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Abstract: The goal of this study is to employ the HaloTag technology for positron emission tomography (PET), which 
involves two components: the HaloTag protein (a modified hydrolase which covalently binds to synthetic ligands) 
and HaloTag ligands (HTLs). 4T1 murine breast cancer cells were stably transfected to express HaloTag protein on 
the surface (termed as 4T1-HaloTag-ECS, ECS denotes extracellular surface). Two new HTLs were synthesized and 
termed NOTA-HTL2G-S and NOTA-HTL2G-L (2G indicates second generation, S stands for short, L stands for long, 
NOTA denotes 1,4,7-triazacyclononane-N,N’N’’-triacetic acid). Microscopy studies confirmed surface expression of 
HaloTag in 4T1-HaloTag-ECS cells, which specifically bind NOTA-HTL2G-S/L. Uptake of 64Cu-NOTA-HTL2G-L in 4T1-
HaloTag-ECS tumors (4.3 ± 0.5, 4.1± 0.2, 4.0 ± 0.2, 2.3 ± 0.1, and 2.2 ± 0.1 %ID/g at 0.5, 3, 6, 18, and 24 h post-
injection respectively; n = 4) was significantly higher than that in the 4T1 tumors (3.0 ± 0.3, 3.0± 0.1, 3.0 ± 0.2, 
2.0 ± 0.4, and 2.4 ± 0.3 %ID/g at 0.5, 3, 6, 18, and 24 h post-injection respectively; n = 4) at early time points. In 
comparison, 64Cu-NOTA-HTL2G-S did not demonstrate significant uptake in either 4T1-HaloTag-ECS or 4T1 tumors. 
Blocking studies and autoradiography of tumor lysates confirmed that 64Cu-NOTA-HTL2G-L binds specifically to Halo-
Tag protein in the 4T1-HaloTag-ECS tumors, corroborated by histology. HaloTag protein-specific targeting and PET 
imaging in vivo with 64Cu-NOTA-HTL2G-L serves as a proof-of-principle for future non-invasive and sensitive tracking 
of HaloTag-transfected cells with PET, as well as many other studies of gene/protein/cell function in vivo.
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Introduction

As a versatile tool, the HaloTag technology has 
attracted much attention for a broad array of 
biomedical applications such as in vitro optical 
imaging [1-3], in vivo cell labeling/imaging [4, 
5], protein purification/trafficking [6, 7], study 
of protein-protein and protein-DNA interactions 
[8], analysis of protein stability [9], high-
throughput assays [10], single molecule force 
spectroscopy [11], ribosome tagging [12], 
among many others [13]. The HaloTag technol-
ogy involves two key components: the HaloTag 
protein and HaloTag ligands (HTLs).

The HaloTag protein is a modified bacterial 
hydrolase that was designed to covalently bind 
to synthetic HTLs [14, 15]. The attractive fea-

tures for its use as a reporter include its small 
size (33 kDa) and lack of cross-reactive interfer-
ence with the endogenous mammalian bio-
chemistry, since the protein is not common to 
mammalian cells. A typical HTL is composed of 
a chloroalkane, which can be flexible in its 
structure, and a functional tag (e.g. dye, affinity 
ligand, solid surface, radioisotope, etc.) depend-
ing on the specific applications [13, 14]. 
Covalent bond formation between the HaloTag 
protein and the chloroalkane within a HTL 
occurs rapidly under physiological conditions, 
which is essentially irreversible and highly 
specific.

Among the many molecular imaging strategies 
available, reporter gene-based approaches 
continue to be a vibrant area of research [16]. A 
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number of these reporter genes and corre-
sponding reporter probes have been designed 
and optimized, and several of them are already 
under clinical investigation [16-18]. Commonly 
used reporter genes include those that can be 
detected with optical [19, 20], single-photon 
emission computed tomography (SPECT) and 
positron emission tomography (PET) [21], or 
magnetic resonance imaging (MRI) techniques 
[22].

The goal of this study is to employ HaloTag as a 
PET reporter gene, using our newly designed 
2nd generation HTLs that can be labeled with 
64Cu (t1/2: 12.7 h) via the 1, 4, 7-triazacyclonon-
ane-N, N’, N’’-triacetic acid (NOTA) chelator. 
Hydrophilic polyethylene glycol (PEG) chains of 
different length were incorporated into the 
HTLs and compared using mice bearing 4T1 
murine breast tumors stably expressing the 
HaloTag protein on the cell surface. Since PET 
is highly quantitative, sensitive, non-invasive, 
and clinically relevant [23-25], this technique 
may be used for future non-invasive tracking of 

HaloTag-transfected cells with PET, as well as 
many other applications such as cancer imag-
ing and therapy.

Materials and methods

Reagents

2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacy- 
clononane-1,4,7-triacetic acid (p-SCN-Bn-
NOTA) was purchased from Macrocyclics, Inc. 
(Dallas, TX). Water and all buffers were of 
Millipore grade and pre-treated with Chelex 
100 resin (50-100 mesh; Sigma-Aldrich, St. 
Louis, MO) to ensure that the aqueous solu-
tions were heavy-metal free. PD-10 desalting 
columns were purchased from GE Healthcare 
(Piscataway, NJ). High-performance liquid chro-
matography (HPLC) solvents (water, acetoni-
trile, and trifluoroacetic acid [TFA]) were pur-
chased from Thermo Fisher Scientific (Fair 
Lawn, NJ). 64Cu was produced via a 64Ni(p,n)64Cu 
reaction using a CTI RDS 112 cyclotron at the 
University of Wisconsin - Madison. All other 

Figure 1. A. Chemical structures of NOTA-HTL2G-S and NOTA-HTL2G-L. B. HPLC trace of 64Cu-NOTA-HTL2G-S and size 
exclusion column chromatography profile of 64Cu-NOTA-HTL2G-L (base line separation was achieved).
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reagents were obtained from Sigma-Aldrich, 
except when noted in the following text, and 
used as received.

Syntheses of the HTLs

Syntheses of the two NOTA-conjugated HTLs 
(Figure 1A) were straightforward. Since the 
HaloTag-reactive chloroalkane was very hydro-
phobic, PEG chains with different length (3, and 
> 25 ethylene glycol units) were incorporated 
between the chloroalkane and NOTA. The two 
compounds were purified by HPLC, and subse-
quently characterized with 1H-NMR spectros-
copy and mass spectrometry. For NOTA-
HTL2G-S (2G denotes second generation and S 
denotes short), the m/z was calculated to be 
1272.53 (C64H83ClN7O16S+) and an m/z of 
1272.7 was observed in mass spectrometry. 
For NOTA-HTL2G-L (L denotes long with > 25 
ethylene glycol units), which was purified to 
homogeneity as a single peak by HPLC, a range 
of peaks were observed which were separated 
by 44 Da (i.e., one ethylene glycol unit), charac-
teristic for PEG-containing compounds.

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) sup-
plemented with 10% fetal bovine serum, and 
incubated at 37°C with 5% CO2. pCI-neo mam-
malian expression vector (E1841, Promega, 
Madison, WI) was used for cloning of the 
HaloTag construct, which was fused to a single 
transmembrane domain of β1 integrin. G418 
(V8091, Promega, Madison, WI) 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 
serially diluted and single colonies were har-
vested and confirmed positive by microscopy 
studies.

Microscopy studies were performed after label-
ing the transfected 4T1 cells with AlexaFluor 
488-conjugated HTL (AF488-HTL, Promega, 
Madison, WI), which is not cell membrane per-
meable and therefore only labels the HaloTag 
protein expressed on the extracellular surface. 
One positive clone with stable HaloTag expres-
sion was selected, expanded, and termed as 
“4T1-HaloTag-ECS” (ECS denotes extracellular 

surface). The 4T1-HaloTag-ECS cells were used 
for all subsequent in vitro and in vivo experi-
ments when it reached ~80% confluence in 
culture.

Cellular studies of NOTA-HTL2G-S/L

NOTA-HTL2G-L and NOTA-HTL2G-S were inves-
tigated in 4T1-HaloTag-ECS cells for their ability 
to bind to the HaloTag protein on the surface of 
these cells. The cells were plated in Lab-Tek II 
chambered cover glass (Nalge Nunc 
International) and allowed to attach overnight. 
To assess the HaloTag protein binding ability of 
NOTA-HTL2G-S/L, 4T1-HaloTag-ECS cells were 
first incubated in a 5 μM solution of NOTA-
HTL2G-S/L (i.e. blocking) in complete media for 
15 minutes at 37°C in the presence of 5% CO2. 
Afterwards, the cells were labeled with 1 μM of 
AF488-HTL for 15 minutes and examined under 
an Olympus FV500 confocal microscope 
equipped with a 37°C + 5% CO2 environmental 
chamber and appropriate filter sets. Control 
4T1-HaloTag-ECS cells were labeled with 1 μM 
of AF488-HTL only before microscopy studies.

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, four- to five-week-
old female BALB/c mice were purchased from 
Harlan (Indianapolis, IN) and tumors were 
established by subcutaneously injecting 2 × 
106 cells, suspended in 100 μL of RPMI 1640, 
into the front flanks of mice (left: 4T1; right: 
4T1-HaloTag-ECS). The tumor sizes were moni-
tored every other day and mice were subjected 
to in vivo experiments when the tumor diameter 
reached 5-8 mm (~10 days after inoculation).

64Cu-labeling 

64CuCl2 (111 MBq) was diluted in 300 μL of 0.1 
M sodium acetate buffer (pH 6.5) and added to 
15 μg of NOTA-HTL2G-S/L. The reaction mix-
ture was incubated for 30 min at 37°C with 
constant shaking. 64Cu-NOTA-HTL2G-L was 
purified using PD-10 columns with phosphate-
buffered saline (PBS) as the mobile phase, 
whereas 64Cu-NOTA-HTL2G-S was purified by a 
Dionex Ultimate 3000 HPLC system equipped 
with radioactivity and UV detectors using a 
C-18 column (Figure 1B). A solvent gradient (A: 
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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 reconstituted into a final concentration of 
1 × PBS. The purified 64Cu-NOTA-HTL2G-S/L 
solution was passed through a 0.2 μm syringe 
filter before in vivo experiments.

PET imaging and biodistribution studies

Details of the PET scans, region-of-interest 
(ROI) analysis, and biodistribution studies have 
been reported previously [26-28]. Briefly, each 
tumor-bearing mouse was injected with 5-10 
MBq of PET tracer via tail vein and 3 - 10 min 
static PET scans were performed at various 
time points post-injection (p.i.) in a microPET/
microCT Inveon rodent model scanner (Siemens 
Medical Solutions USA, Inc.). The images were 
reconstructed using a maximum a posteriori 
(MAP) algorithm, with no attenuation or scatter 
correction. ROI analysis was performed on all 
PET images to obtain quantitative data in the 
unit of percentage of injected dose per gram of 
tissue (%ID/g). Blocking studies were carried 
out for 64Cu-NOTA-HTL2G-L to evaluate its 
HaloTag specificity in vivo, where a group of 4 
mice was each injected with 2 mg of NOTA-
HTL2G-L simultaneously with 5-10 MBq of 
64Cu-NOTA-HTL2G-L.

After the last PET scans at 24 h p.i., mice were 
euthanized and biodistribution studies were 
carried out to confirm that the quantitative trac-
er uptake values based on microPET imaging 
accurately represented tracer distribution in 
tumor-bearing mice. Another cohort of four 
mice was euthanized at 3 h p.i. (when uptake of 
64Cu-NOTA-HTL2G-L peaks in the 4T1-HaloTag-
ECS tumors based on PET) for biodistribution 
studies. The radioactivity in the tumor and 
major organs was measured with a gamma-
counter (Perkin Elmer) and presented as %ID/g 
(mean ± SD).

Histology

Frozen tumor slices of 7 μm thickness were 
fixed with cold acetone for 10 min and dried in 
the air for 30 min. After rinsing with PBS and 
blocking with 10% donkey serum for 30 min at 
room temperature, the slices were incubated 

with rabbit anti-HaloTag polyclonal antibody 
(Promega, Madison, WI) at a concentration of 2 
μg/mL for 1 h at 4°C and visualized using 
AlexaFluor488-labeled donkey anti-rabbit IgG. 
After washing with PBS, the tissue slices were 
also stained for endothelial marker CD31 as 
described previously [29]. After final wash with 
PBS, all images were acquired with a Nikon 
Eclipse Ti microscope.

Electrophoresis and autoradiography

To confirm the specificity of 64Cu-NOTA-HTL2G-L 
for HaloTag in vivo, both 4T1-HaloTag-ECS and 
4T1 tumors from the same mouse were har-
vested at 3 h p.i. of the tracer. The tumor tis-
sues were homogenized and lysed with radio-
immunoprecipitation assay (RIPA) buffer (Santa 
Cruz Biotechnology, Inc.). After centrifugation, 
the supernatant protein solution was analyzed 
with sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE, 5% stacking gel 
and 8% resolving gel) under non-reducing con-
ditions with 100 µg of total protein loading per 
lane (the amount of total protein was quantified 
with Coomassie Brilliant Blue G-250). After 1 h 
running time, the gel was placed on a phosphor-
imaging film for high resolution autoradiogra-
phy. After overnight exposure, the films were 
scanned in a Cyclone Storage Phosphor Screen 
System (Perkin Elmer, Branford, CT).

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-HTL2G-S/L in 4T1-Halo-
Tag-ECS cells

Both NOTA-HTL2G-S and NOTA-HTL2G-L con-
tain several ethylene glycol units (Figure 1A), 
which can improve the hydrophilicity and phar-
macokinetics of the HTLs since the chloroal-
kane is very hydrophobic. Compared with the 
first generation HTLs [26], the presence of mul-
tiple aromatic rings (which was a fluorescent 
dye but no longer fluorescent in the current 
form) in the NOTA-HTL2G-S/L improved HaloTag 
binding in cells. HaloTag protein expression in 
the 4T1-HaloTag-ECS cells (membrane bound 
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and faces the outside of the cell) was confirmed 
by labeling with AF488-HTL, an established 
high affinity ligand for HaloTag that is not cell 
membrane permeable (Figure 2). Saturating 
the HaloTag protein on the 4T1-HaloTag-ECS 
cells with either NOTA-HTL2G-S or NOTA-
HTL2G-L prior to incubation with AF488-HTL 
(i.e., blocking) led to negligible fluorescence sig-
nal on the cells, which confirmed that both 
NOTA-HTL2G-S and NOTA-HTL2G-L bind to 
HaloTag protein with high affinity in cell 
culture.

64Cu-labeling

For NOTA-HTL2G-S, 64Cu-labeling including 
HPLC purification took 100 ± 10 min (n = 4). 
The crude radio-HPLC profile of 64Cu-NOTA-
HTL2G-S is shown in Figure 1B, which has a 
sharp peak with a retention time of 27.6 min. 

For NOTA-HTL2G-L, 64Cu-labeling including puri-
fication using PD-10 columns took 70 ± 10 min 
(n = 8), with a representative radioactivity elu-
tion profile from the column shown in Figure 
1B. After purification with HPLC or PD-10 col-
umn, the decay-corrected radiochemical yield 
was > 80% for 64Cu-NOTA-HTL2G-L and ~25% 
for 64Cu-NOTA-HTL2G-S, both with radiochemi-
cal purity of > 98%.

PET imaging

Based on the low molecular weight of 
64Cu-NOTA-HTL2G-S/L, which typically undergo 
fast blood clearance and excretion, the time 
points of 0.5, 3, 6, 18, and 24 h were chosen 
for serial PET scans after intravenous injection 
of each tracer. Representative coronal slices of 
mice bearing both 4T1-HaloTag-ECS (right) and 
4T1 (left) tumors are shown in Figure 3, and the 

Figure 2. 4T1-HaloTag-ECS cells are labeled with AF488-HTL (cell impermeable ligand) to confirm surface 
expression of HaloTag. Blocking with either NOTA-HTL2G-L or NOTA-HTL2G-S prior to incubation with AF488-HTL 
led to significantly lower fluorescence signal, confirming HaloTag specific binding of both ligands. Scale bar: 20 μm.
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quantitative data obtained from ROI analysis of 
the PET images are shown in Figure 4.

Uptake of 64Cu-NOTA-HTL2G-S in the abdomen 
area (especially in intestines) was prominent at 
all time points examined, which is typically 
observed for hydrophobic PET tracers. The 
intestine uptake of 64Cu-NOTA-HTL2G-S was 
16.3 ± 3.2, 20.9 ± 2.8, 9.6 ± 1.0, 6.2 ± 0.7, and 
4.0 ± 0.5 %ID/g at 0.5, 3, 6, 18, and 24 h p.i. 
respectively (n = 4; Figure 4A). The tracer was 
cleared rapidly from the circulation, with < 
5%ID/g of radioactivity in the blood at 0.5 h p.i. 
The uptake of 64Cu-NOTA-HTL2G-S in 
4T1-HaloTag-ECS tumor was very low at all time 
points examined (0.4 ± 0.1, 0.2 ± 0.02, 0.05 ± 
0.01, 0.02 ± 0.01, and 0.005 ± 0.001 %ID/g at 
0.5, 3, 6, 18, and 24 h p.i. respectively; n = 4; 
Figure 4A).

With significantly lower hydrophobicity than 
64Cu-NOTA-HTL2G-S, the intestine uptake of 

64Cu-NOTA-HTL2G-L was much lower since it 
undergoes primarily renal instead of hepatobili-
ary clearance (Figure 3). 64Cu-NOTA-HTL2G-L 
also exhibited longer circulation life time than 
64Cu-NOTA-HTL2G-S, with a blood radioactivity 
level of ~10 %ID/g at 0.5 h p.i. The kidney 
uptake of 64Cu-NOTA-HTL2G-L was 19.6 ± 0.9, 
18.5 ± 3.7, 20.7 ± 3.7, 14.2 ± 3.1, and 13.9 ± 
1.0 %ID/g at 0.5, 3, 6, 18, and 24 h p.i. respec-
tively (n = 4; Figure 4B). Importantly, the 
4T1-HaloTag-ECS tumor uptake of 64Cu-NOTA-
HTL2G-L is prominent at 4.3 ± 0.5, 4.1± 0.2, 
4.0 ± 0.2, 2.3 ± 0.1, and 2.2 ± 0.1 %ID/g at 0.5, 
3, 6, 18, and 24 h p.i. respectively (n = 4; Figure 
4B and 4D), which was significantly higher than 
the uptake in HaloTag-negative 4T1 tumors (3.0 
± 0.3, 3.0± 0.1, 3.0 ± 0.2, 2.0 ± 0.4, and 2.4 ± 
0.3 %ID/g at 0.5, 3, 6, 18, and 24 h p.i. respec-
tively (n = 4; P < 0.05 at 0.5, 3, and 6 h p.i.).

Administering a blocking dose of NOTA-HTL2G-L 
with 64Cu-NOTA-HTL2G-L injection significantly 

Figure 3. Serial coronal PET images of mice bearing both 4T1 (left) and 4T1-HaloTag-ECS (right) tumors at different 
time points post-injection of 64Cu-NOTA-HTL2G-S, 64Cu-NOTA-HTL2G-L, or 64Cu-NOTA-HTL2G-L with a blocking dose 
of NOTA-HTL2G-L. Images are representative of 4 mice per group and arrowheads indicate the 4T1-HaloTag-ECS 
tumors.
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reduced the 4T1-HaloTag-ECS tumor uptake to 
1.9 ± 0.4, 1.8 ± 0.5, 2.0 ± 0.4, 2.1 ± 0.4, and 
1.9 ± 0.2 %ID/g at 0.5, 3, 6, 18, and 24 h p.i 
respectively (n = 4; P < 0.05 before 18 h p.i.; 
Figures 3, 4C and 4D), which demonstrated 
that 64Cu-NOTA-HTL2G-L maintained HaloTag 
specificity in vivo. Liver/kidney uptake of 
64Cu-NOTA-HTL2G-L in the “blocking” group 
was similar to mice injected with 64Cu-NOTA-
HTL2G-L alone, and radioactivity level in the 
blood was also similar between the two groups 
(Figure 4B and 4C). Tumor uptake of 64Cu-NOTA-
HTL2G-L in the various groups based on ROI 
analysis of the PET data are summarized in 
Figure 4D, where the %ID/g values in the 
4T1-HaloTag-ECS tumors were significantly 
higher than the other two groups (i.e., 4T1 or 
“4T1-HaloTag-ECS + blocking”) at 0.5, 3, and 6 
h p.i. At 18 and 24 h p.i., most of the tracer has 
been cleared from the mice and the differences 

in tumor uptake of 64Cu-NOTA-HTL2G-L were no 
long statistically significant.

Biodistribution studies

A cohort of four mice bearing both 4T1-HaloTag-
ECS and 4T1 tumors was intravenously injected 
with 64Cu-NOTA-HTL2G-L and euthanized at 3 h 
p.i. (when tumor uptake was at the peak based 
on PET results) for biodistribution studies. Both 
the liver and kidneys (i.e. the clearance organs 
for the tracer) had significant tracer uptake at 3 
h p.i. for 64Cu-NOTA-HTL2G-L (Figure 5A). More 
importantly, the 4T1-HaloTag-ECS tumor uptake 
of 64Cu-NOTA-HTL2G-L was higher than all 
major organs except the liver and kidneys, thus 
providing good tumor contrast and confirmed 
specific HaloTag targeting (i.e. significantly high-
er tracer uptake than in the 4T1 tumors). After 
the last PET scans at 24 h p.i., the mice were 

Figure 4. Time-activity curves of the liver, 4T1-HaloTag-ECS tumor, 4T1 tumor, blood, intestine/kidney, and muscle 
after intravenous injection of 64Cu-NOTA-HTL2G-S (A), 64Cu-NOTA-HTL2G-L (B), or 64Cu-NOTA-HTL2G-L with a blocking 
dose of NOTA-HTL2G-L (C). D. Tumor uptake of 64Cu-NOTA-HTL2G-L in different groups. *: P < 0.05 (n = 4).
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euthanized for biodistribution studies to vali-
date the in vivo PET data. The kidneys and liver 
had significant tracer uptake at 24 h p.i. for 
64Cu-NOTA-HTL2G-L, and the tumor uptake was 
still prominent (Figure 5B). Overall, the biodis-
tribution data was in good agreement with the 
quantitative data obtained from ROI analysis of 
the non-invasive PET scans.

Ex vivo studies

Immunofluorescence HaloTag and CD31 (mark-
er for vessels) staining of tumor slices indicated 
strong HaloTag expression in the 4T1-HaloTag-
ECS tumor, but not the 4T1 tumor, confirming 
stable transfection of the cells with HaloTag 
which remained persistent after inoculation 
into immunocompetent mice (Figure 6A). 
Therefore, higher uptake of 64Cu-NOTA-HTL2G-L 
in the 4T1-HaloTag-ECS tumors than in the 4T1 
tumors, which are identical except for the 

cific accumulation as well as specific HaloTag 
binding). Loading a mixture of the two tumor 
lysates into the same lane (termed as “co-
spot”) did not alter the location of radioactivity 
bands.

Discussion

In this work, we investigated the use of two 2nd 
generation HTLs for PET imaging of HaloTag-
expressing tumors in vivo. Non-invasive imag-
ing with reporter genes is technically challeng-
ing and low level of tumor uptake is common, 
most of which are less than a few %ID/g [16]. To 
achieve sufficient tumor contrast, 64Cu-labeled 
HTLs need to circulate in the blood for a suffi-
cient time period, extravasate, bind to HaloTag 
protein expressed on the surface of 
4T1-HaloTag-ECS cells, and undergo covalent 
linkage through enzymatic reaction to prevent 
rapid washout from the tumor. Given the short 

Figure 5. Biodistribution of 64Cu-NOTA-HTL2G-L at 3 h (A) and 24 h (B) 
post-injection in mice bearing both 4T1-HaloTag-ECS and 4T1 tumors (n 
= 4). *P < 0.05.

expression level of HaloTag, 
confirmed the in vivo specific-
ity and affinity of 64Cu-NOTA-
HTL2G-L for the HaloTag 
protein.

Autoradiography of whole 
tumor lysates after SDS-
PAGE separation clearly indi-
cated the strong association 
between 64Cu-NOTA-HTL2G-L 
and cell surface HaloTag pro-
tein. The radioactivity band 
for 4T1-HaloTag-ECS tumor 
lysate was at the expected 
molecular weight of ~33 kDa 
for HaloTag protein, while the 
corresponding band in the 
4T1 tumor lysate was unde-
tectable (Figure 6B). Most 
radioactivity for the 4T1 
tumor lysate is seen at the 
baseline, which is likely attrib-
uted to non-specific accumu-
lation of 64Cu-NOTA-HTL2G-L 
in the 4T1 tumor. An appre-
ciable amount of radioactivity 
in the 4T1-HaloTag-ECS tumor 
lysate is also seen at the 
baseline, consistent with the 
in vivo PET data (i.e., tumor 
uptake of 64Cu-NOTA-
HTL2G-L is composed of sig-
nificant amount of non-spe-
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circulation lifetime of these HTLs, all these pro-
cesses must happen rapidly while the unbound 
tracers undergo renal and/or hepatobiliary 
clearance. Although 64Cu-NOTA-HTL2G-S exhib-
ited specific binding to HaloTag protein in cell 
culture, it did not give significant tumor uptake 
in mice bearing 4T1-HaloTag-ECS tumors pre-
sumably due to its hydrophobicity and short cir-
culation life time. Therefore, this study was 
mainly focused on 64Cu-NOTA-HTL2G-L, which 
exhibited HaloTag-specific binding both in vitro 
and in vivo.

As the circulation half-lives of both HTLs are 
relatively short (< 1 h based on blood radioac-
tivity level), tumor uptake at the early time 
points (0.5, 3, and 6 h p.i., during which specific 
binding is taking place) can provide more mean-
ingful insights regarding HaloTag specificity of 

64Cu-NOTA-HTL2G-L in vivo. Inclusion of the 
PET and biodistribution data at 18 and 24 h p.i. 
was primarily for evaluation of tracer clearance 
over time. Since binding to the HaloTag protein 
does not lead to subsequent internalization 
and intracellular retention of 64Cu-NOTA-
HTL2G-L, tumor uptake at late time points (18 
& 24 h p.i.) is significantly lower than the early 
time points due to possible metabolism and 
clearance of extracellular 64Cu. Nonetheless, 
tumor uptake of 64Cu-NOTA-HTL2G-L is much 
higher (> 4%ID/g vs. < 2%ID/g) compared with 
64Cu-labeled 1st generation HTL, which has sim-
ilar structure but lacks the aromatic component 
[26].

Although 4T1-HaloTag-ECS tumor uptake of 
64Cu-NOTA-HTL2G-L was partly attributed to 
passive targeting, as suggested by appreciable 

Figure 6. A. Immunofluore- 
scence HaloTag/CD31 
double-staining of the 
4T1-HaloTag-ECS and 
4T1 tumor slices. Green: 
HaloTag; red: CD31. All 
images were acquired 
under the same conditions 
and displayed at the same 
scale. Scale bars: 50 μm. B. 
Autoradiography after SDS-
PAGE separation of 4T1-
HaloTag-ECS or 4T1 tissue 
lysates at 3 h post-injection 
of 64Cu-NOTA-HTL2G-L. A 
mixture of the two tissue 
lysates were loaded in the 
center lane and denoted as 
“co-spot”.
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tracer uptake in the 4T1 tumors that do not 
express HaloTag, substantial amount of tumor 
uptake was indeed HaloTag specific as con-
firmed by ex vivo histology/autoradiography 
studies (Figure 6), as well as significantly lower 
tumor uptake when a large dose of NOTA-
HTL2G-L was co-injected to saturate the 
HaloTag on 4T1-HaloTag-ECS cell surface. A few 
strategies may be employed to improve the 
pharmacokinetics, absolute tumor uptake, and 
tumor retention of radiolabeled HTLs in the 
future. First, the expression level of HaloTag 
protein was only moderate in the 4T1-HaloTag-
ECS cells. Further increasing the HaloTag pro-
tein expression level on the extracellular sur-
face may lead to higher tumor uptake in 
subsequent studies. Second, multimerization 
may be investigated to improve tracer uptake 
and retention, which has been widely adopted 
for peptide- and small molecule-based imaging 
agents [30, 31].

Combining multiple imaging techniques can 
provide synergistic information and allow scien-
tists to interrogate various biological events 
from different angles. Multimodal reporter 
genes in the literature typically rely on the 
fusion of different reporter proteins that can 
each be used for single modality imaging [16, 
32]. However, fusion of multiple reporter pro-
teins is technically challenging and the overall 
larger size may also affect the expression and/
or function of each reporter protein. HaloTag 
can potentially serve as a multimodality report-
er gene using a single small protein of 33 kDa. 
Previous reports have demonstrated the use of 
HaloTag protein for in vivo optical imaging [5], 
and herein we report its application in PET 
imaging. The advantages of PET over optical 
techniques for non-invasive imaging include 
better tissue penetration of signal, higher clini-
cal relevance, enhanced quantitation accuracy, 
etc. [33-36]. Similar chloroalkane-containing 
HTLs may also be labeled with different image 
tags, such as 99mTc for SPECT and Gd3+ for MRI. 
Lastly, a major potential application of HaloTag-
based reporter gene imaging is to non-invasive-
ly track cells in vivo, independent of the cell 
types (e.g. immune cells, stem cells, cancer 
cells, induced pluripotent stem cells, etc. [37-
39]), which can provide important biological 
insights in many research areas.

In conclusion, we have demonstrated that the 
HaloTag protein can be used as a reporter gene 

for PET imaging in vivo using a murine tumor 
model stably transfected with HaloTag on the 
extracellular surface. HaloTag protein-specific 
targeting and PET imaging in vivo was achieved 
with 64Cu-NOTA-HTL2G-L, which serves as a 
proof-of-principle for future non-invasive and 
sensitive tracking of HaloTag-transfected cells 
with PET, as well as many other studies of gene/
protein/cell function in vivo.
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