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Tissue factor (TF) is upregulated in many solid tumors, and its
expression is linked to tumor angiogenesis, invasion, metastasis, and

prognosis. A noninvasive assessment of tumor TF expression status is

therefore of obvious clinical relevance. Factor VII is the natural ligand to

TF. Here we report the development of a new PET tracer for specific
imaging of TF using an 18F-labeled derivative of factor VII. Methods:
Active site–inhibited factor VIIa (FVIIai) was obtained by inactivation

with phenylalanine–phenylalanine–arginine–chloromethyl ketone. FVIIai
was radiolabeled with N-succinimidyl 4-18F-fluorobenzoate and puri-

fied. The corresponding product, 18F-FVIIai, was injected into nude

mice with subcutaneous human pancreatic xenograft tumors (BxPC-3)

and investigated using small-animal PET/CT imaging 1, 2, and 4 h
after injection. Ex vivo biodistribution was performed after the last

imaging session, and tumor tissue was preserved for molecular analy-

sis. A blocking experiment was performed in a second set of mice.

The expression pattern of TF in the tumors was visualized by immu-
nohistochemistry and the amount of TF in tumor homogenates was

measured by enzyme-linked immunosorbent assay and correlated

with the uptake of 18F-FVIIai in the tumors measured in vivo by PET
imaging.Results: The PET images showed high uptake of 18F-FVIIai in

the tumor regions, with a mean uptake of 2.5 ± 0.3 percentage injected

dose per gram (%ID/g) (mean ± SEM) 4 h after injection of 7.3–9.3

MBq of 18F-FVIIai and with an average maximum uptake in the tumors
of 7.1 ± 0.7 %ID/g at 4 h. In comparison, the muscle uptake was 0.2 ±
0.01 %ID/g at 4 h. At 4 h, the tumors had the highest uptake of any

organ. Blocking with FVIIai significantly reduced the uptake of 18F-FVIIai

from 2.9 ± 0.1 to 1.4 ± 0.1 %ID/g (P , 0.001). The uptake of 18F-FVIIai
measured in vivo by PET imaging correlated (r 5 0.72, P , 0.02) with

TF protein level measured ex vivo. Conclusion: 18F-FVIIai is a prom-

ising PET tracer for specific and noninvasive imaging of tumor TF
expression. The tracer merits further development and clinical trans-

lation, with potential to become a companion diagnostics for emerging

TF-targeted therapies.
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Tissue factor (TF) is a 47-kDa transmembrane protein that
binds factor VII (FVII) with high affinity. The resulting complex

initiates the extrinsic coagulation cascade essential for normal

hemostasis. On binding to TF, the zymogen FVII gets activated

to the serine protease, FVIIa; and the TF:FVIIa complex further

activates factor X, eventually leading to thrombin generation and

hemostasis.
In addition to its role in coagulation, TF plays a central role in

cancer progression, angiogenesis, invasion, and hematogenous meta-

static dissemination. Many tumors express various levels of cell

surface TF, and the TF:FVIIa complex has been shown to activate

protease-activated receptor 2 and through intracellular signaling to

induce an antiapoptotic effect as well as to enhance tumor growth,

migration, and angiogenesis. In addition, TF:FVIIa more indirectly

facilitates metastatic dissemination through thrombin generation and

PAR1 signaling (1–4).
Clinically, TF is overexpressed in several cancers including glioma,

breast, colorectal, prostate, and pancreatic cancer (5–8). Within ductal

adenocarcinoma of the pancreas it has been shown that TF, measured

by immunohistochemistry, correlates with histologic grade and is a

prognostic marker of overall survival (9,10).
Targeting TF has proven effective as a cancer therapy in

preclinical models. Yu et al. demonstrated that silencing of TF

by small interfering RNA reduced tumor growth in a mouse model

of colorectal cancer (11). Using an immunoconjugate with FVII as

the binding domain, Hu et al. suppressed tumor growth in a human

melanoma xenograft mouse model (12). Ngo et al. and Versteeg

et al. demonstrated that anti-TF antibodies inhibited metastasis in

an experimental metastasis model and suppressed tumor growth in a

breast cancer model (13,14). Targeting of TF with an antibody-drug

conjugate was recently shown to have a potent and encouraging

therapeutic effect in murine cancer models, including patient-derived

xenograft models (15). A noninvasive method for specific assess-

ment of tumor TF expression status would be valuable. Such a tool

would be clinically relevant for guidance of patient management

and as companion diagnostics for emerging TF-targeting therapies.
Here we report the development and in vivo testing of a new

PET tracer for specific imaging of TF using FVIIai labeled with
18F. FVIIai (molecular weight, 50 kDa), which binds to TF with

an affinity approximately 5-fold higher than FVIIa (16), was

radiolabeled with 18F by N-succinimidyl 4-18F-fluorobenzoate

(18F-SFB; molecular weight, 237 Da). The in vivo properties of
18F-FVIIai for PET imaging were evaluated in a mouse model of

human pancreatic cancer using small-animal PET/CT. The uptake of
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18F-FVIIai measured by PETwas correlated with TF expression mea-
sured ex vivo to confirm specific imaging of tumor TF expression.

MATERIALS AND METHODS

All chemicals were obtained from Sigma Aldrich unless stated other-
wise. FVIIai was from Novo Nordisk A/S and was obtained by inactivation

of FVIIa with phenylalanine–phenylalanine–arginine–chloromethyl ketone
as previously described (16). Gly-gly buffer consisted of 10 mM gly-gly,

150 mMNaCl, and 10 mMCaCl2, adjusted to pH 7.5. 4-(ethoxycarbonyl)-
N,N,N-trimethylbenzenaminium triflate was purchased from ABX. Solid-

phase extraction cartridges were obtained fromWaters. The PD-10 desalting

column was obtained fromGEHealthcare. All chemicals were used without
further purification.

Cell Culture

BxPC-3 (CRL-1687; American Type Culture Collection [ATCC])

(LGC Standards), HT-29 (HTB-38; ATCC) (LGC Standards), and
A2780 cells (catalog no. 93112517; European Collection of Cell

Cultures) were cultured in RPMI-1640 (BxPC-3 and A2780) and
McCoy’s 5a Medium Modified (HT-29) supplemented with 10% fetal

bovine serum and 1% penicillin–streptomycin (Invitrogen) at 37�C and
5% CO2. Cells were tested negative for Mycoplasma and a panel of

murine pathogens.

Subcutaneous Tumor Xenograft Models

Cells in their exponential growth phase were harvested by trypsini-

zation at 80%–90% confluence and resuspended in 50% Matrigel (BD
Biosciences) in complete medium. Tumors were generated in female

NMRI nude mice (Taconic) on each flank above the hind limbs by
subcutaneous injection of 5 · 106 cells in 100 mL. Tumor growth was

monitored twice a week by caliper measurements. Small-animal
PET/CT imaging was performed when the tumor volumes were about

150–300 mm3. All animal experiments were performed under a protocol
approved by the National Animal Experiments Inspectorate.

Radiochemistry

Dried 18F-SFB was produced using a 3-step 1-pot procedure as
previously described (17,18). FVIIai (1.0 mg in 400 mL of N-(2-

hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) buffer, pH 7.5)
was added to the dried 18F-SFB and stirred for 1 h at room temper-

ature to yield 18F-FVIIai. The product was purified using a PD-10

desalting column and eluted with gly-gly buffer (pH 7.5).
The product was analyzed by high-performance liquid chromatography

using a C4 Grace Vydac column (250 · 4.6 mm). A gradient system with
the following parameters was used: 0%–100% B over 25 min, with mo-

bile phase A, 1:9 MeCN/H2O, 0.1% trifluoroacetic acid, and mobile phase
B, 9:1 MeCN/H2O, 0.1% trifluoroacetic acid, flow rate 1 mL/min.

Protein precipitation was performed as previously described (18,19).

Affinity Binding

Surface plasmon resonance (Biacore X100; GE Healthcare) was

applied to measure the affinity of 18F-FVIIai binding to TF. TF was
coupled to a CM5 chip by amine chemistry as previously reported (20).

Binding of 18F-FVIIai (12.5–200 nM) to TF was analyzed in 10 mM

glycylglysine, 150 mM NaCl, 10 mM CaCl2, and 0.05% surfactant P20
as running buffer. Coupling and dissociation times were set to 180 and

900 s, and the chip was regenerated between samples with 100 mM
ethylenediaminetetraacetic acid, pH 7.5, for 240 s. Binding data were

analyzed using Biacore X100 Evaluation software (version 2.0.1).

Small-Animal PET/CT

Small-animal PET imaging was performed on a microPET Focus 120

scanner (Siemens). Static images were acquired 1, 2, and 4 h (acquisition
time, 480, 600 and 1,200 s, respectively) after intravenous injection of
18F-FVIIai (7.3–9.3 MBq) in 160 mL. Animals received about 37 mg of

18F-FVIIai and were anesthetized by sevoflurane during injections and

imaging sessions. Data were acquired in list-mode, and the images were
reconstructed using the 3-dimensional maximum a posteriori algorithm

with a voxel size of 0.3 · 0.3 · 0.8 mm and a spatial resolution at the
center of the field of view of 1.2 mm. No attenuation correction was

applied.
CT images were acquired on a microCAT II tomograph (Siemens

Medical Systems) after PET imaging. Images were acquired at 360
views with 400-ms exposure at 500 mA and 65 kVp and reconstructed

with an isotropic voxel size of 89 mm.
All images were analyzed offline using Inveon software (Siemens

Medical Solution). PET and CT images were coregistered and regions
of interest (ROIs) drawn over the tumors, liver, kidneys, and muscle to

quantify the uptake of 18F-FVIIai expressed as percentage injected
dose per gram of tissue (%ID/g).

Biodistribution and Competition with Unlabeled Ligand

Mice were euthanized after the last imaging session and their tumors
and organs excised, weighted, and counted in a g-counter (Wizard2;

PerkinElmer) for conventional ex vivo biodistribution. Immediately
after g-counting, tumors were divided and one half was snap-frozen

in liquid nitrogen and stored at 280�C. The other half was fixed in 4%
neutral buffered formaldehyde for 24 h and transferred to 70% ethanol

for molecular analysis.
A competition study with unlabeled FVIIai was performed with a

second set of mice. Tumor-bearing mice were divided into 2 groups

receiving 500 mg of FVIIai in 150 mL (n 5 3) or 150 mL of saline
alone (n 5 3) before injection of 5.1–9.6 MBq of 18F-FVIIai by the

tail vein 30 min later. Small-animal PET/CT images were acquired 4 h
after injection of 18F-FVIIai, and the tumors were subsequently re-

moved for ex vivo g-counting.
Additional small-animal PET/CT imaging with 18F-FVIIai was per-

formed in a panel of subcutaneous tumor mouse models (A2780, HT-29,
and BxPC-3) as a separate experiment. Mice (n 5 4 per tumor model)

were injected with 4.4–10.8 MBq of 18F-FVIIai by the tail vein. Small-
animal PET/CT imaging was performed 4 h after injection on an Inveon

Multimodality PET/CT scanner (Siemens). Tumors were resected and pre-
served for molecular analysis after the imaging session as described above.

Tumor Homogenate

Tumor tissues were weighted, and 1 mL of 1x RIPA lysis buffer (Cell

Signaling Technology) supplemented with protease inhibitors (Com-
plete Protease Inhibitor Cocktail Tablets; Roche) was added per 100 mg

of tumor tissue. Tissue samples were homogenized 2 · 2 min at 30 Hz
(Tissue Lyser II; Qiagen), followed by centrifugation at 14,000g for

10 min. The supernatant was collected, and the total protein concentra-
tion was determined with the BCA assay using the manufacturer’s

protocol (Micro BCA Protein Assay Kit; Thermo Scientific).

Quantification of TF by Enzyme-Linked Immunosorbent

Assay (ELISA)

The TF protein concentration was measured in tumor homogenates
by ELISA using the manufacturer’s protocol (Tissue Factor DuoSet,

catalog no. DY2339; R&D Systems). Standards were applied in du-
plicate in the range 7.8–500 pg/mL, and a standard curve was fitted to

a 3-parameter dose–response curve (Prism 6.0 d; GraphPad Software).
Samples were diluted 1:500 and measured in duplicate and the TF

concentration interpolated from the standard curve. Finally, the TF
concentration was normalized to total protein concentration.

Immunohistochemistry

Formalin-fixed tumors were embedded in paraffin, sectioned into

4-mm slices, and placed on SuperFrost ULTRA PLUS slides (Thermo
Scientific) for immunohistochemical staining. Briefly, tissue sections

were deparaffinized, rehydrated in a series of alcohols, and submersed
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in citrate buffer (pH 6) for heat-induced epitope retrieval by microwave

preparation (100�C, 15 min). Sections were washed in phosphate-buffered
saline and polysorbate20 and treated with a Peroxidase Blocking Solution

(no. S2023; Dako) for 8 min. Subsequently, sections were blocked with
2% bovine serum albumin in phosphate-buffered saline for 10 min. Pri-

mary antibody against human tissue factor CD142 (no. 4508; American

Diagnostica Inc.) diluted (1:800) in 2% bovine serum albumin was left to
incubate for 1 h at room temperature. Primary antibody was detected by

the EnVision1 System-HRP Labeled Polymer (no. K4001; Dako) by
incubation for 30 min at room temperature. Staining was completed with

the Liquid DAB1 Substrate Chromogen System (no. K3468; Dako) and
Mayer’s Hematoxylin (no. 854183; Region H Apotek) for counterstain.

Statistical Analysis

Unless stated otherwise, data are expressed as mean 6 SEM. The
Student t test or 1-way ANOVAwith multiple-comparisons test (Tukey)

was applied to compare uptake values, and linear regression analyses

were performed to investigate correlations. Data were log-transformed
to obtain data with normal distribution and equal variance between

groups if necessary. P values of 0.05 or less were considered statisti-
cally significant. Statistical analyses were performed using Graph-

Pad Prism 6.0 d.

RESULTS

Radiochemistry
18F-FVIIai was produced in a 4-step procedure and purified (Fig. 1).

The radiochemical yield from 18F was 11.7%6 0.7%, with a specific
radioactivity of 23 6 6 GBq/mmol. The concentration of FVIIai was
180 6 50 mg/mL (determined from high-performance liquid chro-
matography) in 2.756 0.35 mL gly-gly buffer, giving a protein mass
of 478 6 75 mg in the sample. The purity of 18F-FVIIai was 94% 6
5% and 86%6 8% assessed by high-performance liquid chromatog-
raphy and protein precipitation, respectively.

Affinity

The affinity of 18F-FVIIai to TF was measured by surface plas-
mon resonance to ensure that the affinity was not compromised by
the procedures applied. Kinetic analysis of the binding data esti-
mated the association and disassociation rates to be 5.0 · 1025

M21s21 and 5.6 · 1024s21, yielding an equilibrium dissociation con-
stant of 1.2 6 0.3 nM (mean 6 SD, n 5 3).

Small-Animal PET/CT

The in vivo performance of 18F-FVIIai as a PET tracer for imaging
was evaluated in mice with subcutaneous BxPC-3 tumors. Small-
animal PET/CT images were obtained 1, 2, and 4 h after intravenous
injection of 18F-FVIIai. Transverse and coronal sections of the same
mouse at 1, 2, and 4 h are shown in Figure 2. At 1 h, the images show
high retention of 18F-FVIIai in the vasculature and highly perfused
organs such as liver and kidneys, with comparatively low retention in
the tumor regions. 18F-FVIIai is cleared predominantly through the
kidneys, and an increased tumor-to-tissue contrast was evident at 2 h.
At 4 h most of the tracer was cleared whereas the uptake in the tumors
remained high, giving rise to a high tumor-to-tissue contrast. In addi-
tion, 18F-FVIIai accumulated in joint regions throughout the mice.
Quantitative ROI analysis of liver, kidney, muscle, and tumor

uptake was performed to investigate the temporal uptake of 18F-FVIIai.
The mean uptake in the tumors remained constant at approximately
2.5 %ID/g over time, whereas the maximum uptake increased from
5.4 6 0.5 %ID/g at 1 h to 7.1 6 0.7 %ID/g at 4 h (Fig. 3A). From 1
to 4 h, the uptake in the liver, kidneys, and muscle decreased from
8.7 6 0.2, 8.9 6 0.3, and 0.7 6 0.1 %ID/g to 1.8 6 0.1, 1.4 6 0.2,
and 0.2 6 0.01 %ID/g, respectively. At 4 h, the tumors were the
tissue with the highest tracer uptake (Fig. 3B).

Biodistribution and Competition with Unlabeled Ligand

Ex vivo biodistribution was performed after the last imaging session
to further evaluate the distribution of 18F-FVIIai and validate the
imaging results. In concordance with the PET results, tumors
had the highest uptake (2.6 6 0.2 %ID/g) followed by bone (2.0 6
0.2 %ID/g). Uptake in all other organs was below 2 %ID/g as shown
in Figure 4A.
A competition study with preinjection of an excess amount of

unlabeled FVIIai was performed in a separate experiment with mice
bearing BxPC-3 tumors. The tumor uptake measured ex vivo was
significantly reduced in mice preinjected with FVIIai, compared with
control mice (1.4 6 0.1 %ID/g vs. 2.9 6 0.1 %ID/g, P # 0.001) as
shown in Figure 4B. The reduction in tumor uptake was also clearly

FIGURE 1. (Top) Synthesis of 18F-FVIIai: (a) DMSO, 90°C, 10min; (b) TPAH,

MeCN, 120°C, 6 min; (c) TSTU, MeCN, 90°C, 10 min; and (d) FVIIai (1.29 mg

in 500 μL of N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) buffer,

pH 7.8). (Bottom) Chromatogram of purified 18F-FVIIai in gly-gly buffer

pH 7.5. DMSO 5 dimethyl sulfoxide; TPAH 5 tetrapropylammonium hy-

droxide; TSTU 5 O-(N-succinimidyl)-N,N,N,N-tetramethyluronium tetra-

fluoroborate; UV 5 ultraviolet.

FIGURE 2. Representative transverse and coronal PET/CT images of

same mouse imaged at 1, 2, and 4 h after injection of 18F-FVIIai. Arrows

point to liver (L), kidney (K), and tumor (T).
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visible on the in vivo PET images (Fig. 5A). This reduction was
confirmed by ROI analysis of the maximum tumor uptake that
was significantly reduced in mice preinjected with an excess of
FVIIai (2.7 6 0.1 %ID/g vs. 7.0 6 0.6 %ID/g, P # 0.001). In
contrast, ROI analysis over the knee joints revealed that prein-
jection of FVIIai did not affect the maximum 18F-FVIIai uptake
in the joints (Fig. 5B).

Correlation of 18F-FVIIai Tumor Uptake and TF Expression

Tumors imaged with 18F-FVIIai were resected to investigate the
relationship between uptake of 18F-FVIIai and TF expression in
the tumors. The presence of TF and the spatial localization in the
tumors were visualized by immunohistochemistry.
A significant positive correlation between TF expression mea-

sured ex vivo in tumor homogenates by ELISA and the uptake of
18F-FVIIai quantified by ROI analysis of the PET images was found
(Fig. 6). A significant positive correlation was obtained for both the
mean (Fig. 6A; P # 0.035, r 5 0.67) and the maximum (Fig. 6B;
P # 0.019, r 5 0.72) 18F-FVIIai uptake at 4 h as a function of the
normalized TF protein concentration. Significant positive correla-
tions were also found between TF expression and the quantitative
PET measurements at 1 h as well as at 2 h (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org).
Immunohistochemistry of paraffin-embedded tumor sections

showed strong staining for TF expression in the tumors (Figs. 6C
and 6D). The staining was rather heterogeneous, where especially

the cells facing tumor stroma showed strong staining colocalized
with the cell membrane.
PET imaging with 18F-FVIIai was repeated in a panel of sub-

cutaneous xenograft mouse models with different expression lev-
els of TF to confirm the ability to image TF expression. Flow
cytometry was performed to evaluate the cell surface TF expres-
sion before tumor inoculation (Supplemental Materials and Meth-
ods and Supplemental Fig. 2). The ovarian carcinoma cell line
A2780 was TF-negative, and the colorectal adenocarcinoma cell
line was weakly TF-positive. As expected, the BxPC-3 cell line
was strongly TF-positive.
Visual inspection of the PET images showed low tumor uptake

in the A2780 and HT-29 models, compared with the TF-positive
BxPC-3 model (Fig. 7A). The average tumor uptake determined
by ROI analysis was significantly different between the 3 models
(Fig. 7B; P # 0.01). The A2780 model had the lowest 18F-FVIIai
uptake (0.9 6 0.1 %ID/g) followed by the HT-29 model (1.6 6
0.1 %ID/g) and BxPC-3 model (2.2 6 0.2 %ID/g). TF expression
measured ex vivo in tumor homogenates by ELISA was also sig-
nificantly different among the 3 models (Fig. 7C; P # 0.01). The
A2780 and HT-29 models both had low TF content (0.5 6 0.01
and 1.8 6 0.3 pg/mg) whereas the BxPC-3 model had high TF
content (47 6 10 pg/mg). Immunohistochemistry confirmed the
expression levels. Both the A2780 and the HT-29 models showed
low TF staining (Supplemental Fig. 3) compared with the BxPC-3
model (Figs. 6C and 6D).

DISCUSSION

With the newly developed therapies targeting TF currently
moving into clinical trials (ALT-836, NCT01325558; HuMax-TF-
ADC, NCT02001623; MORAb-066, NCT01761240) it becomes
important to develop diagnostic procedures that aid the oncolo-
gists to identify cancer patients eligible for anti-TF therapy.
Current methods for assessment of tumor TF status rely on tissue
samples and are inherently prone to sampling error, especially in
the case of metastatic disease. In contrast, PET allows for imaging
of the whole body and enables specific and quantitative measure-
ments of, for example, receptor density. Here we report, to our
knowledge, the first use of 18F-labeled FVIIai for noninvasive PET
imaging of TF expression.

FIGURE 3. Quantitative temporal image analysis of 18F-FVIIai uptake.

(A) Mean and maximum (Max) uptake expressed as %ID/g within tu-

mors 1, 2, and 4 h after injection (n 5 10). (B) Image-derived biodistri-

bution of 18F-FVIIai in major organs at 1, 2, and 4 h after injection (n5 5).

FIGURE 4. (A) Biodistribution of 18F-FVIIai 4 h after injection measured

ex vivo (n 5 4). (B) Tumor uptake of 18F-FVIIai with and without com-

petition with unlabeled FVIIai measured ex vivo (n 5 6).

FIGURE 5. (A) Representative coronal PET images of 2 mice imaged

4 h after injection of 18F-FVIIai. Bottom mouse received preinjection of

excess unlabeled FVIIai. (B) Quantitative ROI analysis of maximum up-

take of 18F-FVIIai in tumors (T) and joints with and without competition.

n.s. 5 not significant.
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Our group has previously described labeling of activated FVII
with the SPECT isotopes 99mTc and 111In for imaging of acute
bleeding (19,21). Only a few other studies have focused on TF
imaging. Temma et al. reported the use of a 99mTc-labeled anti-TF
antibody for ex vivo imaging of macrophage-rich atheromatous
lesions in rabbits (22). More recently, Hong et al. reported the first
use of PET imaging of TF expression in subcutaneous xenograft
mouse models using a 64Cu-labeled anti-TF antibody (64Cu-
NOTA-ALT-836) (23). In the highly TF-expressing BxPC-3
model, imaging with 64Cu-NOTA-ALT-836 led to a high tumor
uptake of 5.7 6 1.8, 10.4 6 0.8, and 16.5 6 2.6 %ID/g at 4, 24,
and 48 h after injection, respectively. In comparison, we report a
mean BxPC-3 tumor uptake of 2.56 0.3 %ID/g 4 h after injection
of 18F-FVIIai. The lower tumor uptake can be attributed to the
faster pharmacokinetics of 18F-FVIIai than full-length antibodies.
The faster pharmacokinetics possibly limit 18F-FVIIai tumor binding
because of low availability in the circulating blood. Recently, Shi
et al. published the results on the antibody Fab fragment of ALT-
836 labeled with 64Cu for PET imaging of TF in a TF-positive
triple-negative breast cancer xenograft mouse model (24). The
reported maximum uptake in TF-positive tumors was 5.1 %ID/g,
which was, hence, significantly lower than previously reported
with the full-length antibody. This is in line with the results pub-
lished by Viola-Villegas et al. in which they compared the pharma-
cokinetics, tumor uptake, and tumor contrast of the 89Zr-labeled
anti–prostate-specific member antigen huJ591 antibody and its
engineered antibody fragments (25). Despite similar Kd values
of the 89Zr-huJ591 mAb and its engineered fragments, the tumor
uptake of the full-length huJ591 antibody was 3-fold higher rela-
tive to its fragments in prostate-specific member antigen–positive

tumors. However, the tumor contrast or tumor-to-background ra-
tios were similar between the full-length antibody and the fragments
because of faster pharmacokinetics and clearance from nontarget
organs and the circulation.
Compared with 64Cu-NOTA-ALT-836, we obtained a superior

tumor-to-liver and a tumor-to-muscle ratio of 1.4 6 0.2 and
13.6 6 1.6 already 4 h after injection. In the case of 18F-FVIIai,
the tumors had the highest uptake compared with any organ 4 h
after injection.
The plasma half-life of FVIIai has been reported to be approxi-

mately 45 min in rabbits (26) and about 4 h in patients (27). The
shorter distribution time of 18F-FVIIai than antibodies such as 64Cu-
NOTA-ALT-836 enables the use of the shorter-lived 18F PET isotope
with its superior b1 branching fraction (18F 5 0.97, 64Cu 5 0.18)
and comparatively better radiodosimetry. As highlighted by
others (25), the faster pharmacokinetics enable same-day imaging,
which will enhance the clinical utility of 18F-FVIIai as a PET tracer.
Surface plasmon resonance analysis of the interaction between

18F-FVIIai and TF was performed to ensure that the radiolabeling
did not affect the affinity of FVIIai for TF. The affinity measured
after radiolabeling was similar to reported values of unlabeled
FVIIai (28), indicating no interference with TF binding caused
by the radiolabeling.
The uptake of 18F-FVIIai within the tumors was rather hetero-

geneous as indicated by the large difference between the mean and
maximum tumor uptake, 2.5 6 0.3 and 7.1 6 0.7 %ID/g at 4 h.
We observed a homogeneous TF expression on the cell surface
of the BxPC-3 cell in vitro (Supplemental Fig. 2). However,
the heterogeneous 18F-FVIIai uptake was in agreement with the
highly heterogeneous TF expression pattern observed by us using

FIGURE 6. Correlation between normalized TF protein concentrations

measured in tumor homogenates by ELISA and mean (A) and maximum

(B) uptake of 18F-FVIIai within tumors determined by image analysis of

PET images acquired 4 h after injection of 18F-FVIIai. Immunohisto-

chemistry shows strong staining for TF in tumor sections (C). (D) High

magnification of area marked by red box in C.

FIGURE 7. (A) Representative coronal PET/CT images of subcutaneous

xenograft mouse models with different expression levels of TF imaged 4 h

after injection of 18F-FVIIai. Arrows point to tumors. (B) Quantitative ROI

analysis of mean uptake of 18F-FVIIai in tumors. (C) TF protein con-

centrations measured in tumor homogenates by ELISA. **P # 0.01.

***P # 0.001. ****P # 0.0001.
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immunohistochemical staining of tumor sections and is also in
agreement with previous findings (29,30).
Quantitative analysis of the PET images obtained at 1, 2, and

4 h after injection revealed a constant mean uptake of about
2.5 %ID/g. In contrast, we observed increasing maximum uptake
values within the tumors. The physiologic basis for this observation
is likely the relationship between tumor perfusion and tumor uptake
(25,31). At the early time points when the tracer is relatively abun-
dant in the circulation, nonspecific uptake will be observed in areas
of the tumor with high perfusion. This will contribute to the mea-
sured mean tumor uptake. The nonspecific contribution to the mean
tumor uptake will decrease as the tracer is eliminated while in-
creased specific accumulation is observed in areas of high target
expression contributing to an increase in maximum uptake within
the tumor region.
We report the ability of using 18F-FVIIai for specific in vivo

imaging of TF expression. The specific nature of the imaging probe
is supported by the competition experiment that shows significant
reduction of tumor uptake in mice that received a competition dose
of FVIIai before 18F-FVIIai. In addition, ex vivo measurements of
total TF content in tumor homogenates correlated with 18F-FVIIai
uptake in tumor regions. In vivo 18F-FVIIai PET imaging of TF-
negative and weakly TF-positive tumor mouse models further con-
firmed the specific and TF-mediated uptake of 18F-FVIIai.
The heterogeneous uptake patterns observed on the PET images

of BxPC-3 tumors were supported by immunohistochemical staining
of tumor sections that showed heterogeneous expression of TF. Strong
cell membrane TF staining was seen in focal areas, especially those
facing the stromal compartment.
In addition to a high uptake of 18F-FVIIai in the tumors, we

noted an accumulation in the joint regions as previously described
for 125I-FVIIa in biodistribution studies in a rat model (32). Most
likely this was due to a nonspecific interaction. This is supported
by the image-based analysis of the maximum joint uptake in the
competition experiment in which we did not see a reduced joint
uptake in the mice receiving unlabeled FVIIai before 18F-FVIIai.
A limitation of the study is the absence of human TF outside the

tumor regions in the xenograft mouse model applied. It has previously
been shown that the cross-species compatibility for TF/FVII is rather
low such that human FVIIai binds with much lower affinity to murine
than to human TF (28,33). Hence, the current mouse model is possi-
bly underestimating the background uptake of FVIIai to be seen in
human tissues. Still immunohistochemical studies showing high ex-
pression of TF in human tumors relative to the background expression
(5–8) hold promise for a future application in cancer patients. A test in
another animal model with a better cross-species compatibility be-
tween TF and human FVIIai allows for a more optimal evaluation of
18F-FVIIai tumor uptake in the presence of background target expres-
sion and could be a logical next step before clinical translation.
In our work we report a specific activity for 18F-FVIIai of

23 GBq/mmol. With a radioactive dose comparable to that of an
18F-FDG PET scan, a 75-kg patient would receive a dose of 375 MBq,
which corresponds to a mass dose of less than 0.01 mg of 18F-FVIIai
per kilogram or less than 0.75 mg of 18F-FVIIai for a 75-kg patient.
FVIIai has previously been evaluated in clinical trials as an anti-
coagulant, and administration of FVIIai in a single dose of up to
0.40 mg/kg of body weight was found to be safe and without
increased risk of bleeding events (27,34,35). Hence we do not ex-
pect toxicity issues related to the mass amount of FVIIai when
administering 18F-FVIIai in the clinical setting. Also, 18F-SFB has
been successfully tested clinically for antibody-based PET imaging

(36). This safety profile together with its highly specific uptake in
TF-positive tumors argues for translation into clinical testing in
patients of TF PET imaging using 18F-FVIIai.

CONCLUSION

18F-FVIIai was found to be a valuable tool for specific and
noninvasive PET imaging of tumor TF expression. High uptake
of 18F-FVIIai was seen in TF-positive tumors 4 h after injection,
and the uptake of 18F-FVIIai correlated with TF expression mea-
sured ex vivo in tumor homogenates. These characteristics of 18F-
FVIIai merit its further development and clinical translation as a
TF-specific PET imaging agent with potential as a companion
diagnostic for emerging TF-targeted therapies.
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