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Abstract: Among the many molecular imaging techniques, reporter gene imaging has been a dynamic area of re-
search. The HaloTag protein is a modified haloalkane dehalogenase which was designed to covalently bind to syn-
thetic ligands (i.e. the HaloTag ligands [HTL]). Covalent bond formation between the HaloTag protein and the chloroal-
kane within the HTL occurs rapidly under physiological conditions, which is highly specific and essentially irreversible.
Over the years, HaloTag technology has been investigated for various applications such as in vitro/in vivo imaging,
protein purification/trafficking, high-throughput assays, among others. The goal of this study is to explore the use of
the HaloTag protein as a novel reporter gene for positron emission tomography (PET) imaging. By attaching a HaloTag
-reactive chloroalkane to 1, 4, 7-triazacyclononane-N, N', N"-triacetic acid (NOTA) through hydrophilic linkers, the re-
sulting NOTA-conjugated HTLs were labeled with 64Cu and tested for PET imaging in living mice bearing 4T1-HaloTag-
ECS tumors, which stably express the HaloTag protein on the cell surface. Significantly higher uptake of 64Cu-NOTA-
HTL-S (which contains a short hydrophilic linker) in the 4T1-HaloTag-ECS than the non-HaloTag-expressing 4T1 tu-
mors was observed, which demonstrated the HaloTag specificity of 64Cu-NOTA-HTL-S and warranted future investiga-
tion of the HaloTag protein as a PET reporter gene.
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Introduction

The field of molecular imaging has undergone
tremendous expansion over the last decade,
partly owing to the increasingly wider availability
of scanners dedicated to small animal studies
[1, 2]. Among the many molecular imaging tech-
niques, reporter gene imaging has been a dy-
namic area of research. A wide variety of re-
porter genes and reporter probes have been
developed, and a few of these have entered
clinical investigation [3-5]. The most widely-used
reporter genes include those for optical (both
fluorescence [6] and bioluminescence [7]) and
radionuclide-based imaging, namely single-
photon emission computed tomography (SPECT)
and positron emission tomography (PET) [8, 9.
Many other reporter genes have also been de-
veloped for magnetic resonance imaging (MRI)

applications [10].

The HaloTag protein is a modified haloalkane
dehalogenase which was designed to covalently
bind to synthetic ligands (i.e. the HaloTag
ligands [HTL]) [11, 12]. Since the bacterial
dehalogenase is relatively small (with a molecu-
lar weight of 34 kDa) and the enzymatic reac-
tion is foreign to mammalian cells, cross-
reactive interference with the endogenous
mammalian biochemistry is negligible. A HTL is
typically composed of a chloroalkane and a
functional tag, such as a fluorescent dye, an
affinity handle, a solid surface, among others.
Covalent bond formation between the HaloTag
protein and the chloroalkane within the HTL
occurs rapidly under physiological conditions,
which is highly specific and essentially irreversi-
ble. Because of its versatility, the HaloTag tech-
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nology has been investigated for a wide variety
of applications such as in vitro optical imaging
[13-16], protein purification [17-20], protein
trafficking [21], study of protein-protein and
protein-DNA interactions [22], in vivo cell label-
ing [23], in vivo cancer imaging [24], analysis of
protein stability [25], high-throughput assays
[26], single molecule force spectroscopy [27],
ribosome tagging [28, 29], among others.

In this study, we explore the use of the HaloTag
protein as a novel reporter gene for non-
invasive PET imaging. By attaching a HaloTag-
reactive chloroalkane to 1, 4, 7-
triazacyclononane-N, N', N"-triacetic acid (NOTA)
through hydrophilic linkers which contain poly-
ethylene glycol (PEG) chains of different length,
the resulting HTLs can labeled with 64Cu (t1/2:
12.7 h) and employed for PET imaging applica-
tions in living mice, bearing 4T1 murine breast
tumors stably expressing the HaloTag protein on
the cell surface. This report serves as a proof-of-
principle for future cell tracking of HaloTag-
transfected cells with PET, which is highly quan-
titative and sensitive with superb tissue pene-
tration.

Materials and methods
Reagents

NOTA-p-Bn-SCN was purchased from Macrocyc-
lics (Dallas, TX). Water and all buffers were of
Millipore grade and pre-treated with Chelex 100
resin to ensure that the aqueous solution was
heavy-metal free. PD-10 desalting columns were
purchased from GE Healthcare (Piscataway, NJ).
High-performance liquid chromatography (HPLC)
solvents (water, acetonitrile, and trifluoroacetic
acid [TFA]) were purchased from Thermo Fisher
Scientific Inc. 64Cu was produced via a 64Ni(p,n)
64Cu reaction using a cyclotron at the University
of Wisconsin - Madison. All other reagents were
obtained from Sigma-Aldrich, except when
noted in the following text, and used as re-
ceived.

Syntheses of the HaloTag ligands

Syntheses of the three NOTA-conjugated HTLs
(Figure 1) were straightforward. Since the Halo-
Tag-reactive chloroalkane was very hydrophobic,
PEG chains with different length (6, ~18, and
>40 ethylene glycol units) were incorporated
between the chloroalkane and NOTA. The three
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compounds were purified by silica gel column
chromatography and/or HPLC, and subse-
quently characterized with 1H-NMR spectros-
copy and mass spectrometry. For NOTA-HTL-S (S
denotes short, which has 6 ethylene glycol
units), the m/z was calculated to be 1096.5
(CagHs3CIN7017S*) and an m/z of 1096.6 was
observed in mass spectrometry. For NOTA-HTL-
M (M denotes medium, which has 18 ethylene
glycol units), the m/z was calculated to be
1668.9 (C74H135CIN7032S*) and an m/z of
1669.0 was observed in mass spectrometry.
For NOTA-HTL-L (L denotes long, which has >40
ethylene glycol units), a characteristic bell-
shaped mass spectrum was observed in mass
spectrometry (since the PEG used was a poly-
mer with a molecular weight of ~2,000) which
matched the calculated m/z.

Stable transfection of 4T1 cells with HaloTag

4T1 murine breast cancer cells were obtained
from the American Type Culture Collection
(ATCC, Manassas, VA) and cultured in the RPMI
1640 medium (Invitrogen, Carlsbad, CA) with
10% fetal bovine serum, and incubated at 37 °C
with 5% CO2. pCl-neo mammalian expression
vector (E1841, Promega Corporation) was used
for cloning of the HaloTag construct, which was
fused to a trans-membrane domain. G418
(V8091, Promega Corporation) was used for
selection of the clones. When the cells under
selective pressure were expanding at the same
rate as non-transfected controls, they were seri-
ally diluted. Single colonies were then harvested
and confirmed positive by microscopy studies.

Microscopy studies were performed after label-
ing the transfected 4T1 cells with Alexa Fluor
488-conjugated HaloTag ligand (AF488-HTL,
Promega Corporation) followed by TMR-
conjugated HaloTag ligand (TMR-HTL, Promega
Corporation). AF488-HTL is not cell membrane
permeable, therefore it can only label the Halo-
Tag protein expressed on the extracellular sur-
face. On the other hand, TMR-HTL is membrane
permeable, which can label the HaloTag protein
expressed on the extracellular surface as well
as those within the cytoplasm. One positive
clone was expanded (termed as “4T1-HaloTag-
ECS” where ECS denotes “extracellular sur-
face”) and used for in vitro and in vivo experi-
ments. 4T1 cells stably expressing the HaloTag
protein, without fusion to a trans-membrane
domain, was also generated using a similar
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Figure 1. Chemical structures of the three NOTA-conjugated HaloTag ligands.

strategy and named as “4T1-HaloTag”. All cells
were used for in vitro and in vivo experiments
when they reached ~80% confluence.

In vitro studies of NOTA-HTL-S/M/L

The three NOTA-conjugated HTLs were com-
plexed with non-radioactive Cu2* and tested in
the transfected 4T1 cells for their ability to bind
to the HaloTag protein in a cellular context, as
well as their cell membrane permeability. Stably
-transfected 4T1 cells (i.e. 4T1-HaloTag-ECS and
4T1-HaloTag) were each plated in Lab-Tek Il
chambered coverglass (Nalge Nunc Interna-
tional) and allowed to attach overnight. To as-
sess the ability of each NOTA-conjugated HTL to
bind to the HaloTag protein when expressed in
mammalian cells, 4T1-HaloTag-ECS cells were
first incubated in a 5 pM solution of each NOTA-
conjugated HTL in complete media for 15 min-
utes at 37°C in the presence of 5% CO.. After-
wards, the cells were labeled with 1 yM of
AF488-HTL, washed, and imaged. Control 4T1-
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HaloTag-ECS cells were labeled with 1 uM of
AF488-HTL only.

To assess the cell membrane permeability of
NOTA-HTL-S/M/L, 4T1-HaloTag cells were incu-
bated with each ligand and then labeled with 5
MM of TMR-HTL, washed, and imaged. As a con-
trol, some 4T1-HaloTag cells were labeled with
TMR-HTL only. Microscopy imaging was per-
formed using an Olympus FV500 confocal mi-
croscope equipped with a 37°C + 5% CO2 envi-
ronmental chamber and appropriate filter sets.

Animal model

All animal studies were conducted under a pro-
tocol approved by the University of Wisconsin
Institutional Animal Care and Use Committee.
To generate the tumor model using 4T1 or
stably-transfected 4T1 cells, four- to five-week-
old female Balb/c mice were purchased from
Harlan (Indianapolis, IN) and tumors were es-
tablished by subcutaneously injecting 2 x 106
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cells, suspended in 100 uL of 1:1 mixture of
RPMI 1640 and matrigel (BD Biosciences,
Franklin lakes, NJ), into the front flank of mice
[30, 31]. The tumor sizes were monitored every
other day and the animals were subjected to in
vivo experiments when the diameter of the tu-
mors reached 6-8 mm (typically ~10 days after
inoculation).

64Cu-labeling of NOTA-HTL-S/M/L

64CuCl2 (111 MBq) was diluted in 300 uL of 0.1
M sodium acetate buffer (pH 6.5) and added to
15 pg of NOTA-HTL-S/M/L. The reaction mixture
was incubated for 30 min at 40 °C with con-
stant shaking. 64Cu-NOTA-HTL-L was purified
using PD-10 columns with phosphate-buffered
saline (PBS) as the mobile phase. 64Cu-NOTA-
HTL-S and 64Cu-NOTA-HTL-M was purified by a
Dionex Ultimate 3000 HPLC system equipped
with a radioactivity and UV detector using a C-
18 column. A solvent gradient (A: water with
0.1% TFA; B: acetonitrile with 0.1% TFA) was
used, where solvent B was gradually increased
from 5% to 75% over a period of 30 min. After
collection of the radioactive peak, acetonitrile
was removed from the solution with continuous
argon flow. The remaining solution was reconsti-
tuted into a final concentration of 1 x PBS. The
tracers were passed through a 0.2 uym syringe
filter before in vivo experiments.

PET imaging and biodistribution studies

Details of the PET scans and biodistribution
studies have been reported previously [31].
Briefly, each tumor-bearing mouse was injected
with 5-10 MBq of each PET tracer via tail vein
and 3 - 15min static PET scans were performed
at various time points post-injection (p.i.) in a
microPET/microCT Inveon rodent model scan-
ner (Siemens Medical Solutions USA, Inc.). The
images were reconstructed using a maximum a
posteriori (MAP) algorithm, with no attenuation
or scatter correction. Quantitative region-of-
interest (ROI) analysis was performed on all PET
scans to obtain quantitative data in the unit of
percentage of injected dose per gram of tissue
(%ID/g). After the last PET scans at 6 h p.i., mice
were euthanized and biodistribution studies
were carried out to confirm that the quantitative
tracer uptake values based on microPET imag-
ing truly represented the actual tracer distribu-
tion in the tumor-bearing mice. The radioactivity
in the tissue was measured using a gamma-
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counter (Perkin Elmer) and presented as %ID/g
(mean £ SD).

Statistical analysis

Quantitative data were expressed as mean *
SD. Means were compared using Student's t-
test. P values < 0.05 were considered statisti-
cally significant.

Results

Investigation of NOTA-HTL-S/M/L in 4T1-
HaloTag-ECS cells

HaloTag protein expression in the 4T1-HaloTag-
ECS cells was confirmed by labeling with AF488-
HTL followed by TMR-HTL (Figure 2A). Because
the HaloTag protein is membrane bound such
that HaloTag faces the outside of the cell when
it is in the plasma membrane, AF488-HTL (not
cell membrane permeable) binds only to the
plasma membrane-bound pool of HaloTag pro-
tein in the cells. After AFA88-HTL has bound to
the HaloTag protein on the cell surface, TMR-
HTL was introduced to label the intracellular
HaloTag protein. The merged fluorescence im-
age confirmed that the HaloTag protein is ex-
pressed in every cell of this stable cell line, both
on the cell surface and inside the cytoplasm.

To assess the ability of NOTA-HTL-S/M/L to bind
to the HaloTag protein in mammalian cells, 4T1-
HaloTag-ECS cells were incubated with each of
the NOTA-conjugated HTL (in order to saturate
the HaloTag protein on the cell surface) prior to
labeling with AF488-HTL. As a control for sur-
face labeling, 4T1-HaloTag-ECS cells were also
labeled with AFA88-HTL only. It was found that
NOTA-HTL-S binds with the highest efficiency to
the HaloTag protein when it is expressed on the
cell surface (Figure 2B), as indicated by very
weak fluorescence signal from AF488-HTL on
the 4T1-HaloTag-ECS cell surface (i.e. all the
HaloTag protein was pre-bound with NOTA-HTL-
S). However, the efficiency of NOTA-HTL-M/L
binding to HaloTag protein was significantly
lower, since AF488-HTL was still able to bind to
the HaloTag protein which resulted in strong
fluorescence signal.

Investigation of NOTA-HTL-S/M/L in 4T1-
HaloTag cells

Stable expression of the HaloTag protein in 4T1-
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Figure 2. Characterization of 4T1-HaloTag-ECS cells.
A. 4T1-HaloTag-ECS cells are labeled with AF488-HTL
(not cell membrane permeable) and then with TMR-
HTL (cell membrane permeable). Microscopy images
confirmed that the cells express the HaloTag protein
both on the surface of and inside the cells. B. Binding
of NOTA-HTL-S/M/L to the HaloTag protein was as-
sessed by exposing 4T1-HaloTag-ECS cells to each
ligand prior to labeling with the cell membrane imper-
meable AF488-HTL. Confocal images showed signifi-
cantly less AFA88-HTL signal for NOTA-HTL-S, indica-
tive of its efficient binding to HaloTag, but not for
NOTA-HTL-M/L. Scale bars: 20 pym.

HaloTag cells was confirmed by microscopy
studies after labeling the cells with TMR-HTL
(Figure 3A). Uniform fluorescence signal was
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observed inside all cells, as expected for this
stable cell line. To assess the efficiency of NOTA
-HTL-S/M/L in entering cells and binding to the
intracellular HaloTag protein, 4T1-HaloTag cells
were exposed to NOTA-HTL-S/M/L prior to label-
ing with TMR-HTL. Control 4T1-HaloTag cells
were labeled only with TMR-HTL. No significant
difference in fluorescence signal was observed
between the groups, indicating that none of the
NOTA-conjuagted HTLs exhibit significant cell
membrane permeability (Figure 3B). Since NOTA
-HTL-S/M/L was not able to penetrate the cell
membrane and bind to the HaloTag protein ex-
pressed inside the cells, the remaining studies
were focused on 4T1-HaloTag-ECS cells only.

A

Fluorescence

Brightfield Merge

B

Control

NOTA-HTL-S

NOTA-HTL-L

Fluorescence Brightfield Merge

Figure 3. Characterization of 4T1-HaloTag cells. A.
The cells are labeled with TMR-HTL and examined
under a microscope, which confirmed HaloTag pro-
tein expression in the cells. B. Cell membrane per-
meability of NOTA-HTL-S/M/L was assessed by ex-
posing 4T1-HaloTag cells to each ligand prior to la-
beling with the cell membrane permeable TMR-HTL.
Confocal images showed no significant difference in
TMR-HTL labeling between control cells (labeled with
TMR-HTL only) and cells previously exposed to each
NOTA-conjugated HTL, indicating a lack of cell mem-
brane permeability for NOTA-HTL-S/M/L. Scale bars:
20um.
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For NOTA-HTL-S/M, 64Cu-labeling including
HPLC purification took 100 £ 10 min (n = 6).
The crude radio-HPLC profiles of 64Cu-NOTA-HTL-
S/M are shown in Figure 4A&B, with a radio-
HPLC trace of 64CuClo shown as a reference
standard in Figure 4C. 64Cu-NOTA-HTL-S had a
sharp peak with a retention time of 26.9 min
while 64Cu-NOTA-HTL-M elutes at 26.5 min. For
NOTA-HTL-L, é4Cu-labeling including purification
using PD-10 columns took 80 = 10 min (n =
10), with a representative radioactivity elution
profile from the column shown in Figure 4D.
After purification with HPLC or PD-10 column,
the decay-corrected radiochemical yield was
>85% for 64Cu-NOTA-HTL-L, ~35% for 64Cu-NOTA
-HTL-S, and ~30% for 64Cu-NOTA-HTL-M, each
with a radiochemical purity of > 98%.

PET imaging

Based on the low molecular weight of 64Cu-
NOTA-HTL-S/M/L, which typically undergo fast
blood clearance and excretion, the time points
of 0.5, 3, and 6 h p.i. were chosen for serial PET
scans after intravenous injection of each tracer.
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Representative coronal and transaxial slices of
mice bearing the 4T1-HaloTag-ECS tumor are
shown in Figure 5, and the quantitative data
obtained from ROI analysis of the PET images
are shown in Figure 6.

Uptake of 64Cu-NOTA-HTL-S and 64Cu-NOTA-HTL-
M in the intestines was prominent at all three
time points examined, which is typically ob-
served for hydrophobic PET tracers [32, 33].
The intestine uptake of 64Cu-NOTA-HTL-S was
20.1+4.3,22.8 £5.2,and 20.7 £ 4.6 %ID/g at
0.5, 3, and 6 h p.i. respectively (n = 3; Figure
BA). 64Cu-NOTA-HTL-M exhibited similar in vivo
kinetics, with intestine uptake of 17.3 + 3.3,
16.4 + 3.2, and 14.2 + 4.7 %ID/g at 0.5, 3, and
6 h p.i. respectively (n = 3; Figure 6B). Both 64Cu
-NOTA-HTL-S and  ©64Cu-NOTA-HTL-M  were
cleared rapidly from the circulation. The 4T1-
HaloTag-ECS tumor uptake of 64Cu-NOTA-HTL-S
peaked at 0.5 h p.i. and declined gradually (1.7
+0.4,0.7 £ 0.2,and 0.5 + 0.1 %ID/g at 0.5, 3,
and 6 h p.i. respectively; n = 3; Figure 6A). Com-
pared with 64Cu-NOTA-HTL-S, the 4T1-HaloTag-
ECS tumor uptake of 64Cu-NOTA-HTL-M was sig-
nificantly lower: 0.6 £ 0.4, 0.4 + 0.2, and 0.2 +
0.1 %ID/g at 0.5, 3, and 6 h p.i. respectively (n
= 3; Figure 6B).
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Figure 5. Serial PET images of mice bearing 4T1-
HaloTag-ECS tumors at different time points post-
injection of 64Cu-NOTA-HTL-S (A), 64Cu-NOTA-HTL-M
(B), 84Cu-NOTA-HTL-L (C), respectively. Both coronal
and transaxial images are shown. Images are repre-
sentative of 3 mice per group and arrowheads indi-
cate the tumors.

With significantly lower hydrophobicity than 64Cu
-NOTA-HTL-S/M, the intestine uptake of 64Cu-
NOTA-HTL-L was much lower since it undergoes
renal clearance instead of hepatobiliary clear-
ance (Figure 5). 64Cu-NOTA-HTL-L was cleared
rapidly from the tumor-bearing mice and kidney
uptake of the tracer was 3.0 + 0.7, 1.4 £ 0.3,
and 1.3 £ 0.2 %ID/g at 0.5, 3, and 6 h p.i. re-
spectively (n = 3; Figure 6C). The 4T1-HaloTag-
ECS tumor uptake of 64Cu-NOTA-HTL-L is compa-
rable to that of 64Cu-NOTA-HTL-S: 1.4 + 0.5, 0.7
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+ 0.2, and 0.4 + 0.1 %ID/g at 0.5, 3, and 6 h
p.i. respectively (n = 3; Figure 6C).

Since Cu-NOTA-HTL-L does not bind to the Halo-
Tag protein expressed on the surface of 4T1-
HaloTag-ECS cells (due to the interference by
the long PEG chain), as evidenced by micros-
copy studies (Figure 2B), the tumor uptake of
64Cu-NOTA-HTL-L is likely due to passive uptake
caused by the enhanced permeability and reten-
tion (EPR) effect of this tracer, which is not ap-
plicable to 64Cu-NOTA-HTL-S because of its low
molecular weight. For 64Cu-NOTA-HTL-M, the
tumor uptake is significantly lower than both
64Cu-NOTA-HTL-S and 64Cu-NOTA-HTL-L, because
not only does Cu-NOTA-HTL-M not bind to the
HaloTag protein expressed on the cell surface
(Figure 2B), it also does not have large enough
molecular weight to take advantage of the EPR
effect for enhanced tumor uptake.

To confirm that the 4T1-HaloTag-ECS tumor up-
take of 64Cu-NOTA-HTL-S was HaloTag specific,
this tracer was also injected into three mice
bearing normal 4T1 tumors without HaloTag
expression. To eliminate as many variables as
possible thereby ensuring a fair and direct com-
parison, the uptake in the adjacent muscle was
subtracted from the tumor uptake and the “net
%ID/g” values are presented in Figure 6D. The
net %ID/g values of 64Cu-NOTA-HTL-S in the 4T1
-HaloTag-ECS tumors were 0.8 + 0.1, 0.5 + 0.1,
and 0.5 + 0.1 %ID/g at 0.5, 3, and 6 h p.i. re-
spectively, while the net %ID/g values in the in
normal 4T1 tumors were 0.5 + 0.1, 0.4 + 0.1,
and 0.3 + 0.1%ID/g at 0.5, 3, and 6 h p.i. re-
spectively (n = 3). At 0.5 h and 6 h p.i., the dif-
ference in net %ID/g values in the two tumor
types reached statistical significance, which was
not the case at 3 h p.i. due to the large variance
between mice in the 4T1-HaloTag-ECS group.

Biodistribution studies

After the last PET scans at 6 h p.i., the mice
were euthanized. Tumors and major tissues
were collected for biodistribution studies to fur-
ther validate the in vivo PET data. Besides the
intestines, the kidneys and the liver also had
significant tracer uptake at 6 h p.i. for 64Cu-
NOTA-HTL-S (Figure 7). Uptake in all tissues was
low for 64Cu-NOTA-HTL-L (< 5 %ID/g) due to fast
clearance of the tracer. Overall, the biodistribu-
tion data was in good agreement with the quan-
titative data obtained from ROl analysis of the

Am J Transl Res 2011;3(4):392-403
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subtracting the muscle uptake from the tumor uptake, of 64Cu-NOTA-HTL-S in mice bearing 4T1-HaloTag-ECS or 4T1
tumors at different time points post-injection. *: P < 0.05 (n = 3).
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Figure 7. Biodistribution of 64Cu-NOTA-HTL-S and 64Cu-
NOTA-HTL-L at 6 h post-injection in mice bearing the 4T1-
HaloTag-ECS tumors (n = 3).
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non-invasive PET scans.
Discussion

In this proof-of-principle study, we report the
first use of the HaloTag protein as a reporter
gene for PET imaging. 4T1 murine breast cancer
cells were stably transfected to express the
HaloTag protein either on the extracellular sur-
face (i.e. 4T1-HaloTag-ECS) or inside the cells
(i.e. 4T1-HaloTag). Based on the in vitro studies,
only NOTA-HTL-S could bind to the HaloTag pro-
tein on the extracellular surface efficiently while
none of the three NOTA-conjugated HTLs was
able to penetrate the cell membrane. Therefore,
in vivo studies were primarily focused on 64Cu-
NOTA-HTL-S in the 4T1-HaloTag-ECS tumor

Am J Transl Res 2011;3(4):392-403



HaloTag as a novel reporter gene for PET

model. Significantly higher tracer uptake in the
4T1-HaloTag-ECS than the 4T1 tumor was ob-
served, which demonstrated the HaloTag speci-
ficity of 64Cu-NOTA-HTL-S and warranted future
investigation of the HaloTag protein as a PET
reporter gene.

In vivo stability of é4Cu-chelates has been a
hotly debated topic over the last decade. Many
chelators have been designed and investigated
for 64Cu-labeling [34]. Recently, an elegant
study compared the effect of the bifunctional
chelator on the biodistribution of a 64Cu-labeled
antibody [35]. It was found that differences in
the thermodynamic stability of these 64Cu-
chelator complexes were not associated with
significant differences in tumor uptake of the
tracer. However, there were significant differ-
ences in tracer concentration in other tissues, in
particular those involved in tracer clearance
(e.g. liver and spleen). It is now generally agreed
that NOTA is one of the best chelators for 64Cu-
labeling, which is also used here. In pilot stud-
ies, we also labeled DOTA-HTLs (where DOTA
denotes 1, 4, 7, 10-tetraazacyclododecane-1, 4,
7, 10-tetraacetic acid) with 64Cu and tested
them in vivo. No significant difference was ob-
served between the NOTA- and DOTA-based
tracers. Comparing to antibodies which have
relatively long circulation half-lives (hours to
days) [36-38], the short circulation half-lives of
these ©4Cu-labeled HTLs (< 0.5 h) make the dif-
ference between NOTA- and DOTA-based tracers
insignificant.

Reporter gene imaging in vivo is technically
challenging [3]. In this study, the 64Cu-labeled
HTLs need to circulate in the blood in mice, ex-
travasate, bind to the HaloTag protein ex-
pressed on the surface of 4T1-HaloTag-ECS
cells, and undergo covalent linkage with the
HaloTag protein to prevent rapid washout from
the tumor thereby achieving sufficient tumor
contrast. Given the short circulation half-lives of
these HTLs, all these processes must happen in
a short time period while the unbound tracers
quickly clear from the hepatobiliary or renal
pathway. Low level of absolute tumor uptake is
common for reporter gene-based imaging, most
of which are less than a few %ID/g.

A number of strategies can be adopted to im-
prove the absolute tumor uptake and tumor
contrast of radiolabeled HTLs in future studies.
First, the expression level of the HaloTag protein
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was only moderate in the 4T1-HaloTag-ECS
cells. Since this is a proof-of-principle study, the
major goal was to demonstrate that HaloTag
can be used as a reporter gene. With this goal
already achieved here, it is expected that fur-
ther increasing the HaloTag protein expression
level can lead to higher tumor uptake in subse-
quent studies. Second, development of future
generation HTLs may give better in vivo perform-
ance than the ones investigated here. Since the
key component of a HTL involved in HaloTag
binding is the chloroalkane tail, HTLs can toler-
ate a wide variety of modifications to optimize
its hydrophobicity/hydrophilicity, which can dra-
matically affect the clearance route and phar-
macokinetics. Third, multimerization may also
be used for improved tumor uptake and reten-
tion, which has been widely adopted for peptide-
and small molecule-based imaging agents [39,
40]. Attaching multiple HTLs to various nanopar-
ticles with linkers of suitable length should be
explored in the future. However, one has to bear
in mind that since the HaloTag protein is ex-
pressed on the tumor cells but not on the tumor
vessels, the nanoparticles used have to be
small enough with efficient extravasation to
achieve optimal tumor uptake. Further develop-
ment and optimization of the HaloTag-based
reporter gene system is currently underway.

Combination of different imaging modalities can
provide complementary information and allow
scientists to interrogate various biological
events from different perspectives. Multimodal-
ity reporter genes have been well documented
in the literature. Typically, these multimodality
reporter genes rely on the fusion of different
reporter proteins that can each be used for im-
aging with one technique [41-46]. However,
fusion of multiple reporter proteins is technically
challenging. In addition, the overall larger size
may also affect the expression and/or function
of each reporter protein. HaloTag has the poten-
tial to be a multimodality reporter gene with one
single protein. A previous report has already
used the HaloTag protein for in vivo optical im-
aging [24], whereas here we demonstrate its
application for PET imaging. The same HTL may
potentially be labeled with a variety of image
tags for other imaging modalities, such as
9mTc/123] for SPECT and Gd3+/iron oxide
nanoparticles for MRI, respectively. Differently
labeled HTLs can be used for imaging HaloTag-
expressing cells with different techniques, which
will greatly facilitate the potential widespread
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use of HaloTag-based reporter gene imaging.
One caveat is that the sensitivity of MRI is very
low, therefore certain signal amplification
strategies will be needed for MRI-based imaging
of HaloTag protein expression. We envision that
PET/fluorescence imaging is the most powerful
combination, since PET has superb sensitivity,
excellent quantification capability, unlimited
tissue penetration, and is clinically relevant
[47], while optical imaging is inexpensive, sensi-
tive, and can provide a convenient means for ex
vivo validation of the PET data through micros-
copy studies.

One major potential application of HaloTag-
based reporter gene imaging is to track cells in
vivo, independent of the cell types (e.g. immune
cells, stem cells, cancer cells, induced pluripo-
tent stem cells, etc.). Although such cell tracking
is still at an early stage far from routine clinical
applications [48, 49], pilot studies where PET
imaging was used for tracking genetically engj-
neered cells in cancer patients have already
been reported [4, 5], which warrants optimism
that reporter gene-based imaging will gradually
gain popularity in future clinical studies.

In conclusion, herein we report the proof-of-
principle that the HaloTag protein can be used
as a reporter gene for PET imaging in vivo, in a
murine tumor model stably transfected with the
protein on the cell surface. Further optimization
of the HaloTag-based reporter gene system for
non-invasive multimodality molecular imaging is
currently underway.
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