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To demonstrate that positron emission tomography (PET)
with fluorine 18 ('8F) fluorthanatrace (FTT) depicts ac-
tivated poly (adenosine diphosphate-ribose)polymer-
ase (PARP) expression and is feasible for clinical trial
evaluation.

All studies were conducted prospectively from February
2012 through July 2015 under protocols approved by the
local animal studies committee and institutional review
board. The area under the receiver operating character-
istic curve (AUG, in g/mL- min) for 8F-FTT was assessed
in normal mouse organs before and after treatment with
olaparib (n = 14), a PARP inhibitor, or iniparib (n = 11),
which has no PARP inhibitory activity. Murine biodistri-
bution studies were performed to support human transla-
tional studies. Eight human subjects with cancer and eight
healthy volunteers underwent imaging to verify the human
radiation dosimetry of '"8F-FTT. The Wilcoxon signed rank
test was used to assess for differences among treatment
groups for the mouse studies.

In mice, olaparib, but not iniparib, significantly reduced
the 8F-FTT AUC in the spine (median difference before
and after treatment and interquartile range [IQR]: =17 g/
mL- min and 10 g/mL - min, respectively [P = .0001], for
olaparib and —3 g/mL - min and 13 g/mL - min [P = .70]
for iniparib) and in nodes (median difference and inter-
quartile range [IQR] before and after treatment: —23 g/
mL - min and 13 g/mL - min [P = .0001] for olaparib; —9
g/mL - min and 17 g/mL - min [P = .05] for iniparib). The
effective dose was estimated at 6.9 mSv for a 370-MBq
I8F-FTT dose in humans. In humans, the organs with the
highest uptake on images were the spleen and pancreas.
Among five subjects with measurable tumors, increased
I8F-FTT uptake was seen in one subject with pancreatic
adenocarcinoma and another with liver cancer.

The results suggest that '8F-FTT uptake reflects PARP ex-
pression and that its radiation dosimetry profile is com-

patible with those of agents currently in clinical use.

©RSNA, 2016

Online supplemental material is available for this article.
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oly (adenosine diphosphate-ri-
bose)polymerases (PARPs) are
enzymes best known for their role
in DNA repair. These enzymes catalyze
a process called poly (adenosine diphos-
phate-ribosyl)ation, or PARsylation,
which leads to posttranslational modifi-
cations that regulate numerous biologic

Advances in Knowledge

B Significant reductions in the PET-
measured fluorine 18 ('8F) fluor-
thanatrace (FTT) area under the
receiver operating characteristic
curve (AUC) in normal mouse
axillary lymph nodes, which are
known to express poly(adenosine
diphosphate-ribose)polymerase
(PARP), were seen after treat-
ment with the PARP inhibitor
olaparib (median difference in
I8F-FTT AUC before and after
treatment, —23 g/mL - min;
interquartile range [IQR], 13 g/
mL - min; P =.0001) but not
after treatment with iniparib, a
cysteine-modifying drug with no
effect on PARP activity (median
difference in AUC, —9 g/mL -
min; IQR, 17 g/mL - min; P =
.05; significance at P = .0071),
which suggests that '8F-FTT can
help detect changes in PARP ex-
pression in response to PARP
inhibition.

B Images of healthy volunteers and
subjects with cancer, obtained
with a 370 MBq/10 mCi injection
of 18F-FTT, demonstrate a radia-
tion dosimetry profile that is sim-
ilar to that of the clinical tracer
I8F fluorodeoxyglucose, which
supports the potential for routine
clinical use of '8F-FTT, with a
total effective dose of 5.1 mSv
for male subjects and 6.9 mSv
for female subjects and the crit-
ical organs being the spleen and
pancreas.

B The initial human images in one
subject with recurrent pancreatic
adenocarcinoma and another
with liver cancer suggest that
these cancers may be visualized
with 8F-FTT.

processes (1). PARP1, the best-under-
stood member of this family, facilitates
base excision repair (2) and mediates
important alternative DNA repair path-
ways (3). Preclinical studies identified
PARP-mediated DNA repair as an es-
sential survival mechanism for breast
and ovarian cancers harboring BRCAI
or BRCAZ2 mutations deleterious to the
homologous recombination DNA repair
pathway (4,5). Thus, PARP inhibition in
these cancers results in massive geno-
mic instability that leads to cell death
by synthetic lethality (6,7). The activ-
ity of PARP inhibition in BRCA-mutant
cancers has been confirmed with suc-
cessful phase I and II trials (8,9). PARP
inhibition may also be effective in a
subset of cancers resistant to platinum-
based chemotherapies (10). Therefore,
PARP inhibition may prove to be an ef-
fective treatment strategy for a broad
spectrum of cancers, as evidenced by
the multiple PARP inhibitors in various
phases of clinical development (11).
Despite these promising initial
data, not all clinical trials have been
uniformly successful (12,13). Olapa-
rib only recently became the first U.S.
Food and Drug Administration-ap-
proved PARP inhibitor after a long
process of clinical investigation (14).
It was approved for the treatment of
BRCA-mutant ovarian cancer. The lack
of biomarkers that can help guide the
use of these agents may be one reason
for these approval delays. Tissue-based

Implications for Patient Care

B With the emergence of PARP in-
hibitors as a new anticancer drug
class, '8F-FTT promises to be a
specific biomarker of PARP ex-
pression in patients that can help
guide the use of PARP inhibitors
by confirming drug-target en-
gagement in patients to improve
the assessment of appropriate
dosing.

® 8F-FTT may further be used to
identify cancers with increased
PARP expression, such as the
pancreatic and liver cancers
imaged in this study, which might
respond to PARP inhibition.

biomarkers have been used to verify
PARP inhibition, including measures
of DNA damage as indirect assays of
PARP activity or direct PARP enzyme
activity assays (8,15-17). However,
these assays require biopsies, limiting
the assessment of multiple synchronous
lesions and the ability to make serial
measurements. Therefore, noninvasive
measures of PARP expression could aid
the assessment of PARP inhibitor effi-
cacy for anticancer therapy.
Quantifying the uptake of PARP-
targeted probes labeled for imaging
with positron emission tomography
(PET) may overcome some of the
limitations of tissue-based methods.
Multifunctional probes for PET, mag-
netic resonance (MR) imaging, and
optical imaging have been synthesized
to measure PARP in animal models
(18), demonstrating the feasibility of
imaging PARP expression in vivo. Ini-
tial preclinical data indicate that the
radiolabeled PARP inhibitor fluorine
18 ('8F) fluorthanatrace (FTT) binds
specifically to PARP (19,20). There-
fore, the purpose of this study was to
present additional preclinical and first-
in-human data to demonstrate that
PET imaging with '"8F-FTT helps detect
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AUC = area under the receiver operating characteristic
curve

FTT = fluorthanatrace

IQR = interquartile range

PARP = poly (adenosine diphosphate—ribose)polymerase
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Synthesis scheme and structure of '8F-FTT. DMSO = dimethy! sulfoxide, OA/Is = mesylate, 0Ts =

Figure 1:

activated PARP expression and is feasi-
ble for clinical trial evaluation.

Materials and Methods

Washington University provided fund-
ing for this study and has filed a patent
on 'F-FTT that is pending (please see
Disclosures for authors who are coin-
ventors on this patent). This trial was
registered on clinicaltrials.gov (identifi-
cation number NCT02469129).

Synthesis and Radiolabeling of '8F-FTT

Figure 1 shows the synthesis scheme
and  structure of  1-(4-(2-fluoroe-
thoxy)phenyl)-8,9-dihydro-2,7,9a-
triazabenzo[cd]azulen-6 (7H)-one ('8F-
FTT), with radiolabeling performed as
previously described (19,20).

Reagents for Animal Experiments and
Experimental Groups

Our institutional animal studies com-
mittee approved all animal studies,
which were conducted between Febru-
ary 2012 and November 2014. Eight-
week-old athymic nude mice (weight:
19-24 g; Harlan Laboratories, India-
napolis, Ind) were imaged before and
after treatment with 50 mg/kg intra-
peritoneal injections of either olaparib
(Sellekchem, Houston, Tex) (n = 14),
a known PARP inhibitor, or iniparib
(Sellekchem) (n = 11), a drug initially
thought to be a PARP inhibitor but
subsequently shown to have no PARP
inhibitory activity (21,22). The ax-
illary lymph nodes in a subset of im-
aged olaparib- or iniparib-treated mice
(four mice per group) were combined
for each mouse and assayed for PARP
enzyme activity (model 4520-096-K;
Trevigen, Gaithersherg, Md) following
the manufacturer’s kit instructions.

18F. KFIKZZ;_IDMSO
OMs

or OTs

All of these mice had SCC1 (head and
neck cancer) or MDA-MB-231 (triple-
negative breast cancer) xenografts.
However, the SCC1 tumors had very
little uptake, and olaparib treatment re-
sults with MDA-MB-231 tumors, which
had variable baseline 'F-FTT uptake,
have been reported on previously (19).
Therefore, the tumor data are not in-
cluded in this report. Biodistribution
for human dosimetry estimates (19
mice) and metabolism (six mice) of '8F-
FTT was also assessed. The methods
for tumor implantation, micro-PET im-
aging, and biodistribution and metab-
olism studies are detailed in Appendix
E1 (online).

Human Subject Recruitment

The human imaging protocol was con-
ducted with the approval of the local
institutional review board under an
exploratory Investigational New Drug
application (number 124116) between
November 2014 and July 2015. Given
recent evidence suggesting that PARP
upregulation could cause resistance
to platinum-based chemotherapy reg-
imens (23), we recruited men and
women aged 18 years or older with
a diagnosis of head and neck cancer
or other cancer that could be treated
with platinum-based chemotherapy
regimens, including but not limited
to ovarian, gastric, and pancreatic
cancers, from the medical oncology
clinics. Men and women aged 18 years
or older with no known medical his-
tory, in particular no cardiopulmonary
disease necessitating active medication
or intervention, and no smoking his-
tory were also recruited through an in-
stitutional registry to characterize the
distribution of the tracer in healthy
volunteers. Appendix E1 (online)

BF-FTT

w 18F

O/\/

tosylate.

details additional eligibility criteria.
Sixteen subjects—eight healthy sub-
jects and eight subjects with can-
cer—gave written informed consent
and completed all study procedures,
with no withdrawals or exclusions. Af-
ter the beginning of the study, it was
discovered that one healthy volunteer
occasionally used inhalers for seasonal
asthma. However, the subject did not
use inhalers at the time of the study.
Therefore, this volunteer’s data were
included in the analysis. Blood assays
(complete blood counts and metabolic
profiles) and symptoms were assessed
before and after 'F-FTT injection
for safety evaluation. Subjects were
enrolled sequentially into cohorts in
which imaging was performed at O and
120 minutes, 30 and 150 minutes, 60
and 180 minutes, and 90 and 210 mi-
nutes after tracer injection, with two
healthy subjects and two subjects with
cancer in each cohort.

Human PET Image Acquisition and
Analysis

Whole-body images (midskull to mid-
calf) were obtained after injecting a
mean (*standard deviation) of 374
MBq * 19 (range, 348-403 MBq [0.5-
2.1 pg]) of 'SF-FTT with a PET/com-
puted tomographic (CT) scanner (Bio-
graph 40; Siemens, Knoxville, Tenn)
by using 50 mAs (effective) for the
attenuation-correction CT scan. PET
images were reconstructed by means of
three-dimensional ordered subset ex-
pectation maximization with the point
spread function correction model by
using two iterations and 21 subsets.
Regions of interest were drawn over all
visible organs by using the CT images
and then transferred to the PET im-
ages and edited for spillover activity by
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Figure 2:  "8F-FTT micro-PET images of athymic nude mice demonstrate nodal and spine activity before and after treatment with olaparib or iniparib. Coronal and
sagittal micro-PET (last 10 minutes of 60-minute acquisition) and CT images of normal mice with lymph nodes and spine uptake indicated by yellow arrowheads
or white region of interest. Corresponding time-activity curves are also shown. Left and right lymph node standard uptake values (SUV) over time were averaged to
create graphs of time-activity curves for lymph nodes.

456 radiology.rsna.org = Radiology: \olume 282: Number 2—February 2017



Radiology

MOLECULAR IMAGING: PET of Poly (ADP-Ribose)Polymerase Activity in Cancer

Michel et al

using Integrated Research Workplace
4.0 (Siemens). The percentage injected
dose per organ was calculated at each
time point. Detailed image acquisition
and analysis methods are described in
Appendix E1 (online).

Human Dosimetry Estimates

Organ residence times and estimates
of best- and worse-case scenarios were
calculated from the percentage injected
dose per organ derived from the human
images and entered into the OLINDA/
EXM software program (version 1.1;
Vanderbilt University, Nashville, Tenn)
to estimate individual organ doses
and whole-body effective doses (24).
Given the small number of subjects for
the human dosimetry study, statistical
analysis was not performed on the hu-
man image data. Data from all partici-
pants were combined so that four data
points per time point were used for the
dosimetry estimates as no systematic
differences in the percentage injected
dose per organ were observed between
the healthy volunteers and the subjects
with cancer. Appendix E1 (online) in-
cludes additional details.

Statistical Analysis

All mouse data are summarized as me-
dians and interquartile ranges (IQRs).
For the micro-PET studies, the standard-
ized uptake value (in grams per milliliter)
for each region of interest was plotted
versus time and then the area under the
receiver operating characteristic curve
(AUC) was determined numerically by
using the Trapezoid Rule (NumPy v1.11,
Python 3.5) over the entire 60-minute
acquisition. A paired, two-sided Wilcox-
on signed rank test (R Foundation for
Statistical Computing, v3.2.1) was per-
formed to assess for differences in AUC
data before and after olaparib or inipa-
rib treatment separately for each group.
The comparability of the olaparib and
iniparib treatment groups was assessed
by applying the two-sample Kolmogorov-
Smirnov test to the pretreatment groups
according to organ. The level of statisti-
cal significance for all tests was defined
as P < .05. When multiple comparisons
were made, the Bonferroni correction
was used.

Lymph Nodes
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Figure 3:  Boxplots of effect of olaparib and iniparib on "8F-FTT uptake
(expressed as AUC) in axillary lymph nodes and marrow of spine. * indicates
P =.0001 when compared with pretreatment value.

Visible '8F-FTT Uptake at Micro-PET Is
Reduced with Olaparib but Not Iniparib
Treatment

Representative micro-PET images of
mice before and after treatment with
either olaparib or iniparib are shown
in Figure 2. Coronal and sagittal im-
ages demonstrated increased uptake in
normal lymph nodes and spine at base-
line. Olaparib, a known PARP inhibi-
tor, blocked all visible "F-FTT uptake
in both nodes and spine. Iniparib had
little effect on '8F-FTT uptake in the
lymph nodes or spine visually. Treat-
ment with olaparib led to a greater re-
duction in the "8F-FTT AUC compared
with treatment with iniparib (Fig 3).
In the lymph nodes assessed for PARP
enzyme activity, nodes from olaparib-
treated mice had less activity than
those from iniparib-treated mice (Fig
E1 [online]). Treatment with olaparib
also led to a greater reduction in '8F-
FTT accumulation in the liver as well

as several other organs compared with
treatment with iniparib (Table 1). 'SF-
FTT cleared rapidly from the blood
and was excreted by both the hepa-
tobiliary and renal systems. Table 1
summarizes the effect of olaparib and
iniparib treatment on the evaluable
organs from the micro-PET images.

18E-FTT Dosimetry Estimates and
Metabolism in Mice Suggest Feasibility
for Human Clinical Trials

The mouse biodistribution data (Table
E1 [online]) showed that the high-
est residence times were in bone and
muscle, followed by blood. On the ba-
sis of these biodistribution data, the
organ with the highest estimated ra-
diation dose was the bladder wall for
both male and female estimates. The
estimated human effective dose was
0.013 mSv/MBq in male subjects and
0.015 mSv/MBq in female subjects.
On the basis of this estimated effective
dose, 370 MBq was chosen as the dose
for the initial human studies, which
would lead to an estimated maximum
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Table 1

Effect of Olaparib and Iniparib on Selected Normal Organs Measured with Micro-PET

Treatment Group Pretreatment Value*  Posttreatment Value* Difference*
and Organ Median IQR Median IQR Median QR PValue®
Olaparib (n= 14)
Axillary nodes 53 12 28 5 -23 13 .0001
Gallbladder 135 51 111 53 2 52 .81
Intestine 241 67 372 121 114 164 .0001
Kidneys 268 66 139 47 -119 53 .0001
Liver 155 20 109 25 —45 25 .0001
Lungs 42 15 37 10 —4 10 15
Spine 58 12 40 1 -17 10 .0001
Iniparib (n=11)
Axillary nodes 57 23 50 9 -9 17 .05
Gallbladder 140 58 145 74 13 38 .58
Intestine 266 102 274 93 -9 95 .76
Kidneys 289 203 286 139 —51 127 A7
Liver 17 49 167 64 —4 60 97
Lungs 49 18 49 18 3 12 .97
Spine 64 14 66 14 -3 13 .70

* Data are AUCs for a 60-minute time-activity curve.
* Level of significance was set at P=.0071 with Bonferroni correction for seven comparisons.

Table 2

Clinical Characteristics of Subjects with Cancer

Subject No./Age Days Since Last
(y)/Sex/Race Diagnosis and Stage at Diagnosis Most Recent Treatment Treatment*
1/57/F/White lleocecal mucinous adenocarcinoma, Capecitabine, irinotecan, 4
moderately differentiated; stage IV bevacizumab
2/58/M/White  Pancreatic adenocarcinoma, stage Il Abraxane, gemcitabine 1
3/61/M/White  Left tonsillar nonkeratinizing None' NA
basaloid squamous cell carcinoma,
p16*; stage IVA
4/62/F/African  Colon mucinous adenocarcinoma, poorly  Leucovorin, fluorouracil, 9
American differentiated; stage IV oxaliplatin, bevacizumab
5/52/M/African  Left oropharyngeal and tonsillar Nonet NA
American squamous cell carcinoma;
stage IVA
6/67/M/White  Pancreatic adenocarcinoma, Radiation therapy 18
moderate to poorly differentiated;
stage Ill
7/59/M/African  Rectal adenocarcinoma, moderately Nonet NA
American differentiated; stage Il
8/62/F/White Biphenotypic hepatocellular carcinoma/  Carboplatin, MLN-4924 43

cholangiocarcinoma, poorly
differentiated

* NA = not applicable.

T These participants were not receiving active therapy at the time of participation. The last chemotherapy cycle for these

participants was performed at least 1 year before the subjects underwent imaging for this study.

effective dose of 5.6 mSv (based on the
higher effective dose of the male and
female estimates). Metabolism studies
in mice demonstrated that only 55% of
the parent compound was present at 5
minutes and 13% remained at 30 mi-
nutes. In contrast, the liver had 94%
parent compound at 5 minutes, with
a substantial percentage remaining at
30 minutes (Fig E2 [online]). Because
PARP expression has been reported in
the liver (25,26), and treatment with
olaparib but not iniparib reduced 'SF-
FTT accumulation in the liver, the high
percentage of parent compound in the
liver is most likely due to specific bind-
ing of BF-FTT to PARP, preventing its
metabolism.

Human Dosimetry and Preliminary Cancer
Imaging Results

Eight participants with cancer (me-
dian age, 60 years; IQR, 4 years; five
men and three women, all white) and
eight healthy volunteers (median age,
40 years; IQR, 28 years; three men
and five women) participated in this
study. Table 2 summarizes the clini-
cal characteristics of the participants
with cancer. No significant changes
in blood counts or blood chemistry
values were noted after tracer injec-
tion (Table E2 [online]). One subject,
who had just completed a chemother-
apy cycle 4 days before study partic-
ipation, experienced nausea during
imaging that was deemed related to
recent chemotherapy treatment. No
adverse events related to the tracer
injection were observed.

Figure 4 shows representative max-
imum intensity projection images from
different healthy volunteers at several
time points after tracer injection.
The PET images demonstrated high
uptake in the liver but less renal ex-
cretion than was anticipated with the
animal data. The primary route of ex-
cretion was hepatobiliary. The normal
organs with the highest uptake were
the pancreas, spleen, and liver. Nor-
mal lymph nodes were easily visible.
No clear differences in the distribution
of the tracer were noted between the
subjects with cancer and the healthy
volunteers.
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Figure 4: Representative maximum intensity projection'®F-FTT PET images from three different healthy volunteers demonstrate
normal spleen, node, and marrow uptake. All images are scaled to maximum standardized uptake value (SUV) of 10.

Figure 5

Figure 5:

0

10

Suv

8F-FTT PET (left), unenhanced CT (middle), and fused transaxial (right) images in 52-year-old man with recurrent pan-

creatic adenocarcinoma after Whipple procedure (subject 2, Table 2). Images were obtained 30 minutes after tracer injection. Arrows
indicate location of recurrent pancreatic cancer. Gray-scale PET images were set to same scale as that shown for color image. SUV =

standardized uptake value.

Of the subjects with cancer (Table
2), five had measurable disease with
another imaging modality, whereas
the three subjects who had not un-
dergone any recent treatment had
no measurable disease at the time of

participation. The two subjects with
mucinous adenocarcinomas demon-
strated only mildly increased periph-
eral activity around their tumors,
similar to their expected appearance
on BF fluorodeoxyglucuse PET/CT

scans (Fig E3 [online]). Of the three
remaining subjects with measurable
disease, two had visible tumor !8F-
FTT uptake above the background ac-
tivity—one in a recurrent pancreatic
ductal adenocarcinoma (Fig 5) and
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Figure 6

Figure 6:

0 Suv

From left to right, transaxial *8F-FTT PET image, unenhanced CT scan, fused image, and contrast material-enhanced MR image in a 62-year-old woman

with metastatic biphenotypic hepatocellular carcinoma/cholangiocarcinoma (subject 8, Table 2). The subject had previously undergone right hepatic trisegmentectomy
and treatment with multiple chemotherapy regimens. The most recent chemotherapy regimen is described in Table 2. MR imaging was performed 1 month before
8F-FTT PET/CT and demonstrated new metastatic liver lesions with decreased signal intensity, as seen on MR image (arrow), in addition to enlargement of left
hepatic lobe as a result of previous partial hepatic resection. CT (liver window) showed interval enlargement of metastasis, as demonstrated by low-attenuation lesion
that is clearly larger than low-signal-intensity lesion seen on corresponding MR image. "8F-FTT image shows increased uptake within this metastasis. PET/CT images
were obtained 150 minutes after tracer injection. MR image was obtained 20 minutes after gadoxetate disodium injection. Arrows show locations of metastatic
lesions. Gray-scale PET images were set to same scale as that shown for color image. SUV = standardized uptake value.

Figure 7

Suv

Figure 7:  Transaxial "8F-FTT PET (left), unenhanced CT (middlg), and fused (right) images in 67-year-old man with recurrent pancre-
atic adenocarcinoma (subject 6, Table 2). '8F-FTT PET/CT was performed 18 days after completing radiation treatment (3000 cGy in 10
fractions over 2 weeks). Images were obtained 90 minutes after tracer injection. Arrows indicate tumor location. Green lines were used
to aid in tumor localization given the lack of contrast on CT images and lack of uptake on '8F-FTT PET images. Gray-scale PET images
were set to same scale as that shown for color image.

another in a biphenotypic hepatocel-
lular carcinoma/cholangiocarcinoma
(Fig 6). In the recurrent pancreatic
adenocarcinoma, although 'SF-FTT
washed out of the tumor between
30 and 150 minutes after tracer in-
jection, visibly increased uptake in
the tumor was still demonstrated
when compared with background at
the later time point. The third sub-
ject with a visible tumor had a poorly
differentiated pancreatic adenocarci-
noma with no visible activity in the
residual tumor; however, this tumor
had been treated with a full course of
radiation therapy that was completed

18 days before the imaging session
for this study (Fig 7).

The residence times calculated from
images of both participants with cancer
and healthy volunteers are summarized
in Table E3 (online) and were calcu-
lated from percentage injected dose
for each organ at each time point from
all volunteers (graphs for each organ
are shown in Fig E4 [online]). The
estimated dosimetry values in Table 3
demonstrate that the critical organ is
the spleen and that the maximum of
the male and female estimated effect-
ed dose for a 370-MBq injection is 6.9
mSv. The variability in the estimates

reflects the observed intrasubject varia-
tions in organ 'SF-FTT uptake.

Our data support our hypothesis that '8F-
FTT could serve as a noninvasive marker
of PARP expression. The known PARP
inhibitor olaparib reduced SF-FTT up-
take in normal organs known to express
PARP as well as PARP enzyme activity
in normal lymph nodes in mice. In con-
trast, iniparib, which has no direct effect
on PARP activity (21), had a less marked
effect on tracer uptake on these same
organs. Given recently published data
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Target Organ

Table 3

Human Absorbed Dose Estimates

Dose Estimate and Estimated Uncertainty (mSv/MBaq)

Male Subjects

Female Subjects

Adrenals

Brain

Breasts
Gallbladder wall
LLI wall

Small intestine
Stomach wall
ULl wall

Heart wall
Kidneys

Liver

Lungs

Muscle

Ovaries
Pancreas

Red marrow
Osteogenic cells
Skin

Spleen

Testes

Thymus
Thyroid

Urinary bladder wall
Uterus

Total body

Effective dose equivalent

Effective dose

0.0123 = 0.0008
0.0066 = 0.0026
NA

0.0163 = 0.0056
0.0137 = 0.0050
0.0245 = 0.0076
0.0148 = 0.0024
0.0141 = 0.0040
0.0159 = 0.0034
0.0200 = 0.0062
0.0299 = 0.0116
0.0101 = 0.0020
0.0131 = 0.0033
NA

0.0339 = 0.0209
0.0185 = 0.0067
0.0262 = 0.0055
0.0060 = 0.0012
0.0313 = 0.0245
0.0078 = 0.0019
0.0087 = 0.0014
0.0166 = 0.0252
0.0114 = 0.0012
NA

0.0123 = 0.0012
0.0170 = 0.0059
0.0139 = 0.0044

0.0161 = 0.0022
0.0075 = 0.0026
0.0070 = 0.0019
0.0186 = 0.0056
0.0154 = 0.0012
0.0315 = 0.0161
0.0194 = 0.0040
0.0166 = 0.0027
0.0206 = 0.0054
0.0298 = 0.0130
0.0444 = 0.0192
0.0136 = 0.0038
0.0180 = 0.0061
0.0143 = 0.0014
0.0482 = 0.0085
0.0264 = 0.0124
0.0409 = 0.0126
0.0068 = 0.0011
0.0542 = 0.0088
NA

0.0101 = 0.0013
0.0263 = 0.0308
0.0118 = 0.0002
0.0136 = 0.0006
0.0151 = 0.0022
0.0239 = 0.0073
0.0186 = 0.0054

Note.—LLI = lower large intestine, NA = not applicable, ULl = upper large intestine.

demonstrating that the uptake of 'F-FTT
and structurally similar analogs reflect
expression of activated PARP1 specif-
ically (20,27), our results suggest that
I8F-FTT uptake can be used to detect
treatment-induced PARP inhibition. We
also demonstrated that "8F-FTT imaging
in humans is feasible, with increased
tumor uptake observed in two subjects.
Together with the fact that the radiation
dosimetry profile of '8F-FTT is similar to
that of the clinical tracer '®F fluorodeoxi-
glucose, our data support the feasibility
of evaluating '8F-FTT as a quantifiable
biomarker of PARP expression in clinical
trials.

The F-FTT distribution in normal
lymph nodes, spinal marrow, spleen,
and liver supports the specificity of '8F-
FTT binding for PARP. Immune cells,

osteoblasts, and normal liver tissue ex-
press PARP (25,28,29). The large pro-
portion of parent compound remaining
in the liver at 30 minutes was there-
fore most likely due to specific binding
that prevented its metabolism. Sub-
stantial defluorination most likely did
not occur given the effects of olaparib
and iniparib on spinal "F-FTT uptake.
The rapid initial disappearance of the
parent compound from the blood may
have been due to a combination of both
renal clearance and rapid metabolism.
The exact metabolite profile of 8F-FTT
in humans remains to be determined.
In addition, given the normal uptake in
the lymph nodes and marrow, the level
of increased 'SF-FTT that can help dif-
ferentiate tumor metastases to these
sites remains to be determined.

The 'SF-FTT distribution on the
human images was similar in relative
intensities to that on '8F fluorodeoxy-
glucose images. The increased 'F-FTT
uptake in one subject with recurrent
pancreatic adenocarcinoma and an-
other with biphenotypic hepatocel-
lular  carcinoma/cholangiocarcinoma
suggests that these cancers may be
differentiated from background activ-
ity. A recent study demonstrated that
approximately 20% of patients with
pancreatic cancer and known germ-
line BRCAI or BRCA2 mutations who
failed gemcitabine treatment respond
to olaparib monotherapy (30). There-
fore, the identification of this subset of
patients with PARP inhibitor-respon-
sive pancreatic cancers would be a po-
tential clinical application for '8F-FTT.
Although the high normal pancreas ac-
tivity may limit detection of the primary
tumor, changes in pancreatic tumor up-
take may still be helpful in determin-
ing treatment responses. In addition,
PARP inhibitors also effectively treat
hepatocellular carcinoma xenografts
in mice (31), and human hepatocel-
lular carcinoma has higher PARP ex-
pression than normal liver tissue (23),
which suggests that 'F-FTT may also
help identify PARP inhibitor-responsive
liver cancers. Finally, one subject had
no visible BF-FTT uptake at 18 days
after radiation therapy, a time point
at which '8F fluorodeoxyglucose would
almost certainly be increased. Thus,
I8F-FTT may be a useful biomarker of
early radiation treatment responses
that is not increased by posttreatment
inflammation. However, these observa-
tions are limited to single examples of
each condition. Therefore, further in-
vestigations are needed to reproduce
these very preliminary results as well as
compare "8F-FTT uptake against tissue
assays of PARP expression to support
additional trials testing the utility of '8F-
FTT for predicting treatment responses
to PARP inhibitors and radiation ther-
apy in these cancers.

Because '"8F-FTT competitively in-
hibits nicotinamide adenine dinucleo-
tide binding to activated PARP (19), as
do most other PARP inhibitors (32,33),
I8F-FTT uptake most likely measures
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activated PARP protein levels. The
binding of another PARP-targeted
probe, iodine 125 ('%I) KX1, which
also binds at the nicotinamide adenine
dinucleotide binding site, was recently
reported to help predict PARP inhib-
itor treatment sensitivity (27). Two
previous studies have demonstrated
that PARP activity measured by poly
(adenosine diphosphate-ribose) den-
sity, and not PARP expression, was
the best predictor of response (23,34).
However, to measure PARP expression,
these studies used a PARP1 antibody
that binds at the caspase cleavage site,
which is distant from the nicotinamide
adenine dinucleotide binding site within
the catalytic domain. Because the nico-
tinamide adenine dinucleotide binding
site is necessary for PARylation (35),
this most likely explains why 2°[-KX1
binding, as a measure of PARP protein
expression, helps predict PARP inhibi-
tor sensitivity in vitro. Because 'SF-FTT
and '[-KX1 bind to the same site, we
hypothesize that '8F-FTT uptake, as a
marker of activated PARP protein ex-
pression, will also help predict PARP in-
hibitor treatment responses in patients.
This remains to be confirmed in clinical
trials.

In conclusion, we have developed
a PARP imaging strategy that can help
detect the degree of PARP inhibition in
vivo. This strategy has the potential to
fill crucial unmet needs in the field—
namely the quantification of PARP levels
in tumors in vivo and the assessment
of effective PARP inhibitor dosing. This
imaging approach may also be used to
sequentially monitor patients receiving
PARP inhibitors, potentially enabling
clinicians to gauge the efficacy of PARP
inhibition over time and to predict early
anticancer treatment responses.
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