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Abstract: 2'-Fluoro-2'-deoxy-13-D-arabinofuranosyl-5-[125|]iodouracil ([1251]FIAU), a substrate for the thymidine kinase
(TK) present in most bacteria, has been used as an imaging agent for single photon emission computed tomography
(SPECT) in an experimental model of lung infection. Using SPECT-CT we show that [125I]FIAU is specific for bacterial
infection rather than sterile inflammation. We report [1251]FIAU lung uptake values of 1.26 + 0.20 percent injected
dose per gram (%ID/g) in normal controls, 1.69 + 0.32 %ID/g in lung inflammation and up to 7.14 + 1.09 %ID/g in
lung infection in ex vivo biodistribution studies at 24 h after intranasal administration of bacteria. Images of [125[]FIAU
signal within lung can be used to estimate the number of bacteria present, with a limit of detection of 10° colony
forming units per mL on the X-SPECT scanner. [125]]FIAU-Based bacterial imaging may be useful in preclinical models
to facilitate the development of new antibiotics, particularly in cases where a corresponding human trial is planned.
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Introduction

Bacterial infections are a major cause of mor-
bidity and mortality. The emergence of new
pathogens and more importantly, of known
pathogens with increased resistance to antibiot-
ics, such as methicillin-resistant Staphylococcus
aureus (MRSA) [1] and enhanced-spectrum
beta-lactamase producing enterobacteriaceae
(ESBL) [2], have led to an increased awareness
of infectious diseases. Patients are prone to
developing infections related to immune sup-
pression encountered with cytotoxic anti-cancer
chemotherapies [3], following organ transplan-
tation [4] or upon implantation of foreign mate-
rials, such as in surgery for a prosthetic joint [5].
Nosocomial infections, in particular, remain a
serious if not increasing threat. Diagnosis and
therapeutic monitoring of infectious diseases
are a constant challenge. Conventional meth-
ods of diagnosis rely on blood cultures and/or
direct biopsy. Those methods are invasive, time-
consuming, subject to sampling error and are
not appropriate for all organ systems, e.g., the

brain and central nervous system. Imaging pro-
vides a noninvasive means of identifying and
quantifying infection, but current methods are
either nonspecific, such as magnetic resonance
imaging or positron emission tomography (PET)
with [18F]fluorodeoxyglucose [6, 7], or are cum-
bersome and insensitive in certain cases, such
as the current clinical standard, the tagged
white-blood cell scan [8-11]. Newer methods to
detect and follow infection involve agents that
bind specifically to bacterial proteins, such as
the use of radiolabeled analogs of ciprofloxacin
[12] and other antibiotics [13] or of radio-
labeled chemotactic peptides [14]. Radiophar-
maceutical-based methods to image infection
have been summarized in several recent re-
views [15-17]. One promising new technique
uses radiolabeled nucleoside analogs such as
2'-fluoro-2'-deoxy-1p3-D-arabinofuranosyl-5-
[124/5]]iodouracil ([124/S1]FIAU) [18-20] or 2'-[18F]
fluoro-2'-deoxy-1B3-D-arabinofuranosyl-5-
ethyluracil ([18F]FEAU) [21], which are sub-
strates of bacterial - but not human -
thymidine kinase (TK). The feasibility of using
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radiotracers of this class to detect localized bac-
terial infections in experimental models of infec-
tion [18] and in human subjects has been dem-
onstrated [19]. We have also recently used a
strain of M. tuberculosis, engineered to express
TK, which it does not naturally express, to image
this infection in mice to provide a noninvasive
means to test new antituberculosis agents in
vivo [20].

Here we report the use of [125]]FIAU to image
murine pulmonary bacterial infections. We use
this model system to validate the technique,
i.e., prove that [125]]FIAU is sequestered only
within infected tissue and not in sterile inflam-
mation. We also attempt to quantify the bacte-
rial load through imaging and use the method to
follow a brief course of antibiotic treatment.

Materials and methods
Materials

Lipopolysaccharide (LPS) from Escherichia coli
(serotype 026:B6) was purchased from Sigma
(St. Louis, MO). E. coli strain RS218 was a kind
gift of Dr. Kwang Sik Kim (Johns Hopkins). E.
coli strain KY895 was obtained from the Coli
Genetic Stock Center (CGSC) of Yale University.
2'-Fluoro-2'-deoxy-1B-D-arabinofuranosyl-uracil
(FAU) was purchased from ABX Biochemicals
(Radeberg, Germany). All other reagents were
obtained from Sigma or Fisher Scientific
(Pittsburgh, PA).

Animals

All studies were performed in accordance with
the regulations of the Johns Hopkins Animal
Care and Use Committee. Eight- to 10-week-old
CD-1 mice were purchased from Charles River
Labs (Wilmington, MA).

[1251]FIAU preparation

The synthesis of [125]]FIAU was performed ac-
cording to Jacobs et al [22]. Briefly, FAU (300
pg, 1.22 mmol, Moravek) was dissolved in 170
ML of 2 M HNOas. To that solution, 1.5 mCi (55.5
MBq) of [125]]Nal (ICN Pharmaceuticals, Costa
Mesa, CA) was added and the contents were
heated at 130°C for 45 min. The reaction was
quenched with 150 uL of high-performance lig-
uid chromatography (HPLC) mobile phase
(20:79.9:0.1% MeCN: H20: triethylamine). The
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resulting [1251]FIAU was purified by reverse-
phase HPLC over a Phenomenex Luna Cis semi-
prep column (10 ym, 4.6 x 250 mm, Phenome-
nex, Torrance, CA) by using the isocratic mobile
phase mentioned above at a flow rate of 2 mL/
min. The product was concentrated under re-
duced pressure and formulated in 0.9% physio-
logical saline before sterile filtration through a
0.22 pm syringe filter. Formulations were kept
at 1 mCi/100ul. (37 MBqg/mL) to minimize the
injection volume. The final radiochemical yield
was ~ 50%, the radiochemical purity was >
99%, and the specific radioactivity was > 74
TBg/mmol.

Lipopolysaccharide (LPS) induced lung
inflammation

Mice were anesthetized by brief isoflurane ad-
ministration. While anesthetized, intranasal in-
stillation was conducted by placing 10 ug/60 uL
(167 pg/mL) of LPS onto the nares. The 60 uL
sample was applied onto the nares as three 20
uL drops [23, 24]. One mouse per time point
was also administered phosphate-buffered sa-
line (PBS) in a similar fashion and was used as
the control.

Lung lavage and total cell count

After intranasal exposure to LPS and PBS, mice
(n = 4) were sacrificed by cervical dislocation at
various time points (0, 12 h, 24 h, 36 h and 48
h). Bronchoalveolar lavage (BAL) was performed
as described previously [24]. The total number
of cells in the pooled samples was then counted
using a hemocytometer.

SPECT-CT imaging of lung inflammation

Eight healthy (8 - 10-week-old) female CD-1
mice (Charles River, Wilmington, MA) were im-
aged. For the baseline scan all eight animals
were injected intravenously with 1 mCi (37
MBq) of radiopharmaceutical. At 2 h post-
injection, each mouse was anesthetized with
isoflurane and maintained under 1 - 2% isoflu-
rane in oxygen. The mouse was positioned on
the X-SPECT (Gamma Medica-ldeas, Northridge,
CA) gantry and was scanned using two low en-
ergy, high-resolution pinhole collimators
(pinhole diameter 10mm) rotating through 360°
for 40 sec per increment (total acquisition time
~ 45 minutes). All gamma images were recon-
structed using LumaGEM software (Gamma
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Medica-ldeas). Immediately following image
acquisition, the mice were then scanned by CT
(X-SPECT) over a 3.5 cm field-of-view using a
600 pA, 50 kV beam. Data were reconstructed
using the Ordered Subsets-Expectation Maximi-
zation (OS-EM) algorithm. The SPECT and CT
data were then co-registered using the sup-
plier's software (Gamma Medica-ldeas) and
displayed using Amira (Visage Imaging Inc., An-
dover, MA). Immediately following imaging, four
mice were administered 60 uL LPS intranasally
as described earlier. The remaining four mice
were administered 60 pL of PBS (controls) in a
similar manner. At 22 h after LPS and PBS ad-
ministration, each mouse was injected intrave-
nously with 1 mCi (37 MBq) of [125]]FIAU. The
injections of radiotracer were staggered to ac-
commodate imaging of every mouse 2 h after
injection of radiotracer and coinciding with the
24 h time point after the intranasal administra-
tion of LPS or PBS, the time point at which the
pulmonary granulocyte count is maximal [24].
Animals were imaged as described previously.

In vitro [125]]FIAU uptake in bacteria

Prior to its use for infection experiments in vivo,
E. coli RS218 was confirmed to be TK-positive
through an in vitro [*251]FIAU uptake assay [20].
A known TK-negative strain, E.coli KY895 [25],
was used as the control. Overnight cultures of E.
coli RS218 (TK-positive) or E. coli KY895 (TK-
negative) strains were diluted 1 in 50 in fresh
Luria Bertani (LB) medium containing 1 uCi/mL
(0.037 MBg/mL) of [125]]FIAU and incubated in
a shaker incubator at 37°C for 2 to 24 h. At
each specified time point, equal aliquots were
withdrawn from the cultures and the cell pellets
were washed three times to remove free [125]]
FIAU in the media. The radioactivity in the pel-
lets was measured using a gamma spectrome-
ter (1282 Compugamma CS Universal gamma
counter, LKB Wallac, Turku, Finland). Each as-
say was performed in triplicate.

Quantification of lung infection

E. coli RS218 was cultured to log phase in LB
medium containing 100 ug/mL of streptomycin
and was then serially diluted to provide different
concentrations (colony forming units, CFU/mL)
of infecting bacteria for mouse inoculation. Mice
were anesthetized by isoflurane. Intranasal in-
stillation of bacteria (105 - 107 CFU/mL) was
performed in the anesthetized mice as de-
scribed above. Infected mice were sacrificed at
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18, 24 and 48 h after infection and their lungs
were extracted and homogenized. Serial dilu-
tions of the lung homogenate were plated onto
blood TSA agar plates (Becton Dickinson, Frank-
lin Lakes, NJ) for colony counting to estimate
the bacterial load in the lung. Colony counting
was performed at 24 h after plating.

SPECT-CT imaging of lung infection

Prior to infection, CD-1 mice were rendered neu-
tropenic by intraperitoneal (i.p.) injection of
cyclophosphamide (Baxter, Deerfield, IL) at day -
4 (150 mg/kg) and at day -1 (100 mg/kg) [26].
Mice were injected via the tail vein with ~1 mCi
(37 MBq) of [125]]FIAU and were imaged as de-
scribed above at 2 - 8 h time points after injec-
tion of radiotracer, coinciding with 18 - 48 h
after bacterial inoculation.

Image analysis

Signal intensity from SPECT images was calcu-
lated by using an automatic segmentation
method we recently described [27]. Using stan-
dard image processing techniques, lungs of
normal control and infected animals were pre-
segmented from the CT. Typically, the infected
regions of the lungs were omitted from this pre-
segmentation followed by a template based
deformation algorithm to complete the pre-
segmentation. After segmentation of the lungs
from the CT, the anatomic segmentation was
superimposed upon the SPECT images and re-
gions of interest (ROIs) were drawn. The aver-
age signal intensity within the lungs as well as
the standard deviation of the [1251]FIAU-SPECT
signal within the lungs was computed from the
ROls.

Histopathology

Infected or inflamed lungs were inflated and
fixed in 10% neutral buffered formalin. Follow-
ing fixation, specimens were placed into a tis-
sue processing cassette and embedded in par-
affin. Lungs were sectioned as 4 um slices with
a Reichert microtome, and stained with hema-
toxylin and eosin using standard methods.

Antibiotic treatment
Based on the results of a disk diffusion assay
employing commonly used antibiotics [28], E.

coli RS218 was found to be susceptible to am-
picillin and doxycycline, which were chosen for
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treatment of lung infections in mice (data not
shown). Antibiotic treatment was continued for
10 days at 50 mg/kg/day for ampicillin and 5
mg/kg/day for doxycycline as per dosage in-
structions on the package insert. Infected mice
were imaged before and after treatment using
the same parameters outlined above.

Ex vivo biodistribution

To measure the uptake of [1251]FIAU in mice with
lung inflammation, mice were divided into two
groups: PBS- (n = 8, control) and LPS-treated (n
= 8). Four mice from each group were injected
with 2 uCi (74 KBq) of [1251]FIAU in 200 pL of
saline vehicle at 22 h after PBS or LPS treat-
ment. The mice were then sacrificed at 24 h to
determine the uptake of [1251]FIAU at 24 h after
LPS administration. The remaining mice were
injected with [125[]FIAU at 46 h and sacrificed at
48 h to determine the biodistribution at 48 h
after LPS administration. For biodistribution
experiments in infected mice, animals were in-
fected intranasally with 105- 107 CFU/mL of
bacteria and then sacrificed at 18 - 48 h after
infection. A separate group of mice that were
infected with 105 CFU/mL bacteria were subse-
quently treated with antibiotics and used in the
biodistribution study at the end of a 10 d treat-
ment regimen. The organs that were collected
for analysis included blood, heart, lungs, liver,
spleen, kidney, stomach, small intestine and
large intestine. The excised organs were
weighed and counted in a gamma counter and
the percentage injected dose per gram (%ID/g)
of organ was calculated from the data.

Statistical analysis

In comparisons of ex vivo biodistribution studies
and image analysis data among the inflamed,
infected and treated groups, statistical analyses
were performed using a one way ANOVA. To
compare between the LPS- and PBS-treated
mice, a two-tailed t test was used. In all analy-
ses, P-values less than 0.05 were considered
significant. All analyses were performed using
Prism software (GraphPad Software, La Jolla,
CA).

Results
Validation of the inflammation model

The time point at which there was maximum
inflammation, as evidenced by the total cell
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Figure 1. [1251]FIAU cell uptake specificity. E. coli
RS218 and E. coli KY895 were incubated with 1 uCi/
mL (37 MBqg/mL) [125]]FIAU in an incubator at 37°C.
Accumulated radioactivity was measured by with-
drawing equal aliquots of E. coli RS218 (black bars)
and E. coli KY895 (gray bars) at different time points
(2 h - 24 h) following incubation with radiotracer.
Values depicted are the average from three aliquots
of experiments performed in triplicate. Data are rep-
resented as accumulated activity in counts per min-
ute (cpm) + SEM.

Table 1. Time course of lung granulocyte
accumulation after LPS treatment

Time (h) Total Granulocytes per mL (x 109)
PBS 0.25+0.19
0 0.67 £ 0.06
12 1.59+0.33
24 2.60 +0.15
36 1.26 £+ 0.36
48 0.80 £ 0.31

counts within lung, was at 24 h following the
intranasal administration of LPS (Figure 1). At
that time the total granulocyte count was (2.60
+ 0.15) x 106cells. Thereafter, a steady decline
in the total cell numbers reaching (0.80 + 0.31)
x 106cells by 48 h was observed (Table 1). The
calculated granulocyte cell numbers in the con-
trol mice averaged over 48 h were (0.25 + 0.19)
x 106 cells. Accordingly, the 24 h time point was
chosen for subsequent imaging experiments.
The calculated lung weights show an increase in
weight of the LPS mice lungs in the range of 14
- 25% over the control, which is consistent with
values reported in the literature [24].

Ex vivo biodistribution
The biodistribution values in the lungs showed
no difference in uptake between the controls

(1.26 + 0.27 %ID/g) and LPS-treated mice (1.69
+ 0.40 %ID/g) (P = 0.18) (Table 2, Figure 2). As
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Table 2. Ex vivo biodistribution - inflamed lungs (% ID/g £+ SEM , n = 4)

Organ PBS (24 h) LPS (24 h) PBS (48 h) LPS (48 h)

blood 1.82 +£0.46 2.28 +0.70 1.57 +0.46 2.12 + 0.68
heart 0.75+0.11 1.04 £ 0.09 0.34 £ 0.11 0.59 £ 0.29
lung 1.26 £ 0.27 1.69 £ 0.40 0.91+£0.32 0.90 £ 0.54
liver 0.93 £ 0.15 1.39+0.11 0.56 £ 0.21 0.73+£0.19
stomach 7.13+2.01 9.02 + 3.99 430+2.21 4.37 £3.18
spleen 0.82 £ 0.62 1.64 +0.37 0.88 £ 0.33 1.21+0.43
kidney 1.88 £ 0.27 2.89 + 0.95 0.99 £ 0.33 1.41 +0.50
muscle 0.40 £ 0.03 0.59+0.11 0.02 £ 0.00 0.01 £ 0.00
small int. 2.04 +0.26 1.78 £ 0.59 1.00+£0.41 1.44 +0.46

i FES- 24h Figure 2. Ex vivo biodistribution

. FS 24h data in lung inflammation and in-

105-24h fection. Control mice, mice treated

e with lipopolysaccharide (LPS, an

. inducer of inflammation) and mice

. ’ that were infected with different

I 0°-24n bacterial concentrations (105 to

I 107 18h 107 CFU/mL) were injected with 2

154 CO10'-24n WCi (74 KBq) [1251]FIAU via the tail

Tissue

Table 3. Ex vivo biodistribution - infected lungs (% ID/g £+ SEM , n = 3)

vein. At 2 h following injection of
radiotracer, and coinciding with 18
h, 24 h or 48 h following admini-
stration of phosphate-buffered
saline (PBS), LPS or bacteria, mice
were sacrificed and their organs
were harvested, weighed and radio-
activity was counted in a gamma
spectrometer. Values are repre-
sented as percentage of injected
dose (%ID) per gram of tissue. Data
are means x SEM of four animals.

107-24hr 107-18hr 106-24hr 106-18hr 105-48hr 105-24hr
blood 452+ 1.32 3.45+1.09 2.60 £ 0.45 2.69 £ 0.07 4.53 +0.88 1.88+0.58
heart 2.80 £ 0.47 1.59 + 0.23 1.28 £ 0.23 1.47 £ 0.32 1.33+0.72 1.06 + 0.36
lung 7.14 +1.09 3.50+1.20 2.36+0.54 242+0.34 3.43 £ 1.69 1.68 + 0.75
liver 4.10+0.72 2.03+0.19 1.73 +0.46 1.93+0.41 2.14+1.02 1.33+0.44
stomach 10.81 + 2.80 10.62 + 4.47 12.02 + 4.36 11.57 + 2.04 15.81+7.97 15.31+10.10
spleen 3.48+0.34 2.48 £ 0.90 1.69 + 0.46 2.19+0.56 2.36+0.51 1.43 + 0.63
kidney 8.97 £4.06 3.51+£0.33 2.80+£0.52 3.42 £ 0.66 3.87+1.85 294 +1.20
muscle 1.65 + 0.25 1.00 £ 0.19 0.86 £ 0.05 0.84 £0.14 0.75+£0.12 0.68 £0.28
small int. 2.79+0.18 2.53+0.54 1.55+0.38 2.85+1.65 218+ 1.17 2.54£0.94

expected, high radiochemical uptake was also
detected in the stomach, liver and intestines
[18, 29]. Bacterial infection in lungs showed
uptake values of 7.14 + 1.09 for the highest
level of infection (24 h following infection with
107 CFU/mL) down to 1.68 + 0.75 %ID/g for the

264

lowest infection dose (24 h following infection
with 105 CFU/mL) (Table 3, Figure 2). Lung up-
take values reduced to 1.78 = 0.50 %ID/g from
3.43 + 1.69 %ID/g (48 h following infection with
105 CFU/mL) after antibiotic (doxycycline) treat-
ment (P < 0.05) (Table 4, Figure 3). The P-value
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Table 4. Ex vivo biodistribution - antibiotic treatment (% ID/g + SEM, n = 4)

No treatment Ampicillin Doxycycline
blood 453 +0.88 3.06+0.74 3.35+0.95
heart 1.33+0.72 1.24 + 0.09 1.16 +0.21
lung 3.43+1.69 2.05+0.33 1.78 £ 0.50
liver 2.14 +1.02 1.60 £ 0.13 1.43 +£0.30

stomach 15.81 + 7.97 11.16 £+ 6.21 7.57 £2.64
spleen 2.36 £+ 0.51 1.73+0.24 2.39+1.21
kidney 3.87 +1.85 3.45 +0.15 3.59 + 0.45
muscle 0.75 +0.12 0.78 £ 0.06 0.71+£0.18
small int. 2,18 +1.17 2.16 +£0.49 1.72 +0.46

25

of a one-way ANOVA used for comparison
among the different degrees of infection was
less than 0.0001. Ampicillin treatment led to a
decrease in radiochemical uptake as well, to
2.05 + 0.30 %ID/g. High blood uptake values
were seen in infected mice that trended toward
decrease in treated animals.

Imaging of lung inflammation and infection

Animals with lung inflammation or infection
were imaged at 2 h following intravenous (i.v.)
injection of [125]]FIAU. Figures 4A and B show
the SPECT-CT images of mice scanned at 24 h
after administration of PBS or LPS. Images were
adjusted to the same threshold intensity. No
detectable signal was visible in mouse lungs
that were inflamed (Figure 4B). The mean lung
uptake values extracted from the images were
2.78 + 0.87 and 2.10 + 0.70 for the PBS- and
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I Infected
= Ampicillin treated
= Doxycycline treated

Figure 3. Ex vivo biodistribution data for
[1251]FIAU uptake in infected and antibiotic
treated animals. Mice infected with 105
CFU/mL E. coli RS218 at 48 h after infec-
tion were used as the infected group. Mice
that were infected with 105 CFU/mL E. coli
RS218 and subsequently administered
antibiotics beginning at 48 h after infec-
tion represent the treatment group. Both
groups received 2 PCi (74 KBq) [1251]FIAU
via the tail vein and were sacrificed at 2 h
following radiotracer injection. Organs
were harvested, weighed and radioactivity
was counted in a gamma spectrometer.
Values are represented as percentage of
injected dose (%ID) per gram of tissue.
Data are means * SEM of five animals.

LPS-treated mice, respectively (P = 0.09). Based
on these results we conclude that sterile inflam-
mation does not sequester [125[]FIAU.

Bacterial infection in mouse lungs showed se-
lective uptake of [1251]FIAU. Animals that were
infected with 105 CFU/mL E. coli RS218 could
be visualized in the lungs at 48 h after infection
when the bacterial burden was (5.9 + 0.8) x
1011 CFU/mL, as measured from ex vivo bacte-
rial culture, i.e., bacterial quantification ob-
tained from culture of the mouse lungs (Table
5). For the same infecting dose, the bacteria
could not be visualized at 24 h following infec-
tion when the bacterial burden in the lungs was
only (3.5 + 1.4) x 107 CFU/mL. For mice that
were infected with 108 CFU/mL, the bacterial
burden was (3.6 £ 2.4) x 10° CFU/mL and (1.4
+ 0.4) x 10° CFU/mL at 18 and 24 h after infec-
tion, respectively. For animals that were in-
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Figure 4

E

o
15
-
|
o W
I

¥ 60 % ID/mL

o

Figure 4. SPECT-CT imaging of lung inflammation and infection. Control (PBS) and LPS-treated (inflammation) mice
were injected with 1 mCi (37 MBq) of [125]]FIAU via the tail vein and SPECT-CT images were acquired at (A) 24 h after
PBS administration (control), (B) 24 h after LPS administration. Four mice were imaged per group. All scans were
performed two hours after injection of [125]]FIAU. All images were adjusted to the same maximum signal threshold.
Mice harboring lung infection were similarly injected with 1 mCi (37 MBq) of [*25I]FIAU with SPECT-CT images ac-
quired at 18 h after infection with (C)107 CFU/mL, (D) 108 CFU/mL, and at 24 h after infection with (E) 105 CFU/mL
of E. coli RS218. SPECT-CT images of mice imaged at 24 h after infection with (F) 107 CFU/mL, (G) 106 CFU/mL and
at 48 h after infection with (H) 105 CFU/mL of E. coli RS218. Four mice were imaged for each bacterial infecting
dose. For monitoring antibiotic therapy, SPECT-CT images (l) of a mouse inoculated with 105 CFU/mL E. coli RS218
and with doxycycline for 10 days (5 mg/kg/day) were obtained. Four mice were imaged per group. A representative
image is depicted for each group. G - gallbladder, S- stomach, L- Lung.

doxycycling treated

fected with 107 CFU/mL of bacteria, the bacte-
rial load in the lungs was (1.6 + 0.1) x 1012
CFU/mL at 18 h following infection. At lung bac-
terial concentrations of 10° - 1012 CFU/mL,
bacteria could be visualized on the SPECT scan
as a diffuse signal in the lungs (Figures 4C - H).
Infection in animals that were infected with
higher CFU/mL bacteria could be visualized at
the earlier time point of 18 h. Although we im-
aged mice at later time points and following
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inoculation with 108 CFU/mL, we did not ascer-
tain the bacterial burden in the lungs of these
animals. Decreased bacteria were seen in the
lungs upon treatment with antibiotics (compare
Figure 4H to |, the latter obtained after treat-
ment with doxycycline).

Image analysis

For each animal we computed the average
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Table 5. Lung bacterial load and signal intensity calculated from SPECT-CT images

Infection dose- Time after infection (h) CFU/mL Average Image Intensity (AV) £ SEM
(CFU/mL) (%ID/mL)

105 24 (3.5+1.4)x107 11.21 +5.37

105 48 (5.9 +£0.8) x 1011 29.21 + 10.64

106 18 (3.6 £2.4)x10° 17.32 +6.44

106 24 (1.4 £0.38) x 10° 8.90 + 5.26

107 18 (1.6 £ 0.05) x 1012 30.37 £4.03

107 24 not determined 24.03 +0.61

LPS 24 n/a 2.10 £ 0.00

PBS-control 24 n/a 2.78 £ 0.00

value (AV) of the [1251]FIAU uptake on the SPECT
image within the ROl corresponding to the
lungs. The results are presented in Table 5. The
regression of log AV onto log CFU is presented in
Figure 5, providing a standard curve, enabling
us to read the number of bacteria in the lungs
directly from the image. The correlation be-
tween image intensity and number of bacteria
present within the lungs is significant (P-value <
105) for both the Pearson (Pearson, R = 0.78)
and Spearman correlation tests.

Histopathology

Compared to control lungs (Figure 6A), mouse
lungs that were inflamed by LPS treatment
(Figure 6B) showed a predominance of neutro-
phils due to the inflammatory response arising
from the insult. Figures 6C and 6D demonstrate
the presence of bacteria inside alveoli after in-
oculation of E. coli.

Discussion

Radiolabeled analogs of FIAU have been used to
image bacterial infection in experimental mod-
els and in human subjects previously [18, 19].
Due to the presence of sequence homology
within the consensus catalytic domain of TK in
several different bacterial strains, most bacteria
and mycoplasma are able to metabolize FIAU.
However, the consensus sequence does not
exist in mammalian TKs, which explains the
poor capability of mammalian cells to metabo-
lize FIAU. We undertook the current study with
two goals in mind: 1) to validate the method,
i.e., determine whether or not [125[]FIAU was
specific for infection, or could also image sterile
inflammation; and, 2) to estimate the sensitivity
of detection of this radiopharmaceutical-based
technique and define whether it could be used
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Figure 5. Average Value (AV) of [125]]FIAU SPECT sig-
nal intensity within the region-of-interest correspond-
ing to the lungs versus colony forming units per mL
(CFU/mL) in log scale together with the line of re-
gression (Pearson R = 0.78).

effectively in longitudinal murine infection mod-
els to test new antibiotics. We demonstrate us-
ing SPECT-CT that [123I]FIAU indeed does not
show specific uptake in sterile inflammation,
corroborating earlier experiments that employed
this tracer in ex vivo studies performed in rats
[30]. In contrast to earlier studies in which [125]]
FIAU was used to image localized bacterial in-
fection [18] or caseous lesions within the lungs
caused by M. tuberculosis [20], the method of
bacterial infection by the intranasal route em-
ployed in this study resulted in infections that
assume a more diffuse pattern within the lungs.
Although in the present study we used [125]]
FIAU, using positron-emitting analogs of FIAU
combined with positron emission tomography
(PET) would enable higher sensitivity (5 - 50
fold) [31], which would enable imaging of fewer
bacteria. Despite the diffuse pattern of the in-
fection and the use of a low-energy radionuclide
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not optimized for imaging ([123I]FIAU), we
showed that we were able to detect and image
lung infection following inoculation with TK-
positive E. coli. The level of detection that can
be visualized in a SPECT scan corresponded to
a bacterial concentration in the lungs of 10°
CFU/mL. In spite of the fact that the %ID per mL
within the lungs is significantly higher than the
controls at a much lower bacterial load, we de-
fine the level of detection when a distinct signal
can be visualized over the lungs, and this corre-
sponds to 109 CFU/mL. Although the number of
bacteria present on the image to allow visual
detection is several orders of magnitude higher
than for fluorescent probes [32-34] and biolumi-
nescence (~ 106 CFU/lung), bioluminescence
requires genetic manipulation of the cells
(introduction of a luciferase) [35], administra-
tion of large amounts of luciferin (on the order
of 100 mg/kg), and is not readily amenable to
quantification due to the attenuation of signal
through the tissues. Furthermore, in contrast to
bioluminescence, SPECT or PET imaging using
radiolabeled versions of FIAU is directly translat-
able to human applications, and therefore of
critical importance for establishing the link be-
tween antibiotics investigated in preclinical
models and in patients.

We also applied FIAU imaging methodology to
monitor a course of routinely used antibiotics.
We were able to show decreased lung signal in
infected animals over time with treatment that
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Figure 6. Mouse lung histology.
Histological staining with hema-
toxylin and eosin (H & E) of
mouse lungs. (A) PBS-treated
(control); (B) LPS-treated
(inflamed); (C) bacterial infection
at 48 h after inoculation with 105
CFU/mL bacteria; (D) bacterial
infection at 18 h after inocula-
tion with 107 CFU/mL bacteria.
Arrows depict the presence of
neutrophils (A, B) and bacterial
colonies (C, D) inside the alveoli.

achieved significance in the case of doxycycline
and approached significance for ampicillin. Im-
aging eliminates the need for time-consuming
and invasive methods that require collection
and culture of specimens that are currently in
use. Moreover, since this method is noninva-
sive, fewer animals can be imaged repeatedly,
serving as their own controls, enabling a more
statistically robust study. FIAU at high concen-
trations (> 32 pg/mL) is known to inhibit the
growth of bacteria that have endogenous TK
[18]. In our current experiments, the standard
dose of [125]]FIAU per animal of 2 - 5 mCi (74 -
185 MBq) is equivalent to 0.34 - 0.85 ug of
FIAU per animal, far below the pharmacologic
dose.

Radiolabeled FIAU satisfies most criteria for
functioning as an effective radiopharmaceutical
for imaging infection. Radiolabeled FIAU demon-
strates rapid accumulation at specific sites of
infection - even if those infections are diffuse,
such as within the lungs, rather than being fo-
cal, such as with an abscess - with low uptake
in uninfected regions. It is nontoxic, safe and
easy to prepare. Above all, it demonstrates the
ability to differentiate between infection and
sterile inflammation, and compares favorably in
this regard with [18F]fluorodeoxyglucose and
other agents being considered for imaging infec-
tion. We have also shown that it can be used, in
principle, to follow antibiotic treatment in a pre-
clinical model of infection, although the sensitiv-
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ity of detection is lower than for optically-based
techniques.
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