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Investigations of a ®°™Tc-Labeled Bacteriophage
as a Potential Infection-Specific Imaging Agent

Mary Rusckowski, PhD; Suresh Gupta, PhD; Guozheng Liu, PhD; Shuping Dou, BS; and Donald J Hnatowich, PhD

Division of Nuclear Medicine, Department of Radiology, University of Massachusetts Medical School, Worcester, Massachusetts

Because bacteriophages (phages) have a natural specificity for
bacteria, it may be possible to develop radiolabeled phages as
infection-specific agents. Methods: The M13 phage was radio-
labeled with 9*mTc via mercaptoacetyltriglycine and purified by
polyethylene glycol precipitation. After radiolabeling, the phage
was tested for binding at 1, 5, and 10 min to Escherichia coli
strain 2537, E. coli strain 25922, and Staphylococcus aureus
strain 29213. The radiolabeled phage was also tested for spec-
ificity in mouse models that had received a subcutaneous in-
jection of either live (infection/inflammation model) or heat-in-
activated (inflammation model) cultures in a thigh. The labeled
phage (10° plaque-forming units, 1-3.7 MBq) was administered
either within 20 min (to minimize the contribution from inflam-
mation) or 3 h after induction. The animals were killed 3 h later.
Results: The radiochemical purity of the labeled phage ex-
ceeded 95% by strip chromatography using instant thin-layer
chromatography/acetone and paper/saline. Binding of the la-
beled phage to each of the 3 bacterial strains in vitro was
immediate, reaching a maximum at 1 min. However, the per-
centage bound was significantly higher (P = 0.0008) for E. coli
2537 than for either of the other 2 bacteria (84% vs. 41% and
48%). Furthermore, binding to E. coli 2537 was unchanged at
10 min, whereas binding to both E. coli 25922 and S. aureus
decreased to 33%. At 3 h in vivo, the ratio of target thigh to
normal thigh was significantly higher (P = 0.017) in the infection/
inflammation model (2 to 2.5 fold) than in the inflammation
model (1.5 to 1.8) and therefore suggestive of increased accu-
mulation specific to infection. The difference was slightly more
pronounced in animals that received labeled phage at 20 min
after inoculation, showing a ratio of 2.3 for infected thigh to
normal thigh and a ratio of 1.6 for inflamed thigh to normal thigh.
Although absolute uptake was lowest in the infection/inflamma-
tion thigh of mice infected with E. coli 2537, this finding was
presumably due to the therapeutic effect of the phage on this
strain. Conclusion: Radiolabeled bacteriophages should be fur-
ther investigated as potential agents for specific imaging of
infection.
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There remains today an acute need in nuclear medicine
for adiagnostic agent that can distinguish between infection
and sterile inflammation. To quote from a seminal article on
infection imaging, “the need for techniques for anatomically
delineating the primary and metastatic sites of infection; the
need for noninvasive imaging techniques that could be
performed repetitively to assess the response to therapy; the
need for a noninvasive technique for in vivo, specific diag-
nosis that would obviate the need for invasive biopsy pro-
cedures; and the need for targeted therapy of such infections
as those caused by fungi that would permit more aggressive
therapy of the process with lesser amounts of systemic
toxicity” exist for patients with infection (1). Although this
statement was published aimost 15 y ago, the same critical
need for infection-specific imaging exists today. As one
important example, the precise microbial cause remains
undefined in approximately 30% of patients presenting with
community-acquired pneumonia, one of the most common
infections that lead to hospitalization. This inability to de-
fine the precise cause of infection leads clinicians to treat
with very broad spectrum antibiotic therapy as opposed to
targeted treatment for patients with suspected pneumonia.
Overuse of antibiotic treatment because of this type of
“shotgun” approach is a leading factor in the development
of bacterial resistance to antibiotics. Obviously, a radiola-
beled agent that could target specific bacteria pathogens
both to confirm the presence of pneumoniaand to define the
precise etiology would be of considerable value. Another
important example may be suspected infection of prosthetic
joints, a devastating complication that usually results in the
need for removal of the prosthesis, a prolonged course of
antibiotic therapy, and then reimplantation of a new pros-
thesis. In this situation, the most frequent pathogens are
normal skin flora, and even with direct aspiration of the joint
it can be difficult to determine whether bacteriaidentified on
culture of synovial fluid represent true infection or inadver-
tent contamination of the sample during collection. By
using radiolabeled agents with specificity for the 2 or 3
possible bacteria responsible for most infections, it should
be possible to precisely identify the bacterium so that ef-
fective therapy can be initiated without the need for the
broad-spectrum antibiotic therapy that only encourages the
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development of resistance (R. Ellison, oral and written
communication, August 2003).

Agents with documented specificity for bacteria may be
appropriate choices for imaging those bacteria. Two such
agents currently under investigation are Infecton, a ®mTc-
labeled ciprofloxacin antibiotic (2-5), and *™Tc-labeled
peptide fragments of ubiquicidin, an antimicrobia peptide
(6—8). Most of the work with Infecton has been clinical, and
several successful studies have been reported, whereas the
work with ubiquicidin has been limited to animal models.

Bacteriophages (phages) are viruses that show no speci-
ficity for mammalian cells and infect bacteria exclusively.
Phages bind to bacterial cells by attaching to specific sur-
face receptors and, by inserting their genetic materia into
the cell, use the bacteria as a host for reproduction. Phages
have been used clinically to treat bacteria infections since
the 1920s (9); thus, they are presumably nontoxic, although
their safety and efficacy have yet to be vaidated. Their
clinical use declined, particularly in the West, after the
development of antibiotics. Because of this natural speci-
ficity of phages for bacteria, phages may be useful for
detecting bacterial infections through imaging. Most phages
infect several bacterial species but show a range of speci-
ficity that is more narrow than that exhibited by antibiotics.
For example, some phages show specificity only toward a
single bacterial strain (10). Therefore, unlike the case with
radiolabeled antibiotics, it may be possible to select a ra-
diolabeled phage specific to a suspected bacterial infection
but without specificity for natural endogenous bacteria.

This report describes what may be the first investigation
of a radiolabeled phage as a potential diagnostic imaging
agent for bacterial infection. After radiolabeling with ®MTc,
we have used the bacteriophage M13 as a test phage to
evaluate binding affinity in vitro in bacteria and in vivo in
an infection/inflammation mouse model. The M13 phage
was selected as a well-characterized common laboratory
phage known to be infectious to common bacteria such as
the 2 Escherichia coli strains used in thisinvestigation. The
objectives of this investigation were to determine the sta-
bility of ®"Tc on the phage when radiolabeled via mercap-
toacetyltriglycine (MAG3), to determine the fate of the
radiolabeled phage infecting both live and heat-killed bac-
teria, and, finally, to help establish whether imaging with the
radiolabeled phage may be used to distinguish infection
from inflammation.

MATERIALS AND METHODS

The M 13 phage and E. coli strain 2537 were obtained from New
England Biolabs, Inc. A second E. coli strain (25922) and Staph-
ylococcus aureus strain 29213 were obtained as plate cultures from
the Clinical Microbiology Department at this university. Luria—
Bertani (LB) medium containing Bacto-Tryptone (Sigma-Al-
drich), yeast extract (Sigma), and NaCl was prepared according to
standard procedures and autoclaved. The S-acetyl N-hydroxylsuc-
cinimide (NHS)-MAG3 was synthesized in house (11), and the
structure was confirmed by elemental analysis, proton nuclear
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magnetic resonance, and mass spectroscopy. The ®MTc-pertech-
netate was eluted from a ®*Mo-*"Tc generator (Perkin-Elmer).
All other chemicals were used as supplied. Male CD-1 mice
weighing 22-25 g were obtained from Charles River Laboratories.

Stocks of the 3 bacterial strains were grown and maintained as
plate cultures and stored at 4°C. The day before each study, liquid
cultures in LB medium were seeded and grown overnight at 37°C
while shaking at 250 rpm. Bacteria were counted using a hema-
cytometer and diluted in LB medium for use. To prepare the
infection/inflammation model, aliquots of the bacteria cultures
were diluted in LB medium to a concentration of 4.8 X 108
cellgmL, and 0.1 mL was administered subcutaneously in one
thigh of each of the CD-1 mice. To prepare the inflammation
model, the diluted bacterial preparations (4.8 X 108/mL) were
heated in aboiling water bath for 30 min, sonicated for 10 min, and
then spun at 8,200g for 3 min (Biofuge-15; Heraeus Instruments).
No growth was apparent 1 d after samples were plated on LB agar,
indicating sterility. As before, 0.1 mL of the cell-free broth was
administered subcutaneously in a thigh.

Preparation of Phage

The M 13 phage was propagated in E. coli 2537 using standard
methods (12). In brief, aliquid culture of the E. coli was diluted
1:100 with 20 mL of LB medium to which 10 pL of the stock
phage (2 X 10" plaque-forming units [PFU]) were added. After
4.5 h of vigorous shaking at 37°C, the sample was spun at 1,400g
(model CR 412; Jouan) for 10 min to pellet the bacteria. The
supernatant was spun again and then transferred to a fresh tube,
and a solution of polyethylene glycol 8000 20% w/v and 2.5 mol/L
NaCl (PEG/NaCl) was added at aratio of 1.6 (v/v) (13). After the
sample was spun at 15,000g for 20 min, the phage pellet was
recovered and suspended in Dulbecco’ s phosphate-buffered saline
(PBS) (Invitrogen Corp.). The precipitation was repeated with the
PEG/NaCl solution. The final phage pellet was suspended in PBS
and stored at 4°C.

Conjugation of M13 Phage with MAG3

The phage were conjugated with S-acetyl NHS-MAG3 using
methods standard in this laboratory for the ®mTc radiolabeling of
proteins, peptides, and oligomers (14). In brief, to 50-100 L of
PBS containing about 10%° PFU/uL of phage were added 2—4 L
of a0.1 mol/L solution of sodium bicarbonate solution, pH 9.0, for
a fina pH of 8.0. With constant agitation, 2—4 L of a fresh
solution of NHS-MAG3 in dry DMF (1 mg/mL) were also added.
The volume of DMF was always less than 10% of the final volume.
The conjugation mixture was incubated at room temperature for 45
min. Unbound MAG3 was then removed by precipitation of the
phage with the PEG/NaCl solution as before, and the sample was
spun at 15,000g for 15 min at 4°C to pellet the phage. The
MAG3-phage pellet was suspended in 50-100 pL of PBS and
purified once again by reprecipitation with PEG/NaCl. The fina
pellet of conjugated phage was suspended in PBS and stored at
4°C.

Radiolabeling of MAG3 Phage with #*™Tc

For ®mTc¢ radiolabeling, an aliquot of sodium tartrate (50 mg/
mL) in sodium bicarbonate (0.5 mol/L), ammonium acetate (0.25
mol/L), and ammonium hydroxide 0.175 mol/L buffer (pH 9.2)
was added to the MAG3 phage (550 wL; concentration ~10°
PFU/pL) so that the final concentration of tartrate was 7 pg/mL in
the labeling mixture. After addition of 9.25-37 MBq of *™Tc-
pertechnetate generator eluent, 2 pL of a fresh solution of
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SnCl,2H,0 (1 mg/mL in 10 mmol/L HCI) were added. The
labeling mixture was incubated at room temperature for 30—60
min. The ®mTc-labeled MAG3 phage was purified by precipitation
twice with PEG/NaCl as described above. Radiochemical purity
was estimated by instant thin-layer chromatography (ITLC) with
acetone as the solvent (ITLC-SG; Gelman) and by paper chroma-
tography (Whatman no. 1; VWR) with saline as the solvent. Both
radiolabeled phage and colloids remain at the origin in both
systems, whereas pertechnetate, labeled tartrate, and MAG3 mi-
grate in saline and only pertechnetate migrates in acetone. The
chromatography strips were cut into 1 cm sections, and the radio-
activity was determined in a vy well counter (Cobra Il Auto-
Gamma; Packard Instrument Co.). As a control, the identical
labeling procedure was performed on phage that had not been
conjugated with MAG3.

Stability of ®*Tc-Phage in Serum and Buffer

To test the stability of the label on free phage, the ®*™Tc-labeled
phage (20 pL, 4 X 10 PFU) was added to 0.2 mL of fresh human
serum or PBS at 37°C and aliquots were removed in duplicate at
15 min, 30 min, 1 h, 3 h, and 18 h for analysis by ITLC/acetone
and paper/saline.

Binding of %°"Tc-Phage to Bacteria

Binding of the labeled phage to bacteria was measured after the
addition of ®™Tc-phage (3.5 X 107 PFU) to 0.5 mL of each of the
3 strains at a cell count of 8 X 108/mL. Samplesin triplicate were
removed at 1, 5, and 10 min and spun at 8,200g for 3 min. The
bacteria pellet was washed with PBS and counted for radioac-
tivity.

Binding of #*"Tc-Phage to Live and Heat-Killed
Bacteria

To determine whether the *™Tc-phage bound to heat-killed
bacteria, the labeled phage was incubated with both live and
heat-killed preparations. The live bacterial preparations were ad-
justed to a concentration of 5.2 X 108/mL in LB medium, each
preparation was divided into 2 aiquots, and 1 aliquot was heated
in a boiling water bath for 30 min for sterilization. All 6 prepara-
tions of live and heat-killed bacteria (0.5 mL of each) were
incubated in duplicate in a 37°C water bath with the %MTc-phage
(3.5 X 108 PFU, about 0.011 MBq). After 5 min, the samples were
spun at 8,200g for 3 min, the supernatant was removed, and the
pellet was washed with PBS. The wash was pooled with the
supernatant and counted in a~y well counter along with the pellets
for associated activity.

Analysis of Supernatant Radioactivity

Because heat sterilization of bacteriais believed to damage the
plasma membrane such that the cell constituents can escape, leav-
ing membrane fragments (15), it was important in this study to
establish whether the radiolabeled phage was retained on bacteria
once the membranes were fragmented, in this case by heat dena-
turation. We wished to determine whether the phage remained
bound to the bacterial cell wall or membrane fragments once the
infected bacteria were killed. The method of analysis consisted of
2 seria centrifugations, a short spin to pellet bacteria and large
fragments and their associated phage followed by a second spin to
pellet smaller fragments. Preliminary studies showed the absence
of free phage in these incubations (data not shown). As before, the
labeled phage (10° PFU, about 0.011 MBq) was added to 4 mL of
live and heat-killed E. coli preparations (each at 1.5 X 10%mL)
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and incubated at 37°C. Sampleswere removed at 1, 15, and 60 min
and spun at 850g for 1 min. The supernatants were then spun for
a further 10 min at the same speed. The supernatants and pellets
were then counted.

To obtain sufficient radioactivity for high-performance liquid
chromatography (HPLC) analysis of the supernatant, this proce-
dure was repeated but only on live bacteria and using phage
radiolabeled at a higher specific activity. E. coli (6 mL at 5.2 X
108/mL) was incubated with ®™Tc-phage (10° PFU, about 14.8
MBQ) in a 37°C water bath as before, and samples were removed
in duplicate at 1, 30, 60, and 105 min. To remove particulate
meatter, samples were first spun for 1 min a 1,000g and the
supernatants were filtered through a 0.2 pum filter (13 mm Acro-
disc; Gelman Sciences). The filtrate was analyzed by reversed-
phase HPLC (C-18, YMC-pack ODS-AMQ, 4.6 X 250 mm;
Waters) using a linear gradient at 1 mL/min going from 100%
eluant A (0.1% trifluoroacetic acid in water) to 60% eluant B
(0.1% trifluoroacetic acid in 90% acetonitrile/10% water) in 30
min. The unfiltered samples were analyzed by ITLC/acetone and
paper/saline.

Biodistribution of %mTc-Phage in Normal Mice

Biodistribution of the labeled phage was measured in normal
CD-1 mice. About 0.1 mL, containing 2 X 10° PFU (about 1.18
MBQ) of labeled phage, was administered to normal mice through
atail vein. Animals were sacrificed at 30 min, 3 h, 6 h, and 24 h
(n = 2), and organs of interest and blood were removed, weighed,
and counted in the vy well counter.

Infection and Inflammation in a Mouse Model

To help establish whether the labeled phage can be used to
distinguish between infection and inflammation, normal mice were
injected subcutaneously with each of the 3 live bacteria (infection/
inflammation models) or sterilized cell-free broth (inflammation
models) containing, most likely, bacterial debris and intracellular
materials such as endotoxins). Mice received a subcutaneous in-
jection of 0.1 mL of 1 of the 6 injectates (n = 4) into a thigh. At
3 h thereafter, mice received the labeled phage (10° PFU, about
1.036 MBq) through a tail vein, and after an additional 3 h, the
animals were imaged on an APEX 409M large-view y camera
(Elscint). The study was also repeated with live and heat-killed
preparations with only 20 min instead of 3 h between preparation
of the model and administration of the labeled phage. The shorter
period was selected in the hope of minimizing the contribution
from inflammation in the infection/inflammation model. After
imaging, the organs of interest and blood were removed, weighed,
and counted in the y well counter.

RESULTS

Radiolabeled Phage

Analysis by both ITLC and paper chromatography of all
radiolabeled phage preparations showed greater than 90%
of the label remaining at the origin, almost certainly as
labeled phage (data not presented). Radioactivity binding to
native phage without MAG3 was less than 5%.

Stability of Labeled Phage in Serum and Buffer

Figure 1 presents a histogram of the activity remaining at
the origin on analysis by strip chromatography of |abeled
phage in serum and buffer over time. As shown, the [abel on
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FIGURE 1. Histogram of activity remaining at the origin with

ITLC in acetone and paper chromatography in saline of labeled
phage in serum or buffer over time.

phage showed no important instabilities leading to migra-
tion in serum. At 18 h of incubation, 99% (ITLC) and 91%
(paper) of the added activity still remained at the origin. The
results in buffer were somewhat lower with 80% (ITLC)
and 77% (paper) at 1 h but with minimal change over time
thereafter. The radiolabeled phage was thus shown to be
stable under the conditions of incubation, especialy in
serum.

Binding of %°"Tc-Phage to Live and Heat-Killed
Bacteria

When the labeled phage was added to the live bacterial
suspensions, binding was immediate, as shown in Figure 2.
As early as 1 min, 84% = 2% of the label was associated
with E. coli 2537, and this percentage was unchanged over
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FIGURE 2. In vitro measure of **mTc-MAG3-phage binding to

bacteria. Percentage of added activity bound is shown for E.
coli 2537 (black bars), E. coli 25922 (white bars), and S. aureus
(hatched bars).
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10 min. By contrast, E. coli 25922 and S. aureus bound only
41% =+ 2% and 48% =+ 3%, respectively, at 1 min, followed
by a dight decrease to 33% *+ 6% at 5 and 10 min in both
cases. Thus, even though the labeled M13 phage showed
preferential binding to a single E. coli strain, it aso bound
toasecond strain and to S. aureus, although at alower level.

Incubation of labeled phage with live and heat-killed
bacteria demonstrated that the labeled phage bound almost
equally to both regardless of bacteria strain. As shown in
Table 1, although more radioactivity was associated with
the live bacteria than with the heat-killed preparations, the
difference was only about 11% irrespective of the bacterial
type.

The radioactivity levels in the supernatant of these prep-
arations were investigated further for E. coli 2537 by mea-
surement after a second, longer, centrifugation. Asshown in
Table 2, in the case of the live bacteria, radioactivity in the
supernatants was unchanged after the first short (1 min at
850g) and second longer (10 min at 850g) centrifugation.
By contrast, in the case of the heat-killed bacteria consid-
erably more radioactivity remained in suspension after the
first centrifugation, and the level was brought down only
after the second centrifugation. Thus, the first, short, cen-
trifugation was obviously bringing down most intact bacte-
ria and large cell debris but not the small cell fragments
generated by heat killing. Most importantly, since ailmost all
the radioactivity could be brought down eventualy, this
radioactivity must have remained associated with cell frag-
ments. Thus, once again, the radiolabel was shown to be
stable under the conditions of the study.

That the time of incubation had no effect on these results
simply reflects the rapid binding kinetics of this phage to
both live and heat-killed bacteria and fragments. To evalu-
ate further the nature of the radioactivity remaining in
suspension after incubation of the *™Tc-labeled phage at
37°C, in this case with live E. coli 2537 bacteria, after an
initial spin the supernatants were subjected to 0.2 pm fil-
tration and C-18 HPLC analysis. Asshown in Figure 3, after
a 1 min centrifugation the supernatant contained 9% of the
added radioactivity at 1 min of incubation, and that percent-
age increased to 33% at 105 min of incubation. Neverthe-
less, the percentage of radioactivity passing the filter re-

TABLE 1
99mTc-Phage Binding to Live and Heat-Killed Bacteria
Bacteria Condition Pellet Supernatant
E. coli 2537 Live 71 24
Heat killed 59 37
S. aureus Live 86 9
Heat killed 76 20
E. coli 25922 Live 83 12
Heat killed 70 25

Data are added radioactivity in pellet and supernatant (%, mean
ofn=2).
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TABLE 2
Radioactivity in Supernatant After Serial Centrifugations
with Time of Incubation at 37°C

Supernatant
First spin Second spin
Time E. coli 2537 (1 min at 850g) (10 min at 8509)
1 min Live 4 4
Heat killed 36 6
15 min Live 5 5
Heat killed 14 5
60 min Live 6 6
Heat killed 21 7

Data are added radioactivity in supernatant (%, mean of n = 2).

mained constant at about 7% over time. Because the
radioactivity removed by filtration was on particul ates, al-
most certainly bacterial wall and membrane fragments, the
increasing radioactivity in the supernatant with time of
incubation can be explained by increased phage-mediated
cell killing and generation of fragments not brought down
by the centrifugation but removed by the filtration. There-
fore, these data show that the [abel on bacteria was stable to
incubation even after bacterial lysis.

Theradioactivity in the filtrate was analyzed by reversed-
phase C-18 HPLC. Figure 4 presents the radiochromato-
gram obtained by analyzing the 30 min incubate, with
radiochromatograms of pertechnetate and *"Tc-MAGS in-
cluded for comparison. Each filtrate radiochromatogram
showed a similar peak with a retention time identical to that
of pertechnetate and was therefore most probably pertech-
netate. The recovery was always greater than 90%.

40

30

20

Percentage of added activity

10
O-|||||||||||||||||||||||||||
0 20 40 60 80 100
Time (min)
FIGURE 3. Percentage of added activity remaining in the

supernatant following centrifugation after incubation of %mTc-
phage with E. coli 2537 (black circles) and in the same super-
natant after 0.2 um filtration (white circles). The decrease in
activity after filtration demonstrates that the activity was asso-
ciated with particles.
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FIGURE 4. Reversed-phase C-18 HPLC radiochromato-
grams. Shown is the 0.2 pm filtrate of the 30 min supernatant
after incubation of ®°mTc-labeled phage with E. coli 2537. In-
cluded as standards are %mTcO; and *°mTc-MAGS.

Biodistribution in Normal Mice

The biodistribution of the ™Tc-labeled phage in normal
mice at various times is shown in Figure 5. The lungs and
liver were the organs of greatest accumulation at the earliest
time, with about 31% in liver, 8% in lungs, and 2% in spleen
at 30 min. Activity in al organs gradually decreased over
time such that at 6 h kidneys, spleen, and lungs contained
only about 1% of the injected dose and by 24 h liver activity
was reduced to 5% and lung activity to 0.39%. Values for
blood were 2.5% at 30 min and decreased to 0.2% at 24 h.
That the lung levels rapidly decreased with time suggests
that localization in this organ was not simply due to capil-
lary trapping of a radiolabeled particle. The unexpectedly
high radioactivity levelsin lungs at 30 min were not inves-
tigated further.

ueblio Jad Q| %

% ID per organ

FIGURE 5. Radioactivity levels (percentage injected dose [%
ID] per organ) of ¥mTc-labeled phage in tissues of normal mice
at 0.5, 3, 6, and 24 h after administration. Liver, the highest
organ of accumulation, is shown on its own scale.
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TABLE 3
Biodistribution 4 Hours After Administration of ®™Tc-Phage to Mice Receiving Live Bacteria
(Infection/Inflammation Model) or Heat-Killed Bacteria (Inflammation Model) 3 Hours Earlier

E. coli 2537 S. aureus E. coli 25922

Tissue Live Heat killed Live Heat killed Live Heat killed
Liver 15.8 (0.33) 15.1 (3.02) 17.4 (1.34) 16.5 (1.14) 13.1 (1.43) 13.9 (1.48)
Heart 0.09 (0.0) 0.08 (0.01) 0.06 (0.01) 0.05 (0.01) 0.06 (0.00) 0.06 (0.01)
Kidney 1.31 (0.16) 1.35 (0.06) 1.08 (0.12) 1.06 (0.20) 1.12 (0.20) 1. 06 (0.06)
Lung 1.77 (0.16) 2.38 (0.79) 0.74 (0.14) 0.55 (0.19) 1.30 (0.25) 0 (0.26)
Spleen 0.88 (0.08) 1.35(0.82) 0.97 (0.18) 0.69 (0.18) 0.91 (0.16) 1. 06 (0.19)
Stomach 12.6 (0.43) 12.3 (2.84) 15.2 (1.25) 9.17 (2.79) 12.2 (4.06) 14.7 (2.65)
Small intestine 5.29 (0.38) 6.85 (2.65) 7.33 (1.31) 5.46 (1.25) 4.97 (0.99) 3.61 (1.04)
Large intestine 8.02 (1.96) 6.46 (1.66) 6.79 (0.97) 12.6 (3.27) 10.1 (0.84) 11.9 (2.19)
Blood 1.38 (0.08) 1.25(0.14) 1.0 (0.18) 0.82 (0.25) 1.06 (0.23) 1.05(0.17)
Target thigh 0.69 (0.1) 0.5 (0.05) 0.76 (0.07) 0.40 (0.04) 0.79 (0.07) 0.52 (0.01)
Normal thigh 0.33 (0.04) 0.33 (0.04) 0.36 (0.02) 0.27 (0.04) 0.30 (0.05) 0.29 (0.03)

Data are percentage injected dose per organ or per milliliter of blood (mean of n = 4, with SD in parentheses).

Infection/Inflammation Model

Table 3 presents the biodistribution at 4 h after adminis-
tration of the labeled phage in mice induced 3 h earlier with
an infection/inflammation or an inflammation in one thigh
using 1 of the 3 bacterial preparations, both as live and
heat-killed preparations. As before, the liver was the organ
of greatest accumulation of radioactivity in al cases. Ra-
dioactivity was aso high in the stomach and in the small
and large intestines, possibly because of the presence of
endogenous bacteria in these organs. Activity was 2 to 2.5
fold higher in the infected/inflamed thigh than in the normal
thigh for each of the 3 bacterial preparations, whereas the
ratios for the inflamed thigh to the normal thigh were lower
a 15to1.8.

Infection/inflammation and inflammation are compared
in the bar graph of Figure 6. The difference in the percent-
age injected dose that accumulated in the infected thigh
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E. coli 2537 S.aureus 29213 E. coli 25922

FIGURE 6. For the 3 bacterial preparations, comparison of
activity (percentage injected dose [% ID]) in the infected thigh
(black bars) and inflamed thigh (white bars) of mice, with the
significance between the two indicated.
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versus inflamed thigh was significant in each case (Student
t test), at 0.69 versus 0.50 for E. coli 2537 (P = 0.046), 0.76
versus 0.40 for S aureus (P = 0.00039), and 0.79 versus
0.52 for E. coli 25922 (P = 0.0037).

In one study, the live bacteria and heat-killed preparation
were introduced only 20 min before administration of the
9mTc-phage in an attempt to minimize the contribution
from inflammation in the infected thigh. After 3 h, the
accumulated activity was 2.3 fold higher in the infected
thigh than in the normal thigh, whereas the ratio for in-
flamed thigh to normal thigh was 1.6. These values are
essentially identical to those obtained using a 3 h period
between induction and phage administration. The percent-
age injected dose in the normal thigh was again statistically
identical (P = 0.11) for both sets of animals.

Images
Figure 7 presents whole-body images taken 3 h after
administration of ®MTc-labeled phage to mice that had

E. coli 2537 S. aureus 29213 E. coli 25922

FIGURE 7.

For the 3 bacterial preparations, whole-body im-
ages at 3 h after administration of ®mTc-MAG3 phage to mice
with an infection (left panels) or inflammation (right panels) in the
target thigh (arrows).
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received the 3 bacterial preparations as either infection/
inflammation or inflammation in the right thigh. The area of
highest accumulation is in the abdomen, most likely liver
and gut. The focal uptake in the neck is thought to be due to
the small percentage of pertechnetate in the injectates lo-
calizing in the thyroid. The greater accumulation of activity
in the infected thigh than in the inflamed thigh is evident.

DISCUSSION

Most agents considered for infection imaging are actually
markers of inflammation and cannot discriminate between
inflammation and infection. These include %'Ga (16,17),
1 n or ¥MTc-labeled leukocytes (18—20), polyclonal non-
specific IgG(1), cytokines (21), liposomes (22), chemotactic
peptides (23), human neutrophil elastase-2 (24), and strepta-
vidin—hiotin (25,26). Thus far, only ®"Tc-Infecton, an an-
tibiotic, and *™Tc-ubiquicidin, a bacteria-specific peptide,
have been presented as infection-specific imaging agents.

After their discovery in 1920, bacteriophages that repli-
cate by lysing their bacterial host were considered an ad-
vancement in the treatment of bacterial infections (9). How-
ever, with the introduction of antibiotics, clinical use of
phages to treat bacterial infections diminished, but phage
therapy continues today in parts of Eastern Europe and is
being reconsidered elsewhere in response to the growing
occurrence of antibiotic-resistant bacteria (27). Phages have
also been used for bacterial typing and as an epidemiologic
tool (28).

To our knowledge, bacteriophages have not previously
been considered as potential diagnostic agents. Because
phages are bacterial specific and have been used in the clinic
for infection therapy, apparently safely, for more than 80y,
their investigation as a potential infection-specific imaging
agent appears reasonabl e, although their safety and efficacy
remain to be evaluated. A potential limitation in this appli-
cation may be the narrow specificity of phages. However,
this limitation may simply require the use of a phage cock-
tail to include the more prevalent bacterial infections.

We have shown that the M13 phage may be labeled with
9mTc using MAG3 without in vitro evidence of label insta-
bility in saline or serum. We have aso shown that the
radiolabeled phage binds immediately and essentialy
equally to both live and heat-killed bacteria and that, once
bound, the phage is surprisingly stable to dissociation. Fur-
thermore, when we tested M 13 binding to 3 different bac-
terial strainsin culture, we observed ameasure of specificity
inthat E. coli 2537 appeared to be preferred to E. coli 25922
and S aureus 29213.

The biodistribution of phages in animals has not been
exhaustively investigated. Inchely reported that the 5!Cr-
labeled T4 phage immediately clearsto the liver (29). While
working with A phage, Geier et a. found the phage titer to
be highest in the spleen and to clear much more slowly from
that organ than from other tissues (30). We observed the
highest accumulation of radiolabeled phage in the liver and

9MT c-PHAGE FOR INFECTION IMAGING © Rusckowski et al.

gut, and a rapid accumulation of radioactivity in the lungs
that also decreased rapidly. These differences are likely due
to the use of different phages. The high levels of radioac-
tivity accumulation in the stomach and gut may be due to
targeting of endogenous bacteria in these organs and needs
further investigation.

However, it isthe result in infection that may be the most
informative about the properties of radiolabeled phage.
When tested in an infection/inflammation mouse model, the
radiolabeled phage showed statistically significantly higher
accumulations in the target thigh than in the normal con-
tralateral thigh, regardiess of the bacterial type used for
infection. Although the expected higher accumulation was
seen in the inflamed thigh of the inflammation mouse model
than in the normal contralatera thigh, this accumulation
was significantly lower than in the infection model. The
increased accumulation in infection therefore argues in fa-
vor of a mechanism that, at least in part, involves specific
binding to bacteriaand is thus in agreement with our in vitro
results showing bacterial binding.

CONCLUSION

We have presented evidence that a bacteriophage radio-
labeled with %°MTc appears to bind to 3 types of bacteriain
a manner that suggests the binding is specific. Further
investigations are necessary to determine whether and to
what extent these observations are general and pertain to
other phages and other bacterial types. The results of this
investigation suggest that further studies may be warranted
to evaluate the potential of radiolabeled phages as bacteria-
specific imaging agents. If further studies confirm that ra-
diolabeled phages bind to bacteria fragments, then in con-
trast to other infection-imaging agents under devel opment,
radiolabeled phages may eventually be useful after antibi-
otic treatment.
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