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With the emergence of multimodal imaging strategies, genet-
ically encoded reporters that can be flexibly combined with any
imaging modality become highly attractive. Here we describe
the use of glycosylphosphatidylinositol (GPI)-anchored avidin,
an avidin moiety targeted to the extracellular side of cell
membranes via a GPI anchor, as a reporter for in vivo imaging.
Being present on the outside of cells, avidin can be visualized
with any type of biotinylated imaging agent, without the require-
ment that the probe be membrane-permeable. We used the
avidin—-GPI system to monitor the activity of hypoxia-inducible
factors (HIFs)—oxygen-sensing transcription factors, which
play a major role in regulating cancer progression—in a mouse
tumor allograft model. Methods: Mouse C51 cells were stably
transfected with pH3SVG, a reporter construct driving the
expression of avidin—-GPI from an HIF-sensitive promoter. The
transfected cells were subcutaneously implanted into BALB/c
nude mice. At 10 d after tumor inoculation, mice received an
intravenous injection of either alexa-594-biocytin or 67Ga-
DOTA-biotin, and tumor HIF activity was imaged using fluores-
cence reflectance imaging or SPECT. Results: In vitro cell
experiments demonstrated the functionality and HIF-dependent
regulation of the avidin—-GPI reporter construct. In vivo, avidin-
GPI was targeted specifically in allograft tumors with biotiny-
lated imaging probes using both fluorescence imaging and
SPECT. Analysis of the reporter expression pattern on ex vivo
tumor tissue sections indicated a good overlap, with areas of
hypoxia. Conclusion: We have demonstrated the utility of avi-
din—-GPI as a reporter for multimodal in vivo imaging using both
a fluorescence and a SPECT approach to assess intracellular
oxygen signaling in @ mouse tumor model.
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In vivo molecular imaging of reporter gene products has
gained widespread use in biomedical research for assessing
molecular events associated with physiologic and patho-
logic changes not only in cells but also in live animals.
Specific reporter genes have been developed for all meth-
ods typically used in preclinical, noninvasive in vivo imag-
ing experiments (/—3). Recently, the concept of multimodal
imaging has emerged as a strategy to overcome shortcom-
ings of individual modalities and to combine their partic-
ular advantages (4). Such multimodal imaging approaches
have prompted the development of multiplexed reporters,
which can be used with different imaging modalities. Fu-
sion constructs combining, for example, optical (biolumi-
nescent and fluorescent proteins) and PET reporters
(thymidine kinase) are attractive for both multimodal in
vivo imaging and in vitro or ex vivo evaluation of reporter
activity (5—7). However, large fusion constructs are gener-
ally laborious to generate and difficult to stably express in
cells or transgenic animals. Moreover, once designed, they
are confined to the modalities preset by the reporter. Pref-
erably, a reporter protein originates from a single gene, can
be combined with any in vivo imaging modality, and is also
amenable to in vitro and ex vivo analyses. In an attempt to
meet these requirements we evaluated glycosylphosphati-
dylinositol-anchored avidin (avidin—GPI) as a reporter sys-
tem for in vivo imaging (8,9). Avidin is a small tetrameric
protein characterized by high-affinity binding to biotin
(10,11), and GPI anchors target proteins to the extracellular
side of cell membranes (/2). Hence in the avidin—GPI sys-
tem, avidin is presented as antigen on the outer cell surface
and can be visualized in vivo with biotinylated imaging
probes linked to any kind of reporter moiety. These proper-
ties of avidin render the system highly flexible and are
particularly attractive for the design of reporter assays re-
flecting intracellular events because the probes do not need
to be membrane-permeable. Development of biotinylated
imaging probes is straightforward and has been described
for most of the current imaging modalities (9,13-15).

We used avidin—GPI to read the transcriptional activity
of hypoxia-inducible factors (HIFs) in an in vivo fluores-
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cence reflectance and SPECT experiment. HIFs are oxygen-
regulated transcription factors that mediate the cellular
adaptation to pathophysiologic decreases in oxygen levels
(16). In tumors, HIFs have been shown to be activated not
only by tumor hypoxia but also by hypoxia-independent
mechanisms to promote tumor cell survival, angiogenesis,
and metastasis (/7,18). Typically, upregulation of HIF in
human cancer patients is associated with more aggressive
tumor phenotypes and poor prognosis. Imaging HIF activity
in live tumors provides an important tool to further study
the mechanisms driving its activation in cancer.

MATERIALS AND METHODS

Generation of pH3SVG Reporter Construct

The avidin—GPI fusion construct (9) was cut from pCDNA3.1
using HindIll and Xbal and cloned into pH3SVL (19) digested
with the same enzymes.

Cell Culture and Dimethyloxalyglycine Treatment

Cells were maintained in Dulbecco’s modified Eagle’s medium,
high glucose, containing a 4.5 mg/mL concentration of glucose
(GIBCO; Invitrogen). Culture medium was supplemented with
10% heat-inactivated fetal calf serum, 25 U of penicillin per milli-
liter, and 25 pg of streptomycin per milliliter (Invitrogen). To
induce HIF transcriptional activity under normoxic conditions,
cells were treated with dimethyloxalyglycine (1-2 mM; Enzo Life
Sciences AG) overnight.

Generation of Stably Transfected Cell Lines

Two stable cell lines were generated by transfecting mouse
colon cancer C51 cells either with avidin—-GPI-pcDNA3.1 or with
pH3SVG in combination with pcDNA3.1 at a ratio of 10:1. Trans-
fections were performed using polyethylenimine (catalog no.
23966; Polysciences) as previously described (/7). Stable trans-
fectants were selected by adding G418 (400 pwg/mL). Resistant,
single-cell clones were isolated by limited dilution and screened
by immunofluorescence staining for high expression levels of avi-
din—GPI in the case of the avidin-GPI-pcDNA3.1 transfected cells
and high expression levels of avidin—-GPI in response to treatment
with dimethyloxalyglycine (2 mM, overnight) in the case of the
pH3SVG cells.

Immunofluorescence and Alexa-594-Biocytin
Stainings of Cells Expressing Avidin-GPI

Stably transfected C51 cells were grown on coverslips in 12-
well plates to 80% confluency. For immunofluorescence staining,
cells were incubated with an avidin antibody (ab 66751; Abcam)
at a dilution of 1/1,000 in Hanks balanced salt solution (HBSS)
(GIBCO; Invitrogen) containing 1% bovine serum albumin for
20 min at 37°C. Thereafter, cells were gently rinsed in warm
HBSS before being incubated with an alexa-488-antirabbit con-
jugate (Molecular Probes; Invitrogen) at a dilution of 1:1,000 for
20 min at 37°C to immunodetect membrane-bound avidin—-GPIL.
Finally, cells were washed in HBSS, fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 12 min, washed
again, and mounted on microscopic slides using mounting me-
dium containing 4',6-diamidino-2-phenylindole (Prolong Gold;
Invitrogen). For stainings involving alexa-594-biocytin (Molecular
Probes; Invitrogen) and alexa-594-cadaverine (Molecular Probes;
Invitrogen), both dyes were dissolved in PBS at a final concen-
tration of 200 wM. In this case, after being treated with dimethyl-

446

oxalyglycine for approximately 12 h (1 mM), the cells were
starved for 4 h in Dulbecco’s modified Eagle’s medium without
serum to deplete them of biotin present in the culture medium
before staining. Analogous to the immunofluorescence approach,
cells were then incubated in HBSS containing 1% bovine serum
albumin with either alexa-594 cadaverine (200 wM) or alexa-594-
biocytin (200 wM) at a dilution of 1/500 for 20 min at 37°C. After
being stained, cells were washed and fixed as described. Costain-
ings using alexa-594-biocytin and an anti-avidin antibody coupled
to fluorescein isothiocyanate (FITC) (NB 120-7232; Novus Bio-
logicals) were performed with alexa-594-biocytin (200 pM) at a
dilution of 1/500 and the antibody at a dilution of 1/200. All
images were acquired with an epifluorescence microscope (Axio
Imager.Z1; Zeiss) applying the ApoTome option.

Fluorescent-Activated Cell Sorting (FACS) Analysis

For FACS, stably transfected avidin—-GPI-pcDNA3.1, pH3SVG,
and C51 control cells were plated in 6-well plates to 80% conflu-
ency. Half of the wells were treated with dimethyloxalyglycine (2
mM) overnight. For cellular staining, cells were harvested in 2 mL
of nonenzymatic cell dissociation agent (Sigma-Aldrich AG), cen-
trifuged at 1,700 rpm (Megafuge 1.0; Kendro Laboratory Products
AG) for 5 min, and washed in PBS followed by centrifugation
(1,700 rpm, 5 min). Pellets were resuspended in 100 wL of PBS
and added with a pipette to a 96-well plate. After centrifugation,
cells were incubated in 100 wL of PBS containing the primary
anti-avidin antibody (ab 66751; Abcam) at a dilution of 1/200 for
30 min at 4°C. Subsequently, cells were centrifuged (1,700 rpm,
5 min), washed with PBS, and centrifuged again (1,700 rpm,
5 min) before being incubated with a secondary alexa-488-anti-
rabbit conjugate (Molecular Probes; Invitrogen) at a dilution of
1/500 for 30 min at 4°C. After being centrifuged in a final step
(1,700 rpm, 5 min) and washed in PBS, cells were analyzed in the
FACS analyzer (BD Biosciences).

In Vivo Allograft Tumor Models

All animal protocols were approved by the Cantonal Veterinary
Office in Zurich (license 129/2007 XIMO_Y2) and Aargau. To
establish allograft tumors, we subcutaneously injected 106 C51
control or stably transfected pH3SVG cells into the flank of 8-
wk-old BALB/c nude mice (Charles River Laboratories) for the in
vivo fluorescence imaging experiments, respectively, and in the
shoulder of CD-1 nude mice (Charles River Laboratories) for the
SPECT experiments. Animals were maintained under standard
hygienic conditions for the duration of the experiment. Five to 7
d before imaging, animals were fed a biotin-free diet (Harlan).
Tumor sizes were monitored by caliper measurements. All ani-
mals were sacrificed before tumors reached volumes of 2 cm?.

In Vivo Fluorescence Imaging

For in vivo fluorescence imaging, animals were gas-anesthetized
using 3% isoflurane (MINRAD) and an oxygen—air mixture as
carrier gas. Spectral imaging was performed in a fluorescence
reflectance imaging system (Maestro 500; Cambridge Research
Instruments Inc.) using a bandpass filter for excitation (575-605
nm) and a long-pass filter (645 nm) for detection. Spectrally
resolved detection of the fluorescence signal was achieved by
the liquid crystal tunable filter built into the system (bandwidth,
20 nm; scanning wavelength range, 400720 nm). The tunable
filter automatically stepped in 10-nm increments from 630 to
850 nm. After acquisition of a precontrast image, animals were
administered an intravenous injection of 10 nmoles of alexa-594-
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biocytin or alexa-594 cadaverine, respectively. Images were then
acquired at 60 min, 90 min, and 24 h after injection. To use the
spectral unmixing software provided by the manufacturer (Maes-
tro 500; Cambridge Research Instruments Inc.), the spectra of
autofluorescence were derived from an appropriate region on the
original, spectral fluorescence images. The pure spectrum of alexa-
594 was obtained by imaging a 0.005 mM solution of alexa-594-
cadaverine diluted in saline (0.9% NaCl). The alexa-594 and the
autofluorescence components in the composite images were spec-
trally unmixed using the spectral unmixing software. Tumor flu-
orescence was quantified by calculation of tumor-to-background
signal ratios on spectrally unmixed images displaying the alexa-
594 component only. Tumor and background regions of interest
used for quantification were drawn manually using the Maestro
imaging software.

Hoechst Perfusion and Immunofluorescence on
Tissue Sections

To analyze hypoxic tumor zones, tumor mice received an
intravenous injection of pimonidazole (Hypoxy Probe, 1.2 mg in
100 pL of PBS; Natural Pharmacia International) after the last
image acquisition, approximately 24 h after contrast injection. An
hour later, animals were intravenously perfused with Hoechst
H33342 (0.5 mg/animal; Sigma-Aldrich AG) for 2 min before
being killed by cervical dislocation. Tumors were excised, frozen,
and sectioned. Cryosections (12 wm) were stained according to
standard immunofluorescence procedures. A monoclonal antibody
against pimonidazole (FITC-MAbI1, Hypoxyprobe-1 kit; Natural
Pharmacia International) was used to detect hypoxic zones at a
dilution of 1/500.

Labeling of DOTA-Biotin with 67Ga

Twenty microliters of DOTA-biotin (C-100, 1 mM; Macro-
cyclics) were added to 250 pL of 0.5 M ammonium acetate (pH
5.0) and 50 pL of ¢’GaClz (150 MBq). The reaction mixture was
then heated to 75°C for 30 min. The labeled product was purified
via high-performance liquid chromatography (HPLC) to yield the
radiotracer in a final specific activity of 37 MBq/p.g. The labeling
was checked with reversed-phase HPLC using a Varian ProStar
system and a radiomatic Flo-one Detector with y-flow cells (Pack-
ard Canberra). HPLC solvents consisted of CH;CN plus 0.1% tri-
fluoroacetic acid (solvent A) and H,O plus 0.1% trifluoroacetic acid
(solvent B). The labeling control was performed with a linear gra-
dient of 20% A/80% B to 80% A/20% B in 25 min (1.0 mL/min).

Biodistribution Studies

Female CD-1 nu/nu mice (age, 6-8 wk; Charles River Labo-
ratories) were injected subcutaneously in the shoulder with 1 x 106
C51 (transfected with pH3SVG or untransfected controls) tumor
cells in 100 pL of PBS. Nine days after tumor implantation, the
mice received an intravenous injection of 0.2 MBq of ¢’Ga-
DOTA-biotin. At different times after injection (3 and 24 h), the
animals were sacrificed by cervical dislocation. Organs and blood
were collected and weighed. Subsequently, radioactivity was
measured in a y-counter. Results are presented as percentage of
injected dose per gram of tissue.

Cell-Binding Tests with 67Ga-DOTA-Biotin

Untransfected and transfected (pH3SVG) C51 cells were placed
in 6-well cell plates at different concentrations (from 6.25 X 10* to
2 X 10° cells) and incubated overnight in the presence or absence
of dimethyloxalyglycine (1 mM). Cells were washed twice with
PBS and incubated with ¢’Ga-DOTA-biotin (2 kBg/well) in
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medium without supplements for 1 h at 37°C. After 2 washing
steps with PBS to eliminate unbound activity, cells were recovered
with IN NaOH. Bound radioactivity was measured in a y-counter
(Cobra II Auto-Gammacounter; Packard Canberra). The experi-
ment was performed twice in triplicate.
Imaging

SPECT/CT images were obtained at 1 h (in vivo) and 3 h
(postmortem) after intravenous injection of the 6’Ga-DOTA-biotin
(1 MBq). Images were obtained on an X-SPECT system (Gamma
Medica Inc.) equipped with a single-head SPECT device and a CT
device. SPECT data were acquired and reconstructed with Luma-
GEM (version 5.407; lum_10; Segami Corp.). CT data were
acquired by an X-Ray CT system (Gamma Medica Inc.) and
reconstructed with the Cobra software (version 4.5.1). SPECT
and CT images were fused with IDL Virtual Machine (version
6.0; ITT Visual Information Solutions). Images were arranged
with Amira software (version 4.0).

RESULTS

Characterization of HIF-Sensitive Avidin—-GPI
Reporter Construct

A fusion construct consisting of the gene encoding a full-
length avidin, C-terminally linked to the signal sequence
for the GPI anchor of the human CD14 receptor (9), was
used to replace luciferase in pH3SVL, a HIF-sensitive
reporter construct described previously by Wanner et al.
(19). The resulting avidin—GPI reporter pH3SVG (Fig.
1A) drives the expression of avidin—GPI from a minimal
SV40 promoter, which is further regulated by 3 hypoxia-
response elements, the conserved DNA regulatory ele-
ments, bound by HIFs (20). The functionality of pH3SVG
was analyzed by measuring its expression in stably trans-
fected, single-cell clones of C51 murine colon cancer cells
by means of immunofluorescence (Fig. 1B). Whereas avi-
din is expressed at high levels on the cell membrane in
response to treatment with dimethyloxalylglycine (21), a
compound mimicking hypoxia by inducing the stabilization
of HIFs (Fig. 1B, top), only basal expression of the reporter
was observed in control conditions (Fig. 1B, bottom). The
specific interaction between avidin—-GPI and biotinylated
probes was demonstrated in pH3SVG-transfected C51 cells
treated with dimethyloxalyglycine for 12 h and stained with
FITC-coupled antibody-binding avidin (Fig. 1C, first col-
umn) and alexa-594-biocytin (Fig. 1C, second column), a
fluorescently labeled biotin. The overlay of the 2 images
showed colocalization of the fluorescent signals arising
from the 2 dyes, FITC and alexa-594 (Fig. 1C, third col-
umn). Although the predominant signal was observed on
the cell membrane, suggesting that most avidin reporter
proteins were present at the cell surface, we also detected
intracellular avidin moieties. These may represent internal-
ized reporter units or newly synthesized avidin—~GPI pro-
teins being exported to the cell membrane.

Quantitative Assessment of HIF-Dependent
Regulation of Avidin Expression in pH3SVG Cells

FACS was performed to quantitatively assess HIF-
dependent regulation of avidin—-GPI expression in pH3SVG-
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FIGURE 1. Characterization of the avidin-GPI reporter construct
(PH3SVG). (A) A schematic drawing of the pH3SVG reporter con-
struct driving the expression of avidin-GPI from a minimal SV40 pro-
moter, further regulated by 3 hypoxia-response elements (HREs). (B)
Immunofluorescence staining of a C51 clone, stably expressing
pH3SVG. After treatment of cells with dimethyloxalyglycine (top),
there was increased expression of avidin-GPI on the cell surface.
The first column displays an immunofluorescence staining of avidin,
and the second column shows cell nuclei stained with 4’,6-diami-
dino-2-phenylindole (DAPI);. The third column represents the overlay
of the first 2 columns. The scale bar indicates 25 um. (C) pH3SVG-
positive cells treated with dimethyloxalyglycine were simultaneously
stained with a FITC-coupled anti-avidin antibody (column 1) and
alexa-594-biocytin (column 2). The overlay of the 2 images (column
3) shows colocalization of the 2 stainings. The scale bar is 10 pm.

positive C51 cells. C51 control cells and single-cell clones
of cells stably transfected with pH3SVG and avidin—GPI-
pcDNA3.1—a control construct driving the expression of
avidin—GPI from a constitutively active CMV promoter—
were treated with dimethyloxalyglycine for 12 h. Cells
were then stained with a fluorescently labeled anti-avidin
antibody and subjected to FACS analysis. A shift in fluo-
rescence in response to dimethyloxalyglycine was observed
only in the case of the pH3SVG cells (Fig. 2B), whereas
there was no significant change in fluorescence intensity in
C51 cells (Fig. 2A) and avidin—-GPI-pcDNA3.1 cells (Fig.
2C). The geometric means of the fluorescence intensity
histograms (Figs. 2A-2C) emphasize the large shift in fluo-
rescence intensity induced by dimethyloxalyglycine in the
pH3SVG-transfected cells (Fig. 2D).

In Vivo Fluorescence Imaging of HIF Transcriptional
Activity by Targeting Avidin-GPI

For in vivo monitoring of HIF transcriptional activity in a
mouse tumor model, C51 control cells and C51 cells stably
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transfected with the pH3SVG construct were injected
subcutaneously into the flank of nude mice. Imaging was
performed 10 d after tumor inoculation when tumors had
reached diameters of approximately 5-10 mm. In addition
to alexa-594-biocytin used to specifically target avidin—
GPI, we also used alexa-594-cadaverine as a negative
probe, not binding to the surface reporter. Binding of the
2 probes to C51 cells stably expressing pH3SVG after
dimethyloxalyglycine stimulation is shown in the supple-
mental information (Supplemental Fig. 1; supplemental
materials are available online only at http://jnm.snmjournals.
org). Allograft mice received an intravenous injection of the
fluorescent dyes, and the distribution of the dye was moni-
tored after 60 min, 90 min, and 24 h (Fig. 3A). Spectral
deconvolution of the images was applied to discriminate
signals arising from alexa-594 and unspecific background.
Although in animals carrying pH3SVG-positive tumors
treated with the biotinylated probe, specific targeting to
the tumor site could be observed already at 60 min after
injection, this was not the case for pH3SVG tumor animals
treated with cadaverine and for mice with C51 control tu-
mors injected with the biotinylated probe. Alexa-594-biocytin
showed accumulation in the liver, kidneys, and urinary
bladder, consistent with the role of the liver in biotin stor-
age and urinary excretion of this molecule (22). Twenty-
four hours after injection of the tracer, the main signal
detected originated from the kidneys and the tumor, imply-
ing that most unbound tracer molecules had been cleared
from the circulation. There was some residual fluorescence
detected in the gastrointestinal tract, potentially due to
autofluorescence of food components. Contrary to this, ani-
mals treated with alexa-594-cadaverine did not display any
kidney-specific fluorescence, indicating a different excre-
tion mechanism for this compound. The specificity of probe
accumulation at the tumor site was analyzed at 24 h after
tracer infusion in all 3 study groups. Only for animals
carrying pH3SVG C51 tumors injected with alexa-594-
biocytin was a fluorescent signal attributable to the dye
molecule detected in the tumor region (outlined in red on
the whitelight images, Fig. 3B). Neither C51 tumor animals
treated with alexa-594-biocytin nor pH3SVG C51 animals
dosed with alexa-594-cadaverine displayed a fluorescent
signal in the region of interest. Whereas alexa-594-biocytin
injection in C51 tumor animals and application of alexa-
594-cadaverine to pH3SVG animals did not induce any
change in the tumor fluorescence-to-background ratio, the
tumor fluorescent signal was clearly increased in pH3SVG
animals after injection of the fluorescently labeled biotin
(Fig. 30).

Ex Vivo Analysis of Alexa-594-Biocytin Distribution

The binding specificities of the 2 types of alexa tracers
used in the in vivo fluorescence imaging experiments were
further assessed ex vivo, on tissue sections (Fig. 4). An
alexa-594 fluorescent signal was detected on tumor sections
from animals transplanted with pH3SVG-positive cells
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treated with alexa-594-biocytin. In contrast, no such signal
was observed on sections obtained from animals carrying
naive C51 tumors treated with alexa-594-biocytin or from
animals with pH3SVG tumors having received alexa-594-
cadaverine injections. Comparison of the distribution of
alexa-594-biocytin with the uptake pattern of the hypoxia
marker pimonidazole (23) revealed the association of the
HIF activity reporter with regions of hypoxia. Immuno-
fluorescence staining of pimonidazole was particularly
strong in regions showing poor tissue perfusion as assessed
by intravenous administration of Hoechst H33342, an esta-
blished histologic perfusion marker (Fig. 4; Supplemental
Fig. 2, for the staining of a larger tumor area). Interestingly,
the regions positive for alexa-594-biocytin were more
extended than those showing increased uptake of pimonid-
azole. Nitroimidazole-derived compounds such as pimonid-
azole accumulate in hypoxic cells when partial oxygen
pressures decrease to levels that are less than 10 mm
Hg (24). Thus, cells at the edge of pimonidazole-positive
zones may not be hypoxic enough to trap bioreductive,
nitroimidazole-derived compounds. Yet, they appear to trig-
ger the stabilization of HIFs and the subsequent activation of
the avidin—GPI reporter protein. These findings are in line
with earlier observations demonstrating that HIF expression
and activity do not necessarily correlate with tumor hypoxia
as detected by nitromidazole derivatives (/7).

In Vivo SPECT Experiments Demonstrate Utility of
Avidin-GPI as Multimodal Reporter Protein

To test the feasibility of using avidin—GPI in a nuclear
imaging approach, we assessed binding of a biotinylated
SPECT probe, ®’Ga-DOTA-biotin, to pH3SVG-expressing
C51 and C51 control cells (Fig. SA). Binding of the probe was
significantly increased in the case of pH3SVG-expressing
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cells. Moreover, in line with the responsiveness of the
reporter to HIF, binding to these cells could be further
potentiated by dimethyloxalyglycine treatment. For biodis-
tribution and in vivo SPECT experiments, tumor allografts
were established by injection of C51 control cells in the
right shoulder and pH3SVG-transfected cells in the left
shoulder of nude mice, respectively. Ten days after tumor
inoculation, mice received an intravenous injection of ’Ga-
DOTA-biotin. Figure 5B shows the postmortem biodistri-
bution of the radiotracer in different organs at 3 and 24 h
after injection. pH3SVG tumors displayed a 3- to 4-fold-
higher uptake of ©’Ga-DOTA-biotin than C51 control
tumors at 3 h after injection. Although the overall activity
of the radiotracer at the later time point was reduced in both
tumors, it was still higher for the tumors expressing avidin—
GPI than for C51 control tumors, suggesting a stable
reporter—probe complex. The unbound fraction of the radio-
tracer was primarily excreted via the kidneys into the urine.
In vivo SPECT/CT experiments confirmed specific and
increased binding of the radiotracer to pH3SVG-expressing
tumor cells (Fig. 5C). The SPECT images showed high
activities in the tumors expressing avidin—GPI (left shoul-
der) both 1 and 3 h after injection, whereas there was only
little to no activity detected in the control tumors. In line
with the findings obtained from the biodistribution experi-
ments, some tracer uptake was also observed in the kidneys.

DISCUSSION

Imaging the expression of reporter genes is a frequently
used strategy in molecular and cellular biology that has
been successfully translated to in vivo imaging (25). With
the emergence of multimodal imaging approaches, strate-
gies based on reporter designs, which are consistent with
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different imaging modalities, are gaining increasing inter-
est. Multimodal properties of imaging probes can be readily
achieved by linking target-specific ligands to contrast moi-
eties such as fluorescent dyes, radionuclides, or para- and
superparamagnetic contrast agents for MRI. Typically such
probes target proteins at the cell surface or in the extra-
cellular space. A critical step to obtaining specific informa-
tion is the uniqueness of the molecular target for a specific
molecular process or cell type. On the basis of these con-
siderations we have evaluated avidin—GPI, an avidin moiety
present on the outer cell surface of stably transfected tumor
cells, as a reporter protein for multimodal in vivo imaging.
Avidin—GPI is not expressed by mammalian cells and has to
be introduced as a transgene analogous to classic reporter
genes used in in vivo imaging studies (26). By expressing

FIGURE 4. Analysis of ex vivo tumor sec-
tions showing distribution of alexa-594-
biocytin in tumor sections extracted from
animals carrying pH3SVG tumors treated
with fluorescent biocytin or cadaverine and
animals carrying C51 tumors injected with
alexa-594-biocytin. Red fluorescence in tumor
sections was observed only for pH3SVG ani-
mals injected with the biotinylated compound.
When analyzing the distribution patterns of
the dye and pimonidazole, a marker of hypo-
xia, we found a good overlap, implying that
the reporter activity is increased in hypoxic
areas. However, the staining pattern of alexa-
594-biocytin extended regions positive for
pimonidazole. The scale bar indicates 40 pm.

pH3SVG-C51:
Alexa-biocytin

C51-control:
Alexa-biocytin

pH3SVG-C51:
Alexa-cadaverine
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the construct under the control of a promoter of interest
(e.g., proteins involved in signal transduction), information
on intracellular processes can be read from the cell surface.
The avidin reporter is detected with targeted exogenous
imaging probes comprising the high-affinity ligand biotin
linked to an imaging moiety compatible with a particular
imaging modality.

We have demonstrated the feasibility of using avidin—
GPI as a reporter for in vivo imaging of the transcriptional
activity of HIFs in a fluorescence reflectance and a nuclear
imaging (SPECT) approach. In vitro validation of reporter
expression showed predominant localization of avidin to
the cell membrane and regulation in an HIF-dependent
manner. In vivo, in a mouse allograft model, fluorescently
labeled and radiolabeled biotin bound specifically to tumor

Alexa-594 Pimonidazole Hoechst Oveﬂay )
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2425 :gg:‘l (DMOG) ° 1 24 h after injection
FIGURE 5. In vivo SPECT imaging of avi-
5100' din-GPI expression. (A) A cell-binding assay
S 75 demonstrated specific binding of %’Ga-
> DOTA-biotin to pH3SVG-transfected tumor
5 50 cells. Dimethyloxalyglycine (DMOG) treat-
£ 25, ment further potentiated probe binding to
@ these cells. (B) Biodistribution experiments
o.o éo 1T00 1,50 2;00 P after intravenous injection of 67Ga-DOTA-
5 ) biotin showed higher tracer uptake in
Cell number (x10%) ,52?’%@& IV RE S V0 tumors expressinggavidin—GPI than in C51
S g control tumors. This difference in uptake is

1 hour after injection, in vivo

3 hours after injection, postmortem

present at both 3 and 24 h after probe injec-
tion. The uptake is displayed as percentage
of injected dose normalized to weight of tis-

cells expressing avidin—-GPI. Nonbound imaging probe was
rapidly cleared from the circulation, resulting in a high
target-to-background ratio.

With tumor hypoxia and HIFs playing an important role
in the regulation of cancer progression, there is an increased
demand for the development of tools that allow accurate
visualization of tumor hypoxia and HIF transcriptional
activity (27-29). Several reports have described the devel-
opment of HIF-responsive genetic reporters to monitor this
factor’s activity in vivo (30,31). However, these experi-
ments have been performed mainly with intracellular, sin-
gle-gene reporters or reporter fusions that can be combined
only with the modalities preset by the reporter proteins. In
contrast, our approach allows flexible combination of HIF
imaging with any given method and can hence be easily
adjusted to any specific biologic question. In a more recent
study, the oxygen-dependent degradation domain of HIF-a
proteins was fused to streptavidin and a protein transduc-
tion domain, mediating cellular uptake of the fusion con-
struct, to monitor HIF-positive tumor cells (32). Although
based on the flexible avidin—biotin system, too, this reporter
can only be targeted with membrane-permeable imaging
probes because of its intracellular localization.

In addition to its compatibility with in vivo imaging, the
avidin—GPI reporter gene assay lends itself to histologic
evaluations, which are essential for validation of in vivo
findings. To assess the link between HIF activity and tumor
hypoxia, we compared the distribution of the injected fluo-
rescent dye with an immunofluorescence staining of the

INTRACELLULAR MOLECULAR IN Vivo IMAGING ¢ Lehmann et al.

sue (%ID/g). Values are shown as mean +
SD. (C) In vivo SPECT/CT scans confirmed
the utility of 67Ga-DOTA-biotin in targeting
tumor cells expressing avidin-GPI in vivo.
Whereas high activity was detected in pos-
itive tumors, the signal arising from negative
control tumors of similar size was weak. The
tumor surfaces are visualized on an isosur-
face CT image and marked with arrow-
heads.

hypoxia marker pimonidazole on ex vivo tumor sections. We
observed a high degree of overlap between pimonidazole-
positive tumor regions and tumor regions that were positive
for avidin—GPI, that is, all pimonidazole-positive areas
were also binding the biotinylated dye. However, avidin—
GPI expression was also detected in cells that show poor
uptake of pimonidazole—results in line with previous find-
ings demonstrating that the degree of hypoxia as measured
with nitroimidazole derivatives and the activity of HIF do
not necessarily correlate (/7,33).

CONCLUSION

We have described a membrane-anchored avidin—GPI
reporter system for in vivo imaging of molecular processes
in intact organisms. By using a reporter protein that is
targeted to the outer cell membrane, it is possible to study
intracellular molecular targets without the need for imaging
probes to cross the cell membrane. The availability of a
ligand, biotin, with high affinity for the reporter protein
enables a modular design of imaging probes compatible
with the different modalities used in molecular imaging.
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