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Affibody molecules constitute a new class of probes for radionuclide
tumor targeting. The small size of Affibody molecules is favorable for
rapid localization in tumors and clearance from circulation. However,
high renal reabsorption of Affibody molecules prevents the use of re-
sidualizing radiometals, including several promising low-energy -
and a-emitters, for radionuclide therapy. We tested a hypothesis that
Affibody-based pretargeting mediated by a bioorthogonal interaction
between trans-cyclooctene (TCO) and tetrazine would provide higher
accumulation of radiometals in tumor xenografts than in the kidneys.
Methods: TCO was conjugated to the anti-human epidermal growth
factor receptor 2 (HER2) Affibody molecule Z,395. DOTA-tetrazine was
labeled with ""'In and 177Lu. In vitro pretargeting was studied in HER2-
expressing SKOV-3 and BT474 cell lines. In vivo studies were per-
formed on BALB/C nu/nu mice bearing SKOV-3 xenografts. Results:
125]-Z,395-TCO bound specifically to HER2-expressing cells in vitro with
an affinity of 45 + 16 pM. ""In-tetrazine bound specifically and selec-
tively to Z,395-TCO pretreated cells. In vivo studies demonstrated HER2-
specific 1251-Z,395-TCO accumulation in xenografts. TCO-mediated
1M1|n-tetrazine localization was shown in tumors, when the radiolabeled
tracer was injected 4 h after an injection of Z,395-TCO. At 1 h after
injection, the tumor uptake of '""In-tetrazine and'”"Lu-tetrazine was ap-
proximately 2-fold higher than the renal uptake. Pretargeting provided
more than a 56-fold reduction of renal uptake of ''In in comparison with di-
rect targeting. Conclusion: The feasibility of Affibody-based bioorthogonal
chemistry—-mediated pretargeting was demonstrated. The use of pre-
targeting provides a substantial reduction of radiometal accumulation
in kidneys, creating preconditions for palliative radionuclide therapy.

Key Words: affibody; tetrazine; trans-cyclooctene; radionuclide
pretargeting; engineered scaffold protein; radionuclide therapy

J Nucl Med 2016; 57:431-436
DOI: 10.2967/jnumed.115.162248

Radionuclide targeting of tumor-specific overexpressed cell
surface proteins has a potential to improve cancer therapy. Radio-
nuclide imaging might help to identify patients with tumors ex-
pressing a particular target and therefore would be likely to respond
to a particular therapy based on antibodies or tyrosine kinase inhib-
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AFFIBODY RADIONUCLIDE PRETARGETING

itors (/). Delivery of cytotoxic radionuclides (e.g., B- or a-emitters)
might have strong palliative or even curative effects (2).

Two classes of substances have commonly been exploited for
radionuclide targeting: monoclonal antibodies (and their derivatives)
and peptide ligands to receptors overexpressed in tumors. Engineered
scaffold proteins (ESPs) constitute a new type of targeting agents
for radionuclide tumor targeting (3). ESPs contain a robust frame-
work providing conformational stability and variable surface amino
acids. Randomization of variable amino acids enables selection of
high-affinity binders to different proteins using molecular display
technology. Several ESPs, such as Affibody (Affibody AB) mole-
cules (4), designed ankyrin repeat proteins (5), fibronectin domains
(6), anticalins (7), cysteine-knot peptides (8), and albumin-binding
domain-derived affinity proteins (ADAPTS) (9), have been success-
fully used for radionuclide imaging of therapeutic targets in
preclinical studies. Anti-HER2 Affibody molecules have demon-
strated sensitive and specific imaging of HER2-expressing me-
tastases of disseminated breast cancer in a clinical trial (/0). The
small size (4-20 kDa) of ESPs permits rapid extravasation and dif-
fusion in the extracellular space, improving targeting. Rapid
clearance of unbound tracer provides low background during im-
aging and low exposure of radiosensitive bone marrow during
therapy. However, many radiometal-labeled ESPs have high renal
uptake (5,6,9,11). For example, Affibody molecules and ADAPTs
or products of their in vivo degradation undergo efficient renal re-
absorption after glomerular filtration, followed by proteolysis
in the proximal tubuli (9,11). In the case of residualizing radio-
metal labels, this results in a renal uptake that substantially exceeds
the tumor uptake, making radionuclide therapy using unmodified
ESPs problematic.

Earlier, we showed that it is possible to appreciably reduce the
renal uptake of radionuclides using Affibody molecules with non-
residualizing labels. Internalization of Affibody molecules by cancer
cells is slow (/2—14), and the residualizing properties of a radionu-
clide are not critical for good tumor retention. Internalization of
Affibody molecules in proximal tubuli and the following proteolytic
degradation is rapid; radiocatabolites of nonresidualizing labels
(radioiodine and '8¢/188Re in combination with some chelators)
are cleared rapidly from the kidneys (/5-17). This approach pro-
vided a residence time in tumors that was longer than in the kidneys.
There are, however, certain limitations of this approach. High-energy
[3-particles emitted by rhenium isotopes are better suited for treatment
of bulky tumors, not small metastases. Low-energy [-particles of
I31T are suitable for treatment of small metastases, but the high-
abundance high-energy y-quanta emitted by this nuclide contribute
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appreciably to the whole-body irradiation (/8). Finding an ap-
proach for the reduction of renal uptake/retention of residualizing
radiometal labels would enable the use of low-energy (3-emitters,
such as 7’Lu and '6!Tb, or a-emitting nuclides, such as 2!3Bi,
225Ac, and 227Th. This approach would provide an efficient way to
treat small metastases.

A possible way to solve the issue of high renal retention of
radiometals is the application of pretargeting (/9). Pretargeting is
a 2-step process. At the first step, a primary agent containing a
recognition tag is injected. When the primary agent is localized in
the tumor and cleared from circulation, a radiolabeled secondary
agent having high affinity to the recognition tag is injected. The
secondary agent is selected to have a better biodistribution profile
in comparison with the primary agent. Several approaches to
pretargeting have been investigated, including variants based on
avidin-biotin interaction (20), hybridization of complementary
nucleic acid analogs (21), bispecific antibody—hapten interaction
(22), and bioorthogonal chemistry (23). However, many hours
might be required to clear a primary agent completely from the
blood if it is antibody-based. Incomplete clearance would cause
an interception of the radiolabeled secondary agent in the blood
and prolonged circulation time of the radiolabel. Antibodies bound
to cancer cells might be internalized, and a long waiting time before
injection of the secondary agent is associated with the disap-
pearance of antibody-recognition tag conjugates from the cell
surface.

The use of pretargeting is favorable for ESPs, because these
agents are often slowly internalized by malignant cells and clear
rapidly, within a few hours, from the blood (9,12—14). This en-
sures that a large number of recognition tags would remain on the
surface of pretargeted malignant cells at the time of injection of
the radiolabeled secondary agent.

The use of bioorthogonal chemistry based on the inverse-electron-
demand Diels—Alder reaction between trans-cyclooctene (TCO) and
tetrazine (23,24) seems to be an attractive approach for ESP-based
pretargeting. Radiometal-labeled DOTA-conjugated tetrazine has
low uptake in kidneys (23). Reengineering of the primary agent
is not required for modification with TCO. Incorporation of a unique
cysteine into the cysteine-free scaffold of Affibody molecules or
ADAPTS can provide site-specific conjugation of TCO tags in a
controllable manner.

The goal of this study was to test the hypothesis that the use
of ESP-based bioorthogonal chemistry—mediated pretargeting
enables specific tumor targeting and provides higher uptake of
radiometals in tumors than in the kidneys. An anti-HER2 Affi-
body molecule Z,395 containing a C-terminal cysteine was used
as a model ESP. A maleimido derivative of TCO was site-
specifically conjugated to Z;39s5 (Fig. 1). The specificity of
Z5395-TCO targeting of HER2-expressing cells was evaluated
in vitro and in vivo.

MATERIALS AND METHODS

A detailed description of materials, equipment, and some methods
used in this study is given in the supplemental data (available at http://
jnm.snmjournals.org).

Conjugation and Labeling

Detailed descriptions of the conjugation of maleimido derivative of
TCO to the Z,395 Affibody molecule, radioiodination of Z,395-TCO
conjugate, and labeling of DOTA-decaethylene glycol (PEG,()-tetrazine
with '"'In and '"7Lu are presented in the supplemental data.
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FIGURE 1. Structure of primary targeting conjugate TCO-PEG4-Z5395
(top) and secondary targeting agent DOTA-PEG,-tetrazine (bottom).

In Vitro Evaluation

HER2-expressing ovarian carcinoma SKOV-3 (1.6 x 10° receptors/
cell) and breast carcinoma BT474 (2 x 10° receptors/cell) cell lines
were used in in vitro studies. Binding specificity, affinity of Z,395-TCO
to HER2, cellular retention of primary targeting agent, cellular pro-
cessing, and internalization of '!!'In-tetrazine-TCO-Z,395 adduct were
studied as described in the supplemental data. Cellular processing and
internalization were evaluated using a previously validated method for
Affibody molecules (/2).

In Vivo Studies

The animal experiments were planned and performed in accordance
with national legislation on laboratory animals’ protection. The animal
study was approved by the Ethics Committee for Animal Research in
Uppsala, Sweden.

SKOV-3 cells (8 x 10° cells per mouse) were implanted in the right
hind leg of female BALB/C nu/nu mice. The average animal weight
was 18.4 = 1.6 g, and the average tumor weight was 0.24 = 0.11 g at
the time of the experiment. Mice were divided into 13 groups (n = 4-6).
At the end of each experiment, the mice were anesthetized and eutha-
nized by cervical dislocation. Blood was withdrawn by heart puncture.
The organ and tissue samples were collected and weighed, and their
radioactivity was measured along with standards to determine the per-
centage injected dose per gram (%ID/g). In the case of dual-nuclide
studies, whole spectra of each sample were recorded. For '?°1 measure-
ments, counts in the energy window of 4-70 keV were integrated, and
for '"In, in the window of 110-600 keV. The data were corrected for
background, dead time, and spillover.

In Vivo Specificity of 12°1-Z,305-TCO and Tetrazine. Two groups
of mice were injected intravenously with 5 wg (0.67 nmol) of 1231-
Z5395-TCO (5 ng/100 pL of phosphate-buffered saline [PBS] per
mouse, ~10 kBq). To check the HER2 specificity of xenograft
targeting, 1 group (n = 4) was subcutaneously injected with
500 pg (66 nmol) of nonlabeled recombinant Zygro.342> Affibody
molecule 45 min before injection of 2°1-Z,395-TCO. Mice were
sacrificed at 5 h after injection. The second group (n = 6) was injected
with 1 pg (~0.7 nmol) of In-tetrazine (1 wg/100 pL of PBS per
mouse, ~30 kBq) 4 h after injection of 251-Z,305-TCO, to test the
feasibility of in vivo pretargeting. An extra group (n = 4) was injected
only with 1 pg of ''In-tetrazine (~0.7 nmol). Mice were sacrificed 1 h
after injection of !!!In-tetrazine, and tissue samples were treated as
mentioned above.

Influence of Injected Dose of Both Primary (Z;395-TCO) and Sec-
ondary (Tetrazine) Agents on Pretargeting. Two groups of mice (n = 5)
were injected intravenously with 30 pg (4.1 nmol) of 231-Z»395-TCO
(30 pg/100 pL of PBS per mouse, ~30 kBq). Four hours after injec-
tion of 12°1-Z,395-TCO, mice were injected either with 5.2 pg (4.1 nmol)
of ""In-tetrazine (1:1 tetrazine—to—Z,395-TCO ratio, 100 pL of PBS
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FIGURE 2. Binding of '''In-tetrazine to SKOV-3 (left) and BT474
(right) cells when cells were preincubated with Z2395-TCO for 1 h
before addition of 11'In-tetrazine (first bar in graph), when cells were
incubated with excess of unlabeled anti-HER2 Affibody molecule
ZHER2:342 for 10 min followed by addition of Z2395-TCO and
"1In-tetrazine (second bar), when cells were preincubated with
Z2395-TCO followed by addition of excess unlabeled tetrazine
and then '"'In-tetrazine (third bar), and when '''In-tetrazine was
added directly to cells (fourth bar). Data represent average + SD
(n = 3).

per mouse, ~30 kBq) or with 26 pg (20.5 nmol) of !'!'In-tetrazine
(5:1 tetrazine—to—Z,395-TCO ratio, 100 L of PBS per mouse, ~30 kBq).
One hour after injection of !!In-tetrazine, the animals were sacrificed
and the biodistribution was measured.

In the case of !77Lu-tetrazine, 3 groups of mice (n = 5) were in-
jected with Z5395-TCO (30 pg/4.1 nmol). Four hours later, mice were
injected with '77Lu-tetrazine to provide tetrazine:Z;395-TCO ratios of
2:1 (10.4 pg/8.2 nmol), 1:1 (5.2 pg/4.1 nmol), and 1:5 (1.04 pg/0.82
nmol). The biodistribution was measured at 1 h after injection of
77Lu-tetrazine.

Influence of Time of Injection of Secondary Agent. Three groups of
tumor-bearing mice (n = 4) were injected with 30 pug (4.1 nmol) of
Z»395-TCO (30 pg/100 pL of PBS per mouse, ~30 kBq). Four, 8, and
14 h after Affibody injection, the mice received 5.2 pg (4.1 nmol) of
7TLu-tetrazine (1:1 tetrazine—to—Z,395-TCO ratio, 100 wL of PBS per
mouse, ~130 kBq). The biodistribution was measured at 1 h after
injection of !7’Lu-tetrazine.

Dosimetry Evaluation. Five groups of mice (n = 4) were injected
intravenously with 30 wg (4.1 nmol) of Z,395-TCO. Four hours later,
mice were injected with 5.2 pg (4.1 nmol) of 7"Lu-tetrazine (1:1 tetrazine—
t0—Z305-TCO ratio, 100 wL of PBS per mouse, ~130 kBq). The bio-
distribution was measured at 1, 4, 24, 72, and 168 h after '7’Lu-tetrazine
injection. Radiation dosimetry was estimated as described the supple-
mental data.

Imaging Using SPECT/CT
To confirm the capacity of an Affibody-based Diels—Alder pretar-
geting to target HER2-expressing tumors in vivo, an imaging experi-

ment was performed as described in the supplemental data. Images
were acquired at 1 h after ''!In-tetrazine injection.

RESULTS

Conjugation and Labeling

The efficacy of maleimido-PEG4-TCO conjugation was 23.5% *=
0.5%. The high-performance liquid chromatography purification
of the conjugate provided a purity of greater than 90% (Supplemental
Fig. 1A). The mass spectrum of the purified Z;395-TCO (calcu-
lated weight, 7,525 Da; found, 7,525.6) is shown in Supplemental
Figure 1B.

Z5305-TCO was indirectly radiolabeled with '?°I in 18.9% =
0.3% radiochemical yield with a specific activity of 0.07 MBqg/p.g
(0.5 MBg/nmol). The radiochemical purity of 1231-Z,395-TCO
was 99.4% * 0.4%. DOTA-tetrazine was efficiently labeled with
n and '77Lu. For !In, the labeling yield was 99.5% = 0.5%
(n = 9), and the specific activity was 1.44 MBg/nmol. For '77Lu,
the yield was 99.4% = 0.5% (n = 5), and the specific activity of
23.6 MBg/nmol was achieved. The high yields excluded the
need for further purification, and the labeled compound was
diluted with PBS for further experiments. The gel electrophoresis
confirmed the identity and purity of labeled tetrazine (data not
shown).

In Vitro Binding Specificity and Affinity

In vitro binding of ''In-tetrazine to Z,39s-TCO pretreated HER2-
expressing cells exceeded nonspecific uptake by untreated cells 10-
fold (P < 0.05; Fig. 2). There was a highly significant reduction of
n-tetrazine binding to both cell lines when Z,305-TCO binding
was prevented by presaturation of receptors using nonlabeled anti-
HER2 Affibody or under competition with a large excess of non-
labeled tetrazine (Fig. 2). These data demonstrate that !''In-tetrazine
binding depends on the interaction of Z,395-TCO with HER2 and
on the interaction of tetrazine with TCO and confirm in vitro
pretargeting.

According to LigandTracer (Ridgeview Instruments AB) mea-
surements, the dissociation constant at equilibrium (Kp) for bind-
ing of 125[-Z,395-TCO HER2-expressing cells was 45 = 16 pM.
The Kp for !'In-tetrazine-Z,395-TCO was 9 = 7 pM.

The cellular retention of 2°1-Z,395-TCO by HER2-expressing
cells is presented in Figure 3A. The retention profile was similar
for both cell lines: an initial decrease of cell-associated activity
followed by slower decline. The retention was better for SKOV-3
than for BT474: 54.6% = 0.5% versus 33.4% = 0.5% at 24 h,
respectively.

The data concerning the cellular processing and internalization
of "In-tetrazine-TCO-Z,305 are presented in Figures 3B and 3C.
The radioactivity was efficiently retained by HER2-expressing cells.
The overall retention of the conjugate by SKOV-3 cells was higher
than that for BT474. Internalization was slow, with most of

the retained radioactivity being membrane-

bound. Apparently, cellular retention of the
total radioactivity was quite good, with
63 = 1.7 and 72% * 2% of cell-associated
radioactivity retained after 24 h of incuba-
tion at 37°C in BT474 and SKOV-3, respec-
tively. On the other hand, the internalization
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of "n-tetrazine-TCO-Z395 was relatively
slow, with only 30% * 2% (BT474) and

FIGURE 3. Cellular retention of 1251-Z5345-TCO (A) and processing of ''In-tetrazine-Z,395-TCO
by BT474 (B) and SKOV-3 (C) cells. Data represent average + SD (n = 3).
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22% * 1% (SKOV3) of total cell-associated
radioactivity internalized at 24 h.
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FIGURE 4. In vivo targeting specificity of 125]-Z5395-TCO in mice bearing
SKOV-3 xenografts at 5 h after injection. Blocked group was subcutane-
ously preinjected with excess amount of nonlabeled Affibody molecule.
Data represent average + SD (n = 5). *Significant difference (P < 0.05).

In Vivo Studies

The results of the in vivo specificity test showed that tumor
accumulation of primary targeting agent Z»39s-TCO is HER2-mediated.
Presaturation of HER2 decreased the tumor-associated radioactivity
from 21 * 4 to 2.6 = 0.3 %ID/g (Fig. 4). Both blood and kidneys
also showed a significantly lower concentration of radioactivity in the
blocking group.

A comparison of ''In-tetrazine biodistribution (1 h after injection)
with and without preinjection of Z,39s-TCO is presented in Figure 5.
In the case of preinjection, the tumor uptake (3.2 = 0.7 %ID/g) was
approximately 20-fold higher than without preinjection (0.16 = 0.02
%1D/g) (P < 0.0005). The uptake in normal organs and tissues was
also significantly (2- to 3-fold) higher after preinjection (P < 0.05).

Increasing the injected dose of 1231-Z,395-TCO from 5 pg (0.67
nmol) to 30 pg (4.1 nmol) showed a significant but small difference
in tissue-associated radioactivity including the tumor (21 = 4 vs. 17 *
2 %ID/g) (Supplemental Fig. 2A). However, the higher dose of
1251.7,5305-TCO (30 pg/4.1 nmol) increased the tumor localization
of ""!In-tetrazine significantly from 3.2 = 0.7 t0 9.7 * 1.6 %ID/g
(Table 1; Supplemental Fig. 2B). At this higher Affibody dose, there
was no increase of !!!In-tetrazine accumulation in other organs and
the tumor-to-kidney ratio was 2.1 = 0.5. The uptake of !7’Lu-tetrazine
was significantly lower than !''In-tetrazine in almost all organs in-
cluding the tumor (5.4 = 0.8 vs. 9.7 = 1.6 %ID/g) and kidneys
(2.5 £ 0.3 vs. 5 = 2 %ID/g) (Table 1). Because of the more rapid
blood clearance of !”’Lu-tetrazine, the tumor-to-blood ratio for
177Lu-tetrazine (19.5 * 2.2) was higher than for '''In-tetrazine
(5.7 = 0.8). However the tumor-to-kidney ratio was the same.

The tumor-associated radioactivity was significantly reduced (P <
0.05) when the injected '''In-tetrazine—to—Z,39sTCO ratio was in-
creased by 5-fold (9.7 = 1.6 vs. 2.9 = 0.4 %ID/g) (Table 1; Sup-
plemental Fig. 3). As a result, the tumor-to-kidney ratio decreased to
0.8 £ 0.1. There was no significant difference between the tumor
uptake of 17’Lu-tetrazine when the tetrazine—to—Z395-TCO ratio was
2:1 3.8 = 1.0 %ID/g) and 1:1 (4.8 = 1.3 %ID/g). The use of a
tetrazine—to—Z»395-TCO ratio of 1:5 resulted in a significant reduc-
tion of the tumor uptake (0.9 = 0.1 %ID/g) (Fig. 6A).

Increasing the time between injections of the primary and
secondary agents from 4 to 8 h did not result in any significant
difference in '77Lu-tetrazine tumor uptake (4.8 * 1.3 vs. 4.6 = 0.8
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%ID/g) (Fig. 6B). The tumor localization of '7’Lu-tetrazine de-
creased significantly when the secondary agent was injected 14 h
after Z,395-TCO injection.

Measurement of !7’Lu-tetrazine biodistribution up to 1 wk after
radioactivity injection demonstrated that tumors and kidneys were
the only organs with noticeable retention of radioactivity (Supple-
mental Table 1). Calculated areas under curves are presented in
Supplemental Table 2. The calculated areas under curves were
bigger for the tumors than for any other tissue, including the kidneys.

The estimated absorbed doses for pretargeted 7’ Lu-tetrazine in
humans are presented in Supplemental Table 3. The primary critical
organ for '7’Lu-tetrazine pretargeting was the kidney (0.021 mGy/MBg).
The effective dose for pretargeted tetrazine is 0.005 mSv/MBq.

Imaging confirmed the results of the biodistribution experiments.
The tumor xenografts were the only sites with prominent accumu-
lation of radioactivity 1 h after injection of Affibody-pretargeted
Un-tetrazine (Fig. 7A).

DISCUSSION

Radionuclide pretargeting is usually applied in combination with
monoclonal antibodies or their derivatives to reduce the residence
time of a radionuclide in blood and spare the bone marrow. Here,
pretargeting is used for correction of the undesirable biodistribution
profile of a small targeting protein having rapid clearance and high
kidney uptake.

This study demonstrated that '2°1-Z,395-TCO retained pico-
molar affinity to HER2-expressing cell lines. In vitro binding of
Hln-tetrazine to Zy395-TCO-treated cells was clearly dependent on
tetrazine-TCO interaction and based on specific binding of Z;39s-
TCO to HER2-expressing cells (Fig. 2).

An in vivo specificity test (Fig. 4) demonstrated a high (21 *= 4
%ID/g at 5 h after injection) specific uptake of 1231-Z,395-TCO in
HER2-expressing SKOV-3 xenografts. Apparently, the use of a PEG,
linker was sufficient to counterbalance the lipophilicity of TCO, because
hepatic uptake of 12°1-Z»305-TCO was low, at only 1.0 * 0.3 %ID/g.
In agreement with earlier data (25), an increased injected dose of
1251-7,395-TCO to 30 g (4.1 nmol) reduced the tumor uptake only
marginally, from 21 £ 4 to 17 = 2 %ID/g (Supplemental Fig. 2A).
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FIGURE 5. Biodistribution of '''In-tetrazine in mice bearing SKOV-3
xenografts (no preinjection) and when mice were intravenously prein-
jected with 5 pg (0.67 nmol) of Z,395-TCO (preinjection). Data are pre-
sented as average + SD (n = 5). *Significant difference (P < 0.05).
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TABLE 1
Biodistribution of 11'In-Tetrazine in BALB/C nu/nu Mice Bearing SKOV-3 Xenografts at 1 Hour After Injection

1M1

177y

Injected dose of tetrazine

Injected dose of tetrazine

Injected dose of tetrazine

Organ (Mg/nmol), 5.2/4.1 (1:1) (Mg/nmol), 26/20.5 (5:1) (Mg/nmol), 5.2/4.1 (1:1)
Blood 1.7+ 04 1.3+ 0.1 0.27 £ 0.02*
Lung 1.1+01 1.1+0.23 0.47 + 0.09*
Liver 0.6 + 0.1 0.53 + 0.07 0.25 + 0.02*
Spleen 0.4 +0.1 0.4 +0.1 0.13 + 0.02*
Kidney 5+2 3.8+0.7 2.5 +0.3"
Tumor 9.7+1.6 29+04 54 +0.8*
Muscle 0.3+0.2 0.13 £ 0.03 0.14 £ 0.17
Bones 0.3 +0.1 0.18 £ 0.04 0.14 £ 0.08

*Significant difference between '''In/177Lu-tetrazine.

Z2395-TCO (30/4.1 pg/nmol) was preinjected 4 h before ''In-tetrazine. Data are presented as an average %ID/g + SD (n = 5), with
molar ratios between 11In/'77Lu-tetrazine and Z,395-TCO in parentheses.

This increased dose of 30 g allowed for an increasing amount of
TCO to be delivered to the tumors, from 0.14 = 0.03 to 0.70 = 0.08
nmol/g, resulting in a more than 3-fold increase of !!In-tetrazine
localization in xenografts (Table 1; Supplemental Fig. 2B). Importantly,
uptake of '!"In-tetrazine did not increase in any other organ or tissue.

Comparison of In-tetrazine biodistribution with and without pre-
injection of Z,395-TCO (Fig. 5) demonstrates that the tumor uptake of
n-tetrazine is TCO-mediated. In addition, an increase of tetrazine-
to-Affibody ratio from 1:1 (5.2 pg/4.1 nmol:30 pg/4.1 nmol) to 5:1
(26 g/20.5 nmol:30 wg/4.1 nmol) decreased tumor uptake signifi-
cantly (P < 0.05) (Table 1; Supplemental Fig. 3), which suggests a
saturable character of tetrazine accumulation in Z,395-TCO-treated
xenografts. Taken together, this gives strong evidence that localiza-
tion of radionuclide is mediated by interaction of tetrazine with TCO.

The most remarkable aspect was the low renal uptake of !!'In-
tetrazine, 5 * 2 %ID/g (injected Zy395-TCO dose of 30 wg/4.1 nmol,
tetrazine-to-Affibody ratio 1:1). Earlier, we evaluated biodistribu-
tion of Z,305, which was labeled with ''In using DOTA conjugated
to the C-terminal cysteine (26). The same mouse strain, BALB/C

nu/nu, was used in that study. The renal uptake of ''In-DOTA-Z395
at 1 h after injection was 284 * 22 %ID/g. Thus, pretargeting pro-
vided more than a 56-fold reduction of renal uptake of a radio-
metal in comparison with direct targeting. The micro-SPECT images
(Fig. 7) demonstrate the difference clearly, confirming our hypoth-
esis that rapid internalization of Affibody molecules in the kidneys
would remove Z,395-TCO from the lumen of proximal tubuli and
make it inaccessible for the radiometal-labeled tetrazine.

The preinjection of Z,395-TCO results in a higher blood retention
and higher renal uptake of '!'In-tetrazine (Fig. 5). It is likely that
the residual Z,395-TCO in blood reacts with injected tetrazine.
Moreover, the elevated renal uptake in this case is, most likely,
due to reabsorption of ''In-tetrazine-Z,30s-TCO adduct. We tested
the hypothesis that it is possible to saturate Z;395-TCO in the blood
without affecting tumor uptake. However, an increase of tetrazine-to-
Affibody ratio from 1:1 to 5:1 did not decrease either the blood con-
centration or the renal uptake significantly. Apparently, alternative
approaches are required for reduction of the blood retention of radio-
metal-labeled tetrazine after Z,395-TCO preinjection.

A surprising finding of this study is the
more rapid blood clearance and signifi-
cantly lower uptake of !77Lu-tetrazine in

A B tumors and kidneys than of !!'In-tetrazine.
1 mm 21 rato ‘1 mman The only difference between these substances
=) EE 1:1 ratio G EE &h is the DOTA-metal complex geometry. DOTA
=] 3 1:5 ratio 8 4] &3 1 ati : ;

= 4 x4 derivative complex with In(III) is a mono-
e 2 capped trigonal prism geometry whereas the
£ 2 8 2 complex with Lu(Ill) might have square
= = antiprism or twisted square antiprism geom-
o o etries (27). However, it was shown earlier
P O & & N & oo @ that such subtle differences might be associ-

& Q\CP \9(\ \,5_\9 Q\ea -\b“e «0&0 o"é 600 C ! : g : ¢
A « ated with substantial differences in the bio-

FIGURE 6. Factors influencing pretargeting of '77Lu-tetrazine in mice bearing SKOV-3 xenografts.
All mice were preinjected with 30 pg/4.1 nmol Zo345-TCO. (A) Biodistribution of '77Lu-tetrazine at 1 h
after injection. Mice were preinjected with Z,395-TCO 4 h before injection of 177Lu-tetrazine. Tetrazine—
t0-Z5395-TCO molar ratios were 2:1 (10.4 pg/8.2 nmol:30 pg/4.1 nmol), 1:1 (6.2 pg/4.1 nmol:30 pg/
4.1 nmol), and 1:5 (1.04 pg/0.82 nmol:30 pg/4.1 nmol). (B) Biodistribution of 77Lu-tetrazine (4.1 nmol)
at 1 h after injection when mice were preinjected with Z,395-TCO 4, 8, and 14 h before 1"'In-tetrazine

injection. Data represent average + SD (n = 4).

AFFIBODY RADIONUCLIDE PRETARGETING

distribution of radiolabeled peptides (26,28).

The preliminary assessment of dosimetry
(Supplemental Table 2) demonstrated that the
kidney is a critical organ. The tumor dose
might exceed the renal dose approximately
1.4-fold. With a renal absorbed dose limit of
27 Gy (29), this would enable a tumor dose
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FIGURE 7. (A) SPECT/CT image of mouse bearing SKOV-3 xenograft
pretargeted with 30 pg (4.1 nmol) of Z395-TCO and 4 h later injected
with 1""In-tetrazine injection. Image was acquired 1 h after injection of
11|n-tetrazine. (B) SPECT/CT image of mouse injected directly with
111In-DOTA-Z5395 (1 ). (Reprinted with permission of (26)).

of 37 Gy. This dose might be sufficient to obtain a palliation effect
with some tumor shrinkage (30). Apparently, further optimization
of the method is required. The most obvious approaches, such as
an increase of the time span between the injection of primary and
secondary agents or modification of tetrazine-to-Affibody ratio,
appeared to be inefficient. A possible way might be modification of
the physicochemical properties of the chelator—tetrazine conjugate
by variation of PEG length, chelator structure, or the used thera-
peutic radionuclide.

CONCLUSION

This study provides proof of principle for bioorthogonal chemistry—
mediated ESP-based pretargeting. The pretargeting enabled more
than a 50-fold reduction of renal uptake of radiometals in compar-
ison with direct ESP-based targeting. After optimization, this strat-
egy may be used for radionuclide therapy.
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