Determinants of the distribution of radiolabeled
congeners of tissue-type plasminogen activator
and its modification for improved clot imaging

Joseph P. Hasapes, MD, Alan Daugherty, PhD,
Jeffrey E. Saffitz, MD, PhD, and Burton E. Sobel, MD

Background: This study was performed to elucidate determinants of the distribution in
diverse tissues of radiolabeled congeners of tissue-type plasminogen activator (t-PA)
and to modify the distribution to enhance clot imaging.

Methods: Uptake and degradation studies in rabbit alveolar macrophages in culture
were performed with native t-PA rendered enzymatically inactive with PPACK
(D-Phe-L-Pro-L-Arginyl-Chloromethy! Ketone) and conjugated to a residualizing label,
radioiodinated dilactitol tyramine, (1251-DLT). Pharmacokinetics and biodistribution of
radiolabeled t-PA congeners were evaluated in rabbits.

Results: Concentration-dependent and saturable uptake and degradation in macro-
phages of 125|-DLT-t-PA and 125|-DLT-PPACK-t-PA were demonstrated. Uptake and
degradation of 125|-DLT-t-PA were inhibited by mannosylated bovine serum albumin
(BSA) or mannan, specific ligands having high affinity for mannose fucose receptors.
In vivo, clearance in rabbits was rapid after intravenous injection of both t-PA and
its congeners. A high mannose- deficient t-PA congener was cleared only slightly
less rapidly. Results of autoradiographic, histologic, and immunocytochemical analyses
showed that clearance was associated with uptake of PPACK-t-PA in macrophages
in bone marrow, spleen, and liver. Accordingly, we hypothesized that interference with
high mannose-mediated macrophage uptake would reduce uptake by tissues that can
interfere with clot imaging. Compared with PPACK-t-PA, accumulation of the high
mannose- deficient PPACK-t-PA congener in bone marrow and in spleen was reduced
by an average of 61% and 59% respectively. Results of experiments with ligands
competing for mannose fucose receptors were consistent with these observations.
Uptake by liver macrophages was decreased substantially with high mannose- deficient
PPACK-t-PA. Accumulation was prominent, however, along edges of hepatic sinusoids
adjacent to endothelial cells.

Conclusions: Thus, inhibition of the interaction of PPACK-t-PA with high mannose
receptors in macrophages reduces tissue uptake that can interfere with clot imaging
without compromising rapid clearance from the blood pool mediated by mannose fucose
receptor-independent mechanisms in the liver.
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The utility of congeners of tissue-type plasmino-
gen activator (t-PA) for imaging thrombi has been
demonstrated in vitro [1] and in vivo [2]. Tissue
uptake and clearance of congeners and endoge-
nous t-PA are similar [3-8]. Uptake is prominent in
the liver [3,49] in parenchymal [4,10-15] and en-
dothelial cells [11-13,16-19), as well as Kupffer cells

(macrophages) [11,13,20]. Uptake in endothelial cells
and macrophages appears to be mediated by man-
nose fucose receptors [11-13,17-20]. Uptake in hepa-
tocytes appears to be mediated by galactose (asialo-
glycoprotein) receptors [12,13,18] and by a novel re-
ceptor that recognizes t-PA complexed to plasmino-
gen activator inhibitor (PAI-1) [21-23]. In our studies
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Fig. 1. Binding of 125|-DLT-PPACK-t-PA (solid line) and
125|.DLT-PPACK-high mannose-deficient t-PA (dotted line)
to clots formed from human blood in vitro for 1 h before
exposure to each tracer. Radiolabeled t-PA was incubated
with clots for 1 h at 37°C. Points are means of three obser-
vations; bars are standard error of the mean.

of congeners of t-PA for clot imaging [2], it became
clear that imaging could be improved by preferential
shunting of the tracer to clots and away from bone
marrow and spleen. Accordingly, we performed the
present study to delineate and to favorably modify
determinants of the biodistribution of radiolabeled
congeners of t-PA for clot imaging.

Methods = _

Materials

Recombinant human type 1 wild type t-PA (high mannose-
rich) [24] and asparagine 117 (ASN-117) high mannose-
deficient t-PA purified from Chinese hamster ovary cell
lines were supplied by Genentech (South San Francisco,
CA). The serine protease inhibitor, D-Phe-L-Pro-L-Arginyl-
Chloromethyl Ketone (PPACK), was obtained from Cal-
biochem (La Jolla, CA). A synthetic, tripeptide chro-
mogenic substrate, S-2288, used for assay of amidolytic
activity of proteases, was obtained from Kabi Vitrum
(Stockholm, Sweden). Reagents used for measurement of
t-PA activity in an enzyme-linked immunosorbent as-
say (ELISA) were obtained from American Diagnostica
(Greenwich, CT). Centricon microconcentrators were ob-
tained from Amicon (Danvers, MA). Carrier-free Nal®]
was obtained from ICN Radiochemicals (Irvine, CA) and
Amersham (Arlington Heights, IL). Bovine serum albu-
min (BSA) was obtained from United States Biochemi-
cal (Cleveland, OH); 2,3,4,6-Tetra-O-acetyl 1-thio-beta-D-
mannosepyranoside (CNM) from E.Y. Laboratories Inc.
(San Mateo, CA); and sodium methoxide and anhydrous
methanol from Aldrich (Milwaukee, WI).

For use in receptor competition studies, purified
60 kd mannan was kindly provided by Dr. Philip Stahl
of Washington University (St. Louis, MO). An antibody to
rabbit alveolar macrophages RAM11, was supplied by Dr.

Allen M. Gown of the University of Washington (Seattle,
WA) [25].

Calcium magnesium-free serum (CMFS) containing hep-
arin (Sigma, St. Louis, MO, USA), and Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco BRL, Grand Island,
NY, USA) containing penicillin and streptomycin were
obtained from the Washington University Diabetes Re-
search and Training Center Tissue Culture Facility. All
other reagent-grade chemicals were obtained from Sigma
Chemical (St. Louis, MO).

Alveolar macrophages, used in binding and degradation
studies as described previously [26,27], were harvested
from New Zealand white rabbits obtained from Doe Val-
ley, Arkansas.

Tissue-type plasminogen activator and its
congeners

Recombinant type 1 wild-type t-PA (high mannose-rich)
(4 mg/mL) and high mannose-deficient t-PA (0.4 mg/mL)
were bound to PPACK as described previously [2] and
were concentrated to 40 mg/mL with Centricon 30,000
mW cut-off centrifugal microconcentrators (5000 g, SS34
rotor, at 4°C for 5 hours). Complete inactivation of serine
protease activity was verified by amidolytic assay with 5-
2288 [1].

Radioiodination procedures

Tissue-type plasminogen activator, PPACK-t-PA, and
PPACK high mannose-deficient t-PA were conjugated to
the radioiodinated residualizing label, DLT, as previously
described [2]. Incubations were performed at 42°C. The
free aldehyde groups on 125I-DLT were quenched with 0.1
M NH,HCO; after conjugation to t-PA. Characterization of
binding of labeled t-PA to clots in vitro was accomplished
with clots formed from whole human blood in Chandler

1 2 4 5

Fig. 2. Autoradiogram of 125|-DLT-t-PA (55 kd monomer
band in lane 1) and 1251-DLT-PPACK-t-PA (lane 2) after
SDS-PAGE under nonreducing conditions. t-PA congeners
were incubated for 10 minutes at room temperature in 1:2
molar ratios with PAl-1 from LPS-enriched rabbit plasma
(lanes 4 and 5). Two bands are absent in lane 5 (100 kd
and 170 kd), reflecting lack of complex formation of t-PA
with PAI-1 and C1-esterase.
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Fig. 3. Degradation of 125-DLT-PPACK-t-PA by rabbit alve-
olar macrophages incubated for 8 hours at 37°C. Points are
means of three observations; bars are standard error of the
mean.

tubes constructed of Tygon (Fischer, St. Louis, MO) tubing
[2,28,29].

Concentrations of t-PA and t-PA congeners were deter-
mined with a modified Lowry protein assay procedure
[30] and an enzyme-linked immunosorbent assay (ELISA)
with specific, affinity-purified goat antihuman t-PA im-
munoglobulin G as the capture antibody [31].

Binding of t-PA to PAI-1 was assayed with the use of
plasma with augmented concentrations of PAI-1 from rab-
bits injected intravenously with lipopolysaccharide (LPS)
from Escherichia coli 0111:B4 reconstituted with phosphate-
buffered saline. Doses of 0.1 to 10 ug/kg elicited peak el-
evations of PAI-1 activity in 5 hours. Whole blood was
collected into polystyrene tubes containing 150 pL of 3.8%
sodium citrate (1.5 mL) and placed into Eppendorf tubes
containing PPACK (2 pM) and aprotinin (200 KIU/mL).
Samples were centrifuged at 600 g at 4°C to separate the
PAl-1-enriched plasma for storage at —80°C.

For use in binding experiments, PAI-1 in the enriched
plasma was incubated for 10 minutes at room temperature
in 1:1 to 3:1 molar ratios with either 125[-DLT-t-PA or 125]-
DLT-PPACK-t-PA in 0.2 M arginine phosphate, pH 7.2.

Free t-PA congeners and congeners complexed to PAI-1
were separated under nonreducing conditions by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE). Samples and high molecular weight markers were
run through a 4% stacking gel and 7.5% separating gel
at 120 V and 200 V, respectively. Gels were stained with
Coomassie blue, destained, dried, and placed in a cas-
sette on radiographic film (Eastman Kodak, Rochester, NY,
USA), stored at —-80°C, and the film developed after 16
hours. A standard curve was constructed with high molec-
ular weight standards.

Synthesis of mannose-bovine serum albumin

Mannose residues were linked covalently to primary
amines on lysine residues in BSA with a 2-imino-2-
methoxyethyl thiomannopyranoside (IME) [32], formed by
reacting, under nitrogen, 100 mg CNM in 2.5 mL anhy-
drous methanol with 0.01 M sodium methoxide in a mo-

lar ratio of 1:10 for 48 hours. Excess methanol was re-
moved by sublimation at -150°C under vacuum. The oily
pellet was constituted in 1 mL of 0.1 M disodium tetrab-
orate buffer pH 9.3 containing 50 mg BSA (molar ratio
of IME to BSA, 250:1). The reaction mixture was incu-
bated and rotated at 37°C for 3 hours and was dialyzed
three times (1:1000) against 0.2 um sterile, filtered 0.1 M
NaCl, and pH 6.2 at 4°C. The concentration of mannose-
BSA was determined with the Bensadoun-modified Lowry
assay and was approximated 20 mannose residues per
molecule BSA. Mannose-BSA was snap-frozen and stored
at -80°C.

Pharmacokinetics and biodistribution of
radiolabeled tissue-type plasminogen activator
congeners

Fasted female rabbits (3.5 to 4 kg) were anesthetized with
60 mg/kg ketamine and 10 mg/kg xylazine intramuscu-
larly, and anesthesia was maintained with ketamine as
needed (10 mg/kg). Animals were ventilated with room
air with a Harvard apparatus ventilator (South Natick,
MA, USA). Femoral arteries and veins were catheter-
ized, and a thyroid-blocking dose of sodium iodide (0.25
mL of Lugol’s solution) was administered intravenously.
15I-DLT-t-PA, 15]-DLT-PPACK-t-PA, or 125]-DLT-PPACK
high mannose-deficient t-PA, (2 mCi/mg) was diluted in
20 mL sterile 0.9% saline and injected (0.1 mg IV over 20
s) for biodistribution studies. For autoradiography, 2 mg
aliquots were injected intravenously over 20 seconds via
the right femoral vein. 125-DLT-PPACK-t-PA was given
alone or after mannosylated BSA (20-fold greater molar ra-
tio), followed by infusion of 0.125 times the initial mass per
minute for 30 minutes to rapidly attain and sustain steady-
state plasma levels [33].

For monitoring clearance of radioactivity from
plasma, 1-mL aliquots of arterial blood weres collected
at selected intervals, placed in tubes containing 100 pL
0.129 M sodium citrate (Becton Dickinson Labware, Lin-
coln Park, NJ, USA), were mixed, and were placed on ice.
Plasma trichloracetic acid precipitable radiocactivity was
determined. After 30 minutes, cardiac arrest was induced

X 12 4

W~

31':0

-U\.E/ 9

v 8

£E3 6

w o

Q

o A

< = 91

A O

| o

- 0 I . —

1 10

[t-PA] in media (uzg/ml)

Fig. 4. Degradation of 125-DLT-t-PA by rabbit alveolar
macrophages in the presence (solid line) and absence (dot-
ted line) of mannan (100 pg/mL). Cells were incubated at
35'C for 8 hours. Points are means of three observations;
bars are standard error of the mean.






