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In vivo diagnosis with cancer-specific targeting agents that have
optimal characteristics for imaging is an important development
in treatment planning for cancer patients. Overexpression of the
HER2 antigen is high in several types of carcinomas and has pre-
dictive and prognostic value, especially for breast cancer. A new
type of targeting agent, the Affibody molecule, was described
recently. An Affibody dimer, Hisg-(Zyerz:4)2 (15.4 kDa), binds to
HER2 with an affinity of 3 nmol/L and might be used for the imag-
ing of HER2 expression. The use of °™Tc might improve the
availability of the labeled conjugate, and Tc(l)-carbonyl chemistry
enables the site-specific labeling of the histidine tag on the
Affibody molecule. The goals of the present study were to pre-
pare ®®MTc-labeled Hisg-(ZHer2:.4)2 and to evaluate its targeting
properties compared with the targeting properties of 125|-4-
iOdObenzoate-HiSe-(ZHER2:4)2 [125|'Hi36'(ZHER2:4)2]- Methods:
The labeling of Hisg-(Znerz.4)2 With 9°MTc was performed with
an IsoLink kit. The specificity of 99MTc-Hisg-(Zngr2:4)2 binding
to HER2 was evaluated in vitro with SK-OV-3 ovarian carcinoma
cells. The comparative biodistributions of 9™Tc¢-Hisg-(Zer2:4)2
and '251-Hisg-(Zyero.4)2 in tumor-bearing BALB/c nu/nu mice
were determined. Results: The labeling yield for ®°mTc-Hisg-
(ZHER2:4)2 Was ~60% (50°C), and the radiochemical purity was
greater than 97%. The conjugate was stable during storage
and under histidine and cysteine challenges and demonstrated
receptor-specific binding. The biodistribution study demon-
strated tumor-specific uptake levels (percentage injected activity
per gram of tissue [%1A/g]) of 2.6 %1A/g for 9°mMTc-Hisg-(ZHEerz2:4)2
and 2.3 %IA/g for 1251-Hisg-(ZHer2.4)2 at 4 h after injection. Both
conjugates provided clear imaging of SK-OV-3 xenografts at
6 h after injection. The tumor-to-nontumor ratios were much
more favorable for the radioiodinated Affibody. Conclusion:
The use of Tc(l)-carbonyl chemistry enabled us to prepare a sta-
ble, site-specifically labeled °*™Tc-Hisg-(ZneRr2:4)2 CONjugate that
was able to bind to HER2-expressing cells in vitro and in vivo. The
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indirectly radioiodinated conjugate provided better tumor-to-
liver ratios. The labeling of Affibody molecules with 9¥™Tc should
be investigated further.
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Radionuclide tumor targeting for diagnosis and therapy
uses the molecular recognition of structures that ideally
appear exclusively in tumor sites but, more realistically, ap-
pear at higher levels in tumors than in normal tissues. During
the last decade, this methodology has been established in
clinical practice; antibodies and their fragments have been
used to map the expression or overexpression of tumor-
related proteins, such as prostate-specific membrane antigen
(I), carcinoembryonic antigen (2), TAG-72 (3), and Ep-
CAM (4). The overexpression of somatostatin receptors in
neuroendocrine tumors is exploited by targeting with so-
matostatin peptide analogs (5). The use of radionuclide
tumor targeting for imaging enhances the possibilities of
making the correct diagnosis, staging, selecting the most
efficient treatment, and then monitoring the effect of therapy
to guide the treatment.

One interesting target for radionuclide diagnosis is the
HER2 (known also as neu, c-ErbB2, and p185) receptor,
often overexpressed in carcinomas of the breast (6), ovary
(7), and urinary bladder (8) as well as in several other
carcinomas. HER2 is a transmembrane protein belonging to
the human epidermal growth factor tyrosine kinase receptor
family. The expression of HER2 in normal tissues is very
low or not detectable (9). In breast cancer, the over-
expression of HER?2 is associated with short patient survival
times (/0) and with resistance to treatment with tamoxifen
(11) or cyclophosphamide—methotrexate—fluorouracil therapy
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(12). However, breast cancers expressing HER2 respond well
to anthracycline (e.g., doxorubicin)-based chemotherapy
(13). Thus, the imaging of HER2 expression may provide
clinically important information on the outcome of treatment
and the progression of disease.

Recently, a new HER2-binding protein, the anti-HER2
Affibody molecule Zygro.4, Was described (/4). Zygro.4
was generated by use of phage selection of the Affibody
molecule described earlier (/5). This small, ~7-kDa, protein
binds to HER?2 in vitro with an affinity of about 50 nmol/L,
and dimerization of Zyggro.4 improves the affinity to 3
nmol/L (16). The molecular mass of the dimer [(Zyggr2:4)2]
is about 15 kDa, which is approximately half the molecular
mass of single-chain antibody fragments. The small size of
(Zygr2:4)> 1s an advantage for diagnosis, providing both
rapid extravasation and tumor penetration and quick blood
and nontarget tissue clearance. These properties are likely
to provide good contrast for tumor imaging within a short
time after injection.

Besides targeting properties, selection of the most suit-
able nuclide is important for the clinical success of a
tumor-targeting conjugate. Among the radionuclides for
single-photon detection, 2 nuclides, 23T (half-life, 13 h) and
99mTc (half-life, 6 h), are of special interest. Their emitted
v-radiation (153 and 140 keV, respectively) is nearly ideal
for imaging with y-cameras, and their half-lives are com-
patible with the fast in vivo kinetics of small proteins.
Previous studies demonstrated that the indirect radioiodina-
tion of (Zygro.4)2 With N-succinimidyl-4-iodobenzoate does
not affect the binding of the protein to HER2 (/4,16). Thus,
in principle, 23] is a possible candidate for the labeling of
(Zygr2.4)>» for imaging purposes. On the other hand, the
development of a °™Tc label for (Zyggro4), is attractive
because of the low price and the availability of this generator-
produced nuclide (/7,18).

The attachment of radiometals, including technetium, to
peptides and proteins usually requires the attachment of a
chelator (1/7,19). For synthetic peptides, the coupling of a
chelator to the peptides may be integrated during synthesis
and can be performed in a site-specific manner. As the
complexity of the (Zyggr2.4)>» dimer makes its chemical syn-
thesis complicated (116 amino acids), recombinant produc-
tion is needed. After the biosynthesis and purification of the
Affibody molecule, bifunctional chelating agents needed
to bind the °™Tc¢ have to be attached to the (Zygr2.4)2
molecule. However, this process leads both to modification
of the dimer, including lysines close to binding sites, and to
random attachment of the chelator, producing a mixture of
conjugates with different degrees of substitution and dif-
ferent positions of the label. For this reason, we chose to
apply a labeling strategy with which a unique site for the
attachment of technetium to the dimer is designed by
means of gene engineering.

One option is the coupling of **™Tc(I)-tricarbonyl to a
histidine tag, which often is introduced into proteins to
facilitate purification (20). Examples of the use of *™Tc(I)-
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tricarbonyl {[**™Tc(CO)3(H,0)3]*} for the labeling of
proteins and peptides were reviewed recently by Schibli
and Schubiger (27). This method could be used for the site-
specific labeling of the Affibody molecule because a Hisg
tag was introduced originally for purification purposes into
the (ZHER2:4)2 dimer.

The main goal of this study was to evaluate the feasibil-
ity of using Affibody molecules labeled with *°™Tc for the
imaging of HER2 overexpression in tumors. Additional
goals included establishing **™Tc labeling chemistry for
(Zygr2:4)2 by use of coupling of **™Tc¢ to the histidine tag,
evaluating the stability of the conjugate in vitro, and com-
paring the biodistribution of the new conjugate, **™Tc-
Hisg-(Zygr2.4)>» (labeled on the histidine tag), with the
biodistribution of the '>I-Hisg-(Zygr24)> conjugate, in

which 23] was used as a surrogate for the SPECT nuclide
1231

MATERIALS AND METHODS

Buffers were prepared by common methods from chemicals
supplied by Merck. Construction and preparation of bivalent Hise-
(Zugr2:4)> and its radioiodination were described earlier (/6).

Radioactivity was measured by use of an automatic 1480
Wizard +y-counter (Wallac) equipped with an ~7.6-cm (3-in.)
Nal(TI) well detector. Instant thin-layer chromatography (ITLC)
analysis was performed with ITLC silica gel plates. The distribu-
tion of radioactivity was measured with a Cyclone storage phos-
phor system (Packard) and analyzed with OptiQuant image
analysis software (OptiQuant). Size exclusion chromatography
was performed with disposable NAP-5 columns (Amersham
Pharmacia Biotech AB).

Histidine Tag Labeling

A 9°MTc-pertechnetate solution eluted from the generator (0.5—
0.6 mL) was added to the IsoLink carbonyl labeling agent
(DRN4335; Mallinckrodt), and the mixture was incubated in a
boiling water bath for 20 min. The obtained solution of
[*°™Tc(CO)3(H,0)3]" (40 pL) was mixed with a solution of
Hisg¢-(Zugr2:4)2 in phosphate-buffered saline (PBS) (40 nL, 1.2
mg/mL) and incubated at 37, 50, 70, or 100°C. At 5, 10, 20, and
40 min, samples of the crude reaction mixture were analyzed by
use of ITLC and elution with PBS. The reaction mixture was
purified with a NAP-5 size exclusion column. The radiochemical
purity of **™Tc-Hisg-(Zygro.4)>» was determined by use of ITLC
and elution with PBS.

In Vitro Stability

In order to ensure that the technetium label in 2°™Tc-Hisg-
(Zygr2:4)2 Was stable, the conjugate was challenged with 100, 500,
and 5,000 molar excesses of free L-cysteine and L-histidine (Serva)
in PBS solutions for 1 h. The histidine challenge was performed at
37°C, and the cysteine challenge was performed at room temper-
ature. In order to estimate shelf life, the conjugate was incubated
at room temperature in PBS. Technetium radioactivity associated
with the conjugate was evaluated after 2, 4, and 6 h of incuba-
tion by use of ITLC and elution with PBS. Validation of the
method showed that free pertechnetate as well as free histidine
and cysteine complexes of technetium were separated from
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99mTc-Hisg-(Zygro:4)> and moved with the front, whereas the
labeled conjugate remained at the start line.

Specificity of Binding of Labeled Conjugates to
HER2-Expressing Cells

The specificity of binding of the obtained conjugates was tested
with HER2-expressing SK-OV-3 ovarian cancer cells. The labeled
conjugate was added to 2 groups of petri dishes (3 or 4 dishes;
diameter, 3.5 cm; 2 X 10°-5 x 103 cells per dish with a calculated
ratio of 1 Affibody molecule of labeled conjugate per HER2
receptor). One group of dishes in each experiment was presatu-
rated with a 1,000-fold excess of nonlabeled dimer 10 min before
the labeled conjugate was added. Cells were incubated with the
labeled conjugate for 1 h at 37°C, and the incubation medium was
collected. Cell dishes were washed 6 times with cold serum-free
medium and treated with 0.5 mL of trypsin:ethylenediaminetetra-
acetic acid (EDTA) solution (0.05% trypsin and 0.02% EDTA in
buffer; Flow Irvin) for 10 min at 37°C. When cells were detached,
1 mL of complete medium was added to each dish, and the cells
were resuspended. From the cell suspension, 1 mL was used for
radioactivity measurements, and 0.5 mL was used for cell counting.

To study the influence of labeling temperature on the receptor-
binding properties of **™Tc-Hise-(Zygr2:4)2, labeling was done at
100°C, 70°C, or 50°C. Cell-binding experiments were performed
with a calculated conjugate-to-receptor ratio of 1:100.

Biodistribution Studies

The animal study was approved by the local ethics committee
for animal research. Female outbred BALB/c nu/nu mice (10-12
wk old at arrival) were acclimatized for 1 wk at the Rudbeck
Laboratory animal facility before subcutaneous injection of ~5 x
106 SK-OV-3 cells into the left hind leg. Xenografts were allowed
to develop for 2 mo. For anesthesia, a mixture of ketamine HCl
(Ketalar; Pfizer) and xylazine HCl (Rompun; Bayer) was injected
intraperitoneally.

The study protocols were the same for **™Tc-Hise-(Zygro.4)2
and '>’I-His¢-(Zygr2:4)2- Mice were randomized into groups of
4 animals. All mice were injected subcutaneously with ~50 L
(approximately 100 kBq, 2 pg) of radiolabeled conjugate. One
control group of mice was injected subcutaneously with 500 g
(200 pL) of unlabeled Hisg-(Zygr2:4)2 45 min before radioactivity
injection to block specific uptake of the radiolabeled dimer. After
1,4, 8, and 12 h, the mice were sacrificed through heart puncture.
Blood was collected with heparinized syringes (heparin, 5,000
IU/mL; Leo Pharma). Organs, tissue samples, and tumors were
excised, and their radioactivity content was measured and ex-
pressed as the percentage injected activity per gram of tissue
(%1A/g). The control mice, which were injected with an excess of
nonlabeled dimer, were sacrificed 4 h after radioactivity injection
and treated in the same way. Data calculations were performed
with Prism software (GraphPad Software Inc.). The differences
were considered significant if the P values from unpaired ¢ tests
were less than 0.05.

y-Camera Imaging

The localization of both °°™Tc-Hise-(Zygr2-4)» (8.5 MBq,
5 pg) and 'I-Hise-(Zygro:4)> (3 MBq, 2.3 pg) in tumors and
normal organs was visualized by y-camera imaging. Conjugates
were administered by tail vein injection to BALB/c nu/nu mice
bearing established subcutaneous SK-OV-3 tumor xenografts on
their hind legs. Six hours later, animals were euthanized by an
overdose of ketamine HCI and xylazine HCl. Imaging was done
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by use of a dual-head e.Cam y-camera (Siemens Medical Systems,
Inc.) equipped with a low-energy, high-resolution collimator.
Acquisition was performed as a series of static images with a
256 x 256 matrix and a zoom factor of 3.2. The energy window
settings were 35 keV, 99%, for 1231 and 140 keV, 15%, for *°™Tc.
The acquisition time was set to 10 min. Evaluation of the images
was performed with a Hermes system (Nuclear Diagnostic).

RESULTS

Labeling

The coupling of [**™Tc¢(CO)3(H,0);]" to Hise-(Zugro.4)2
was temperature dependent (Fig. 1). Incubation of the dimer
with the carbonyl-technetium complex for 40 min provided
more than a 90% yield at 70°C. This value was reduced to
61% at 50°C and 39% at 37°C. After purification with dis-
posable NAP-5 columns, the radiochemical purity of the
technetium-labeled conjugates was more that 97%.

Stability of Conjugates

The results of the stability tests are shown in Table 1.
Storage in PBS for up to 6 h did not cause the release of
technetium from the conjugates. The results of both cyste-
ine and histidine challenges demonstrated high stability of
the attachment of the label to the dimer. The results were
comparable to previously published data for *°™Tc-histi-
dine tag—labeled compounds (20,22).

Specific Binding to HER2-Expressing Cells

The binding of >’ I-Hisg-(Zggr2:4)2 to cultured SK-OV-3
ovarian cancer cells was significantly (P < 0.0001) lower
when a large excess of nonlabeled dimer for receptor
blocking was added (data not shown), providing evidence
for the receptor-mediated binding of radioactivity to HER2-
expressing cells. The situation with **™Tc-Hisg-(Zygr2.4)2
was different. In vitro binding of the conjugate labeled at
50°C and 70°C was significantly (P < 0.0001) suppressed
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FIGURE 1. Influence of time and temperature on yield of 9™ Tc-

HiSG_(ZHER2:4)2 obtained with IsoLink Kkit. [gngC(C)())g(H20)3]Jr
produced according to manufacturer’s instructions was added
to 48 g of Hisg-(ZneRr2:4)2 and incubated at 37°C, 50°C, 70°C, or
100°C. After 5, 10, 20, and 40 min of incubation, reaction mixture
samples were analyzed by ITLC. Labeling yields are presented as
mean from 2 independent samples = maximum error.
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TABLE 1
In Vitro Stability of 9°mMTc-Hisg-(Zero-4)2

99mTc radioactivity
associated
Incubation with 9™Tc-Hisg-

Incubation medium time, h (ZHER2:4)2, %0
PBS 2 99.1 = 0.1
PBS 4 99.1 = 0.1
PBS 6 99.0 = 0.2
L-Cysteine (100-fold excess) 1 93.0 £ 1.0
L-Cysteine (500-fold excess) 1 88.0 = 0.7
L-Cysteine (5,000-fold excess) 1 84.4 + 0.3
L-Histidine (100-fold excess) 1 (37°C) 95.6 + 0.0
L-Histidine (500-fold excess) 1 (37°C) 80.0 = 4.0
L-Histidine (5,000-fold excess) 1 (37°C) 86.0 = 3.0

*Each value represents mean for 2 samples = maximum error.

by receptor blocking. For the conjugate labeled at 100°C,
the cell-associated radioactivity was much lower and was
not displaced by receptor saturation (P = (0.74), indicating
that there was no specific binding in this situation. Further-
more, the capacity of °°™Tc-Hisg-(Zygro4)» labeled at
50°C, 70°C, and 100°C to bind to a large excess of cell-
associated HER?2 also was tested (Fig. 2). Cellular binding
of the conjugate labeled at 50°C (mean * SD, 35.35% =
1.54%) was significantly higher than the binding of conju-
gates labeled at 70°C (3.83% = 2.24%) (P = 0.0003) and
at 100°C (0.59% = 0.50%) (P < 0.0001).

Biodistributions in Tumor-Bearing Mice

Data on the biodistributions of the conjugates are shown
in Table 2. The concentrations of radioactivity for °™Tc-
His¢-(Zigro:a)> and '251-Hisg-(Zygro:4)> in tumors were
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FIGURE 2. Influence of labeling temperature on binding of

99OMTc-Hisg-(Znero:4)2 to SK-OV-3 cells. Conjugate was labeled
with 99mTc by use of IsoLink kit at 100°C, 70°C, and 50°C, and
cell-bound fraction was measured when conjugate was added
to HER2-expressing cells at conjugate-to-antigen ratio of 1:100.
Data are presented as mean for 3 dishes = SD. Addition of
1,000-fold excess of nonlabeled Hisg-(ZxEeRo:4)2 reduced cellular
binding to less than 1% of added radioactivity in all samples.
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higher than the concentrations in blood already at 1 and 4 h
after injection, respectively, and remained higher through-
out the study. The levels of uptake of **™Tc-Hise-(Zygr2:4)2
and '>I-Hise-(Zygro2-4)> in tumors at 4 h after injection
were significantly reduced by preinjection of a large amount
of nonlabeled dimer [P < 0.04 for %*™Tc-Hisg-(Zygro:4)2
and P < 0.01 for '>’I-Hise-(Zygr2:4)2]; this result is an
indication of the receptor-mediated tumor uptake of these
conjugates in vivo. The radioactivity retention in tumors was
constant for the technetium-labeled conjugate (no significant
difference between the time points), whereas the tumor-
associated radioactivity for '2’I-Hise-(Zygr2.4)> constantly
decreased from 3.23 * 0.12 %IA/g at 1 h after injection to
0.68 = 0.09 %IA/g at 12 h after injection.

No significant decrease in radioactivity uptake was seen
in any tissues except for tumors after the preinjection of a
large amount of nonlabeled dimer. This was the case for
both IZSI-HiS6-(ZHER2:4)2 and 99mTC-Hi86-(ZHER2:4)2 and
indicates that receptor-mediated uptake plays a minor role
in the distributions of these conjugates in normal organs
and tissues or does not have any effect at all. Somewhat
increased radioactivity uptake in some organs was seen
after blocking. An altered excretion pattern after over-
loading with nonlabeled protein may be an explanation.

The initial clearance of both conjugates from blood was
rather quick, and the concentrations in blood at 1 h after
injection were 3.83 = 0.29 %IA/g for '>I-Hise-(Zygr2:4)2
and 1.16 = 0.16 %IA/g for °°™Tc-Hise-(Zypr2.4)2. An
apparent concentration in blood at the time of injection
should be 60-70 %IA/g, assuming a blood volume of 1.5
mL per mouse. The clearance rate at later times was higher
for 125I-Hise-(Zygro:4)» than for 2°™Te-Hise-(Zypro:4)a-

Both conjugates had high initial levels of uptake in the
skin, consistent with the large interstitial volume of this
tissue. However, the clearance of *°™Tc-Hise-(Zygr2:4)>
was slower than the clearance of '25I-Hise-(Zpgro4)s. A
possible reason may be a nonspecific interaction with
components of the extracellular matrix of the skin.

In all tissues except for the thyroid, the iodine radio-
activity decreased over time after the injection of
125 His¢-(Zygr2:4)>. The delivery of 2°™Tc¢ with °™Tc-
Hise-(Zugr2:4)2 produced the highest levels of normal organ
uptake in the kidneys and the liver. The highest '>°I uptake
levels after delivery with !25I-Hisg-(Zygro4)> occurred
initially in the kidneys and the liver, although the levels
in the liver already were decreased markedly at 4 h after
injection. Apparently, better tumor—to—normal-tissue ratios
for '251-His¢-(Zygr24)> were, in most cases, influenced
more by the radioactivity washout from normal tissues than
by the change in the accumulation of radioactivity in
tumors.

y-Camera Imaging

Images acquired at 6 h after the administration of both
radioiodinated and technetium-labeled Hisg-(Zggro.4)> to
BALB/c nu/nu mice bearing subcutaneous SK-OV-3 tumors
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9mMTo
0.40 *= 0.03
NM

12h

125]
0.04 + 0.01
0.03 + 0.01
0.06 + 0.02
0.04 + 0.01
0.02 + 0.01
0.01 = 0.01
3.61 = 0.86
0.05 * 0.02
0.04 + 0.02
0.68 *= 0.09

99mT e
0.54 = 0.23
0.58 = 0.14

8h

125
0.09 = 0.03
0.03 = 0.02
0.12 = 0.04
0.09 *= 0.02
0.04 = 0.01
0.04 = 0.01
8.22 = 2.19
0.33 = 0.17
0.22 = 0.06
1.06 = 0.20
0.12 = 0.06
0.01 = 0.00
0.04 = 0.01

%IA/g of organ or tissue*
99mT¢o

0.54 = 0.04 (0.47 = 0.14)

0.43 = 0.04 (1.19 = 0.20)

0.90 = 0.04 (1.35 = 0.04)

6.97 = 0.28 (7.38 = 0.92)

0.97 = 0.05 (1.92 = 0.30)

4h
0.62 = 0.05 (1.01 *+ 0.14)

125|
0.56 = 0.14 (0.63 + 0.09)
0.31 + 0.14 (0.22 = 0.02)
0.44 + 0.12 (0.48 = 0.06)
1.00 + 0.38 (1.06 = 0.37)
0.19 = 0.04 (0.20 + 0.03)
0.26 = 0.05 (0.44 + 0.14)

9mMTo
1.16 = 0.16
0.70 = 0.07

1h

125
3.83 = 0.29
1.34 £ 0.12
2.56 = 0.10
5.10 = 0.25
1.41 £ 0.10
2.43 = 0.08

Organ or tissue

Blood
Heart
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10

NM
6.77 = 0.53
NM
NM

75 *
0.93 = 0.12
1.20 = 0.10
2.62 = 0.48
NM
NM
NM
0.03 + 0.02

0.03 + 0.00
NM
0.04 + 0.01
0.20 = 0.04

1.22 + 0.12
7.32 = 3.21
1.59 + 0.06
1.10 £ 0.49
79 + 37
1.19 + 0.38
1.20 £ 0.35
2.64 = 0.86
1.57 £ 0.25
0.30 = 0.07
0.81 = 0.34
0.03 = 0.01

0.24 = 0.08

89 + 10 (104 = 17)
1.76 + 0.12 (1.96 * 0.20)
2.55 + 0.29 (2.28 + 0.21)
2.61 + 0.41 (1.47 + 0.16)
1.69 *+ 0.77 (1.94 = 0.78)
0.32 = 0.08 (0.50 *+ 0.03)
0.55 + 0.18 (2.54 = 0.99)
0.06 = 0.01 (0.11 + 0.01)

325 + 4)
0.76 = 0.21 (0.81 =+ 0.16)
1.39 + 0.31 (1.14 = 0.13)
2.97 + 0.55 (0.53 + 0.06)
0.27 = 0.09 (0.80 + 0.50)
0.07 = 0.03 (0.10 + 0.02)
0.08 + 0.04 (0.20 = 0.09)
0.15 = 0.07 (0.16 + 0.02)

30 =

1.18 = 0.10
6.07 = 0.42
1.27 + 0.05
0.79 = 0.09
92.53 = 0.73
1.55 = 0.19
1.63 = 0.03
1.94 + 0.58
1.42 + 0.19
0.34 = 0.06
0.58 = 0.16
0.05 = 0.01

69 + 10
2.26 = 0.29
2.70 = 0.53
3.23 = 0.12
3.31 =1.18
0.84 = 0.12

0.56 = 0.11
0.08 = 0.03

Salivary glands

Tumor

Pancreas
Skin

Lungs
Liver
Spleen
Kidneys
Stomach
Muscle
Bone
Thyroid

oF NUCLEAR MEDICINE * Vol.

*Each value represents mean for 4 animals + SD. Values for thyroid are presented as percent injected radioactivity per organ. Values in parentheses are for 4 animals that were preinjected

with large molar excess of nonlabeled dimer. NM = nonmeasurable.

revealed good tumor localization and good contrast relative
to the findings for the contralateral site (Fig. 3). As
predicted from the results of the biodistribution studies,
the renal route of elimination of the labeled conjugates also
led to substantial kidney retention. Hepatic accumulation
was observed at this time for both conjugates. However, the
accumulation of the **™Tc¢ label in the liver was higher than
that in tumors.

DISCUSSION

The efficiency of nuclear imaging is determined by
several factors, the energy of the +y-radiation emitted by
the radionuclide being one of them. The vy-cameras and
SPECT devices currently in use are equipped mainly with
~1-cm (3/8-in.) Nal(Tl) crystals that provide the best
resolution and detection efficiency when the y-energy is
about 150 keV. Accordingly, nuclides that emit such radi-
ation provide the best opportunity to detect small lesions
for a given tracer and a given dose burden to patients. Among
the nuclides that are commercially available for y-scintigraphy,
99mTc and '?3I have the best nuclear properties. Radio-
iodination of the anti-HER2 Affibody was reported earlier
(14), and it was demonstrated that the use of an indirect
labeling method with N-succinimidyl-4-iodobenzoate pro-
vided a conjugate with good targeting properties (/6). How-
ever, the use of ®™T¢ would render the labeled conjugate
less expensive and more readily available at clinics.

In the present study, we used a Hisg tag as a binding site
for *mTc. This approach provided a well-defined position
for the label, which is situated at some distance from the
binding region of the Affibody molecule. As our previous
experience showed that modification of lysines, which are
commonly used for the coupling of bifunctional chelators,
might affect the binding of the conjugate to HER2, site-
specific labeling was preferable. In addition, the use of a
Hisg tag simplified the production and characterization of
the targeting molecule. The Hisg tag acts in this case as a
bifunctional chelator and may affect the biodistribution of a
recombinant protein. Although Waibel et al. (20) did not
observe a negative effect of a °°™Tc(I)-tricarbonyl-Hise
label on the biodistribution of a single-chain variable frag-
ment of antibody in comparison with the effect of radio-
iodination, some studies reported higher levels of uptake of
radioactivity by the liver than would be expected for the
studied proteins (23,24). An increase in lipophilicity attrib-
utable to **™Tc(I)-tricarbonyl was identified as one of the
problems associated with this method (25).

An attachment of an atom or group of atoms during
labeling may modify the biokinetics of a peptide or a small
protein because of structural changes or modification of
charge or lipophilicity (26-29). Moreover, it has been
observed that, for technetium, amino acids in proximity to
a chelator may influence complex formation. As a result, the
same chelator may provide different stabilities of technetium
attachment in different proteins, and it is difficult to predict
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FIGURE 3. Anterior whole-body images of representative
BALB/c nu/nu mice with subcutaneous HER2-expressing SK-
OV-3 human breast cancer xenografts. Images were obtained 6
h after injection of '25|-Hisg-(ZyeRo-4)2 (l€ft) and 99mTc-Hisg-
(ZHER2:4)2 (right). Tumors (arrows) can be seen clearly.

the stability of labeling and the pharmacokinetics of techne-
tium-labeled substances. It was previously emphasized that
it is important to compare chelators and labeling methods
before selecting a *°™Tc labeling method for any particular
peptide (30). The situation with radioiodination is simpler, as
iodine forms a stable covalent bond with the carbon of
tyrosine or with the pendant group attached to lysine and
most likely would not be removed from the protein unless
the protein were enzymatically degraded. Tumor retention of
radioiodine may be poor in the case of internalizing targeting
proteins because lipophilic radiocatabolites “leak” from
tumor cells (31).

The in vitro binding of both conjugates to HER2-
expressing SK-OV-3 cells was receptor specific. However,
it was important not to exceed 50°C during the labeling of
Hisg-(Zygro-4)» with *°™Tc by use of the IsoLink Kkit,
because a high labeling temperature reduced the receptor-
binding capacity. Labeling at 50°C provided good yields,
and after simple purification with disposable size exclusion
columns, the radiochemical purity of the product should be
sufficient for clinical applications. The in vitro stability of
the technetium label was satisfactory, and the in vivo
studies confirmed good stability of the label.

The *™Tc-Hise-(Zygr2:4)2 conjugate targeted tumors in
vivo. Because the uptake of the conjugate in tumors could
be blocked significantly by preinjection of a nonlabeled

IMAGING WITH AFFIBODY MOLECULES ¢ Orlova et al.

conjugate, it was clear that the uptake was receptor medi-
ated. At the same time, preinjection of a nonlabeled conju-
gate did not decrease the radioactivity uptake in any other
organ or tissue; this result indicates that the uptake was
receptor specific only in tumors. The level of tumor uptake
was about 2.5 %IA/g, a value that is comparable to the tumor
uptake of, for example, '''In-OctreoScan (32), which can be
considered a gold standard in tumor targeting. There was no
decrease in technetium radioactivity in tumors up to at least
12 h; this result is an indication of good residualizing
properties of this technetium label in vivo. This conclusion
is supported further by the fact that the technetium uptake in
excretory organs, such as the liver and kidneys, in which the
conjugate also should be internalized, did not show an
appreciable decrease as a function of time. Good in vivo
stability of the label was confirmed by the low radioactivity
concentrations in blood, the stomach, and the salivary
glands. The level of thyroid uptake was low in comparison
with that obtained with the radioiodinated conjugate.

The tumor-to-blood ratio for **™Tc-Hisg-(Zygr2:4)> Was
about 5 at 4 h after injection and increased throughout the
study. At that time point, the radioactivity concentration in
tumors exceeded the concentration in a majority of tissues
and organs by severalfold and increased over time. There
were, however, exceptions: the spleen had an interesting
uptake pattern characterized by a significant decrease
in uptake from 1 h to 4 h (P = 0.0025) but by increased
uptake from 4 h to 8 h (P = 0.0004). Given that the
concentration of the radioactivity in blood was lower than
that in the spleen at all time points, these findings may be
explained by the redistribution of radiocatabolites. Renal
uptake was high, as is typical for peptides and small
proteins, which can pass through the glomerular membrane
(33). Although this property may present a problem for the
imaging of targets located close to the kidneys, it does not
preclude the clinical use of radiolabeled short peptides or
small proteins for imaging purposes. Primary breast carci-
nomas, which are considered to be the first candidates for
the imaging of HER2 expression, are well separated ana-
tomically from the kidneys and are not obscured by kidney
radioactivity accumulation. However, the level of uptake in
the liver was higher than the level of uptake in tumors
throughout the study. Apparently, it was not receptor specific,
because it was not decreased by the preinjection of a large
amount of nonlabeled protein. The liver uptake also may
have been attributable to the somewhat higher lipophilicity of
the technetium-labeled conjugate than of the radioiodinated
construct. In general, a higher lipophilicity of radiolabeled
peptides is associated with hepatobiliary excretion (26,28,34).
Preliminary studies with the Affibody molecule labeled
with '''In by use of a hydrophilic benzyl-diethylenetriamine-
pentaacetic acid chelator have shown a level of liver uptake
significantly lower than that obtained with %°™Tc-Hiss-
(Zugr2:4)2 (35). The fact that the liver often is the site of
formation of metastases could be an obstacle for the intro-
duction of this conjugate into clinical practice, limiting its use

517


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

to the imaging of HER2 only in extrahepatic metastases. Still,
the good imaging properties, low price, and availability of
99mTe render it an attractive label and suggest that further
investigations of the technetium labeling of Affibody mole-
cules are warranted.

Two major gene engineering approaches are considered.
The first is increasing the overall hydrophilicity of the
99mTc-labeled Affibody molecule by polar or negatively
charged amino acids outside the binding site. The second
approach includes the introduction of peptide sequences at
one of the termini, which would provide N, or N3S donors
for the Tc=0 core. An attractive aspect of this approach is
the possibility of manipulating the charge and polarity of
the chelating sequence by changing the side chains of the
amino acids (28).

Data on the biodistribution of 125I-Hise-(Zpgra:4)» indi-
cate that the radioiodine label may be a better label than
technetium for the imaging of HER2 expression in tumors.
At 1 and 4 h after injection, the levels of tumor uptake of
the radioiodinated conjugate were as high as the levels of
uptake of the technetium-labeled protein. The initial level
of liver uptake also was relatively high when the radio-
iodinated conjugate was used, but it already had decreased
at 4 h. The tumor uptake was receptor mediated and, as
with technetium, blocking was efficient only in tumors and
not in normal organs and tissues. The major difference in
tumor uptake between !25I-Hisg-(Zygro4)> and 2°MTc-
Hisg-(Zyger2.4)> Was that radioiodine levels decreased over
time. However, the decrease in the accumulation in tumors
was slower than that in normal organs, and the tumor—to—
normal-organ ratios increased over time. Most importantly,
the levels of accumulation in tumors were higher than those
in the liver. At 8 h after injection, the radioactivity con-
centration in tumors was 16.1 = 3.4 times higher than that
in the liver; this result should enable the imaging of HER2
expression in liver metastases. The possibility of visualiz-
ing HER2 expression in liver metastases is a major advan-
tage of the radioiodinated conjugate.

CONCLUSION

The use of histidine tag labeling enabled us to create stable
site-specific technetium labeling of a specific anti-HER2
Affibody dimer. The use of *°™Tc-Hisg-(Zygro.4)> enabled
the imaging of HER2-expressing xenografts in mice. This
conjugate may be useful for the imaging of HER2 expression
in primary breast carcinomas and their extrahepatic metasta-
ses. The liver uptake levels for *°™Tc-Hisg-(Ziipro.4)2, how-
ever, were higher than those for '?I-Hisg-(Zyggro.4)2, Which
had somewhat lower levels of tumor uptake but a better
tumor-to-liver ratio.
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