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Human Biodistribution and Radiation Dosimetry of
ISE.Clofarabine, a PET Probe Targeting the
Deoxyribonucleoside Salvage Pathway

Martin J. Barrio*!, Claudio Spick*!, Caius G. Radu!, Michael Lassmann?, Uta Eberlein?, Martin Allen-Auerbach’,
Christiaan Schiepers', Roger Slavik!, Johannes Czernin!, and Ken Herrmann'-3

!Department of Molecular and Medical Pharmacology, David Geffen School of Medicine at UCLA, Los Angeles, California;
2Department of Nuclear Medicine, University Hospital Wiirzburg, Wiirzburg, Germany; and 3Department of Nuclear Medicine,

University Hospital Essen, Essen, Germany

18F_clofarabine, a nucleotide purine analog, is a substrate for deoxy-
cytidine kinase (dCK), a key enzyme in the deoxyribonucleoside
salvage pathway. '8F-clofarabine might be used to measure dCK
expression and thus serve as a predictive biomarker for tumor
responses to dCK-dependent prodrugs or small-molecule dCK
inhibitors, respectively. As a prerequisite for clinical translation,
we determined the human whole-body and organ dosimetry of
18F-clofarabine. Methods: Five healthy volunteers were injected
intravenously with 232.4 = 1.5 MBq of '8F-clofarabine. Immediately
after tracer injection, a dynamic scan of the entire chest was acquired
for 30 min. This was followed by 3 static whole-body scans at 45, 90,
and 135 min after tracer injection. Regions of interest were drawn
around multiple organs on the CT scan and copied to the PET scans.
Organ activity was determined and absorbed dose was estimated with
OLINDA/EXM software. Results: The urinary bladder (critical organ),
liver, kidney, and spleen exhibited the highest uptake. For an activity of
250 MBq, the absorbed doses in the bladder, liver, kidney, and spleen
were 58.5, 6.6, 6.3, and 4.3 mGy, respectively. The average effec-
tive dose coefficient was 5.1 mSv. Conclusion: Our results hint that
18F-clofarabine can be used safely in humans to measure tissue dCK
expression. Future studies will determine whether '8F-clofarabine may
serve as a predictive biomarker for responses to dCK-dependent pro-
drugs or small-molecule dCK inhibitors.
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Clofarabine, a deoxyadenosine purine analog, is approved by
the U.S. Food and Drug Administration for treatment of acute
lymphoblastic leukemia, has shown promising results in acute
myeloid leukemia and juvenile myelomonocytic leukemia, and
is being tested for its efficacy in solid tumors (/).

Clofarabine is transported into cells primarily via human con-
centrated nucleoside transporters; however, human equilibrative
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nucleoside transporters play a role as well (/,2). On entry into the
cell, clofarabine is phosphorylated by deoxycytidine kinase (dCK),
monophosphate kinase, and diphosphate kinase into its active tri-
phosphate form (/). Clofarabine triphosphate acts as a powerful
anticancer agent by inhibiting DNA synthesis, inhibiting ribonucle-
otide reductase, and directly inducing apoptosis. Clofarabine
triphosphate competes with deoxyadenosine triphosphate for the
DNA polymerase (a, €) binding sites, thus inhibiting DNA elonga-
tion and replication (/,3). Moreover, clofarabine triphosphate binds
to the allosteric site on the regulatory subunit of ribonucleotide
reductase, resulting in deoxyribonucleotide triphosphate pool deple-
tion. This further increases the incorporation of clofarabine triphos-
phate into DNA, potentiating its inhibitory effects on DNA synthesis
(1,3). Finally, clofarabine triphosphate directly induces programmed
cell death by causing the release of numerous apoptotic compounds
(1). The pharmacologic effects and activation of clofarabine are pre-
dominantly dependent on dCK phosphorylation.

dCK is a key enzyme in the deoxyribonucleoside salvage pathway.
It phosphorylates free nucleosides such as deoxycytidine, deoxy-
adenosine, and deoxyguanosine, which are subsequently used for
DNA synthesis. The biologic role of dCK has not been entirely
elucidated. However, dCK is required for normal hematopoiesis (4)
and DNA damage response (5). Moreover, dCK provides an escape
mechanism when DNA de novo synthesis is inhibited by ribonucle-
otide reductase inhibitors (6). This resistance can be overcome using
small-molecule inhibitors of dCK (6-9). dCK is also required to
phosphorylate and activate inactive prodrugs such as cytarabine,
gemcitabine, decitabine, and cladribine (/0). Therefore, a PET
probe that specifically measures tissue dCK expression could serve
as a predictive biomarker for tumor responses to dCK-dependent
prodrugs, stratify patients into likely responders to small-molecule
dCK inhibitors, and demonstrate target engagement in patients
treated with dCK inhibitors (6).

Before these applications can be tested systematically, as with
any new radiopharmaceutical, the whole-body distribution and
radiation dosimetry must be quantified.

MATERIALS AND METHODS

18F_Clofarabine Synthesis

The synthesis of '8F-clofarabine was performed as previously de-
scribed (10,11). In brief, protection groups were first added to chlor-
oadenosine. Subsequently, the hydroxyl group of this product (the
trityl-protected chloroadenosine derivative) was replaced with triflyl
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chloride. Finally, the triflyl chloride was substituted with '3F-flourine
to yield the final product, '8F-clofarabine.

Human Subjects

The study protocol was approved by the Institutional Review Board
for Human Subjects and the Medical Radiation Safety Committee at
the University of California, Los Angeles, and the Radioactive Drug
Research Committee of the U.S. Food and Drug Administration. All
human subjects provided written informed consent after receiving a
thorough explanation of the study by a qualified physician.

PET Image Acquisition

All '8F-clofarabine scans were performed on a dedicated PET/CT
scanner (Biograph mCT 64; Siemens Medical Solutions). Low-dose
CT scans for attenuation correction were acquired (130 kV, 0.5-s tube
rotation, 4-mm slice collimation, and a bed speed of 8 mm/s). The CT
images were reconstructed using filtered backprojection at 3.4-mm
axial intervals to match the slice separation of the PET data. The
administered activity for the radiopharmaceutical was determined
from previous dosimetry studies on mice. On the basis of these data
and assuming a worst-case scenario (quantifying the highest absorbed
organ dose and extrapolating to the whole body), a safe injection to
remain under 50 mSv was calculated to be 259 MBq. In consideration
of a 10% safety margin, we injected 233 MBq of '8F-clofarabine. The
imaging protocol consisted of a single low-dose CT scan for attenu-
ation correction and 4 emission scans. The first scan was a dynamic
scan of the heart and chest for 30 min taken immediately after in-
travenous tracer injection. The remaining 3 scans were whole-body
static scans (top of the skull to the feet) taken approximately 45, 90,
and 135 min after intravenous tracer administration. Static images
were acquired for 3 min per bed position. The number of bed positions
varied from 11 to 12, depending on the height of the volunteer.

PET Image Reconstruction

PET images were reconstructed with an iterative algorithm (ordered-
subset expectation maximization; 2 iterations, 8 subsets). All PET
images were reconstructed using corrections for attenuation, dead-
time, random events, and scatter. The PET scanner is periodically
checked for calibration accuracy as part of quality control according
to published guidelines (/2).

Dosimetry

The region of interest was first defined on the CT scan and copied
over to the first static PET scan. This segmentation was performed for
all well-defined organs by applying a 50% isocontour volume of
interest for the organ (liver, gallbladder, kidneys, spleen, heart, L2-1.4,
lung, and whole body) using E.SOFT software VA60C (Siemens Med-
ical Solutions). For the bladder, a 25% isocontour was used. These
volumes were then copied to subsequent PET scans, and activity
concentrations were determined. All organ volumes except for the
bladder were assumed to be constant over time. The actual volume
of the bladder was quantified on every PET scan. From the coregis-
tered PET images, average organ activity per volume in kBq/mL was
obtained for each scan. The total activity in the respective volume of
interest was calculated subsequently by multiplying the average organ
activity per volume by the respective volume taken from the CT
images. Bone marrow dosimetry was derived from CT-based volumes
of interest placed over L2-L4.

Because there were only 3 time points, the time—activity curves
were integrated using trapezoidals, assuming physical decay after
the last data point. The calculation for the remainder of the body
was estimated by subtracting the activity in the organs from the total
body. The calculation of the time-integrated activity coefficient for the
bone marrow was performed using the image-based method described
by Herrmann et al. (/3): the time-integrated activities ALQ,LA of L2-1L.4

for assessing activity in the red bone marrow are derived assuming
that 6.7% of the total bone marrow is contained in L2-1.4.

The time-integrated activity coefficients were used for calculating
absorbed dose coefficients and effective dose coefficients for the
standard 74-kg adult male model using OLINDA/EXM software (/4)
for each patient separately. The values for the effective dose coeffi-
cients are based on the tissue-weighting factors from International
Commission on Radiological Protection publication 60 (15). SDs were
calculated using Excel (Microsoft).

Biodistribution

The activity concentration was corrected to the time of injection so
that the SUV could be calculated. SUV is defined by the following
equation:

organ activity (21) x patient weight (kg)

SUV =
dose (Bq) x density

The density was assumed to be 1 g/mL, and SUV therefore becomes a
dimensionless value. The biodistribution was visualized by creating
maximum-intensity projections. For a more detailed discussion of
SUYV, the reader is referred to the appendix of a previously published
article (16).

Statistical Analysis

Organ uptake for the 3 time points was calculated for every subject
as described above. The average of these values and the SD were
calculated using Excel (Microsoft). The mean organ uptake was
plotted versus time (Fig. 1).

RESULTS

Demographic Data

Five healthy volunteers (3 men, 2 women) with a median age
of 58 y (range, 57-67 y) were enrolled. The median weight was
69.0 kg (mean, 72.4 kg; range, 63.5-90.7 kg). The mean admin-
istered activity was 232.4 = 1.5 MBq of '®F-clofarabine. There
were no adverse or clinically detectable pharmacologic effects in
any of the 5 subjects. No significant changes in vital signs or the
results of electrocardiograms were observed.
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FIGURE 1. Mean organ activities as function of time in hours. Values
for bone marrow were scaled by 0.067 (mass ratio of LV2-LV4 to total
bone marrow mass). For improved visualization, values of gallbladder
are suppressed.
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FIGURE 2. Whole-body biodistribution of '8F-clofarabine at 45 min
(A), 90 min (B), and 135 min (C). Visible organs are indicated by arrows.
BM = bone marrow; K = kidneys; L = liver; S = spleen; UB = urinary
bladder. (SUV scale, 0-6.5.)

Image Analysis

The maximum-intensity projections and whole-body biodis-
tribution for '8F-clofarabine for various time points are shown in
Figure 2. There was high uptake in the bladder, liver, kidneys, and
spleen. Additionally, there was moderate uptake in the bone mar-
row and throughout the bowel. Mild uptake was also noted in the
salivary glands and some lymph nodes, which are better visualized
in Figure 3. Variable and heterogeneous uptake was noted in the
pancreas.

Dosimetry

The average time-integrated activity coefficients for a variety of
organs are given in Table 1. The highest values were in the bladder
(0.49 h) and liver (0.20 h). These values (Table 1) were used as an
input for the OLINDA/EXM program to calculate the absorbed
dose for numerous organs (Table 2). Patients were allowed to void

between acquisitions, and the activity in the excreted urine was
neglected, resulting in lower time-integrated activity coefficients
than expected. From these data, the organ with the highest dose
coefficient was the bladder, 2.34E—01 mGy/MBq (critical organ).
The second and third highest were the liver (2.62E—02 mGy/
MBq) and kidneys (2.51E—02 mGy/MBgq), respectively (Table 3).

The effective dose coefficient in mSv/MBq is shown in the last
row of Table 2. The average effective dose for 8F-clofarabine was
0.0203 mSv/MBq. The SD of the effective dose was calculated by
taking the mean of the effective doses, which were calculated for
each patient separately. An administered dose of 250 MBq would
result in an effective dose of 5.1 mSv, which is below the 30-mSv
limit established by the Food and Drug Administration (/7).

The average uptake for several organs throughout time is shown
in Figure 2. All organs showed activity decreasing over time. The
bladder demonstrated the highest activity, indicating that most of
this tracer is excreted though the genitourinary tract.

DISCUSSION

The current study demonstrated that '3F-clofarabine adminis-
tration was safe and well tolerated by all subjects. No side effects
occurred during or after tracer injection. The absorbed doses
for all organs were well within accepted limits. On the basis
of these data, this probe is acceptable for research and clinical
applications.

We measured the !'8F-clofarabine biodistribution in humans,
which mirrored the known pattern of dCK expression in human
tissues (/8) and rodents (/0). 8F-clofarabine accumulated in he-
matopoietic and lymphoid tissues. The organs with the highest
uptake were the bladder, kidneys, liver, spleen, and bone marrow.
This is expected because most of the tracer is excreted through the
urine. Additionally, high bone marrow and splenic uptake are an-
ticipated because these tissues exhibit high dCK expression (/8).
In studies on dCK knockout mice, liver uptake was absent, sug-
gesting that it is highly specific to dCK expression (/7).

Furthermore, the mild tracer activity noted in some lymph
nodes likely represented lymphoid tissue activation. Thymus
activity was not observed, most likely because of thymic involution
in this group of healthy volunteers with a median age of 58 y.
However, a previously acquired scan in a younger patient (27 y old)
clearly showed thymic uptake (Fig. 4).

The ability to adequately measure dCK

expression could be used for several trans-
lational research or clinical applications.
For instance, '8F-clofarabine imaging may
serve as a predictive biomarker to identify
patients who would benefit from dCK-
dependent prodrugs or small-molecule
dCK inhibitors. Moreover, decreased !8F-
clofarabine tissue uptake in response to
- dCK inhibitors may serve as a pharmaco-
dynamic biomarker.

T- and B-cell development is strongly
associated with dCK expression (/9). In
dCK knockout mouse studies, lymphocytes
were reduced 5- to 13-fold below reference
values (/9), suggesting that lymphopoiesis

FIGURE 3. Selected axial slices of volunteer’s PET/CT study: CT image (A), fused image (B), and
PET image (C). Arrows indicate presence of level IIB lymph nodes in left side of neck with mild

18F-clofarabine uptake. (SUVax, 2.0; SUV scale, 0-5.)
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is highly dCK-dependent. Therefore, '8F-
clofarabine activity might be used to mon-
itor immune activation.
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TABLE 1 TABLE 3
Time-Integrated Activity Coefficients Highest Individual-Organ Absorbed Dose Coefficients
Organ Coefficient (h) Type Organ Coefficient (mGy/MBq)
Liver 0.200 + 0.039 Critical Bladder 2.34E-01
Gallbladder 0.001 + 0.001 Second highest Liver 2.62E-02
Kidneys 0.035 £ 0.004 Third highest Kidneys 2.51E-02
Spleen 0.015 £ 0.007
Bladder 0.491 + 0.226
The current study had some limitations. First, to ascertain the
Heart 0.010 + 0.001 ability of our volunteers to tolerate the PET procedure, the number
Bone marrow 0.132 + 0.024 of data points for integrating the time—activity curve was limited
Lung 0.041 + 0.006 to 3, with the last measurement performed less than 2 h after ad-
Remainder 0.448 + 0.190 ministration of '8F-clofarabine. The aim of this study was not to

Data are mean + SD in 5 patients.

TABLE 2

Mean Absorbed Dose Coefficient

Organ

Coefficient
(mGy/MBq)

Adrenals

Brain

Breasts

Gallbladder wall
Lower large intestine wall
Small intestine
Stomach wall
Upper large intestine wall
Heart wall

Kidneys

Liver

Lungs

Muscle

Ovaries

Pancreas

Red marrow
Osteogenic cells
Skin

Spleen

Testes

Thymus

Thyroid

Urinary bladder wall
Uterus

Total body

Average effective dose coefficient

(mSv/MBq)

6.6E-03 + 1.1E-03
2.3E-03 + 8.6E-04
2.8E-03 + 0.8E-3
9.2E-03 + 1.8E-03
1.0E-02 + 0.35E-02
6.6E-03 + 1.8E-03
4.4E-03 + 0.9E-03
6.1E-03 + 1.56E-03
6.9E-03 + 0.9E-03
2.5E-02 + 0.2E-02
2.6E-02 + 0.5E-02
9.4E-03 + 0.4E-04
4.8E-03 + 1.39E-03
9.8E-03 + 3.3E-03
6.2E-03 + 1.0E-03
1.83E-02 + 2.4E-03
9.8E-03 + 2.2E-03
2.8E-03 + 0.8E-03
1.7E-02 + 0.7E-03
6.8E-03 + 2.4E-03
3.3E-03 + 0.9E-03
2.7E-03 + 0.9E-3
2.3E-01 = 1.1E-01
1.8E-02 £ 0.7E-02
5.7E-03 + 1.3E-03
2.0E-02 + 0.7E-02

Data are mean + SD mGy/MBq in 5 patients.

quantify the absorbed doses precisely but to determine whether
measurements were within the Radioactive Drug Research Com-
mittee limits for absorbed doses in human research. We assumed
that the organ activity would completely decay inside the organ.
This approach is conservative, as the tracer is predominantly excreted
via the genitourinary tract. Even with this safe and conservative
approach, the absorbed doses were within the required limits.
Furthermore, we did not quantify salivary gland uptake as it was
only mild, likely reflecting an excretory pathway. However, this
aspect should be considered in future patient studies. Addition-
ally, these measurements were obtained in healthy volunteers, and
a less favorable dosimetry would be expected in patients with
renal failure, hepatorenal syndrome, or drug treatment that inter-
feres with renal tracer excretion.

To further reduce absorbed doses and since the bladder is the
critical organ, frequent postscan voiding, as is done for clinical PET
studies, should also be recommended for '8F-clofarabine scans. This
practice will ensure that the absorbed dose is lower than what was
estimated here. In view of the effective dose, administering an
activity of 250 MBq of '8F-clofarabine is acceptable (Table 2).

“

fivinan

FIGURE 4. Whole-body biodistribution of '8F-clofarabine in young pa-
tient 62 min after tracer injection. Selected axial slices demonstrate
moderate uptake in thymus (arrow). (SUV scale, 0-5.8.)
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CONCLUSION

I8F-clofarabine has a favorable biodistribution and radiation
dosimetry and is not associated with any toxic effects. The organs
that demonstrate the highest tracer uptake are the bladder, liver,
kidney, and spleen. Future studies will determine whether '8F-
clofarabine can serve as a predictive biomarker for response to
dCK-dependent prodrugs or for monitoring the effectiveness of
immune therapies and small-molecule dCK inhibitors.
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