
lowing intravenous administration of imaging agents,
more rapid images could be obtained if augmented clear
ance of activity from blood or nontarget related activity
was achieved. Studies of monoclonal antibody (Mab)
based imaging agents have shown that blood clearance is
inversely related to the size of the injected protein, i.e.,
Fab or Fab' > F(ab')@> IgO (1,2). In addition to faster
blood clearance, Mab fragments have advantages over the
whole Mab by reducing the immunogenic potential, be
cause the Fc portion of the Mab is removed (3,4). How
ever, these Mab fragments are advantageous only if they
retain sufficient affinity or uptake at the target.

Indium-l 11-antimyosin Fab-DTPA is a highly sensitive
and specific marker for the detection of the presence,
location and extent ofmyocardial necrosis (5,6). Diagnos
tic images with antimyosin Fab-DTPA are often delayed
because of its relatively slow blood clearance. Although
methods have recently been developed to rapidly and
quantitatively label proteins with @mTc(the radionuclide
of choice in nuclear medicine), there is a clinical need to
increase blood clearance further.

Recent technology development has made possible the
generation of recombinant/chimeric genes and â€œdesignerâ€•
proteins. Specifically, single-chain antibodies, or single
chain Fv (sFv) proteins, have been developed (7â€”9).These
sFvs are composed of the variable heavy-chain sequence
(VH)tetheredorjoined to the variablelight-chainsequence
(VL)and are approximately one-halfthe molecular weight
of the Fab fragment (27 versus 50 kdaltons). An anti
myosin single-chain sFv was constructed and expressed in
E. co/i as a fusion protein (sFv) and shown to have similar
affinity for myosin as that ofthe Fab fragment. In addition,
99mTc labeling was accomplished by attachment ofa cleav
able, ester-linked bifunctional chelator (RP-l). We report
the in vivo evaluation ofthis @â€œTc-labeledantimyosin sFv
fragment. Biodistribution of 99mTc@sFv@RP@lin mice, as
well as the pharmacokinetics and imaging properties in a
canine model of acute myocardial infarction were evalu

Studies of monodonal antibody-based imaging agents show
that blood clearanceis inverselyproportionalto molecular
size, i.e., Fab or Fab' > F(ab')@> lgG. Indium-i 11-antimyosin
Fab-DTPA is a highly specific and sensitive marker for myo
cardialnecrosis.An improvementon currentantibodydiag
nostic imaging may result from the use of smaller labeled
fragments. We report the first in vivo targeting of acute
myocardial infarction with a novel recombinant single-chain
Fv (sFv) antimyosinprotein. The sFv (MW = 27,594) is
approximately one-half the size of the Fab and is comprised
of the heavyandlightchainvariableregionsfromthe myosin
specific munne monoclonalantibody AuDiO which were
joined by a 15-amino-add linker and expressed as a fusion
protein (sFv) in E. coil. The binding affinity of the sFv for
cardiac myosin was similar to the affinity observed for the
Fab fragment.Technetium-99mlabelingof the sFv was ac
complished by the attachment of a cleavable, ester-linked
bifunctional chelator (RP-1). Comparative studies in mice
showed @Tc-sFv-RP-1cleared significantlyfaster (p <
0.001) than @Tc-Fab'-RP-1and 111In-Fab-DTPAantimyosin
fragments. Furthermore, measurement of @â€œTc-sFv-RP-1
blood clearance in a canine model of acute myocardial infarc
tion gave a mean T112of 0.54 Â±0.13 hr versus 2.80 Â±0.57
and 2.58 Â±0.64 hr for Fab-DTPA and Fab'-RP-l (p < 0.05),
respectively.Despiteits comparativelyrapidclearance, @â€œTc
sFv-RP-1 had similaruptake in the infarctcomparedto the
Fab'-RP-l . In addition,infarctvisualizationwas more rapid
with the sFv. Thus, these data demonstrate antimyosin sFv
possessescharacteristicsnecessaryfor rapid imagingof
myocardial necrosis.
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he generation of a diagnostic image requires that
sufficient contrast (target-to-background) is achieved. Fol
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ated and compared to @â€œTc-Fab'-RP-land â€˜â€˜â€˜InFab
DTPA antimyosin.

MATERIALS AND METhODS

Cloning, Constructionand Expression of the Anti
myosinsFv

The cloning of the heavy-and light-chain DNA sequences,as
well as construction and expression of the sFv followed the
procedures detailed previously (7). Briefly, polyadenylated RNA
was isolated from approximately lxl0@ Ri iDlO hybridoma cells

using a mRNA isolation kit (Invitrogen Fast Track). A cDNA
library was constructed with 2 @igof the isolated mRNA using
the lambda ZAPII cloning vector. The heavy- and light-chain
sequences were isolated by screening this library with probes
coding for the four heavy-chain J segments and the five kappa
light-chain J regions, respectively. The N-terminal amino acid
sequences predicted by the DNA sequences ofthe isolated heavy
and light chains were identical to those of the purified immuno
globulin secreted by Ri lDlO hybridoma cells.

Boundaries for the heavy- and light-chain variable region
domains were determined by comparison ofthe cloned sequences
to known sequences for the J segments and other mouse immu
noglobulins. The sFv was constructed in the order VH-VL,con
nected with a 15-amino acid linker (gly-gly-gly-gly-ser)3.The
proteinwasexpressedin E. coilunder the controloftrp promoter
as a fusion protein with a 15-amino-acidleader sequence(sL).
The expressionlevelof the sFv was estimatedto be about 30%
ofthe total cellularprotein.

Isolation of Antimyosin sFv
Following fermentation, bacterial cells were disrupted by a

French press and the inclusion bodies collected by centnfugation.
The proteinwassolubilizedby resuspendingthe inclusionbodies
in 25 mM Tris pH 8.2, 10 mM EDTA, 250 mM 2-mercaptoeth
anol, 7 M guanidine-HCI. After diluting the protein to an A280
of 0.2 in 25 mM Tris pH 8.6, 10 mM EDTA, 4 M guanidine
HO, 1 mM oxidized glutathione, 0.1 mM reduced gjutathione,
the sFv was allowedto oxidizeovernightat room temperature
and then refolded by extensive dialysis against 10 mM sodium
phosphate, 1 mM EDTA,0.5 M urea, pH 8.0. The refoldedsFv
preparation was passed through a DE52 (Whatman) column and
purifiedto homogeneityusinga myosinaffinitycolumn.

Preparation of Antimyosin sFv-RP-1
Preparation and characterization of the RP-l chelator was as

previously described (10). Purified sFv was dialyzed into buffer
A (10 mM sodium phosphate pH 7.0, 10 mM NaCl, 0.5 M urea,
1 mM EDTA). Free thiols were inserted by adding 0.25 volume
of0.3 Mtriethanolamine pH 8.0, 5 mMEDTA and 0.01 volume
of 0.5 M 2-iminothiolane in buffer A and incubating for 1â€”2hr
on ice.Afterredialyzinginto bufferA, the number of freethiols
present were assayed using Eliman's reagent(11). A tenfold molar
excess of RP-l over free thiols was added in 0.10 volume 60%
ethanol, 40% buffer A, and the mixture was incubated for 60
mm on ice. The sample was again dialyzed into buffer A, and
concentrated to approximately 0.30 mg/mi. To the protein con
jugate was added 0.1 volume of 100 mMdithiothreitol to remove
the isophthaloyl protecting group on RP-l. After incubation for
1hr at room temperature,the samplewasdialyZedinto bufferA.
An aliquotof the finalproduct,sFv-RP-l,wasblockedwithN-
ethylmaleimide to prevent oxidative dimerization and assayed

for binding affinity for canine heart myosin using an ELISA plate
assay.

Aliquots of the labeled protein solution were analyzed for
unbound @â€œTcby instant thin-layer chromatography (ITLC) on
silica-gel impregnated glass fiber sheets (Gelman Sciences) using
0. 1 M citrate pH 5.0 and water:ethanol:ammonium hydroxide
(365:121:1) as the developing solvents. Free @mTcO4_ranged
from 4% to 8%and @9'@()2.nH2Ocolloidsfrom 0.8% to 1.4%.

Preparation ofDog Heart Myosin andMyosin-Sepharose. Dog
heart myosin was prepared from the left ventricle and septum as
previouslydescribed(12). The purity of the dog heart myosin
was confirmedby SDS-gelelectrophoresisand stored at â€”20Â°C
in 5 mM 3-(N-morpholino)propanesulfonicacid (MOPS), 2.5
mM [ethylene-bis(oxyethylene-nitro)]tetraacetic acid (EGTA),
0.5 mMdithiothreitol, 0.3 Msodium chloride, 50% (v/v)glycerol
pH 7.5. Myosin-Sepharosewas preparedusing cyanogenbro
mide-activated Sepharose CL-4B (Millipore) as described in the
manufacturer's instructions. The efficiency of coupling was typi
cally greater than 90%.

Determination of Immunoractivity
Myosin-Sepharose Immunoreactivity Assay. Technetium-99m

antimyosin fragments were diluted 1:10 in phosphate-buffered
saline (PBS)l% BSA and 100 @ilwas applied to a I-mI column of
myosin-Sepharose. The column was washed with 10 ml of PBS
1% bovine serum albumin (BSA) and eluted with 10 ml of 0.1
M glycine pH 2.5. One milliliter aliquots of these two fractions
were counted in a gamma counter set for @â€œTc,as well as an
aliquot of the sample applied to the column. Total recovery of
99mTc from the column ranged from 91% to 99%. The percent

of 99mTceluting with the glycine buffer was divided by the total
@Tcrecovered from the column to determine the percent im

munoreactivity.
Competitive ELISA Immunoreactivity Assay. Polyvinylchlo

ride 96-well microtiter plates were coated with dog heart myosin
at a concentrationof 100,@g/m1,75 @ilper well in 0.06 M Tris
pH 6.8, 0.75 M KCI, 0.02 M sodium azide overnight at room
temperature.Wellswerewashedin the samebuffer,blockedwith
150@ per well of PBS-l% BSAfor 1 hr at room temperature,
and then blotteddry.Ten threefoldserialdilutionsofeach sample
werepreparedin PBS-l% BSAbeginningwith an initial protein
concentration of0.05 mg/ml. An equal volume ofalkaline phos
phatase-conjugated antimyosin IgO, diluted 1:1000 in PBS-1%
BSA,wasaddedto eachserialdilution.Eachdilutionwasthen
dispensed (75 @slper well) in duplicate and incubated on the
myosin-coated plate for 5 hr at room temperature. Plates were
washed three times in PBS-0.05% Tween 20, and a substrate
solution was prepared by dissolving one tablet of p-nitrophenyl
phosphate (Sigma) per 5 ml of 2-amino-2-methyl-l-propanol
buffer (Sigma)diluted 500-foldin distilledwater. The substrate
solution was dispensed (100 @dper well), the plates covered with
aluminum foil and incubated for 30 mm in a 37Â°Cwater bath.
Colordevelopmentwasstoppedby adding50 @tlof 3 M NaOH
to each well and absorbance at 405 nm was read within 1 hr. The
log (pmoles/ml) protein concentration was plotted against the
average absorbance at 405 nm. The protein concentration at 50%
inhibition was determined from the graph using a four-parameter
fit.

Technetium-99m Labeling
An aliquotofthe sFv-RP-l chelatorconjugate(0.5mg/2.0 ml)

waslabeledwith @â€œTc(25 mCi, @Mo/@Tcgeneratoreluent)as
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described previously (10). An aliquot of the @mTc@labeledcon
jugate was loaded onto a myosin-sepharose affinity column to
test for immunoreactivity, resulting in 86% binding with 94%
recovery.

Biodistribution Studies
Biodistribution studies were conducted in normal CF-l female

mice (Charles River, Wilmington, MA) 6â€”8wk of age. Approxi
mately 100 @Ci/5.0jzgof@mTcsFv-RP-1 in 0.1 ml ofsaline was
administered intravenously via a lateral tail vein. Mice were killed
by cervical dislocation, organs excised, weighed and studied for
biodistribution at 0.25, 1.0, 2.0, 5.0 and 24 hr employing a
multichannel gamma scintillation counter (LKB, Model 1282)
set to detect the 143 keY photopeak of 99mTc.The percentage of
the injected dose per gram of tissue (%ID/g) was determined for
blood, heart, lung, liver, spleen, kidneys, stomach, small intestine,
large intestine, ovaries and muscle at each ofthe time points (four
mice per time point). Comparative biodistnbution studies were
performed for â€˜â€˜â€˜In-Fab-DTPA and @mTc@FabF@RP@lantimyosin

in an identical fashion.

ExperimentalModel
A standard model of acute myocardial infarction was em

ployed (13). Briefly, 15â€”20-kgdogs were anesthetized with intra
venous sodium pentobarbital (30 mg/kg), intubated and venti
late-i on room air. Peripheral lines were placed for administration
of test agents and drugs as well as blood sampling. All blood
samples were collected from a site distant from that used for
administration of radiolabeled agents. A left thoracotomy was
performed at the 5th intercostal space exposing the heart. Once
suspended in a pericardial cradle, the left anterior descending
(LAD) branch of the coronary artery was isolated by blunt
dissection distal to the first diagonal branch. A silk ligature was
used to snare the LAD. An occlusion/reperfusion protocol was
employed to produce myocardial infarcts. Flow in the LAD was
occluded by constriction of the ligature for approximately 2 hr
followed by reperfusion. Fifteen minutes after reperfusion, test
agents were injected intravenously.

Two complementary sets of experiments were performed to
facilitate the evaluation ofthe in vivo characteristics ofthe @mTc@
sFv-RP-1. In the first,both @mTc@sFv@RP@1(20 mCi/0.5 mg)and
â€˜, â€˜ln-Fab-DTPA (2.0 mCi/0.5 mg) were administered simulta
neously to permit direct comparison of the sFv and Fab-DTPA
in the same animal (n = 4). In a second set of studies, the same
protocol was employed, utilizing 99mTc@FabF@RP@land â€˜â€˜â€˜In-Fab
DTPA (n = 4). This permitted comparison of the sFv results
from the first set of studies with the Fab' results from the second
set ofstudies, using the identical radioisotope and chelator, albeit
in different animals.

Venous blood samples were obtained at 1, 5, 10, 15, 30, 60,
120, 180, 260 and 300 mm after intravenous administration of
the antimyosin fragments for analysis of blood clearance. The
radioactivity in the 1-mm blood sample was used as the 100%
activity value for calculating blood clearance rates. Serial gamma
images were acquired hourly for 5 hr for both the sFv or Fab'
(pulse height analyzer set to detect the 143 keV photopeak of
99mTc 20% window) and Fab-DTPA (set only to detect the 247
keV photopeakof' â€˜â€˜In,20% window).Followingthe end of the
in vivo portion ofthe protocol, animals were killed by anesthesia
overdose and infusion of2% triphenyltetrazolium chloride (TTC,
Sigma Chemical Co., St. Louis, MO). Histochemical delineation
by TTC was employed in all studies to confirm acute myocardial

infarction. The hearts were excised, rinsed of residual blood and
sliced transversely in 1â€”2cm sections parallel to the atrioventric
ular groove from base to apex. Each serial section then was
imaged. After imaging, the heart slices were mapped and cut into
approximately l-g pieces separating endo- and epicardial myo
cardium when possible, weighed and then counted for radioactiv
ity. Uptake ratios for antimyosin were generated by comparing
activity in the infarct to that in normal myocardium. Endocardial
samples from the basal-most slice were chosen as normal, since
these myocardial samples were clearly proximal to the LAD
occlusion.

Data Analysis
Statistical comparisons of sFv-RP-l with Fab'-RP-l and Fab

DTPA were performed using analysisof variance.Tukey's stu
dentized range test (14) was used for multiple comparisons. All
analyses were based on a two-sided alternative, and differences
were considered to be significant if p@ 0.05.

A one-compartment model of the form

Y = ae_@

was fit to data for radioactivity remaining in the blood using SAS
PROC NLIN (15), using a Marquardt algorithm for minimizing
the residuals of the least squares fit. Parameters estimated in
cluded volume ofdistribution, elimination rate, 24-hr concentra
tion, and mean half-life (T112).The mean fitted parameters of
each model were compared using an analysis of variance with
multiple comparison testing as indicated above.

RESULTS
Immunoreactivity of the antimyosin sFv and sFv-RP- 1

conjugate were compared to antimyosin Fab-DTPA using
a competitive binding ELISA. This assay measures the
ability of the test sample to compete with alkaline phos
phatase-conjugated antimyosin IgG for binding to a my
osin-coated microtiter plate. The resulting titration curves
(Fig. 1) were nearly identical, indicating that there were

FIGURE1. Immunoreactivityof theantimyosinsFvandsFv
RP-1conjugatewerecomparedto the Fab-DTPAusinga corn
petitive binding ELISA. Preparation of the sFv and subsequent
conjugationwiththeRP-1ligandemployedintheinvivoevalua
tions, had no effect on the myosin binding site.

Competitive ELISA on Myosin-Coated Plates

E

2

pmoles/mL
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99m Tc sFv-RP-1 Biodistribution in Mice
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FIGURE2. Biodistnbutionof @â€œTcan
timyosin sFv-RP-1 in mice. Each animal
was injectedintravenouslywith 100 @Ci/5
@49in a volume of 0.1 cc. Data are shown
as % lD/g of tissue and represent the
meanand s.d. for four mice at each time
point. (S.I. = small intestine and L.I. =
largeintestine).
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no significant differences between the three samples. This
result confirms that the preparation of the sFv and subse
quent conjugation with RP-l had no effect on the myosin
binding site. The molar concentrations of each fragment
which resulted in 50% inhibition were 10.6 nM for Fab
DTPA, 8.9 nM for sFv and 14.0 nM for sFv-RP-l.

Biodistribution

A biodistribution study was performed in mice to eval
uate the blood clearance of @mTcsFv-RP-l, as well as its
whole-body distribution. The biodistribution of@mTc sFv
RP-l in mice is illustrated in Figure 2. Blood clearance of
the sFv was extremely rapid with only 5.7 Â±0.7 %ID/g
remaining in the blood 15 mm after intravenous admin
istration. The majority of radioactivity at 15 mm after
administration (543 Â±4.9 %ID/g) was localized in the
kidneys, the major route of excretion. Radioactivity de
creased over time in all organs studied except for the
gastrointestinal tract. With both @â€œTcRP-l labeled frag
ments, activity accumulated in the small and then large
intestine in the first 2 to 5 hr. but were almost completely
eliminated by 24 hr. The result was expected because the
RP-l chelator is believed to be metabolized and cleared
via the hepatobiliary system (10).

Figure 3 illustrates comparative blood levels in mice at
2 and24hr afterintravenousinjectionof @mTc@sFv@RP@
1, @â€œTc-Fab'-RP-land â€œIn-Fab-DTPA antimyosin frag
ments. Blood levels at 2 and 24 hr were comparable for
â€œIn-Fab-DTPAand @â€˜â€œTc-Fab'-RP-l.By contrast, @â€œTc
sFv-RP-1 blood levels were significantly (p < 0.001) lower
at both 2 and 24 hr compared to both @â€œTc-Fab'-RP-l
and â€œIn-Fab-DTPAantimyosin fragments. These results
prompted additional studies in a canine model of acute
myocardial infarction to better evaluate the clearance Id

netics and imaging properties of the three labeled frag
ments.

InfarctStudies

Figure 4 illustrates blood clearance curves in dogs for
each of the fragments. Similar to the results in mice,
clearance of @â€˜Â°Tc-Fab'-RP-land â€œIn-Fab-DTPAfrom
the blood were equivalent. However, clearance of @mTc@
sFv-RP-1 from the blood was 4 to 5 times faster than

Blood Clearance Comparison in Mice

;;@ U @â€˜Â°TcsFv.RP-1
1o@ 0 @TcPab'.RP.1

@ U tt1InFab-DTPA
E

I@
@â€˜

@i .
Time (hours)

2 his.

FIGURE 3. Comparativeblood levels in mice for @Tc-sFv
RP-1,@ and 111In-Fab-DTPAantimyosin frag
mentsat 2 and 24 hr. The @â€œTc-sFv-RP-1exhibitedsignificantly
(p< 0.001)lowerbloodlevelsat bothtimepoints.Datarepresent
meanÂ±s.d.forfouranimalspertimepoint.
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Summary

FragmentTABLE

I
of PharmacokineticParametersof Ant

Fragmentsin Dogs
24-hr Clearance Volume of

concentration rate distribution
(,@Ci/mI) (ml/kg/hr) (mi/kg)imyosin

Half-life
(hr)

Blood Clearance in Dogs

U

FIGURE4. BlOOdclearancecurvesin
dog for @Â°â€œTc-sFv-RP-1(n = 5), @9â€•Tc
Fab'-RP-l (n = 5) and â€˜11In-Fab-DTPA(n
= 8) antimyosin fragments. The data are

presentedas the percentageof the initial
activity (meanÂ±s.d.) assumingthe 1-mm
blood samplerepresents100% of the in
jected activity.

Time (minutes)

either 99mTcFabFRPl or â€œIn-Fab-DTPA. A summary
of the pharmacokinetic parameters evaluated for each
fragment is shown in Table 1.

Comparative scintigraphic studies were conducted for
the evaluation of infarct visualization by each fragment.
Figure 5 shows serial left lateral images at 1, 3 and 5 hr
after administration of@ and â€œIn-Fab
DTPA in a representative study. The 1-hr images show
blood-pool activity enabling visualization of the right and
left ventricle. By 3 hr postadministration of both radiola
beled fragments, unequivocal uptake of activity is evident
in the anteroapical region ofthe heart which corresponded
to the site of infarction. Contrast for both @â€œTc-Fab'-RP

1 and â€˜â€˜â€˜In-Fab-DTPA increased over time as radioactivity
cleared from the blood, but blood-pool activity remained
for both radiolabeled preparations at 5-hr postinjection.
In contrast â€˜â€˜â€˜In-Fab-DTPA,which is excreted primarily
by the kidneys, a significant portion of @Â°â€˜Tcis cleared by
the hepatobiliary system as shown by the accumulation of
activity in the gallbladder in the 3- and 5-hr Fab'-RP-l
images. This is consistent with biodistribution studies for
other 99mTclabeled antibody fragments utilizing the RP-l
chelator (data not shown).

Figure 6 illustrates a representative set of images for
99mTcsFvRPl Within 1 hr of administration of sFv,
there was unequivocal visualization of the infarct. Blood
pool activity was dramatically reduced by 1 to 3 hr,
allowing further delineation of the infarct. Analysis of the
5-hr images revealed minimal cardiac blood-pool activity
as reflected in the significantly lower blood levels for the
sFv (6.3 Â±0.3% of the initial activity) compared to those
for the 99mTcFab@Rpl (30.4 Â±6.9%) and â€œIn-Fab
DTPA (34.0 Â±6.9%) (Fig. 4). Infarct size was similar to
that found in Figure 5. Similar to the@

7.82 12.67 49.44 2.80 the @mTc@sFv@RP@lexhibited both renal and hepatobiliary

9.86 2.74 3.31 0.57 clearance.
Table 2 summarizes infarct uptake at 5 hr for the

51.97 13.95 50.03 2.58 antimyosin fragments. Infarct uptake of Fab'-RP-l and
69.61 3.18 2.92 0.64 Fab-DTPA was similar as measuredby infarct-to-normal
<0.01Â° 68.67 20.27 0.54Â° and infarct-to-blood ratios. However, sFv-RP-l had mark
<0.01 17.30 3.20 0.13 edly greater infarct uptake as measured by these indices.

No significant difference was observed between any of the
* p < 0.05 versus Fab-DTPA and Fab'-RP-l . fra@ents for absolute uptake (%ID/g) at the infarct.

A one-compartmentmodelwas fit to the datafor radioactivity
(mCi)remainingin the blood.Dataweregeneratedby usingthe 1-
mmbloodsampleas 100%of the injectedactivity[2 mCi for Fab
DTPA(n = 8) and20 mCifor Fab'-RP-l (n = 4) and sFv-RP-1
(n=4)].

Fab-DTPA
mean
s.d.

Fab'-RP-l
mean
s.d.

sFv-RP-1
mean
s.d.

DISCUSSION
Since the original description of antimyosin IgG (14),

numerous advances have been made in both the radiolabel
and antibody fragment used. Previous studies with anti
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Fab-DTPA Fab'-RP-l sFv-RP-1
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99mTc Fab'-RP-l 1111nFab-DTPA
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99mTc Fab@RP@1 1111n Fab-DTPA

FIGURE6. Representativeimagesfroma studywith @Â°â€œTc
sFv-RP-1(20 mCi/0.5 mg). Serial left lateral imagesshow initial
blood-poolimages.Unequivocalinfarctvisualizationis evidentby
1 hourwiththe sFv-RP-1(arrow).Cardiacbloodbackgroundis
clearedsignificantlyfaster for the sFv-RP-1than either the Fab
DTPAorFab'-RP-l. Allimageswerenormalizedto activityinthe
initialimage.Similarto the Fab'-RP-l , activityaccumulatesin the
hepatobiliarytree over time as the RP-1chelateis excreted.

5 hours
99mTc Fab'-RP-l 1111nFab-DTPA

been accomplished by removal of the Fc portion of the
IgO. Generating smaller fragments has resulted in a de
crease in the blood half-life from several days for the IgG
to several hours. This rapid blood clearance has in turn
been translated into more rapid diagnostic imaging of

myocardial infarction, as well as other types oftargets such
as thrombi and tumors (17,18).

The single-chain antibody or sFv is a novel recombinant
polypeptide composed of the antimyosin (Ri 1D1O) vari
able heavy chain amino acid sequence (VH) joined to the
variable light chain sequence (V,j. The carboxyl terminus
of the VH is linked by a 15-amino-acid peptide to the
amino terminus of the VL. Because only a small percent
of the absolute dose is actually taken up at the infarct,

TABLE2
Infarct Uptake

FIGURE5. Comparativescmntigramsfroma studyin which
@â€œTc-Fab'-RP-1(20mCi/0.5mg)and â€˜11In-Fab-DTPA(2 mCi/0.5

mg) antimyosinwere coadministered.Serial images (left lateral
view) illustrate equivalentuptake in the infarct (shown by the
arrow)for both tracers.All imageswere normalizedto the 1-hour
image. Significant @Â°â€œTcactivity in the gallbladder is evident in
the later images for the Fab'-RP-l due to the hepatobiliary
excretionof the RP-1chelate.Blood clearanceand infarct local
izationfor Â°@â€œTc-Fab'-RP-1and â€˜11ln-Fab-DTPAshowed no sig
nificantdifferences.

myosin-based imaging agents have employed either poly
clonal or monoclonal antibodies produced by hybridoma
technology in generating antibodies and the subsequent
fragments directed against cardiac myosin. The present
study describes a single-chain antibody molecule, @mTc@
labeled antimyosin sFv fragment, produced by genetic and
protein engineering for imaging myocardial necrosis.

High background has been a persistent problem with
imaging agents using intact antibody molecules. Improve
ments in the rate of blood clearance of antibodies have

infarct-to-blood 6.3 Â±5.4 3.1 Â±1.2 15.3 Â±10.7Â°
infarct-to-normal 19.6Â±12.3 15.2Â±5.4 43.3Â±l3.5@
%ID/ginfarct 0.0841 Â±0.0654 0.0481 Â±0.0110 0.0417 Â±0.0168

* p < 0.05 vs. Fab'-RP-l and Fab-DTPA.

t p < 0.01 vs. Fab'-RP-l and Fab-DTPA.
RSdIOIOCOIIZatIOnindices and infarct uptake for fragments at 5 hr. Data

represent ratios for cpm/g (mean Â±s.d.) for Fab-DTPA(n = 8), Fab'-RP-l (n
= 4)andsFv-RP-1(n= 4).
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the kidneys. Results for the @mTc@sFv@RP@lfrom murine
biodistribution (Fig. 2), which showed the kidney to be the
primary route of excretion, support these findings.

To further characterize the pharmacokinetics of anti
myosin sFv, we studied the clearance in a canine model
of acute myocardial infarction. Use of the dog enabled
simultaneous evaluation of the time course of uptake of

@â€œTc-sFv-RP-lin the infarct and blood clearance kinetics
in the same animal. Our results are in agreement with
previous reports that the blood half-life for â€œIn-Fab
DTPA is between 2 and 3 hr. We also found that blood
clearance for the â€œIn-Fab-DTPA and @â€œTc-Fab'-RP-l
are nearly identical. Therefore, @mTclabeling of the Fab'
fragment via RP-l does not affect blood clearance. This
implies that the four- to fivefold faster clearance ofthe sFv
compared to the Fab' or Fab fragments is attributable to
the fragment itself, and not the labeling method. This
increase in blood clearance resulted in the more rapid
imaging of a myocardial infarct.

A major concern in using a smaller protein for imaging
is that the enhanced clearance would preclude mainte
nance of concentrations sufficient for adequate uptake.
For example, studies with small peptides like ROD (argi
nine-glycine-aspartic acid) which have been shown to com
petitively inhibit the fibrinogen receptor on platelets (gly
coprotein lIb/Ila), show that these small molecules are
transiently effective only if they are delivered locally and
at high concentration (20). However, our results indicate
that the binding properties ofantimyosin sFv do not differ
significantly from either the Fab-DTPA or Fab'-RP-l.
Qini@al trials of the Fab-DTPA fragment of antimyosin
have demonstrated that it is nonoimmunogenic (3). Be
cause of the smaller size of the antimyosin sFv molecule,
the absence of immunogenicity would likewise be antici
pated. However, clinical studies will be necessary to deter
mine if the antimyosin sFv, which is produced in bacteria
and includes a novel linker, results in an immune response
in man.

The animal model employed in the investigation was
one with a temporary coronary artery occlusion followed
by reperfusion. Similar results have been obtained with
99mTcp@opho5phate and @Tc-glucaricacid under con
ditions of reperfusion (21). However, as is the case for
antimyosin Fab-DTPA imaging of permanently occluded
infarcts, significantly longer times (1 to 3 days) for accu
mulation of these agents are required. While we are un
doubtedly in the age of reperfusion, it will be important to
demonstrate the detection ofmyocardial necrosis with and
without reperfusion, as many acute infarcts occur with
coronary artery occlusion without reperfusion. Additional
studies are required to investigate the affinity of this new
sFv for necrosis under conditions ofpermanent occlusion.

Our results suggest that the genetically engineered sFv
may have significant imaging advantages compared to
currently available agents. One might expect that if an
antimyosin sFv fragment successfully images myocardial

development ofan agent that is more rapidly cleared from
the blood, but at the expense of a reduction in affinity,
would not be beneficial. Our results demonstrate that the
sFv fragment maintained high immunoreactivity in vitro
and in vivo. The rapid blood clearance ofsFv is consistent
with the observation that reduction in the relative molec
ular weights of the imaging agents results in faster blood
clearance (IgG < F(ab')2 < Fab or Fab'). Although the
sFv cleared significantly faster than the other fragments,
sFv maintained the same degree of infarct avidity as the
larger Fab' and Fab molecules. The combined rapid clear
ance and high affinity of sFv resulted in superior infarct
imaging. These results suggest that previous limits to early
infarct visualization were, at least in part, caused by slow
blood clearance rather than low infarct uptake.

Since @â€œTcis the radionuclide of choice in nuclear
medicine, it was chosen as the radiolabel for the sFv. We
have previously reported (10) the development of a new

@â€œTclabeling method via an ester-linker, bifunctional
chelator (RP-l) that allows the site-specific attachment of
the chelator to the Fab' sulfhydryls. This chelator was
designed to be metabolically cleaved from the protein,
thereby producing a species which is readily excreted.
Studies reported previously with @mTc@FabF@RP@land
â€œIn-Fab-DTPAantimyosin have shown they are equiva
lent in both blood clearance and infarct uptake. By eval
uating the sFv in this manner, it is clear that differences
in biodistribution and clearance kinetics are due to the
sFv itself and not the RP-1 chelator.

Single-chain Fv proteins may offer advantages when
compared to whole antibodies or Fab fragments. These
advantages include more rapid blood clearance, potentially
lower immunogenicity, lower retention in critical organs
and better lesion penetration. Colcher et al. (1 7) have
recently characterized the in vitro and in vivo properties
of an iodinated sFv fragment derived from the genetic
sequence of the variable regions of B6.2, an antitumor
monoclonal antibody. Studies in mice indicated that the
â€˜251-sFvcleared approximately 3 to 5 times faster than the
â€˜311-Fab'fragment ofB6.2. Comparison ofblood clearance
in mice between @Tc-sFv-RP-l and other fragments in
the present study confirm a similar increase in the rate of
blood clearance. Blood activity of @Tc-sFv-RP-lde
creased by one-half between 15 mm and 1 hr. This was in
contrast to the clearance of the â€˜25I-sFvfor B6.2, which
seemed to plateau after 15 mm. Further comparisons with
B6.2 cannot be made because blood clearance was studied
only up to 30 mm for the B6.2 sFv, and the radiolabel was
different.

In a similar study by Laroche et al. (9), a recombinant
single-chain molecule containing the variable domains of
a Mab specific for fragment D-dimer of human cross
linked fibrin was reported to clear significantly faster than
the intact monoclonal. Results in nephrectomized rabbits
resulted in a significant prolongation of the clearance,
suggesting the clearance of the sFv occurs primarily via
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binant single-chainmolecularcomprisingthe variabledomainsofa mono
clonal antibody specific for human fibrin fragment D.dimer. J Biol Chem
199l266:16343â€”l6349.

10. Weber RW, Boutin RH, Nedeman MA, Lister-James J, Dean RI. En
hanced kidney clearance with an ester-linked @Tc-radiolabeledantibody
Fab'.chelator conjugate. Bioconjugaze Chem 1990;i:431â€”437.

11. Eliman GL. Tissue sulfhydryl groups Arch Biochem Biopshy l959;82:70â€”
77.

12. SchierJJ, AdelsteinP3. Structuraland enzymaticcomparisonof human
cardiac muscle myosins iSOlated from infants, adults, and patients with
hypertrophic cardiomyopathy. J Ciin Invest 1982;69:8l6â€”825.

13. Belier GA, Khaw BA, Haber E, Smith 1W. Localization of radiolabeled
cardia myosin-specific antibody in myocardial infarcts. Compasison with
technetium.99m stannous pyrophosphate. Circulaiion 1977;55:74â€”78.

14. OHL. An introduction tostatisgicaimeghodsanddasa analysis, 2nd edition.
Boston, MA: PLUS Publishers; 1984:365â€”370.

15. SAS institute Inc. SAS/STAT users guide, version 6, 4th edition, volume
2. Cary,NC:SASInstitute Inc.; 1989:1135â€”1193.

16. KhawBA,BellerGA,HaberE,SmithTW.Localizationofcardiac mysoin.
specificantibodyin myocardialinfarction.J C/inInvest1976;58:439â€”446.

17. Knight LC, Maurer AH, Ammar IA, et al. Ic-99m antifibrin Fab' frag
maniaforimagingvenousthombi:evaluationin a caninemodel.Radiology
1989;l73:163â€”169.

18. Pak KY, Nedelman MA, FoglerWE, et aL Evaluationof the 323/A3
monoclonalantibodyand the useoftechnetium-99m-Iabeled323/A3Fab'
forthedetection ofpan adenocarcinoma. NuclMedBiol 199l;l8:483-497.

19. Colcher D, Bird R, Roach M, ct a!. In vivo tumor targeting ofa recombi
stant single-chain antigen-binding protein. J Nail Cancer Ins:
l990;82:1191â€”1197.

20. YasudaI, Gold HK, LeinbachRC, ci al. Kistrin, a polypeptideplatelet
GPIIb/IIIa receptor antagonist, enhances and sustans coronary arterial
thrombolysis with recombinant tissue-type plasminogen activator in a
canine preparation. Circu/anon l99l;83:l038â€”1047.

21. Willerson iT. Detection ofacute myocardial infarcts by infart-avid imaging
[Editorial].JNuclMed l991;32:269â€”27l.

infarction, a process which requires the agent to diffuse
and bind to its antigen extravascularly, that development
of sFv fragments to intravascular antigens relevant to
cardiovascular diseases may also have clinical utility in
both therapeutic and diagnostic applications.
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