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There is a growing need for monitoring or imaging gene therapy in
the central nervous system (CNS). This can be achievedwith a positron
emission tomography (PET) reporter gene strategy. Here we report
the development of a PET reporter gene system using the PKM2 gene
with its associated radiotracer [18F]DASA-23. The PKM2 reporter gene
was delivered to the brains of mice by adeno-associated virus (AAV9)
via stereotactic injection. Serial PET imaging was carried out over 8 wk
to assess PKM2 expression. After 8 wk, the brains were excised for
further mRNA and protein analysis. PET imaging at 8 wk post-AAV
delivery showed an increase in [18F]DASA-23 brain uptake in the trans-
duced site of mice injected with the AAV mice over all controls. We
believe PKM2 shows great promise as a PET reporter gene and to date
is the only example that can be used in all areas of the CNS without
breaking the blood–brain barrier, to monitor gene and cell therapy.
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The accurate monitoring of gene therapies for diseases of the
central nervous system (CNS) is currently a challenging task,

due to a lack of noninvasive methods (1). As gene/cell therapy ap-
proaches continue to grow in use and popularity, with the first in vivo
human genome editing trial recently taking place (2), a robust
method for monitoring their delivery, efficacy, and localization is vital
(3). One such method ideally suited to monitor gene therapies and
their expression is positron emission tomography (PET) reporter
gene systems (4, 5). PET is a noninvasive molecular imaging tech-
nique that is used to study and visualize human physiology by de-
tection of positron-emitting radiopharmaceuticals. An important
advantage of PET as an imaging technique is that it provides cellular
and functional information that cannot be detected with structural
imaging modalities such as magnetic resonance imaging (MRI) or
computed tomography (CT) (6). A gene therapy, which can be
monitored noninvasively with PET, would require the incorporation
of an additional reporter gene into the vector containing the thera-
peutic gene of interest. Transcription of this reporter gene followed
by translation of the mRNA provides the reporter protein, which can
be detected by a corresponding high-affinity PET radiotracer. Thus,
the level of measured radioactivity is a direct reflection of the re-
porter gene and therefore an indirect but proportional measure of
therapeutic gene expression at a particular site (7).
When developing a new PET reporter gene system, a number

of considerations must be taken into account: (i) the gene should
already be present in mammalian cells to prevent an immune
response, but not expressed in the region(s) of interest; (ii) the
gene and promoter should be small enough to fit into a delivery
vector; (iii) the image signals should correlate with levels of re-
porter gene mRNA and protein; (iv) the protein product should
not cause an immune response or downstream biological response;
(v) the signal should only be detected in regions where the reporter
gene is expressed; (vi) expression of the reporter gene should not
significantly perturb underlying cell biology (8). Regarding a CNS
PET reporter gene system, the radiotracer must also be able to
cross the intact blood–brain barrier (BBB) freely while at low
concentration, to reach the sites of the gene expression.

With these considerations in mind, a new PET reporter gene
system that could be used to monitor gene therapy (and cell
therapies) of CNS diseases was sought. The PKM2 protein is an
isoform of pyruvate kinase (PK) involved in the final rate-limiting
step of glycolysis (9). PKM2 protein is found in the majority of
human cells with the exception of muscle, liver, and most impor-
tantly, with no expression in the healthy brain (10). In recent years,
PKM2 protein has been explored as a potential target for cancer
imaging as it is up-regulated in a wide range of human cancers,
largely due to its role in metabolism and the Warburg effect (11).
To date, radiolabeled DASA-23 is the only radiotracer for the
PKM2 protein. It has shown great potential as an effective imaging
agent in preclinical studies since it is able to cross the BBB freely
and image tumors in the CNS, while having very low uptake in the
brain of healthy mice as shown in biodistribution studies (12–14).
[18F]DASA-23 is currently undergoing a phase 1 clinical trial at
Stanford University (NCT03539731), evaluating PKM2 expression
in patients with intracranial tumors or recurrent glioblastoma (15).
The DASA-23 and other DASA analogs have been shown to bind
to a pocket at the interface of the PKM2 subunit interaction; this
interaction stabilizes a tetrameric conformation state (16). This
stabilization of the tetrameric state shifts the equilibrium; however,
the binding is reversible rather than irreversible.

Materials and Methods
Cell Lines, Culture Conditions, and Transfection Procedures. HeLa cell lines
(ATCC) were used for all in vitro studies. Cells (4 × 105) were plated in six-well
plates containing DMEM supplemented with 10% FBS and 1% Gibco
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antibiotic-antimycotic consisting of 10,000 units/mL of penicillin, 10,000 μg/mL
of streptomycin, and 25 μg/mL of Gibco amphotericin B (Thermo Fisher
Scientific). The cells were plated 1 d before transfection. Transfections
were performed using Lipofectamine 3000 reagent (Thermo Fisher Scien-
tific) at a concentration of 7.5 μL per well with 2.5 μg/mL of plasmid. For
transfections where the PKM2 plasmid concentration was <2.5 μg/mL, the
control GFP plasmid (Vector Builder) was used to maintain a constant total
plasmid concentration. Cells were incubated for 48 h posttransfection be-
fore further studies.

Radiolabeling. Synthesis of [18F]DASA-23 was performed on a GE TRACERLab
FXFN module, using [18F]fluoride in [18O]H2O as the radiolabeling reagent as
previously reported by our laboratory (13).

Cell Uptake Studies. Forty-eight hours after transfection, fresh, prewarmed
growth media containing 0.185 MBq of [18F]DASA-23 was added to indi-
vidual wells (1 mL per well, six-well plates). Cells were incubated with
[18F]DASA-23 at 37 °C and 5% CO2 for 30 and 60 min. At the indicated time
points, plates were placed on ice, washed twice with ice-cold PBS (2 mL per
well), and lysed with radioimmunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific; 500 μL). Cell lysates (300 μL) were transferred to gamma
counting tubes, and decay-corrected radioactivity was determined on a
gamma counter (Cobra II Auto-Gamma Counter; Packard Biosciences). For ef-
flux studies, cells were incubated with radiotracer for 60 min and washed
twice with ice-cold PBS before subsequent incubation at 37 °C in fresh,
radiotracer-free growth media for a further 30 min. Plates were placed on ice,
washed twice with ice-cold PBS, lysed with RIPA buffer (500 μL), transferred
(300 μL) to gamma counting tubes, and counted. The lysates were sub-
sequently used after radioactive decay for protein quantitation with a bicin-
choninic acid (BCA) 96-well plate assay (Thermo Fisher Scientific). In addition,
standards from the [18F]DASA-23 solution (100 μL, 0.185 MBq/mL) added to
cells were counted to quantitate percentage radiotracer uptake. In vitro
quantitative PCR (qPCR) analysis is described in SI Appendix.

Stereotactic Injection of AAV. Six- to eight-wk old female BALB/c mice (Charles
River, n = 15) were anesthetized (2% isoflurane in oxygen), administered eye
ointment (LubriFresh P.M., Major Pharmaceuticals), analgesia buprenorphine
[0.1 mg/kg, s.c. (SQ)], and also saline 0.5 mL SQ. The mice were then placed in a
stereotactic frame (KOPF, 900LS) and injected unilaterally with 3 μL AAV9-
EF1A-PKM2 (VectorBuilder) (SI Appendix, Fig. S2), concentrated by the Stan-
ford in-house core, 1.18 × 1013 vg/mL (viral genome/milliliter), (n = 7), or 2 μL
AAV9-EF1A-LUC2 (VectorBuilder, packaged by the Stanford in-house core,
4.25 × 1013 vg/mL, n = 4), or 2.5 μL saline (n = 4), into the ventral tegmental
area through a burr hole in the skull (3.3 mm posterior to bregma, 0.3 mm to
the right of midline, and 4.1 mm deep from the top of the skull). Healthy
control mice were left noninjected (n = 4). All experimental procedures in-
volving animals were approved by the Stanford University Institutional Animal
Care and Use Committee, protocol no. 32748

Animal Imaging. Small animal PET/CT imaging was repeated periodically over
8 wk. Dynamic scans were acquired after a bolus i.v. injection of 7.4–11.1MBq
of [18F]DASA-23 into mice. T2-weighted MR images were acquired 30
d postinjection in the coronal planes through the region of transduction.
The expression of Firefly luciferase in mice transfected with AAV-Luc 2 was
imaged using bioluminescent imaging (BLI) 14, 33, and 56 d post-AAV in-
jection. Full details of animal imaging procedures, ex vivo autoradiography,
and histopathology are reported in SI Appendix. Data from all imaged mice
have been reported unless otherwise stated.

Statistical Analyses. Data were expressed as means ± SD. For the analysis of
[18F]DASA-23 uptake in brain regions (see Fig. 3C), statistical significance
between different groups was determined by analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test. Correlation analysis using
Spearman’s rank correlation, linear regression, statistical significance, and
95% confidence levels was determined using Prism software for Windows
(v.7.03; GraphPad Software). Differences between groups were considered
significant if P ≤ 0.05, ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001.

Results
Cell Culture Studies. After a 30-min incubation, [18F]DASA-23
showed sixfold higher accumulation in cells transfected with
PKM2 plasmids, compared with nontransfected HeLa cells and
those transfected with a control plasmid, 133.7 ± 13.0% vs. 21.5 ±

14.2% and 23.6 ± 5.8% of tracer uptake per milligram of protein
respectively (P < 0.001 and P ≤ 0.0001). There was no statistical
significance between the two control samples (P = 0.9938). Efflux
studies carried out at 30 min showed a 43% decrease in the tracer
uptake compared with the 60-min incubation wells (Fig. 1).
In PKM2-transfected HeLa cells, a strong positive linear cor-

relation between accumulation of [18F]DASA-23 and concentra-
tion of plasmid used for transfection of the PKM2 gene was
observed (R2 = 0.92, P < 0.01; Fig. 2A). HeLa cells expressed
increasing levels of PKM2 mRNA normalized to β-actin, when
transfected with higher levels of plasmid containing the PKM2
gene (R2 = 0.95, P < 0.01; Fig. 2B). There was also a good cor-
relation between levels of [18F]DASA-23 tracer accumulation as a
function of PKM2 mRNA levels (R2 = 0. 91, P < 0.05; Fig. 2C).

Small Animal Studies. Two days before injection of the AAV
carrying PKM2 or Luc2, a [18F]DASA-23 PET was carried out to
determine the baseline image. ROIs of approximate equal size
were drawn in the region of the injection site and a corre-
sponding ROI on the contralateral side. Statistically there was no
difference in [18F]DASA-23 accumulation between either side of
the brain (1.03 ± 0.10, n = 4). Two days poststereotactic injec-
tion of the AAV-EF1A-PKM2 into the brain, the expression of
PKM2 in mice was imaged using PET. These initial images
showed no sign of increased uptake of [18F]DASA-23 with a
transduced site to control ratio (1.04 ± 0.12, n = 3) (Fig. 3A).
Two weeks after viral delivery, a third PET imaging study was
carried out. No statistical increase in uptake was present although
a small increase in signal was visible in some of the transduced
mice over the contralateral side, with the viral delivery site ROI
compared with contralateral ROI ratio (1.07 ± 0.12, n = 3). Scans
carried out at 35 d postviral injection showed a clear increase in
[18F]DASA-23 signal in most of the transduced mice (five out of
seven mice scanned), with a transduced site ROI to contralateral
ROI ratio of 1.59 ± 0.45 (n = 3), although this was not statistically
significant from the previral delivery scan (P = 0.195). One of the
imaged mice injected with AAV-PKM2 showed no discernible
signal even after 35 d. Further PET imaging at 57 d showed further

Fig. 1. [18F]DASA-23 accumulation in HeLa cells transfected with a plasmid
containing the PKM2 gene, GFP gene, and nontransfected control cells.
Radiotracer accumulation was measured after 30 and 60 min of tracer in-
cubation, as well as 60 min incubation followed by 30 min efflux (n = 3, error
bars represent SD); 30 min PKM2 vs. GFP (P < 0.001, ***), PKM2 vs. control
(P < 0.0001, ****), GFP vs. control (P > 0.05, ns). 60 min PKM2 vs. GFP (P <
0.01, **), PKM2 vs. control (P < 0.01, **), GFP vs. control (P > 0.05, ns). Efflux
PKM2 vs. GFP (P > 0.05, ns), PKM2 vs. control (P < 0.05, *), GFP vs. control (P >
0.05, ns).
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increases from 35 d, with the increase in PET signal much more
visually apparent (Fig. 3A) in those that showed a signal, with a
viral injected site to control ROI ratio (2.24 ± 0.52, n = 3). This
was statistically significant from the previral delivery scan (P =
0.0025). In those mice that did not show signal at 35 d, still no
appreciable signal was seen at 57 d. These four imaging time
points showed a steady increase in [18F]DASA-23 uptake over
time, indicating an increased expression of PKM2 delivered via
the AAV (Fig. 3A). Time activity curves (TACs) at 30 min after
[18F]DASA-23 tracer injection show an increase in uptake in areas
of the brain (Fig. 3B). An increase (79.8–147%) in [18F]DASA-23
accumulation was seen in mice transduced (n = 4) with AAV
compared with all control groups; no injection (79.8%, P = 0.0007,
n = 4), contralateral (89.4%, P = 0.0004, n = 4), Luc2 (146.0%,
P < 0.0001, n = 4), sham (147.0%, P = 0.0003, n = 2) (Fig. 3C).
None of the control groups (Luc2 AAV, sham saline injection, no
injection) showed any measurable increase in [18F]DASA-23 up-
take in the brain during PET imaging studies. Dynamic images of
AAV-PKM2 transduced mice show accumulation of [18F]DASA-
23 in the brain over the imaging time course (SI Appendix, Movies
S1 and S2).

Mice transfected with AAV-Luc2 (mice 1–3, 5) and imaged
using BLI all showed a bioluminescent signal from 33 d onwards
(SI Appendix, Fig. S1). One mouse transduced with AAV-PKM2
(mouse 4) showed no bioluminescent signal at any imaging time
point as expected.

PKM2 Expression Validation. Immediately after the 57 d PET scan,
all mice were perfused, killed, and their brains excised. Brains were
randomly divided and used for ex vivo autoradiography and im-
munofluorescence (n = 2 with AAV, n = 4 no injection, n = 2
Luc2, n = 1 sham saline injection). Autoradiography of excised
brains transduced with PKM2 revealed distinct regions of localized
radioactivity (Fig. 4C), consistent with areas of increased signal
seen during PET imaging. Control sections showed no distin-
guishable areas of increased radioactivity in the brain, and a similar
level of radioactivity to nontransduced areas of the transduced
mice. Analysis of the autoradiogram using ImageJ (version 1.51j8)
(Fig. 4C) showed a statistically significant (P < 0.0001) difference
between the mean pixel gray value for a transduced brain section
(108 ± 32), control brain section (76 ± 13), and an area of back-
ground (51 ± 10) of similar area (SI Appendix, Fig. S2).

Fig. 2. Correlation between [18F]DASA-23 accumulation in cells and PKM2 mRNA levels. HeLa cells were transfected with six different plasmid titers. Cells
were subsequently incubated with [18F]DASA-23 for 60 min and assayed for [18F]DASA-23 accumulation, PKM2 mRNA and β-actin mRNA levels. (A) [18F]DASA-23
normalized accumulation as a function of plasmid titer. (B) PKM2mRNA levels (normalized to β-actin levels) in transfected HeLa cells as a function of plasmid titer.
(C) [18F]DASA-23 normalized accumulation as a function of PKM2 mRNA levels (normalized to β-actin levels). R2 values shown in the graphs were determined by
linear regression calculations performed in GraphPad.

Fig. 3. (A) Ratio of PET signal in the transduced region to the contralateral region as a function of time after stereotactic injection of AAV-PKM2 (n = 3–4).
Dotted line represents 1:1 ratio of normal brain to transduced region. (B) Time activity curves over 30 min of dynamic PET scans 57 d after administration of
the AAV or controls. (C) Comparison of uptake values at 30 min between AAV-PKM2 transduced region (n = 4), contralateral control (n = 4), no injection (n = 4),
AAV-Luc2 transduced region (n = 4), and sham injection (n = 2). Error bars represent SD [AAV-PKM2 transduced region vs. no injection (P = 0.0007, ***), AAV-
PKM2 transduced region vs. contralateral (P = 0.0004, ***), AAV-PKM2 transduced region vs. AAV-Luc2 (P < 0.0001, ****), AAV transduced region vs. sham
saline (P = 0.0003, ***), no injection vs. contralateral control (P = 0.9962, ns), no injection vs. AAV-Luc2 transduced region (P = 0.3738, ns), no injection
vs. sham saline (P = 0.5498, ns), contralateral control vs. Luc2 (P = 0.564, ns), contralateral control vs. sham saline (P = 0.7165, ns), Luc2 vs. sham saline
(P > 0.9999, ns)].
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Adjacent immunofluorescence sections showed increased
areas of PKM2 protein expression in AAV transduced mice (Fig.
4D), consistent with areas of increased radioactive signal in au-
toradiography sections. Control sections showed no areas of in-
creased tracer accumulation, as did sections taken from regions
that were not transduced by the AAV. Analysis of the images
using ImageJ showed a statistical significance (P > 0.0001) be-
tween corrected total cell fluorescence (CTCF) of lowest and
highest areas of signal in the brain sections transduced. However,
no statistical significance was seen between any of the regions
from the control sample (SI Appendix, Fig. S3).
Using another cohort of mice (n = 8) stereotactically in-

jected with AAV9-PKM2 identically to the previous cohort,
[18F]DASA-23 imaging was carried out 57 d after AAV in-
jection. Immediately after PET imaging, brains were excised
and analyzed for PKM2 mRNA. A positive correlation between
PKM2 mRNA levels and [18F]DASA-23 PET signal was seen
(Fig. 5; R2 = 0.66, P = 0.026).

Discussion
This study evaluated the utility of PKM2 as a potential PET
reporter gene in the murine brain, using [18F]DASA-23 as the
PET reporter probe (radiotracer). The experiments show that
PKM2 protein can be successfully overexpressed, relative to
controls, via AAV9-PKM2 gene delivery and that gene expression
can be serially monitored using [18F]DASA-23 PET imaging.
Initial cell culture studies were carried out with plasmids to

simulate AAV delivery and transient gene expression and to
confirm that [18F]DASA-23 accumulation was due to the ex-
pression of the PKM2 reporter gene. HeLa cells were chosen for
these studies as they have been shown to respond well to
transfection and transduction (17), although a cancer cell line
and one that already expresses PKM2, the ability to further up-
regulate the protein in the cells, was seen as a promising sign for
up-regulating in cell types with low endogenous gene expression.
The key focus was to demonstrate that the overexpression and
detection of PKM2 protein was possible in cell culture and that
varying the concentration of plasmid resulted in varying PKM2
levels. The studies carried out showed that overexpression of
PKM2 was straightforward and the concentration of plasmid
correlated well with expression of PKM2, as confirmed by uptake
studies of [18F]DASA-23 and mRNA expression quantitation by
real-time qPCR.

Delivery of a gene can be achieved in a number of ways, either
viral or nonviral. Nonviral vectors (e.g., liposomes, exosomes,
and polymeric nanoparticles) are attractive due to their simple
production, low cost, and safety profile (18, 19). However, they
produce relatively low expression and require repeated admin-
istration (20). Viral approaches for transduction in the CNS
predominantly consist of either AAV or lentiviral delivery (21).
Both have a limited genome capacity compared with adenovirus
and herpes simplex virus. However, they have significant ad-
vantages in terms of long-lasting expression, no known toxicity,
and low immunogenicity. Between AAVs and lentiviruses, AAVs
inherently have a better safety profile due to their nonpathogenic
nature of the wild-type form (20), although recent trials have
used lentivirus to deliver genetic therapy in children (22). Im-
portantly however AAVs usually induce higher transgene ex-
pression levels than lentivirus (23).
There are 12 natural serotypes of AAV and many more vari-

ants which have been isolated (24). Of the natural serotype,
AAV9 has been shown to have the highest distribution through
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Fig. 4. (A) Representative T2-weighted MR coronal image of AAV transduced mouse brain. (B) Corresponding merged [18F]DASA-23 PET/MR images (5–30
min summed [18F]DASA-23 activity). White arrow indicates regions of radiotracer uptake, corresponding to the transduced region. (C) Ex vivo autoradiog-
raphy of sagittal mouse brain sections excised 1 h after radiotracer administration. (D) An immunofluorescence staining for PKM2 protein in adjacent sagittal
mouse brain section in C.

Fig. 5. PKM2 mRNA expression in the brains of transduced mice (n = 7)
were measured by qPCR and normalized to β-actin. Relative normalized
expression of individual mice plotted against [18F]DASA-23 PET signal in the
transduced region of the brain, at 30 min postinjection (R2 = 0.66, P = 0.026).
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the CNS, following either direct stereotactic injection or IV in-
jection (25). AAV9 is one of the few serotype suitable for IV
injection as it is capable of freely crossing the BBB (26). Al-
though the mechanism for this is unknown, it is understood that
the process is likely that of active transport rather than passive
diffusion (27, 28). AAV9 has been shown to give widespread
transduction of neurons and glial cells, as well as transduction of
astrocytes.
Promoter choice is also an important factor when designing a

reporter gene system; for this study, EF1a (SI Appendix, Fig. S4)
was chosen due to its relatively small size (1,179 bp), an im-
portant factor considering the small cargo size available in AAVs
and also as it is not readily silenced as with similar promoters
such as CMV, and finally due to its ubiquitous nature as a
promoter (29–31).
As both the ability of AAV9 and DASA-23 to freely cross the

BBB have been previously reported (14, 25), in this study the
AAV was administered to mice via stereotactic brain injection
rather than IV. This is due to the high numbers of viral genome
copy needed for IV administration and also to give a clearly
defined region of PKM2 protein expression within the brain by
PET imaging. The number of viral genome copies administered
in this study were in line with previously reported studies using
AAVs in the mouse brain. Further studies in progress will ex-
amine the distribution and expression of the PKM2 protein in
the CNS when the AAV is administered via IV injection.
Unlike many viral delivery systems, AAVs typically take be-

tween 2 and 4 wk to show noticeable expression in vivo (32). This
is due to AAVs being nonintegrating and requiring time to
replicate in the cytosol before sufficient expression levels are
observable (33). Although not the focus of this study, this time
delay between transduction and expression was clearly seen over
the serial PET imaging period utilized. Following mice throughout
the duration of the study, a gradual and steady increase in the
ratio of radiotracer uptake in the transduced region compared
with the contralateral brain was seen over the imaging period.
This is consistent with expression times previously reported (32,
34) and highlights the clear and detectable signal over time (Fig.
3A). No significant accumulation of [18F]DASA-23 was observed
in any of the control groups (Luc2 AAV, sham saline injection, no
injection). This indicates that increased expression of the PKM2
protein is due to transduction by the AAV9-PKM2 virus and not
another source. BLI of mice transduced with AAV-Luc2 showed
bioluminescent signal, indicating that the transduction had been
successful, while no bioluminescent signal was observed as
expected in a mouse transduced with AAV-PKM2, which in this
case is acting as a negative control due to the lack of fluorescent or
bioluminescent reporter gene.
For mice that showed no significant increase in PET signal

post AAV-PKM2 transduction, this may be attributed to two
possible reasons. Firstly, the diffusive nature of AAV9 may
successfully transduce the brain, but in such a dispersed manner
that a PET signal is not visible. Secondly, it is possible that the
AAV delivery in these mice did not successfully transduce the
cells. The reason for this is not clear but highlights the impor-
tance of reporter gene imaging in an AAV gene therapy as there
can be significant biological variation. In cases where the AAV
infection is not successful, a reporter gene system would be ca-
pable of detecting this relatively early in the treatment time
course. This is of particular importance in humans where anti-
AAV neutralizing antibodies are found in 47% of individuals,
potentially restricting the therapeutic effect of AAV vectors (35).
PKM2 protein has been widely reported on for its up-

regulation in tumors and its role in their metabolic process and
the rapid division of cells (9, 10, 36). It has also been shown to be
up-regulated in not just cancer, but also other diseases where
rapid cell proliferation is a factor (37, 38). For the majority of
CNS diseases that could be potential targets for gene therapies,

multiple sclerosis, Parkinson’s disease, ALS, and others, increased
cell proliferation and metabolism are not defining symptoms (39);
therefore, PKM2 protein levels in the brain are expected to be low
as in the healthy brain. This suggests that the diseased cells being
treated should not give a confounding [18F]DASA-23 PET signal
due to PKM2 protein, which may be misinterpreted for that of
reporter gene expression. However, more recently there is evi-
dence to suggest that PKM2 protein also plays a role in the in-
flammatory response (40). Although PKM2 is up-regulated
in many cancers it is not itself oncogenic (41), it is up-regulated
in many healthy tissues outside of the CNS with important roles in
cell proliferation. It remains, however, an important potential
downfall and must be studied in more detail.
The other PET reporter gene systems that have been used to

monitor gene expression and gene therapy are not suitable for use
in the CNS. These include herpes simplex virus type 1 thymidine
kinase (HSV1-tk) (42) and its mutant (HSV1-sr38tk) (43),
dopamine-2 receptor (D2R) (44) and its mutant (D2R80A) (45),
type 2 cannabinoid receptor mutant (4), sodium iodide symporter
(NIS) (46), and the somatostatin receptor 2 (47). Of these, only
D2R80A and HSV1-tk have been used within the CNS, and only
the latter in a clinical setting (48). A key limitation of HSV1-tk is
that its corresponding radiotracers are currently not capable of
crossing the BBB due to their physiochemical properties, namely
low lipophilicity. Previous studies involving HSV1-tk in the brain
have been in the setting of glioblastoma where the integrity of the
BBB is known to be compromised (48). D2R80A, or type 2 can-
nabinoid receptor, is perhaps better suited for use in the CNS as its
radiotracers are capable of crossing the BBB (4, 34). However,
high levels of endogenous D2R are found in the striatum (49),
greatly limiting the use of this PET reporter gene system in nearby
regions, while cannabinoid receptor type 2 has well documented
up-regulation in activated microglia (4), limiting its use in diseases
which involve neuroinflammation.
An increase in PET signal was only observed in mice that were

injected with AAV-PKM2, with none being observed in any of
the control groups. A lack of any increased [18F]DASA-23 up-
take in the brain in any of the control or AAV-PKM2 mice at 2 d
suggests inflammation does not up-regulate PKM2. If this were
the case, an increase in [18F]DASA-23 signal would be expected
to be seen around the injection site due to the significant in-
flammation in the localized area caused by the stereotactic in-
jection and surgical procedure. However, a full neuroinflammation
model and analysis should be carried out in the future.
To our knowledge, there has only been one PET tracer

reported for the imaging of PKM2 expression, specifically
DASA-23 that was developed and validated by our laboratories
at Stanford. This tracer has been radiolabeled with both [11C]
and [18F] (12–14). As the molecule is structurally identical for
both isotopic forms, the 18F version was chosen since the longer
half-life of 18F (109 min vs. 20 min for 11C) facilitates the
workflow for imaging living subjects. [18F]DASA-23 is currently
undergoing phase I clinical trials by our laboratories at Stanford
to evaluate PKM2 expression in patients with intracranial tumors
or recurrent glioblastoma (15). Although previously demon-
strated (13, 14), the specificity of DASA-23 binding to PKM2
protein in the CNS was confirmed by immunofluorescence
staining and the excellent correlation with the radioactive signal
from adjacent autoradiography sections. Further confirmation
was also seen in correlation between PKM2 mRNA expression
and [18F]DASA-23 PET signal in a separate cohort of mice
transduced with PKM2-AAV9. One mRNA data point was ex-
cluded from the analysis. This mouse showed a clear PET signal
but very low corresponding PKM2 mRNA expression, in line with
control samples. It is likely that this disparity is due to the tissue
selection for mRNA analysis missing the transduced region.
Although not studied in the current work, one would utilize

the PKM2 reporter gene to monitor expression of another gene
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being delivered into the brain (50). This approach would utilize a
vector in which expression of the therapeutic gene of interest is
coupled to the PKM2 PET reporter gene, allowing indirect as-
sessment of therapeutic gene expression with [18F]DASA-23
PET imaging.

Conclusions
Herein we have investigated the utility of PKM2 and its corre-
sponding radiotracer [18F]DASA-23 as a potential PET reporter
gene/reporter probe system for use in the CNS. Cell culture studies
showed that PKM2 protein levels could be successfully increased in
HeLa cells by transfection with a PKM2-containing plasmid.
PKM2 expression levels, as measured by radiotracer uptake studies
and mRNA levels, correlated well with the amount of plasmid used
for transfection during the transfection procedure.

In vivo studies showed an increase in PKM2 protein expres-
sion in the brain over 2 mo, following stereotactic injection of an
AAV9 containing the PKM2 gene. The increase in expression was
confirmed by dynamic PET imaging, mRNA analysis, autoradi-
ography, and immunofluorescence, and revealed that PKM2 has
the potential to be further developed into a PET/[18F]DASA-23
reporter gene/reporter probe system for the imaging of gene
therapy.
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