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The radiotracer 3'-deoxy-3'-'8F-fluorothymidine ('8F-FLT) is com-
monly used to measure cell proliferation in vivo. As a marker of cell
proliferation, 8F-FLT is expected to be differentially taken up by
arrested and actively dividing cells, but PET measures only aggregate
uptake by tumor cells and therefore the single-cell distribution of 18F-
FLT is unknown. We used a novel in vitro radioluminescence micros-
copy technique to measure the differential distribution of 8F-FLT
radiotracer with single-cell precision. Methods: Using radiolumines-
cence microscopy, we imaged the absolute uptake of '8F-FLT in live
MDA-MB-231 cells grown under different serum conditions. We then
compared '8F-FLT uptake with a standard measure of cell prolifera-
tion, using fluorescence microscopy of 5-ethynyl-2'-deoxyuridine
incorporation in fixed cells. Results: According to 5-ethynyl-2'-
deoxyuridine staining, few cells (1%) actively cycled under serum
deprivation whereas most of them (71%) did under 20% serum.
The distribution of '8F-FLT reflected this dynamic. At 0% serum,
uptake of '8F-FLT was heterogeneous but relatively low. At 20%
serum, a subpopulation of '8F-FLT-avid cells, representing 61% of
the total population, emerged. Uptake of '8F-FLT in this population
was 5-fold higher than in the remainder of the cells. Such a dichoto-
mous distribution is not typically observed with other radiotracers,
such as '8F-FDG. Conclusion: These results suggest that increased
18F-FLT uptake by proliferating cells is due to a greater fraction of 18F-
FLT-avid cells rather than a change in '8F-FLT uptake by individual
cells. This finding is consistent with the fact that '8F-FLT uptake is
mediated by thymidine kinase 1 expression, which is higher in actively
dividing cells. Overall, these findings suggest that, within the same
patient, changes in '8F-FLT uptake reflect changes in the number of
actively dividing cells, provided other parameters remain the same.
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In this study, we investigated the cellular distribution of 3'-
deoxy-3’-18F-fluorothymidine (!F-FLT) using radioluminescence
microscopy, a novel radionuclide imaging method with single-cell
resolution.

I8F.FLT is often used with PET to measure cancer proliferation
in vivo, in a preclinical or clinical setting. However, the question
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of whether '8F-FLT truly measures proliferation remains contro-
versial. Although '8F-FDG PET is extensively used for tumor
mapping, PET studies with 8F-FLT have been less reliable (/-
3). Cellular proliferation is fundamentally driven by whether in-
dividual cells enter cell division or remain in an arrested state.
Therefore, cellular proliferation is best estimated by measuring the
fraction of cells that is actively advancing through the cell cycle.
However, in vivo measurements using '8F-FLT PET cannot pro-
vide this information because information about the state of an
individual cell is lost to averaging during the measurement pro-
cess. This effect may contribute to the difficulty in interpreting in
vivo I8F-FLT data.

Cell proliferation can be measured either by using labeled
nucleoside analogs to find the rate of DNA replication or by prob-
ing cell-cycle—specific markers. Tritiated thymidine has long
been used to measure incorporation of thymidine into DNA (4). In
combination with microautoradiography, the method allows for the
frequency of DNA-synthesizing cells to be determined in a semi-
quantitative fashion. However, microautoradiography of tritiated
compounds is technically challenging because of the long half-life
of 3H and the preparation of autoradiographic emulsions.

A more commonly used method is the 5-bromo-2'-deoxyuridine
assay, which can be incorporated into DNA during replication
as a substitute for thymidine (5). More recently, 5-ethynyl-2'-
deoxyuridine (EdU) has been used as a replacement for 5-bromo-
2'-deoxyuridine because of a simplified detection system (6) and has
become commercially available. However, these assays are typically
terminal since the procedure calls for cell fixation. In addition, be-
cause 5-bromo-2’-deoxyuridine and EdU are mutagenic and cyto-
toxic, they cannot be used in humans (7). Thus, use of this probe is
limited to terminal experiments, using relatively short exposures.

The S-phase fraction can also be measured using flow cytometry
with DNA staining. Another popular approach is immunostaining
using a marker of proliferation such as Ki-67, which is expressed only
in actively cycling cells (8—-10). More recently, Raman spectroscopy
has also been used to measure cell proliferation in vitro (/7).

I8F.FLT is the only available method to assess tumor prolifer-
ation noninvasively in humans, but its use has been hampered by
its poor accuracy. '8F-FLT uptake correlates with thymidine kinase
1 (TK1) activity (/2), which is strongly dependent on the cell
cycle (13). TK1 is most highly expressed during the S-phase of
the cell cycle; thus, a proliferating tumor, with a higher frequency
of cells in the S-phase, is expected to take up '8F-FLT more avidly.
Since 8F-FLT is not incorporated into the DNA, '8F-FLT can be
used clinically without lasting toxicity. However, '8F-FLT mea-
surements have limited accuracy in vivo. For one, the competition
between the thymidine salvage pathway (which '8F-FLT mea-
sures) and de novo DNA synthesis (/4) can complicate the analysis
of 8F-FLT PET scans. Further, tumors with high local thymidine
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concentrations are known to take up '8F-FLT less avidly regardless
of their proliferation status (2).

In this study, we used a single-cell imaging technique called
radioluminescence microscopy to image the uptake of '8F-FLT
in a human breast-cancer cell line under different proliferation
conditions. Radioluminescence microscopy can visualize the uptake
of PET tracers in vitro, with single-cell resolution, in a multi-
modal microscopy environment that also includes fluorescence and
bright-field imaging capabilities (/5,76). Although the method
has been applied to various radiotracers such as '3F-9-[4-fluoro-
3-(hydroxymethyl)butyl]guanine (16), '8F-FDG (15), and radio-
immunoconjugates, the uptake of '8F-FLT has previously not
been measured in single cells. With this study, we aimed to dem-
onstrate that '8F-FLT uptake is a specific marker of proliferation
at the single-cell level. Given the cell-cycle—specific expression
of TK1, we postulated that only a subpopulation of cells, which
are actively replicating, will take up and retain '8F-FLT. We also
aimed to determine how these single-cell '8F-FLT measurements
compare with EdU incorporation measured by fluorescence mi-
croscopy. In this manner, we hoped to validate '3F-FLT as a marker
of proliferation from a single-cell perspective and determine how
EdU imaging compares with clinically used '8F-FLT. These data
would both validate the use of '8F-FLT as an in vitro imaging plat-
form and provide a point of comparison between EdU measurements
and clinically used '8F-FLT.

MATERIALS AND METHODS

Radioluminescence Microscopy Setup

Radioluminescence imaging was performed using a biolumines-
cence microscope (LV200; Olympus) outfitted with a x40/numerical
aperture 1.3 oil objective (UPLFLN40XO; Olympus) and a deep-
cooled electron-multiplying charge-coupled device (ImageEM C9100-
14; Hamamatsu). All samples were imaged using 4 X 4 binning and an
electron-multiplication gain of 1,200. Fluorescence imaging was per-
formed on a DM6000B microscope (Leica) using a C11440 fluores-
cence camera (Hamamatsu) and a DFC450 bright-field camera (Leica),
with X20 magnification and an exposure time of 4 s.

Cell-Based Imaging Experiments

MDA-MB-231 human breast cancer cells were purchased from the
American Type Culture Collection and cultured in DMEM (Gibco)
medium supplemented with 10% fetal bovine serum. These cells were
chosen for their high expression of TK1 and avid uptake of '8F-FLT
(17). Glass-bottom dishes were coated with fibronectin (10 pwg/mL)
for 1 h. The dish was then washed 3 times with phosphate-buffered
saline, and 103 cells were seeded and left to adhere overnight. The
next day, the medium was changed to the serum condition required,
and the cells were grown for 48 h. Low-serum (0%) or high-serum
(20%) conditions were established to respectively arrest or promote
cell proliferation (/8,19). Imaging was performed the following day.
The 2 imaging protocols are summarized in Figure 1. For radio-
luminescence experiments, cells were incubated with '8F-FLT (18
MBg/mL for 60 min) or '8F-FDG (9 MBg/mL for 60 min after
30 min of glucose fasting). The cells were then washed 3 times with
phosphate-buffered saline, and a 500-mm-thick scintillator (CdWO4,
2-face polished; MTI Corp.) was placed on top of the cells. For
I8F-FLT imaging of the cells, radioluminescence microscopy was
used with a 15- to 20-min total exposure time, split into 12,000 frames
(75-100 ms/frame). For efflux measurements, the same cells were
imaged consecutively, with an hour between imaging. For '8F-FDG
imaging, the total exposure time was 50 min, split into 30,000 frames
(100 ms/frame). For fluorescence experiments, an EdU imaging kit
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FIGURE 1. Comparison of steps to image cells with EAU or '8F-FLT.

(C10337; Life Technologies) and corresponding protocol were used
(20 mM EdU for 1 h at 37°C). Live—dead staining was performed
using the EVOS FL cell imaging system and the ReadyProbes cell via-
bility imaging kit (R37609; ThermoFisher).

Image Analysis

Radioluminescence image reconstruction and analysis were per-
formed using MATLAB (R2012b; The MathWorks). The raw camera
frames were processed using our methodology called “optical recon-
struction of the beta-ionization track,” which is described in detail in a
previous publication (20). Fluorescence micrographs were corrected
for background effects by subtracting a dark image taken with a non-
fluorescent sample and corrected for field flatness. Individual mea-
surements of fluorescence or radioluminescence were obtained by
manually placing circular regions of interest (diameter, 50 wm) on
the bright-field micrograph, with similar regions of interest on the
background as controls. Cell radiotracer uptake or fluorescent signal
was defined as the total pixel intensity within the region of interest of
the corrected images. Doublets or cell clusters were not quantified to
avoid cross-talk between single cells. The number of molecules of
I8F-FLT was calculated using the number of observed decays per re-
gion of interest as previously detailed (27). For each image, a uniform
background correction value was computed by placing regions of in-
terest away from cells. For '8F-FLT efflux measurements, the second
set of measurements was decay-corrected using the decay time con-
stant of '8F. A gaussian mixture model was used to identify distinct
clusters of cells with similar '8F-FLT uptake from the radiolumines-
cence images. Data fitting was performed in MATLAB using a maximum-
likelihood expectation-maximization procedure.

RESULTS

In Figure 2, we compare radioluminescence-based '8F-FLT im-
aging and fluorescence-based EdU imaging. Our first finding was
that '8F-FLT could be imaged in proliferating cells using radio-
luminescence microscopy, allowing us to produce high-quality
images that demonstrate that the radiotracer is localized to indi-
vidual cells. Furthermore, despite the limited spatial resolution of
radioluminescence microscopy (typically 20-25 pm), the images
suggested that '8F-FLT was distributed throughout the cytoplasm,
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between '8F-FLT and EdU. Whereas EdU
staining was almost entirely negative, uptake
of '8F-FLT was weak but above background
for most of the arrested cells (P < 0.001; Fig.
3). The uptake of '8F-FLT was heterogeneous
in these cells, with a coefficient of variation
of 77%. We separately verified that the star-
vation protocol did not result in significant
cell death—93.6% = 3.8% of cells cultured
in 0% serum remained alive, as did 99.6% *
0.1% of cells cultured in 20% serum.

For proliferating cells (20% serum), the
frequency distribution of '3F-FLT uptake
in single cells appeared to be bimodal
(Fig. 3). Using a gaussian mixture model,
we automatically clustered the cells into 2
subpopulations based on their uptake of
I8FE-FLT (Supplemental Fig. 1A; supple-
mental materials are available at http://
jnm.snmjournals.org). We verified that the

Merge

FIGURE 2. MDA-MB-231 cells imaged using '8F-FLT and radioluminescence microscopy or
EdU and fluorescence microscopy. Red and green arrows indicate cells with negative and pos-

itive signals, respectively.

as was expected since '8F-FLT is not incorporated into the DNA.
When a similar experiment was conducted using EdU, we ob-
served that fluorescent microscopy could clearly identify individ-
ual cells that were in the S-phase of cell division. In contrast to
I8FE-FLT, EdU was confined to the nucleus because the fixation and
permeabilization steps of the staining protocol remove residual
EdU from the cytoplasm. Fluorescence microscopy displayed
higher image quality than radioluminescence microscopy, with
notably better spatial resolution and lower noise.

We next attempted to determine whether radioluminescence im-
aging of '8F-FLT uptake allows us to differentiate between cells that
are proliferating rapidly and those that have undergone cell-cycle
arrest. At the 0% serum condition, EdU staining was almost entirely
negative, with fewer than 1% of cells stained; in contrast, at the 20%
serum condition, 71% of cells produced a positive signal (Fig. 3).
EdU imaging was thus able to effectively identify the subpopulation
of cells that were in the S-phase of the cell cycle.

When '8F-FLT uptake was quantified from radioluminescence im-
ages for arrested cells (0% serum), we observed a key difference
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FIGURE 3. Quantification of individual cell signals from '8F-FLT (left)
and EdU (right). Each dot represents an individual cell. Red and black
dots represent cells below and above signal threshold, respectively.
A.U. = arbitrary units.
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experimentally derived cumulative distri-
bution function of ®F-FLT uptake was well
approximated by a 2-gaussian mixture model
but not by a 1-gaussian function (Supple-
mental Fig. 1B).

The clustering of the gaussian mixture model yielded an
equivalent threshold of 2,000 '8F-FLT molecules per cell (0.2
Bg/cell). For the proliferating cells, the '8F-FLT-high subpopula-
tion displayed an average uptake of 5,300 molecules per cell,
nearly 5-fold higher than the '8F-FLT-low subpopulation (1,100
molecules per cell). The '8F-FLT-low cell subpopulation was
comparable in its uptake to the cells grown in 0% serum. Using
the previously identified threshold, we observed that the number
of 8F-FLT-positive cells ranged from 8% under 0% serum con-
ditions to 61% under 20% serum conditions.

Next, we compared the distribution of !'8F-FLT and '8F-FDG
uptake in the same cell line (Supplemental Fig. 2). The uptake by
single cells was normalized by the mean uptake for an easier com-
parison. We found that although the uptake of 'F-FDG followed a
continuous distribution, with several cells concentrated around the
mean, the '3F-FLT data presented a distinctive bimodal distribution.

Finally, we evaluated efflux of '3F-FLT from single proliferat-
ing cells (20% serum) over a 1-h period (Fig. 4). Regardless of
actual '8F-FLT uptake, we measured no significant efflux from the
cells (P > 0.6). Consistent with previous measurements, we ob-
served a cluster of cells with very low uptake and a second cluster
representing 63% of the cells with higher uptake. This clustering
was further verified using a gaussian mixture model to cluster the
cells (data not shown).

DISCUSSION

These results demonstrate that it is possible to image '8F-FLT
on a single-cell level and that '8F-FLT is sensitive to the prolifer-
ation state of single cells. The side-by-side comparison with EAU
demonstrated that the 2 probes measure similar proliferation pro-
cesses in cells, since the frequency of positive cells was similar for
I8F.FLT and EdU. This single-cell side-by-side comparison of
EdU and '8F-FLT was valuable not just to validate the use of
I8F_FLT in a single-cell setting but also to create a point of com-
parison for EAU in conjunction with clinical uses of '3F-FLT.
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FIGURE 4. Single-cell '8F-FLT uptake, measured shortly after removal
of residual '8F-FLT (x-axis) and 1 h later (y-axis). Each dot represents a
single cell. Decay correction is applied. For reference, red line with slope
of 1 is shown. Boxed region delineates '8F-FLT-low subpopulation.

In any given cell population, only a certain number of cells will
be dividing at any given time. Therefore, we expected only those
cells to be taking up thymidine and thymidine analogs. We did
observe this dichotomous distribution when studying '8F-FLT up-
take in proliferating cells (20% serum; Fig. 3). This phenomenon
can be explained by the fact that TK1 expression is upregulated
during the S-phase of the cell cycle and that therefore more '8F-
FLT is retained in cells that are actively dividing than in arrested
cells. Such a dichotomous distribution is not typically observed
with other tracers, such as '8F-FDG.

The lack of detectable efflux from single cells over a 1-h period
(Fig. 4) suggests that our single-cell assay measures only irrevers-
ibly trapped '8F-FLT metabolites and, as a result, TK1 activity.
Once taken up, '8F-FLT is converted through TK1 and other
downstream enzymes into '8F-FLT-diphosphate and '8F-FLT-
triphosphate, both of which are resistant to degradation and efflux
(22). Unbound '8F-FLT likely flows out of the cell rapidly, before
imaging starts, and therefore is not captured by this assay. Nucle-
oside transporters such as human equilibrative nucleoside trans-
porters 1 and 2 or human concentrative nucleoside transporters
1 and 3 (23) may also modulate uptake of '8F-FLT by increasing
the intracellular availability of the probe, but it is unclear how
significant this effect was in our experiment.

In vitro methods have previously been used to measure bulk
I8E_FLT uptake in cells and have demonstrated a good correlation
of uptake with proliferation rate (/2). In general, bulk measure-
ments have important advantages. Because they can be done using
millions of cells at a time, they generate lower technical noise than
single-cell assays. They are also faster, have higher throughput,
and are more standardized. However, single-cell measurements
also confer some unique advantages. When the radiotracer uptake
does not follow a single gaussian distribution, the average of all
the cells, which is what is measured by a bulk assay, is not rep-
resentative of the underlying characteristics of the population.
This point is exemplified in our study of '8F-FLT. Further, with
single-cell measurements, there is no need for additional normal-
ization to account for the concentration and viability of cells, as
must be done in bulk sample measurements. Finally, single-cell
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measurements make it possible to measure radiotracer efflux for
the exact same cell, over time, without requiring additional wash-
ing steps, which can cause significant cell loss.

It is important to note that TK1 levels will vary across cells in
any given cell population, leading to heterogeneity in '3F-FLT
uptake. Overall, we find these intrapopulation variations to be
smaller than the difference between arrested and proliferating
cells. On average, '8F-FLT uptake by proliferating cells is nearly
5-fold higher than that by arrested cells. Further, '®F-FLT uptake
in arrested cells does not significantly differ between the various
serum conditions. Therefore, aggregate '8F-FLT uptake, as mea-
sured on a PET scan, should be proportional to the frequency of
actively cycling cells within the tumor. This, of course, is true only
if all other parameters (e.g., per-cell TK1 expression and endog-
enous thymidine concentration) are the same.

We noticed above-background uptake even in serum-starved
cells (Fig. 3), suggesting that TK1 has some basal level of activity
even in noncycling cells (/2). In contrast, EAU staining was vir-
tually absent from arrested cells because cytoplasmic EdU is
washed away during fixation and permeabilization and there-
fore only cells that incorporate EdU into their DNA display a
positive signal, regardless of TK1 expression. This point is illus-
trated clearly in Figure 3, which shows that EQU uptake by arrested
cells was densely clustered around O but that '8F-FLT uptake was
above background.

Another difference between EdU and '8E-FLT is that the 2
nucleoside analogs are measured through very different physical
processes. Because individual radionuclide decay can be de-
tected with high sensitivity, EdU staining requires 20 mM
EdU, which is approximately 7 orders of magnitude higher than
the equivalent '8F-FLT concentration needed for incubation
(300 pM).

As previously mentioned, the EJU imaging protocol involves
the intercalation of the EdU molecule into DNA and is therefore
localized to the nucleus, whereas '8F-FLT uptake simply measures
the activity of TK1. Thus, the 2 assays are expected to produce
related but different data. A key difference between the 2 methods
is, of course, that the EAU protocol necessitates the fixation of
cells before imaging whereas '3F-FLT can image live cells di-
rectly, which allows time-course measurements (Fig. 4). On the
other hand, the actual process of fluorescence image acquisition is
significantly less time-intensive than radioluminescence image ac-
quisition, which can take anywhere from 15 min to 1 h. Of course,
the fluorescently labeled cells are also susceptible to photobleach-
ing, and this can impact quantitation, but fixed cells can be
mounted and saved for repeat analysis whereas cells incubated
with 18F-FLT must be imaged immediately. The 2 imaging mo-
dalities therefore offer specific advantages and disadvantages.

CONCLUSION

Our results show that increased uptake of '8F-FLT by prolifer-
ating tumors is due to an increased fraction of '®F-FLT-avid cells
rather than a uniform change in '8F-FLT uptake by individual
cells. This finding is consistent with the fact that '8F-FLT uptake
is associated with TK1 expression, which is strong only in actively
dividing cells. We have found similarities between data collected
on a single-cell level using '®F-FLT and EdU, and we have demon-
strated that the distribution of '8F-FLT is atypical and significantly
different from other radiotracers, such as '8F-FDG. Together,
these results suggest that, within the same patient, changes in '8F-FLT
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uptake are reflective of changes in the number of actively di-
viding cells, provided that other parameters remain the same.
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