, Dallas, TX) by using the water-
soluble N-hydroxysuccinimide method as described (25, 26). Typically,

2 mg of protein were reacted with a 1,000:1 ratio of DOTA to protein for

18 to 24 h at room temperature, pH 7.0. After conjugation, the protein was

dialyzed extensively in 0.2 mol/L NH4OAc (pH 7.2) and concentrated to >5
mg/mL. DOTA-scFv-Fc (f400 Ag protein) were incubated with 1.3 mCi

of 111In-chloride (Mallinckrodt, Hazelwood, MO) in 0.25 mol/L NH4OAc

(pH 5.0) for 1 h at 43jC. The reaction was terminated and conjugated

monomeric proteins were purified by size-exclusion HPLC (25). Immuno-
reactivity was determined as described for radioiodination.

Biodistribution studies. All animal studies were conducted under

protocols approved by the City of Hope Research Animal Care Committee

or the Chancellor’s Animal Research Committee at the University of
California, Los Angeles. Xenografts were established in 7- to 8-week-old

female nude mice (Charles River Laboratories, Wilmington, MA) by s.c.

inoculation of 1 � 106 to 2 � 106 LS174T cells in the flank region. After

10 days, when tumor masses were in the range of 100 to 300 mg, a mixture
of 3.8 to 4 ACi of 111In-DOTA-scFv-Fc and 10 ACi of the same scFv-Fc

fragment radiolabeled with 125I (3–5 Ag protein) was injected into the tail

vein of each animal. Time points of analysis were 0, 2, 4, 6, 12, 24, 48, and

72 h, when groups of five mice at the selected time point were euthanized;
necropsy was done; and organs were weighed and counted for radioactivity.

Activities in liver, spleen, kidney, lung, tumor, carcass, and blood were

determined; background, crossover, and decay corrections were done.

Results were calculated as percentage of injected dose per gram of tissue
(% ID/g).

To quantitate the differences in blood clearance times, the ADAPTII

software package (27) was used to estimate two rate constants
characteristic of each engineered fragment. Biexponential functions were

fitted, via the ID subroutine, to each blood clearance curve (% ID/g) after

radiolabel decay correction. Significant differences in these values were

examined by comparing the 95% confidence intervals for the variable
estimates. When calculating the relative effectiveness of the proteins in a

therapeutic application, radiation absorbed doses are proportional to % ID/g

(28); thus, the time-activity curves for tumor and blood uptake were

integrated. For each fragment, this pair of curves was fitted by a respective
sum of two exponential functions, and integration was done over the

interval from zero to infinity using ADAPTII to give the pharmacokinetics

or radionuclide-associated area under the curve (AUC). Pharmacokinetic
values refer to AUCs determined by first correcting blood, liver, kidney, and

tumor uptake data for radiodecay. Such area values refer to a hypothetical

situation where biodistributions could be conducted without a radiolabel.

These areas are larger than those experimentally observed because of
omitting the decay factor. The appropriate decay factor was added back to

calculate the blood and tumor AUCs produced by the 131I and 90Y

radioisotopes. Estimates of the maximum doses to tumors achieved by the

three scFv-Fc fragments labeled with either 131I or 90Y were calculated based
on the ratio of AUCs for the scFv-Fc proteins. These are the areas of %ID/g

multiplied by time and should therefore represent dose. Edge effects and

photon-induced doses were neglected.
Statistical analysis. To compare the effects of different mouse strains,

the absence or presence of a tumor, and the radiolabel, two-way ANOVA

test was done. All significance testing was done at the P < 0.01 level. The

SAS/STAT software (SAS, Inc., Cary, NC) was used for all statistical models
and analyses.

Results
125I/111In-DOTA-scFv-Fc Biodistributions in
Tumor-Bearing Mice
Dual-label biodistribution and clearance kinetic studies of

125I– and 111In-DOTA–radiolabeled scFv-Fc I253A, H310A, and
H310A/H435Q were conducted in athymic nude mice carrying
CEA-positive LS174T xenografts. The labeling efficiency for the
111In radioisotope ranged from 89% to 96%, whereas the label
incorporation for the 125I radioisotope by the H310A, H310A/
H435Q, and I253A fragments was 100%, 75%, and 39%, respectively.
The immunoreactivity was between 75% and 92% for the radio-
iodinated fragments and between 76% and 91% for the indium-
labeled proteins. The specific activities were typically about 2.8
and 1.5 ACi/Ag for 125I- and 111In-labeled proteins, respectively.
Biodistribution results are shown in Table 1. The fastest-clearing
fragment, H310A/H435Q double mutant, which has a terminal
serum half-life (T1/2h) of 6.01 h (125I studies) and 7.05 h (111In
studies), achieved a maximum tumor uptake more rapidly than
the other two fragments (12 versus 24 h), although its tumor
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uptake was the lowest, 23.5% ID/g (Fig. 1B) and 28.0% ID/g
(Fig. 1D) for the 125I- and 111In-labeled forms, respectively. The
slower-clearing proteins, I253A (T1/2h, 28.4 and 27.7 h) and H310A
(T1/2h, 21.9 and 23.8 h), achieved higher tumor uptake levels, 33.6%
ID/g and 44.6% ID/g (I253A) and 18.0% ID/g and 33.4% ID/g
(H310A) for the radioiodinated and radiometal-labeled forms at

24 h (Fig. 1B and D), respectively. In general, maximum tumor
uptake was inversely related to serum clearance. For 111In-labeled
proteins, liver showed the highest normal organ accumulation,
with radionuclide activity elevating with the increase in the rate
of clearance. Hence, the fastest-clearing fragment H310A/H435Q
exhibited the highest liver uptake (23.5% ID/g; 24 h), followed by

Table 1. Biodistribution of 125I– and 111In-DOTA–labeled T84.66 scFv-Fc fragments in LS174T xenografted athymic nude mice

Organ (%ID/g) 0 h 2 h 4 h 6 h 12 h 24 h 48 h 72 h

125I-scFv-Fc I253A
Blood 42.4 (1.7) 24.9 (1.7) 22.7 (1.3) 18.8 (0.7) 12.7 (0.5) 10.3 (0.7) 6.5 (0.7) 3.7 (0.9)

Liver 9.3 (0.5) 7.0 (0.6) 6.2 (0.3) 5.7 (0.3) 3.7 (0.2) 3.3 (0.3) 2.0 (0.2) 1.0 (0.2)

Spleen 5.6 (0.4) 5.2 (0.7) 4.2 (0.3) 3.7 (0.3) 2.6 (0.2) 2.5 (0.3) 1.6 (0.3) 0.8 (0.2)

Kidney 8.7 (0.3) 6.2 (0.5) 5.5 (0.3) 4.9 (0.2) 3.3 (0.2) 2.5 (0.2) 1.6 (0.1) 0.9 (0.2)
Lung 11.2 (0.5) 7.0 (0.5) 6.8 (0.5) 6.1 (0.2) 4.4 (0.1) 3.8 (0.3) 2.5 (0.2) 1.5 (0.4)

Tumor 0.9 (0.06) 10.1 (0.7) 15.4 (0.7) 18.6 (0.8) 20.4 (3.5) 33.6 (4.4) 21.6 (3.6) 16.6 (2.9)

Carcass 1.4 (0.07) 2.3 (0.2) 2.2 (0.1) 2.4 (0.07) 1.9 (0.05) 1.6 (0.07) 1.1 (0.06) 0.8 (0.1)
111In-DOTA-scFv-Fc I253A

Blood 44.2 (1.8) 25.4 (1.9) 23.3 (1.4) 19.0 (0.7) 12.9 (0.6) 10.5 (0.8) 6.6 (0.8) 3.7 (0.9)

Liver 8.6 (0.3) 10.3 (0.8) 10.4 (0.2) 10.6 (1.2) 10.6 (1.1) 11.0 (0.4) 9.8 (0.4) 9.8 (1.2)

Spleen 5.1 (0.5) 6.0 (0.8) 5.9 (0.4) 5.5 (0.4) 5.4 (0.4) 7.2 (1.0) 7.4 (1.1) 5.9 (1.0)
Kidney 8.7 (0.3) 8.4 (0.5) 8.8 (0.5) 8.4 (0.3) 7.2 (0.3) 7.8 (0.4) 6.6 (0.2) 5.4 (0.5)

Lung 10.4 (0.5) 6.6 (0.4) 6.6 (0.5) 6.0 (0.2) 4.7 (0.1) 4.4 (0.3) 3.2 (0.3) 2.2 (0.4)

Tumor 0.8 (0.06) 9.4 (0.6) 15.2 (0.6) 19.0 (0.7) 23.8 (3.7) 44.6 (6.2) 35.9 (5.4) 30.2 (5.3)

Carcass 1.5 (0.09) 2.5 (0.2) 2.6 (0.1) 3.0 (0.08) 2.7 (0.07) 2.7 (0.1) 2.0 (0.1) 1.5 (0.2)
125I-scFv-Fc H310A

Blood 39.2 (1.1) 22.0 (1.1) 14.9 (1.1) 11.1 (0.7) 7.0 (0.5) 4.7 (0.5) 2.0 (0.4) 1.3 (0.3)

Liver 11.8 (0.5) 5.3 (0.3) 3.4 (0.3) 2.9 (0.3) 1.4 (0.08) 1.1 (0.1) 0.6 (0.08) 0.4 (0.05)

Spleen 5.6 (0.5) 4.4 (0.3) 3.0 (0.3) 2.0 (0.2) 1.3 (0.1) 1.0 (0.2) 0.5 (0.08) 0.3 (0.05)
Kidney 9.4 (0.6) 5.8 (0.2) 4.2 (0.2) 3.3 (0.3) 1.9 (0.1) 1.2 (0.1) 0.6 (0.1) 0.4 (0.07)

Lung 9.7 (0.5) 7.7 (0.7) 5.5 (0.5) 4.4 (0.3) 2.5 (0.3) 2.0 (0.2) 1.0 (0.2) 0.6 (0.1)

Tumor 1.6 (0.2) 8.6 (1.0) 10.5 (0.8) 13.1 (1.4) 13.4 (1.9) 18.0 (2.7) 9.9 (2.5) 9.0 (0.9)

Carcass 1.6 (0.08) 2.3 (0.1) 2.0 (0.1) 1.9 (0.1) 1.2 (0.04) 1.0 (0.06) 0.7 (0.06) 0.4 (0.04)
111In-DOTA-scFv-Fc H310A

Blood 40.4 (5.5) 26.3 (1.3) 18.4 (1.4) 13.7 (1.2) 10.1 (0.8) 6.9 (0.9) 2.9 (0.6) 1.8 (0.4)

Liver 9.1 (0.5) 12.4 (0.4) 13.6 (1.5) 15.2 (1.1) 14.1 (1.5) 17.7 (1.4) 19.8 (1.9) 16.2 (2.0)
Spleen 4.5 (0.6) 5.8 (0.5) 4.9 (0.5) 4.3 (0.5) 4.2 (0.2) 5.7 (0.8) 5.3 (0.6) 5.5 (0.9)

Kidney 9.2 (1.0) 9.4 (0.4) 8.5 (0.5) 7.6 (0.6) 7.4 (0.3) 7.0 (0.3) 6.1 (0.3) 5.3 (0.3)

Lung 9.1 (0.6) 8.3 (0.8) 6.3 (0.6) 5.2 (0.4) 3.8 (0.3) 3.6 (0.4) 2.1 (0.3) 1.6 (0.2)

Tumor 1.4 (0.2) 9.4 (1.0) 12.7 (1.0) 17.5 (1.8) 21.1 (2.6) 33.4 (4.6) 25.2 (5.5) 26.3 (2.7)
Carcass 1.8 (0.3) 2.5 (0.1) 2.4 (0.09) 2.6 (0.2) 2.3 (0.08) 2.1 (0.06) 1.8 (0.05) 1.5 (0.07)

125I-scFv-Fc H310A/H435Q
Blood 45.5 (1.2) 25.6 (0.7) 19.4 (0.6) 14.8 (1.5) 6.9 (0.5) 2.8 (0.1) 0.6 (0.1) 0.2 (0.02)

Liver 7.9 (0.3) 4.7 (0.3) 3.8 (0.2) 2.9 (0.3) 1.2 (0.1) 0.6 (0.01) 0.2 (0.04) 0.1 (0.01)
Spleen 5.5 (0.3) 4.5 (0.3) 4.0 (0.1) 2.8 (0.3) 1.3 (0.1) 0.6 (0.02) 0.2 (0.04) 0.1 (0.004)

Kidney 9.0 (0.6) 6.2 (0.6) 5.0 (0.1) 4.3 (0.4) 1.9 (0.1) 0.8 (0.03) 0.2 (0.04) 0.1 (0.009)

Lung 11.9 (0.9) 8.4 (0.3) 6.6 (0.2) 5.5 (0.5) 2.8 (0.2) 1.3 (0.07) 0.3 (0.06) 0.1 (0.009)
Tumor 1.3 (0.08) 12.7 (2.2) 20.1 (2.6) 17.1 (1.4) 23.5 (6.7) 18.6 (3.0) 14.9 (3.5) 5.9 (0.6)

Carcass 1.6 (0.06) 2.1 (0.1) 2.5 (0.1) 2.4 (0.2) 1.1 (0.05) 0.8 (0.06) 0.4 (0.04) 0.3 (0.02)
111In-DOTA-scFv-Fc H310A/H435Q

Blood 44.9 (1.4) 24.5 (0.6) 18.1 (0.7) 13.6 (1.4) 7.0 (0.6) 2.9 (0.2) 0.7 (0.1) 0.2 (0.02)
Liver 7.7 (0.3) 13.5 (0.9) 18.4 (1.2) 19.8 (1.0) 20.0 (1.7) 23.5 (2.4) 20.8 (1.5) 14.1 (1.1)

Spleen 5.2 (0.3) 6.1 (0.5) 6.3 (0.2) 5.8 (0.5) 5.6 (0.4) 6.4 (0.4) 7.2 (1.4) 5.3 (0.5)

Kidney 8.8 (0.6) 8.2 (0.6) 7.3 (0.2) 7.6 (0.7) 5.9 (0.3) 5.3 (0.2) 4.5 (0.4) 3.1 (0.2)

Lung 10.8 (0.8) 7.5 (0.2) 5.5 (0.3) 4.8 (0.4) 3.4 (0.2) 2.3 (0.1) 1.4 (0.2) 0.9 (0.08)
Tumor 1.2 (0.06) 11.7 (1.9) 19.0 (2.6) 16.5 (1.1) 28.0 (7.0) 27.0 (3.8) 27.4 (6.4) 12.4 (0.8)

Carcass 1.9 (0.06) 2.1 (0.09) 2.5 (0.07) 2.8 (0.1) 2.2 (0.07) 2.2 (0.1) 2.0 (0.1) 1.4 (0.08)

NOTE: Groups of five mice were analyzed at each time point. Organ uptake is expressed as percent injected dose per gram (% ID/g). Values are the
means with corresponding SEs shown in brackets.
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the H310A (19.8% ID/g; 48 h) and I253A (11.0% ID/g; 24 h)
fragments (Table 1).

125I/111In-DOTA-scFv-Fc Biodistribution in
Non-Tumor-Bearing Mice
One dual-label study using the scFv-Fc H310A/H435Q was

executed in non-tumor-bearing athymic nude mice (Table 2) to
delineate the effect of tumor on the antibody distribution kinetics.
The labeling efficiency and immunoreactivity to CEA for the 125I-
labeled form were 80% and 95%, respectively, whereas the same
variables measured for 111In-DOTA-scFv-Fc H10A/H435Q were 83%
and 85%. The injected specific activities of radioiodinated and
radiometal-labeled H310A/H435Q proteins were 3.3 and 2.4 ACi/Ag,
respectively. The data for the blood analyses in both tumor-bearing
(Table 3A) and non-tumor-bearing (Table 3B) mice were fitted. In
tumor-free mice, the terminal elimination phase half-life of the
radioiodinated scFv-Fc H310A/H435Q fragment was 6.13 h,
whereas the radioindium-conjugated form showed shorter persis-
tence in the circulation with a half life of 4.36 h.

The biodistribution study was also carried out to compare the
liver uptake in tumor (Table 1) and non-tumor-bearing animals
(Table 2), as higher liver uptake in the tumor-bearing animals
could be indicative of trapping CEA-antibody immunocomplexes

in the hepatocytes (29, 30). The 111In-labeled double mutant
fragment showed significantly higher hepatic uptake in the tumor-
free mice (max, 29.1% ID/g; 6 h) than in the tumor-bearing animals
(max, 23.5% ID/g; 24 h) over the course of the entire study (P <
0.0001). The finding that there is more liver activity in the absence
of a tumor suggests that there is no CEA antigen-antibody
accumulation in the liver, although further experiments are needed
to confirm this conclusion.

Biodistribution Comparisons
To understand the biodistribution properties of both radio-

iodinated and radiometal-labeled scFv-Fc fragments in different
animal systems, several statistical comparisons were made.

Animal system effect. The radioiodinated scFv-Fc H310A/
H435Q was used in biodistributions conducted in LS174T
xenografted athymic nude mice (Table 1), as well as in tumor-
free BALB/c (20) and athymic nude mice (Table 2). The fragment
achieved significantly higher blood and tissue activity levels in the
immunocompetent BALB/c animals compared with the immuno-
compromised athymic nude mice (tumor-bearing or not) in each
of the collected organs (liver, kidneys, spleen, lung) and in blood.
The same trend was also observed for the radioiodinated scFv-Fc
I253A and H310A fragments.

Figure 1. Blood and tumor activity curves of 125I– and 111In-DOTA–conjugated scFv-Fc fragments. A, blood activity curves derived from biodistribution studies
with 125I-labeled scFv-Fc fragments in LS174T xenografted athymic nude mice. H310A/H435Q*, blood curve of the radioiodinated fragment in non-tumor-bearing
mice. B, tumor uptake curves of 125I-labeled scFv-Fc fragments in LS174T tumor–bearing mice. Bars, SE. C, blood activity curves derived from biodistribution studies
with 111In-DOTA–labeled scFv-Fc fragments in LS174T xenografted athymic nude mice. H310A/H435Q*, blood activity curve of the radiometal-labeled fragment in
non-tumor-bearing mice. D, tumor uptake curves of 111In-DOTA–conjugated scFv-Fc fragments in LS174T tumor–bearing mice.
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Tumor effect. The effect of tumor on the biodistribution of
111In-DOTA-scFv-Fc H310A/H435Q was examined by comparing
data obtained from tumor-bearing and non-tumor-bearing nude
mice. The fragment behaved similarly in blood (Fig. 1C), lung,
spleen, and carcass, whereas the liver and kidneys in tumor-bearing
animals had significantly lower activity (P < 0.001) over the
72-h study (Table 1).

Radionuclide effect. In a two-way comparison of radioiodine
versus radiometal label in non-tumor-bearing nude mice, the
scFv-Fc H310A/H435Q protein yielded higher radioiodine levels in
blood (P < 0.0001; Table 2; Fig. 1A and C) and increased levels of
111In-labeled fragment in liver, spleen, kidneys, and carcass
(P < 0.0001; Table 2). In the lung, the radioiodine and radiometal
activities were not significantly different (P = 0.0134). The same
comparison of radioiodine versus radiometal-labeled scFv-Fc

H310A/H435Q in tumor-bearing nude mice showed that the
levels of the two radiolabels were similar in blood (P = 0.222;
Fig. 1A and C), lung (P = 0.357, Table 1), and tumor (P = 0.0412;
Fig. 1B and D), whereas the 111In-labeled fragment achieved
higher levels in the kidney, liver, spleen, and carcass (P < 0.0001;
Table 1). The radioiodinated and radiometal-labeled forms of the
I253A and H310A fragments in the tumor-bearing animal model
were also examined. In tumor and all organs, except lung
(P = 0.284) and blood (P = 0.576), where the two labels were
similarly present, the levels of the indium-labeled I253A were
significantly higher than those of the radioiodinated I253A
fragment (Table 1). In the case of the H310A protein, indium
levels were higher in all organs but the blood (P = 0.0111), where
the indium and radioiodine levels were similar. Overall, the
indium-labeled proteins showed enhanced accretion in all organs

Table 2. Biodistribution of 125I– and 111In-DOTA–labeled T84.66 scFv-Fc H310A/H435Q fragments in non-tumor-bearing
athymic nude mice

Organ (%ID/g) 0 h 2 h 4 h 6 h 12 h 24 h 48 h 72 h

125I-scFv-Fc H310A/H435Q
Blood 41.8 (2.5) 23.7 (0.4) 20.2 (1.2) 15.3 (0.8) 6.8 (0.3) 3.0 (0.1) 0.5 (0.04) 0.1 (0.004)
Liver 9.1 (0.4) 5.1 (0.09) 4.2 (0.2) 3.3 (0.2) 1.2 (0.07) 0.6 (0.02) 0.2 (0.01) 0.1 (0.004)

Spleen 5.0 (0.7) 4.1 (0.1) 3.3 (0.3) 2.6 (0.1) 1.2 (0.08) 0.7 (0.04) 0.1 (0.01) 0.04 (0.004)

Kidney 9.2 (0.5) 6.6 (0.4) 6.0 (0.7) 4.6 (0.2) 1.9 (0.1) 0.9 (0.04) 0.2 (0.02) 0.07 (0.004)
Lung 13.9 (0.8) 8.4 (0.6) 7.8 (0.5) 5.6 (0.2) 2.8 (0.3) 1.3 (0.03) 0.3 (0.02) 0.09 (0.004)

Carcass 1.9 (0.1) 2.5 (0.06) 2.5 (0.2) 2.4 (0.06) 1.3 (0.04) 0.9 (0.07) 0.3 (0.03) 0.3 (0.03)
111In-DOTA-scFv-Fc H310A/H435Q

Blood 43.0 (3.9) 18.4 (0.4) 14.0 (1.0) 9.4 (0.7) 3.6 (0.2) 1.5 (0.1) 0.4 (0.03) 0.2 (0.01)
Liver 10.6 (0.3) 21.7 (0.7) 25.5 (1.8) 29.1 (1.0) 25.5 (3.2) 24.9 (2.6) 23.7 (1.3) 21.1 (1.1)

Spleen 4.4 (0.6) 5.6 (0.1) 5.4 (0.5) 6.1 (0.2) 5.6 (0.4) 5.3 (0.3) 5.1 (0.4) 5.0 (0.4)

Kidney 8.6 (0.4) 12.8 (0.2) 12.5 (1.0) 12.6 (0.7) 11.5 (0.3) 11.2 (0.9) 8.4 (0.6) 7.4 (0.2)

Lung 12.3 (0.8) 6.4 (0.5) 5.6 (0.4) 4.0 (0.2) 2.6 (0.2) 1.9 (0.1) 1.5 (0.05) 1.3 (0.04)
Carcass 2.1 (0.1) 2.5 (0.02) 2.6 (0.2) 2.7 (0.09) 2.3 (0.06) 2.3 (0.08) 1.8 (0.03) 1.6 (0.05)

NOTE: Values are the means with corresponding SEs shown in brackets.

Table 3. Estimated values of blood half-times for the T84.66 scFv-Fc fragments in LS174T xenografted athymic nude mice
and non-tumor-bearing athymic nude mice

Antibody fragment Radionuclide T1/2a (h) Aa (%ID/g)* T1/2h (h) Ah (%ID/g) AUC
c

MRT (h)
b

(A) LS174T xenografted athymic nude mice
I253A 125I 1.39 22.7 28.4 19.3 837 38.8
I253A 111In 1.32 23.9 27.7 19.9 842 37.9

H310A 125I 1.68 28.8 21.2 10.3 386 25.5

H310A 111In 1.95 27.3 23.8 13.3 533 29.8
H310A/H435Q 125I 0.67 15.7 6.01 29.8 274 8.24

H310A/H435Q 111In 0.92 20.3 7.05 24.5 276 9.31

(B) Non-tumor-bearing athymic nude mice
H310A/H435Q 125I 0.09 11.5 6.13 30.3 270 8.79
H310A/H435Q 111In 0.09 17.5 4.36 25.5 162 6.20

*The amplitudes of the two components are given by Aa and Ah, where the sum of Aa and Ah is the total amount of activity in the blood compartment

at the time of injection.
cAUC is a time integral of the various organ uptakes.
bMean residence time (hours) is used to give a single variable for blood clearance.
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but blood, where radioiodine and radiometal levels did not differ
significantly.

Therapy Prospects
Estimation of the potential of the three scFv-Fc proteins in

therapeutic applications required integration of the time-activity
curves. Based on the 125I and 111In biodistribution data, Table 4
includes the calculated blood, tumor, liver, and kidney AUCs. In
addition, the tumor-to-blood, tumor-to-liver, and tumor-to-kidney
AUC ratios of unlabeled scFv-Fcs (pharmacokinetic case) as well as
of the scFv-Fc fragments radiolabeled with potential therapeutic
radionuclides, such as 131I or 90Y, were also determined. With the
exception of pharmacokinetics derived from the H310A indium
study, all tumor-to-blood AUC ratios were higher for the H310A/
H435Q followed by the H310A and finally the I253A fragment
(Fig. 2A). Enhancement was approximately a factor of 1.43 and 1.87
for the double mutant over the H310A and I253A fragments for
pharmacokinetics derived from the iodine biodistribution data. For
the indium pharmacokinetics, enhancement of the H310A
fragment over the H310A/H435Q and I253A proteins was 1.29
and 2.41, respectively. When decay was included, the tumor-to-
blood AUC ratio for the double mutant was better by 1.44- and
1.73-fold over the H310A and I253A fragments for 131I, and 1.17-
and 1.60-fold over the H310A and I253A for the 90Y label. Thus, for
radioimmunotherapy with 131I, the double mutant is expected to
show an f44% improvement in tumor-to-marrow dose compared
with the H310A fragment, whereas that dose would increase by
17% if the therapeutic label is 90Y (28).

Tumor-to-liver and tumor-to-kidney AUC ratios (Table 4) were
also calculated because these clearance organs could be dose
limiting, especially in the case of 90Y therapy. The double mutant
exhibited the lowest tumor-to-liver ratio (1:1; Fig. 2B) in the 90Y
scenario, which indicates a relatively high liver exposure when an
objective therapeutic response is sought with a high tumor dose.
The tumor-to-kidney AUC ratio (Fig. 2C) was about the same for all
three 90Y-labeled scFv-Fcs and was f4-fold higher than the tumor-
to-liver AUC ratio. Labeled with the therapeutic 131I isotope, the
H310A/H435Q double mutant shows superior tumor-to-liver and
tumor-to-kidney ratios (Table 4; Fig. 2B and C) over the other two
fragments. Thus, based solely on the results from the AUC analyses,

the H310A/H435Q double mutant fragment seems to be the best
candidate for radioimmunotherapy, armed with the 131I radioiso-
tope. This prediction was also strengthened by the estimates of
maximum tumor dose achieved by the three scFv-Fcs labeled with
either 131I or 90Y (Fig. 2D). The toxicity limits were set to 150 cGy for
marrow, 1,500 cGy for kidney, and 3,000 cGy for liver (31). The
parental intact cT84.66 antibody was also included in the
comparison as a control (32). Based on the dosimetry simulation,
the 131I-labeled scFv-Fc H310A/H435Q is expected to deliver the
highest tumor dose of >7,000 cGy, limited by red marrow toxicity.
From the scFv-Fc fragments, the I253A protein is best suited for 90Y
delivery, although it cannot match the intact cT84.66 antibody.

Discussion

Many of the limitations associated with the use of intact
antibodies as radionuclide delivery vehicles in radioimmunotherapy
have been addressed by employing advances made in antibody
engineering. The approach we have used in this work is based on
manipulating antibody-receptor interactions to modulate the
immunoconjugate pharmacokinetics in vivo . Previously, we engi-
neered six anti-CEA scFv-Fc recombinant antibody fragments
exhibiting a wide range of serum half-lives (20). After extensive
in vitro and in vivo characterization, the three fastest-clearing
fragments, I253A, H310A, and H310A/H435Q double mutant, were
selected for further analysis aiming to extend their clinical
usefulness.

In the present work, the biodistribution properties of
125I– and 111In-DOTA–labeled scFv-Fc I253A, H310A, and H310A/
H435Q fragments were investigated in tumor-bearing animals. In
general, the data suggested that there is an inverse relationship
between blood clearance and tumor uptake. Specifically, as seen
from the radiometal-derived data, higher clearance rate was
associated with lower tumor uptake. This conclusion is not
surprising considering that longer serum residence time allows for
better exposure of the antibody fragment to the tumor mass.
Nevertheless, even the fastest-clearing H310A/H435Q double
mutant achieved relatively high tumor-to-blood ratio at
72 h (73:1) and a maximum tumor uptake (28.0% ID/g at 12 h),
which is substantial for an antibody fragment with a serum half-life

Table 4. AUC and ratio analyses of unlabeled (pharmacokinetic), 131I–, and 90Y-DOTA–labeled T84.66 scFv-Fc
fragments

scFv-Fc Decay AUC (blood) AUC (tumor) AUC (liver) AUC (kidney) T/L T/K T/B

I253A No 125I (PK) 837 2,503 263 222 9.5 11.3 3.0

No 111In (PK) 842 4,092 6,488 1,493 0.6 2.7 4.9
131I 735 2,015 226 191 8.9 10.6 2.7
90Y 601 2,120 847 513 2.5 4.1 3.5

H310A No 125I (PK) 386 1,502 91.9 107 16.3 14.0 3.9

No 111In (PK) 533 6,256 2,690 1,551 2.3 4.0 11.7
131I 354 1,166 84.9 97.9 13.7 11.9 3.3
90Y 407 1,959 1,212 495 1.6 4.0 4.8

H310A/H435Q No 125I (PK) 273 1,529 44.3 68.3 34.5 22.4 5.6

No 111In (PK) 276 2,512 3,285 696 0.8 3.6 9.1
131I 266 1,259 43.4 66.4 29.0 19.0 4.7
90Y 251 1,416 1,364 336 1.0 4.2 5.6

Abbreviations: T/L, tumor-to-liver; T/K, tumor-to-kidney; T/B, tumor-to-blood; PK, pharmacokinetic.
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of 7.05 h (25). The 111In-labeled H310A variant exhibited inter-
mediate clearance profile and tumor uptake between the I253A
and H310A/H435Q mutant fragments.

The order of 125I-labeled fragment blood clearances was the
same as the one observed with the radiometal-labeled scFv-Fcs.
However, the tumor uptake achieved by the 125I-labeled H310A
fragment was not intermediate between the I253A and H435Q/
H310A fragments. It was overall lower than that of the double
mutant. Tumor heterogeneity and size should not have been a
factor because the radioiodine and radiometal studies were done
in the same animals. The behavior of the 125I-labeled H310A
fragment could be explained by a greater degree of dehalogenation
and a loss of signal, resulting in apparently lower uptake. This
possibility was suggested when comparing the blood curves
produced by the radioiodinated and radiometal-labeled H310A
fragment. The 125I-labeled H310A fragment blood curve showed
overall lower activity, whereas the same comparison within the
I253A and H310A/H435Q fragments yielded almost overlapping
radiometal and radioiodine blood activity data. The same
observation was made for the lung, where the radioiodinated
I253A and H310A/H435Q fragment uptakes were very similar, yet
the H310A was lower. The inconsistencies in the radioiodine data
emphasize the need for radiometal biodistributions. Specifically,
significant dissociation of 111In radiometal from DOTA chelate has

not been reported (33); thus, a better approximation of the
fragments’ overall body distribution was obtained through radio-
metal conjugation.

The scFv-Fc fragments (105 kDa) were engineered to exceed
the molecular weight threshold (f60 kDa) for first-pass renal
clearance and thus led to elimination through the liver (34). Thus,
elevated hepatic uptake of the 111In-DOTA–labeled fragments in
mice was expected. However, activity retained in the liver could
have also been due to circulating CEA antigen (shed from the
tumor), bound by the anti-CEA scFv-Fc fragment and taken up by
the hepatic immunoglobulin receptor system (30). This possibility
was considered based on the observed hepatic uptake of the
parental intact 111In-labeled cT84.66 antibody (9.8% ID/g at 96 h)
in mice, which had been attributed to circulating CEA-antibody
immunocomplexes retained by the hepatocytes (29). The radio-
metal-labeled scFv-Fc H310A/H435Q protein, which showed the
highest liver uptake in tumor-bearing mice, was therefore injected
in non-tumor-bearing mice. The noted increase of hepatic
accumulation in non-tumor-bearing mice compared with LS174T
xenografted mice contradicted the hypothesis of circulating CEA-
scFv-Fc complexes being the cause of elevated hepatic activity. The
same conclusion was also reached with the 111In-labeled anti-CEA
T84.66 minibody, which produced similar hepatic activity in both
tumor-bearing and non-tumor-bearing mice (25). Thus, the

Figure 2. AUC analysis and maximum tumor dose predictions of scFv-Fc fragments. A, tumor-to-blood AUC ratios of three scFv-Fc proteins, either not radiolabeled
[pharmacokinetic (PK ) data] or potentially labeled with 131I or 90Y therapeutic isotopes. B, tumor-to-liver AUC ratios. C, tumor-to-kidney AUC ratios. D, maximum
tumor dose estimation of both 131I- and 90Y-labeled scFv-Fc fragments. The intact cT84.66 antibody is included as a reference. The limiting organ toxicity is indicated
above the columns. M, marrow; L, liver.
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presence of liver activity in our study is most likely due to a direct
accumulation of the 111In-DOTA-scFv-Fc fragments and/or 111In-
labeled metabolites. A high-performance liquid chromatography
analysis of liver homogenates would be useful for revealing the
nature of the radiometal-labeled scFv-Fc metabolites.

Decreased liver as well as kidney uptake of the H310A/H435Q
double mutant fragment in tumor-bearing mice (compared with
non-tumor-bearing animals) could be explained by the LS174T
xenograft acting as an antigen sink. It has been estimated that the
expression of CEA in the LS174T tumor xenografts is f0.56 nmol/g
of tissue or 5.0 (F2.5) � 105 binding sites per cell (35). We also
measured that there are f1.6 � 108 LS174T cells/g. The LS174T
tumors weighed an average of 100 mg, which translates to f8 �
1012 CEA binding sites in a tumor (based on the assumption that
the tumor is composed exclusively of malignant LS174T cells). Each
animal received f5 Ag of radiolabeled scFv-Fc double mutant
protein, which consisted of f2.9 � 1013 bivalent scFv-Fc molecules
(able to bind either one or two CEA moieties). From these rough
calculations, it seems that the tumor has the capacity of capturing
almost all injected scFv-Fc species. With a slower off-rate, these
scFv-Fc molecules, which exhibit nanomolar relative binding
affinity for the CEA antigen (20), should be withdrawn from the
circulation and become less available to the clearance organs such
as liver and kidneys.

The liver uptake of the fast-clearing 111In-labeled H310A/H435Q
fragment was comparable to the level of tumor accumulation. With
increasing serum half-life, the overall radioactivity in the liver
measured during the course of the study (72 h) decreased. Hence,
the slow-clearing 111In-labeled I253A fragment had the lowest liver
activity, followed by the H310A and the H310A/H435Q mutants.
This observation could possibly be due to a combination of factors,
such as the antibody fragment kinetics (including binding affinity
for the FcRn) and tumor size. A physiologically based model that
describes the concentration-time profile on a per organ basis could
be useful in providing a more detailed picture of the interaction
between the scFv-Fc fragments and liver (36). This interaction
needs consideration because it might have implications in
radiometal-based therapy using the scFv-Fc fragments, where liver
could become a dose-limiting organ.

The radioiodinated scFv-Fc H310A/H435Q double mutant was
injected in immunocompetent BALB/c mice, as well as in
immunocompromised non-tumor-bearing and LS174T tumor–
bearing athymic nude mice, enabling comparison of the behavior
of this fragment in the three animal systems. We found that the
serum clearance of the scFv-Fc fragment in BALB/c mice was
slower than that in both non-tumor-bearing and tumor-bearing
nude mice. This finding is consistent with reports suggesting rapid
elimination of injected mouse IgG2a, human IgG1, and chimeric
(mouse/human) monoclonal antibodies in nude mouse strains
(37, 38). Our scFv-Fc fragments were designed to be chimeric
molecules, incorporating human IgG1 Fc region and mouse scFv.
The reports reveal that rapid clearance of the injected antibody
molecules occurred in nude mice exhibiting decreased level of
endogenous IgG2a and IgG2b. CD64, also known as FcgRI receptor
and expressed in high numbers on macrophages in the liver and
spleen, may be responsible for the noted rapid blood clearance.
When endogenous IgG2a levels are low, FcgRI binding sites are not
occupied and the receptor would bind the injected antibody
molecules, facilitating their degradation. Thus, when biodistribu-
tion studies are carried out in nude mice, the phenomenon of
faster serum clearance of injected antibodies and some antibody

fragments needs to be taken into consideration, especially when
one is trying to extrapolate data and predict the pharmacokinetic
characteristics of these molecules in humans.

The 131I and 90Y radionuclides are currently the primary choices
for radioimmunotherapy (39). More recently, 177Lu has emerged as a
promising radiopharmaceutical due to its low h energy, which
reduces the negative effect of radiation on normal tissues sur-
rounding the tumor. Due to its low tissue-penetration range, 177Lu
has been projected to be appropriate for smaller tumors. In addition,
177Lu also emits g rays; thus, it can be used for biodistribution and
imaging studies. Because 90Y does not emit g-photons, 111In-labeled
antibodies are generally used as chemical and biological surrogates
(40–42) to study biodistribution and estimate radiation dosimetry of
90Y-labeled antibodies. If the biodistribution of 111In-conjugated
fragments is similar to the biodistribution of the same fragments
bound to 177Lu (using the same chelate DOTA), then the calculated
dose ratios of 177Lu are expected to be similar to those for 90Y. This
speculation remains to be confirmed experimentally.

The ultimate purpose of this work was to estimate the
therapeutic potential of the three anti-CEA scFv-Fc fragments.
To achieve this aim, both 111In- and 125I-derived biodistribution
data were used to make dosimetry predictions for 90Y- and
131I-based therapy studies. In the case of antibody molecules
conjugated to radionuclides, the cumulative exposure of the tumor
and normal tissues provides a first estimate of both the
therapeutic efficacy and toxicity. The potential advantage of the
scFv-Fc double mutant over the other two fragments is suggested
by the AUC ratios between tumor and blood, which are 4.7:1 for
the 131I-labeled H310A/H435Q and 5.6:1 for the 90Y-labeled H310A/
H435Q. From this analysis, it seems that the 90Y-labeled scFv-Fc
H310A/H435Q double mutant would be the best candidate for
therapy. However, examining the tumor-to-organ ratios reveals
that the scFv-Fc H310A/H435Q mutant labeled with radioyttrium
has f1:1 AUC ratio between tumor and liver, which implies that
the dose to the tumor will be equal to the liver dose. The
radioiodinated double mutant fragment, on the other hand, shows
more favorable tumor-to-liver ratio of about 29:1. The tumor-to-
kidney ratios are again in favor of the 131I label coupled to the
H310A/H435Q double mutant fragment. Thus, based on AUC ratios
alone, the scFv-Fc H310A/H435Q is the protein of choice when
labeled with the 131I radioisotope. Thus, the 131I-labeled scFv-Fc
H310A/H435Q is predicted to deliver >7,000 cGy to the tumor. This
provides a significant advantage of selecting the 131I-labeled
scFv-Fc H310A/H435Q fragment over the use of radioiodinated
intact cT84.66 antibody for therapy of CEA-expressing malignan-
cies, whereas for the 90Y and possibly the 177Lu labels, the intact
cT84.66 antibody may be the protein of choice.

Multistep approaches, such as streptavidin-biotin–based pre-
targeting, amplification pretargeting, and bispecific antibody
pretargeting (reviewed in ref. 1), hold the potential to greatly
reduce systemic toxicity associated with conventional radio-
immunotherapy. Recombinant antibody fragments with controlled
pharmacokinetics, such as our anti-CEA scFv-Fc fragments, could
be good candidates for a multistep study because the time between
the administration of the unlabeled antibody fragment (streptavi-
din-conjugated antibody; step 1) and the administration of the
radiolabeled protein/peptide (radiolabeled biotin; step 2), for
example, can be reduced. This will possibly lead to diminished
organ toxicity associated with radiation damage.

Although the dosimetry predictions are quite helpful in selecting
the most optimal antibody fragment-therapeutic radioisotope
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combination, actual therapy studies need to be conducted.
Specifically, factors such as the particle energy range, energy
deposition, organ-to-organ crossfire, and the g emission of the 131I
isotope were not taken into account when toxicity levels were
estimated. For the 90Y estimates, subtle differences in radionuclide
retention of the metal chelating agent used for 111In and 90Y
labeling can result in a differential release between the two
radiometals. Overall, this work provides a scheme for evaluation of
the therapeutic potential of antibody fragments using biodistribu-
tions with a variety of radionuclides.

Summary

The in vivo pharmacokinetic behavior of three scFv-Fc variants
exhibiting differential distribution profiles in mice has been
evaluated in differentmouse systems and radioisotope combinations
leading to conclusions affecting their therapeutic potential. Biodis-

tribution studies provided a platform for dosimetry predictions,
yielding the fastest-clearing scFv-Fc fragment labeled with the
therapeutic 131I radioisotope as the species able to deliver the highest
tumor dose. An actual therapy study using the 131I-labeled scFv-Fc
H310A/H435Q variant is needed to confirm these predictions.
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