Chapter 2

In Vivo Apoptosis Imaging Using Site-Specifically
%8Ga-Labeled Annexin V

Matthias Bauwens

Abstract

Noninvasive molecular imaging, using positron emission tomography (PET), is an important technique to
visualize metabolic processes in vivo. It also allows to visualize the process of apoptosis, by using radiola-
beled compounds such as Annexin V, that bind to extracellular phosphatidylserine (PS). This chapter
describes the radiosynthesis of ®*Ga-labeled Annexin V and how to noninvasively image apoptosis in vivo.
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1 Introduction

Apoptosis plays a role in a large number of diseases, such as neuro-
degenerative diseases, ischemic damage, autoimmune disorders,
and many types of cancer. Timely assessment of in vivo apoptotic
cell death in a particular tissue, for example in cancer tissue upon
chemotherapeutic treatment, is of crucial importance to optimize
treatment strategies, thereby improving patient survival and wel-
fare. Classical techniques, such as computed tomography (CT) and
magnetic resonance imaging (MRI), often require several months
of treatment before a (relatively large-scale) anatomical effect can
be seen [1]. Molecular imaging, on the other hand, can be per-
formed within several days after the first treatment, showing a
change in tissue metabolic rate. An even faster possibility is to visu-
alize (apoptotic) cell death: this may allow to assess tumor cell
death within one day [2, 3]. The general concept of molecular
imaging (of apoptosis) requires radiolabeled compounds, also
known as tracers, that can specifically bind to apoptotic cells, and
with reasonable pharmacokinetics and biodistribution. Several
radiolabeled apoptotic-targeting compounds have been developed
tor this purpose, with moderate success. The most well-known class
of compounds is derived from Annexin V, targeting externalized
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phosphatidylserine (PS), but other radiopharmaceuticals such as
zinc dipicolylamine (also targeting PS), the Aposense family (tar-
geting gamma-carboxyglutamic-acid (Gla)-domain proteins and
intermembrane pH differences) and several others have also been
described [4-8]. Numerous clinical trials with *™Tc-Annexin V
have been performed, but widespread clinical application has not
been achieved for various reasons [9-12]. Over the years, site-
specifically radiolabeled analogues of Annexin V have been devel-
oped, where the radioisotope is specifically placed on a position of
the Annexin, which is outside of the binding region, further
improving the potential of radiolabeled annexin V [13, 14].

Itis important to note that imaging apoptosis in vivo requires a
relatively large degree of apoptosis in a tissue. In general, untreated
tumors have a “background” level of apoptosis of 1-10 % (see Refs.
15 and 16 for examples), so visualizing a therapeutic effect requires
a substantial short-term induction of apoptosis. This implies that
drugs with long-lasting effects may not show noticeable efficacy
when analyzed by imaging apoptosis at any particular time.
Another confounding factor is necrosis: necrotic tissue (either
from direct necrosis or through necroptosis) is very prevalent in
cancer tissue, and also allows Annexin V to bind to “externalized”
PS on exposed cell membranes.

This chapter focuses on the production and in vivo applicabil-
ity of site-specifically ®*Ga-labeled Annexin V. The application is
described both in an anti-Fas antibody mouse model and in a
tumor bearing mouse model. The anti-Fas mouse model is a very
straightforward method to induce fast and massive hepatic apopto-
sis (upto 70 % within 3 h), which can easily be visualized [17].
However, accumulation of pharmaceuticals in the liver (even those
that do not induce any apoptosis) could lead to high level of false
positives in this model. A tumor model, although more labor and
time intensive, is better suited to fully analyze the properties of a
radiopharmaceutical targeting apoptosis, as it mimics the human
situation more closely. In this chapter we describe how to in vivo
visualize apoptosis in a Burkitt’s lymphoma in mice, using estab-
lished chemotherapy and radiotherapy. Of course, the technique
also applies to any new chemotherapeutic apoptosis-inducing agent
under investigation.

2 Materials

2.1 Equipment

1. Radiosynthesis module: a synthesis module, with sufficient
shielding and suitable for handling %*Ga, should be available.
Manual synthesis, although technically possible, results in high
radiation dose to the extremities and should be avoided. We
used a module that was developed in-house, but commercial
modules are available from several suppliers (see Note 1).
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. High Pressure Liquid Chromatography (HPLC): quality con-

trol is adequate by using an HPLC system with a UV detector
at 254 nm and a 3-in. radiometric Nal(Tl) detector.

. microPET: Focus 220 microPET device (Siemens). Alternati-

vely, this may be another standalone device, or a combination
with other imaging modalities (PET/CT, PET/MRI). Ideally,
the microPET is equipped with monitoring apparatus for mouse
health (temperature, respiratory rate).

. MRI: small animal Bruker Biospec MR scanner (Bruker

Biospin), operating at 9.4 T and using 3D Turbo RARE for
image acquisition. The acquisition parameters for the 3D Turbo
RARE experiment are as follows: a 256 x96 x96 data matrix is
acquired covering a field of view of 8 x3x 3 cm, resulting in an
isotropic resolution of 312 pm; repetition time: 900 ms; effec-
tive echo time: 42 ms, RARE factor: 10; four dummy scans and
one average. The total scan time is approximately 15 min.

. Image analysis software: suitable software for analyzing pPET

and pMRI images should be available. We use PMOD, but
other programs are also suitable (AMIDE, ASIPRO, etc.).

. Gamma-counter: automated Nal(Tl) gamma counter (we use

Wallac 1480 Wizard 3", Perkin-Elmer).

. Cryomicrotome: suitable for cutting 10-50 pm slices of tissues

at -20 to -30 °C.

. Autoradiography device, including phosphor screens with a

high spatial resolution (50 pm or better): Cyclone plus phos-
phor imager (Perkin-Elmer).

. 10-kDa molecular weight cutoft (MWCO) filter unit, placed in

a suitable centrifuge: a MWCO filter unit allows to filter any
unlabelled ®Ga from ®Ga-labeled Annexin V (see Note 1).

pH paper and pH meter (see Note 2).

All chemicals should be of analytical or pharmaceutical grade,
unless otherwise mentioned. All solutions should be prepared
freshly, stored at room temperature unless otherwise mentioned
and used the same day.

1.

8Ge/Ga generator: a ®Ge /**Ga generator of sufficient qual-
ity should be available. There are several suppliers at the
moment, with minor differences in their output. The HCI-
concentration required to elute **Ga from these generators dif-
fers in-between companies (ranging from 0.05 to 0.6 M),
which will impact the concentration of buffer required in sub-
sequent steps in order to reach a certain pH. In our case, ®*Ga
was eluted with 0.6 M HCL.

. Cys2-Annexin V: Obtained by site directed mutagenesis of the

cDNA of human AnxAS5, expressed in E. coli and purified to
homogeneity (purity >95 %). More detailed production can be
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2.3 Animals

found in Refs. 13 and 14 (see Note 3). 700 pg Cys2-AnxA5
corresponds to about 20 nmol.

. Metal-free water: any water coming into contact with unbound

®8Ga should be as much as possible free of iron. This can be
achieved by using doubly distilled or deionized water (milli-Q
water), or by purchasing high-purity metal-free water (pre-
ferred) (see Note 4).

. DOTA-maleimide (Macrocyclics, CheMatech, or similar com-

panies in high quality): The DOTA functions as a chelator to
trap the ®Ga, while maleimide will bind to a free sulfur func-
tion (as in Cystein). Typically, we dissolve 0.8 mg in 1 ml of
metal-free water and divide this into batches of 20 pl, which
can be stored at -20 °C for upto 6 months.

. 0.5 M sodium acetate buffer solution (pH 5.5): dissolve 4.1 g

sodium acetate in 100 ml of metal-free water.

. Hepes bufter: 25 mM Hepes, 40 mM NaCl: dissolve 0.595 g

Hepes and 0.233 g NaCl in 100 ml milli-Q water.

. 10 mM dithiothreitol solution (DTT): dissolve 15.4 mg in

10 ml milliQ water in a fumehood.

. 2.5M TRIS bufter: dissolve 3.03 g tris(hydroxymethyl)amino-

methane (TRIS) in 10 ml milli-Q water.

. Purified hamster anti-Fas mAb (Dose: 0.2 pg of anti-Fas mAb

per gram mouse, to be injected i.v.). Store at 4 °C (see Note 5).

. The mouse model is highly dependent on the type of research

a scientific center is focusing on, but should be a well-estab-
lished model and free of (mouse and human) pathogens. In
our case, we work with NMRI mice or Severe Combined
Immune Deficient (SCID)-mouse (C.B-17/Icr scid/scid)
(Harlan) [18]. Maintenance of SCID mice is done in specific
pathogen-free rooms with a high degree of protection, and
according to national and international legislation.

. Tumor-bearing mice: we use a human B-lymphoblast cell line

Daudi, derived from a Burkitt’s lymphoma. Upon inoculating
5.10° cells (in 200 pl PBS) subcutaneously near each shoulder,
it takes 5-6 weeks for an approximately 1 ml size tumor is
reached (see Note 6). These tumors have a background degree
of apoptosis of 1-5 %, which can be increased manifold by ade-
quate chemotherapy or radiation therapy.

3 Methods

3.1 Radiosynthesis

1.

Production of ®*Ga-DOTA-maleimide.

e Adjust the pH of the “*Ga eluate to pH 4 £0.5 by addition
of 350 pl of'a 3 M sodium acetate buffer solution.
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Add 20 nmol DOTA-maleimide (20 pl of a 1 mg per ml
solution) (this can be increased to 25 nmol if yields are
unsatisfactory).

Heat mixture at 90 °C for 8 min and subsequently cool to
room temperature.

Adjust pH to 7-7.5 by addition of 150 pl ofa 2.5 M TRIS
bufter (pH 11.2).

2. Production of ®*Ga-DOTA-maleimide-Annexin V (**Ga-AnxV).

Add 250 pl DTT solution to a solution of 700 pg Cys2-
AnxA5 in 250 pl Hepes buffer to reduce any intermolecu-
lardisulfide bridges.

Incubate for 2 h at 37 °C and then apply to a 10-kDa
MWCO filter unit (500 pl capacity). Centrifuge at
12,000 x g for 15 min.

Wash the protein retained on the filter five times by cen-
trifugation with 200 pl of a Hepes buffer (5 min centrifu-
gation) to remove the reductant and subsequently recover
and transfer into 200 pl Hepes buffer. About 80 % of the
protein can be recovered, the remaining 20 % is lost due to
stickiness to the filter unit (se¢ Note 7).

Add the reduced Cys-AnxA5 to the ®*Ga-DOTA-maleimide
and heat for 15 min at 37 °C.

Purity by applying the entire sample onto a 10-kDa MWCO
filter unit (20 ml capacity) and centrifuging for 5 min at
3220 xg. After washing with 2 ml Hepes buffer and again
centrifuging once, the purified **Ga-Cys*-AnxA5 can be
recovered in 200-300 pl of Hepes buffer. Losses due to
adsorption to the filter unit are typically about 10 % (see
Note 7).

3.2 PET Imaging 1. Anti-Fas mouse model.

Sedate NMRI mice with isoflurane anesthesia (2.5 % for
induction and 1.0-1.5 % in O, for maintenance during
scanning).

Inject mice in a tail vein with purified hamster anti-Fas
mAb (0.2 pg/g of anti-Fas mAD, dissolved in 200 pl PBS)
(treated group) or with 200 pl PBS (control group). Allow
the mice to wake up and roam freely in an individual cage
for 90 min, with access to water but not food.

Sedate the mice again using isoflurane, and inject the mice via
the tail vein with 7-15 MBq of ®*Ga-Cys2-Anx (se¢ Note 8).

Acquire dynamic images of the tracer distribution with the
small animal PET camera for 60 min, keeping the liver in the
center of the field of view. We use 12 times 5 s, 6 times 10 s,
6 times 30 s, 5 times 1 min, and 10 times 5 min as acquisi-
tion time frames. MRI imaging is optional, but not required.
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Sacrifice the animals using an overdose of pentobarbital or
other suitable means. Take a 100 pl blood sample and dis-
sect and weigh organs of interest. Measure the activity in
an automated gamma counter to calculate the percentage
of injected dose in each organ.

2. Burkitt’s lymphoma mouse model.

Inject cyclophosphamide (125 mg/kg) (treated group) or
PBS (control group) intraperitoneally 1 day before pPET
scanning (no sedation needed) [19].

Irradiate the tumors of mice in the treated group upto
10 Gy per tumor 4-6 h before pPET scanning (sedation
using isoflurane) [20].

At the start of the pPET imaging experiment, sedate the
mice with isoflurane anesthesia (2.5 % for induction and
1.0-1.5 % in O, for maintenance during scanning).

Inject the mice via the tail vein with 7-15 MBq of
8Ga-Cys2-Anx.

Acquire dynamic images of the tracer distribution with the
small animal PET camera for 60 min, keeping the tumor in
the center of the field of view.

Immediately after the PET scan, perform the MRI scan.
Make sure to not change the position of the animals by
using a dedicated transportable mouse bed.

Sacrifice the animals using an overdose of pentobarbital or
other suitable means. Take a 100 pl blood sample and dis-
sect and weigh the tumor and organs of interest. Quickly
measure the activity of the tumor in an automated gamma
counter, then measure the other organs to calculate the
percentage of injected dose in the tumor and each organ.

After measuring the radioactivity in the tumor, quickly
freeze the tumor using isopentane in a bath of dry ice or by
snap freezing (see Note 9). Cut sample into 10-50 pm
slices at —25 °C, process slices for autoradiography, TUNEL,
or H and E staining according to manufacturers’ guidelines
(see Note 10).

3. Image analysis.

In vivo mages are analyzed using PMOD software, by fus-
ing PET and MRI images using manual coregistration.
MRI images are used for organ and tumor delineation,
while superimposed PET images are used to interpret
tracer accumulation (see Fig. 1).

Autoradiography images are matched to and compared
with TUNEL and H and E staining. Heterogeneous
uptake is very frequent (see Fig. 2).
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PET/MRI
fusion

MRI PET

Fig. 1 MRI, PET, and PET/MRI image of a treated tumor-bearing mouse. The kid-
neys (K) are clearly visible on both MRI and PET images, as is the liver (L). The
tumors cannot be distinguished on the PET image, but are clearly visible on the
MRI image allowing delineation of the tumors. The scale indicates the intensity
of the radioactive signal and is expressed as an SUV value (Standardized Uptake
Value, radioactivity in Bq per volume in the region of interest, divided by the total
amount of injected dose and multiplied by the animal weight)

4 Notes

1. Radiation protection is not to be underestimated in case of
%Ga. For example, a dose of 100 MBq, at a distance of 30 cm
(for example with an unshielded source on a bench), yields a
dose of 0.2 mSv per hour. Knowing that a *¥Ga-generator can
typically deliver upto 1500 MBq, the legal limit of 20 mSv per
year is easily reached if inadequate protection is applied. Fully
shielding **Ga (stopping more than 99 % of radiation) requires
more than 5 cm of lead, which is difficult to achieve in practice
around large equipment such as centrifuges.

2. Although a pH meter is more accurate, pH paper is preferred
when measuring the pH of radioactive samples, as pH meters
consistently become contaminated with radioactivity, render-
ing them unfit for other work.

3. The purity of the Annexin V preparation should be as high as
possible, both in terms of protein purity and in absence of low
molecular weight impurities such as DTT. For example, an
equimolar presence of cysteine or DTT in comparison to the
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Control
tumor

Treated
tumor

68Ga-Annexin V H&E staining
Autoradiography

Fig. 2 Autoradiography (/eff) and H and E staining (righf) slices of control (top) and
treated (bottom) tumors. Note the heterogeneous uptake of %8Ga-Annexin V, indi-
cating heterogeneity of the degree of apoptosis within the tumor (confirmed by
staining)

protein, may not show on routine protein purity analysis, but
will dramatically reduce the yield of the radiosynthesis. When
in doubt, perform an additional dialysis or centrifugal filtration
over a MWCO filter prior to radiosynthesis.

. Iron behaves very similar to gallium in many ways, including

binding to chelators such as DOTA. Considering the low
amount of ®*Ga (10° Bq corresponds to about 10 pmol), iron
contaminations even from using metal spatula can be very dis-
ruptive to the radiochemical yield.

. While storage of anti-Fas mAb should be done at 4 °C, care

should be taken to warm up the antibody to at least room tem-
perature (and preferably 37 °C) prior to i.v. injection for opti-
mal animal comfort.

. The location of the tumor is important: while tumors generally

develop better when inoculated subcutaneously in the abdomen
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region, such a location renders imaging more difficult as the
clearance pathway of radiopharmaceuticals, either renally or
hepatically, would be in to close proximity to the tumor.
Alternative locations, such as near the shoulders or in the femur
region, are therefore preferred. Additionally, care should be taken
to use tumors with only minor amounts of necrosis: necrotic tis-
sue is not well perfused (hampering uptake of the ®*Ga-Anx) and
necrotic cells also present exposed PS, which is indistinguishable
from extracellular PS as seen in apoptotic cells.

. The stickiness to the filter can be reduced by washing the filter

with PBS prior to administration of the compound.

. The injection of the radiopharmaceutical should be done via a

catheter, to allow fast and easy administration (reducing radia-
tion dose to the technician) and to reduce the amount of para-
venous injection.

. Avoid placing the tumor directly in liquid nitrogen. In our

experience, this results in brittle tissue, which is difficult to cut
in the microtome.

Thicker slices allow for more radioactivity in the slice, enhanc-
ing autoradiography data, while thinner slices allow for better
staining. Instead of going for an average thickness, it is best to
alternatively cut 10 and 50 pm slices for each purpose.
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