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ABSTRACT

Engineered affibody molecules can be used for high contrast in vivo molecular imaging.
Extending a recombinantly produced HER2 binding affibody molecule with a hexa-histidine tag
allows for convenient purification by immobilized metal-ion affinity chromatography and
labeling with [*™Tc(CO)3] " but increases radioactivity uptake in the liver. To investigate the
impact of charge, lipophilicity and position on biodistribution, ten variants of a histidine-based
tag was attached to a HER2 binding affibody molecule. The biochemical properties and the
HER?2 binding affinity appeared to be similar for all variants. In vivo, positive charge promoted
liver uptake. For N-terminally placed tags, lipophilicity promoted liver uptake and decreased
kidney uptake. Kidney uptake was higher for C-terminally placed tags compared to their N-
terminal counterparts. The variant with the amino acid composition HEHEHE placed in the N-

terminus gave the lowest non-specific uptake.



INTRODUCTION

A promising approach to treat disseminated cancer is a specific delivery of cytotoxic agentsto the
tumor cells, i.e. targeting therapy. Targeting can be achieved by attachment of the cytotoxic agent
to an affinity probe that specifically recognizes tumor-associated phenotypic abnormalities.
Often, the molecular targets on the tumor cells are transmembrane receptor tyrosine kinases
(RTKSs) regulating proliferation, differentiation, apoptosis, motility and angiogenesis.* Abnormal
expression of aRTK (e.g. over-expression or expression of mutated forms) is often predictive for
response to the targeting therapy. The use of radionuclide molecular imaging for detection of
abnormal expression of a RTK therefore has the potential to improve patient stratification for
successful targeting therapy.?

Affibody molecules are a novel class of affinity proteins that have been generated to target a
number of different proteins with low nanomolar or even subnanomolar affinities. They are
derived from amodified version of the triple-helical B-domain of staphylococcal protein A. To
generate affibody molecules interacting with a desired target, phage display selection from a
combinatorial library followed by affinity maturation istypicaly performed. The library consists
of variants of the modified version of the B-domain where 13 surface-exposed amino acidsin
helix 1 and 2 (near the N-terminus) have been combinatorially varied.® Affibody molecules with
subnanomolar affinity to several RTKs, such as HER2,* EGFR,® HER3,° PDGFRB,’ and IGF-1R®
have been identified. When used for radionuclide molecular imaging, the small size of the
affibody molecule (approx.7 kDa) leads to rapid extravasation and tissue penetration and also to
rapid clearance of non-bound tracer molecules from blood and non-specific compartments. In
combination with high affinity, this creates the preconditions for high-contrast imaging of RTKs

in vivo. Indeed, preclinical studies have shown the high potential of radiolabeled affibody



molecul es asimaging agents.” Two clinical studies also confirmed the potential of affibody-based
imaging agents for visualization of HER2-expressing metastases in patients with disseminated
breast cancer.'o*

Biodistribution and targeting properties of radiolabeled affinity probes relies on several factors
including probe size, target affinity and specificity, labeling stability, lipophilicity and charge.*?
Understanding how these factors affect biodistribution isimportant to minimize unspecific uptake
and processing of the probe. Sensitivity of imaging depends on many parameters including
absolute tumor uptake and contrast, where contrast in turn is affected by the tumor-to-normal
tissue ratios. Thus, minimization of the uptake of an imaging probe in normal tissuesis as
important as maximizing its uptake in tumors. Previous studies have demonstrated that the
properties of the radionuclide in combination with a chelator or linker for attachment to the
targeting protein can substantially influence radioactivity uptake.*?

%M (Ty, = 6h, Ey =140.5 keV) isacommonly used radionuclide for molecular imaging
applications due to its photon energy (nearly ideal for SPECT imaging), low cost, excellent
availability and low absorbed dose burden to the patient. Also, recent devel opments of
SPECT/CT hybrid instruments now allow for unprecedented imaging quality using *™Tc.?
Severa different peptide based radionuclide chelators for conjugation of *™Tc¢ to affibody
molecul es have been investigated.***” The use of peptide-based chelators provides an opportunity
for their direct incorporation in the peptide sequence of the targeting protein by genetic
engineering, thus excluding an additional conjugation step. One of the peptide-based chelators
that has been used to conjugate *™Tc to affibody molecules is the hexahistidine tag (He-tag),
which allows facile labeling with [*™Tc(CO)s]*.*® The He-tag may also be used for convenient

purification of the affibody molecule by immobilized metal-ion affinity chromatography (IMAC)



after recombinant production. However, the He-tag atered the biodistribution of the probe with
an increase of radioactivity uptake in the liver compared to the same construct lacking a He-tag
and labeled by other methods.™* Unspecific radioactivity uptake in the liver is problematic since
the liver is acommon metastatic site of many types of cancer. From other studies, it was found
that substitution of only afew amino acids in the chelating part of an affibody molecule can
dramatically alter its biodistribution.*®*” This prompted the search for alterations to the placement
and composition of the Hiss-tag that would lead to decreased uptake of radioactivity in the liver.
The proposed structure of the [*™Tc(CO)3]*-Hiss-tag complex suggests that the peptide motif H-
X-H isresponsible for chelation of technetium, i.e. every second histidine isinvolved in the
chelation (Figure 1).%° It implies that 1abeling of modified histidine-based tags with the format:
H-X-H-X-H-X, where X isavariable amino acid, would be allowed. To explore this hypothesis
we previously devised and attached a HEHEHE-tag ((HE);-tag) to the HER2-binding affibody
molecule Zyer2:342 and found that it allowed purification by IMAC and stable and efficient
labeling with [*™Tc(CO)3]*.° A comparative biodistribution of Zyer»342 extended with either a
Hs-tag or the (HE)s-tag showed dramatic differences, where the liver uptake was decreased ten-
fold for the (HE)s-tag containing probe. In the same study, repositioning of the He-tag from the
N- to C-terminus was found to decrease liver uptake by two-fold. It has to be noted that although
that study has demonstrated that position and composition of a histidine tag strongly influences
the biodistribution of affibody molecules, the choice of creating the variant with a N-terminal
(HE)s-tag was based mainly on intuition. The influence of charge and lipophilicity of the side-
chains in histidine containing peptide-based chelators on biodistribution have not previously been
investigated.

In this study, the goal was to examine the behavior of an affibody molecule, extended with atag

with the amino acid sequence H-X-H-X-H-X, by systematically varying charge, lipophilicity and
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position of the tag. The amino acid X was histidine, glutamic acid, lysine, alanine or isoleucine
(Figure 1). Lysine was selected because it is as hydrophilic as glutamic acid, but has an opposite
charge at physiological conditions. The use of alanine and isoleucine allowed for elucidation of
the effect of increased lipophilicity. Based on the calculated differencesin net charge and
lipophilicity of the tags (Figure 1), it was expected that they would lead to differencesin the
biodistribution of the probe. The position of the tags was varied by placement in the N- or C-
terminus. The variants were labeled with [*™Tc(CO)3]* and the chelate stability and

biodistribution of the labeled probes was investigated.
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RESULTS

Production, purification and characterization of the affibody molecules

The affibody molecule Zyero:342, extended with different (HX)s-tags, was produced in
Escherichia coli and purified by IMAC followed by reverse-phase HPLC (RP-HPLC) as
previously described.?® Eluted fractions after the RP-HPL C-step contained essentially asingle
protein of expected molecular weight when analyzed by SDS-PAGE (data not shown). The
purified proteins were stable at mg/mL-concentrations in phosphate buffered saline (PBS) except
for (HI)s-Znerz:342, Which precipitated at concentrations higher than 2 mg/mL. The biochemical
properties of the variants were investigated and the results are summarized in Table 1. Their
molecular masses were determined by LC-M S and the obtained values correlated well (within the
accuracy of the method) with their corresponding theoretical molecular masses. The constructs
were analyzed by RP-HPL C (Figure 2) and the purity ranged from 95% to more than 99% (Table
1). The secondary structure content of the variants was determined by circular dichroism
spectroscopy and was found to be similar for al variants. The melting temperatures were
determined and ranged from 63 to 65°C (Table 1). The variants displayed similar secondary
structure at 20°C before and after heating to 90°C, indicating that they refolded after thermal
denaturation, except for (HI)3-Zner2:342 that precipitated at around 80°C. Its melting temperature
could therefore not be determined but its thermal unfolding curve was similar to the other

variants until it precipitated.



Table 1: Biochemical characterization of affibody molecules.

Caculated Found Melting RP-HPLC Purity
Mw (Da) Mw Temperature  Retention (%)
(Da) (°C) (min)

He-Zner2:342 7859 7860 64 18.49 95.7
(HE)3-Zperozs2 7835 7836 65 18.54 98.5
(HA)3-Zngroaar 7661 7662 64 18.56 99.4
(HK)3-Zyero3s2 7833 7833 63 18.43 99.6
(HD3-Zneroaar 7787 7788 3D 19.06 99.4
Zyero-342-He 7872 7873 63 18.17 99.6
Zyer2:3a2-(HE)3 7848 7849 63 18.28 98.8
Zuerz3a2-(HA)3 7674 7675 63 18.34 994
Zyerz:342-(HK)3 7846 7846 64 18.16 99.6
Zyerz:342-(HI)3 7800 7801 63 18.87 99.5

*ND = Not Determined
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Figure 2. Analytical RP-HPLC analysis of the (HX)3-Znero:342-Variants. The x-axis corresponds

to retention time after injection and the y-axis corresponds to the absorbance measured at 220

nm.

Analysis of the binding kinetics

Real-time biosensor analysis was performed to investigate if the composition and position of the

(HX)s-tags influenced the kinetic constants of the Zyera340-interaction with HER2. The

equilibrium dissociation constant, K, was found to be similar for al variants ranging between 26

and 88 pM (Table 2). These affinities are somewhat weaker than the previously determined K-

value of 22 pM for interaction between Zgro.340 and HER2.*



Table 2: Measured kinetic constants of the interaction between the affibody molecules and
HER2.

ka(MTsh)  kq(sh Ko (pM)

HG'ZHER2:342 2.2 X 106 1.7x 10_4 78
(H E)3-ZHER2;342 2.2X 106 1.9x 10_4 88

(HA)3-Zperoza2  6.1x 10° 1.6x 10" 26

(HK)3-Zhgroas2 5.6 x 10° 29x10* 51
(H1)3-Znero:342 5.0x 10° 25x10* 51
Znero:aa2-He 6.9 x 10° 24x10% 35
Zhereaa-(HE)s 6.6 x 10° 38x10* 57
Zherzaa-(HA)s 6.4 x 10° 37x10" 58
Zherzaa-(HK)s  8.2x 10° 33x10% 44

ZHER2;342-(H|)3 8.1x 106 3.6 X 10_4 44
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Radio-labeling with [*™T¢(CO)4]*

Site-specific labeling of the constructs with [*™Tc(CO)3]* was performed according to methods

14,20

developed earlier™™ with aradiochemical yield ranging from 50 to 84%. After labeling, asimple

purification step was performed to remove unconjugated [*™Tc(CO)3]* using disposable NAP-5
size-exclusion columns, resulting in aradiochemical purity of 97 to 99% for all constructs.

Table 3: In vitro stability of [*™Tc(CO)4]*-labeled affibody molecules. The challenge was
performed by incubation with 5000-fold molar excess of histidine at 37°C during 4 h. Control
samples were kept at room temperature during the same time. The experiment was performed in

duplicates. The data are presented as an average of the two experiments with maximum error.

Protein-associated radioactivity, %

After histidine Control (PBS)

challenge
[*™Tc(CO)3]*-(HE)s-Zngrozar  93.3+0.2 97.6+0.1
[®™Tc(CO)s]*- Zrerzaaz (HE)s  75.8+0.6 86.6+1.0
[*™T¢(CO)a]*-(HK)3-Zheroaa2  99.15+0.05 99.8+0.1
[®™Tc(CO)3] *-Zrere:aa2-(HK)s  93.3+0.5 95.1+0.5
[®"Tc(CO)3]*-(HA)3-Zhgroasy  98.4+0.2 99.2+0.2
[P Tc(CO)s]*-Zreroa(HA);  83.4+1.5 91.8+0.5
[*¥"T(CO)al"-He-Zhgrazse ~ 94.6£05 98.6+0.4
[®"TC(CO)]*-ZhgroaoHs 929404 96.8+0.7
[®"Tc(CO)al*-(H)s-Zherzase  95.6+0.1 97.6+0.1
[*®"TC(CO)sl *~Zhgraase(H)s  87.3+1.2 95.8+0.7
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To evaluate the stability of the radiolabel, the constructs were subjected to a histidine challenge
where they were incubated with 5000-fold molar excess of histidine for 4 h (Table 3). The results
show an appreciably higher stability of conjugates having the (HX)s-tag in the N-terminus
compared to the variants with the same tag in the C-terminus. The same pattern was aso
observed in the control experiments, where PBS without histidine was used. The retained
radioactivity for all conjugates with N-terminal tags was higher than 97%.The nature of the non-
histidine side chain also appeared to influence the stability. The positively charged HKHKHK-tag
offered the most stable conjugate at both C- or N-terminal positioning compared to the other
variants, whereas the least stable label was found for the negatively charged HEHEHE-tag for

both positions.

Binding specificity of radiolabeled affibody moleculesto HER2-expressing cellsin vitro

To investigate the binding of the radiolabeled constructs to HER2 expressing cells, SKOV-3 cells
were incubated with the constructs with or without pre-incubation with non-radiolabel ed
Zneroaso. Theresults are displayed in Table 4 and indicate that binding of [*™Tc(CO)s]*-(HA)s-
Zugrosaz, [ TC(CO)a] ™ Zugraasz-(HA)s, [PTC(CO)s] *(HK)a-Zreraaaz, [ TC(CO)s] ™
Zneroaar-(HK)3, [*T(CO)a] *~(HI)3-Zngroaaz, [ TC(CO)a] - Zerz:aa2-(HI)s , and

[%™Tc(CO)3]" -Zrerz:342.(HE)3 Was receptor mediated since saturation of the receptors by pre-
incubation with non-labeled Zyero-a4 significantly decreased binding. For [*™Tc(CO)s]*-(HI)s-
Zyerz:342, @ unusuay high level of unspecific binding was detected, even though it also
decreased upon pre-saturation of the receptors. Previously, asimilar study on [*™Tc(CO)4]*-

(HE)3-Zherzaaz, [TC(CO)3]" -Znerzaso-He and [P Te(CO)s] " -He-Znerz:240 Was performed,
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where the results also indicated that cell binding was receptor mediated, since it could be
decreased also for these constructs by receptor pre-saturation.?

Table 4. Specificity of binding of [*™Tc(CO)s]*-labeled affibody molecules to HER2-expressing
SKOV-3 cellsin vitro?

Cell-bound radioactivity, %

non-

blocked  blocked p-value
[P™c(CO)3]" -(HA)3-Zhgroasr  21+2 0.78+0.06 <5x10°
[*™Tc(CO)3]" -Zheroaaa-(HA)s 271 0.56+0.04 <5x10°
[*™Tc(CO)3]" -(HK)3-Zheroas  14.8#0.9 2.1+0.5 <5x10°
[*™Tc(CO)a]" -Zheroaaa-(HK)s 284 1.7+0.1 <5x10°
[*™T¢(CO)3]" -(HI)3-Ztigro:342 12.4+0.3 7.3+0.2 0.0002
[*™Tc(CO)3] " -Zheroaa2-(H1)3 35+1 0.62+0.04 <5x10°
[#¥™Tc(CO)3]" -Zheroaa2(HE)s  30%1 1.9+0.1 <5x10°

4Cells were incubated with 1 nM of radiolabeled conjugates for 1 h at 37°C. For pre-saturation of
HER2, a 500-fold molar excess of non-radioactive affibody molecules was added. Data are
presented as mean values of percent added radioactivity that is cell-bound from three cell dishes
and standard deviations.”

In vivo studies

In order to determine the radioactivity uptake in different organsin vivo, the radiolabeled
constructs were injected into female NMRI mice. Data concerning biodistribution, 4 and 24 h p.i.,
are presented in Table 5. For all 10 constructs, the biodistribution pattern was typical for affibody
molecules, where clearance via glomeruli was rather fast, followed by renal re-absorption, except

for [*¥™Tc(CO)3] " -(HI)3-Zreroase and [T (CO)a] * -(HK)3-Zherzas0). Theratio of radioactivity

uptake at 4 and 24 h p.i. in liver and kidneys was in the range of 1.5-2 for all conjugates,
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indicating a moderately residualizing character of all constructs. The obtained biodistribution of

[®™T(CO)al *-(HE)3-Zneroa42, [T C(CO)3]*-Zhero342Hs, and  [*™Tc(CO)s] *-He-Zpieroa42

were in agreement with a previously published data for these constructs™.

Table5. Biodistribution of [*™Tc(CO)3]* -labeled affibody moleculesin female NMRI mice, 4

and 24 h after intravenous injection. The measured radioactivity of different organsis expressed

as % ID/g, and presented as an average value from 4 animals + standard deviation.

Hiss-Znerz:342 Zyer2:342-Hiss

4h 24 h 4h 24 h
Blood 0.42+0.01 0.15+0.02 0.9+0.1 0.347+£0.003
Lung 0.7£0.4 0.5+0.1 1.2+0.3 0.8+0.2
Liver 10.5+£0.7 6.3+0.8 5+1 4.2+05
Spleen 1.22+0.06 1.0+£0.1 0.8+0.2 0.9+0.2
Kidney 109+13 56+10 128+19 98+13
Muscle 0.17+0.01 0.09£0.01 0.23£0.04 0.17£0.04
Bone 0.56x0.1 0.38+£0.05 0.7£0.2 0.6£0.1
Gl tract®  8+2 1.6£0.5 4.1+0.6 2.0£04
Carccass” 5.3+0.3 2.7+0.2 7+1 5.3+0.7
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(HE)3-Zner2:342

Zyero:342-(HE)3

4h 24h 4h 24 h
Blood 0.83+0.06 0.20+£0.03 2.4+0.2 0.6x0.2
Lung 0.80+0.07 0.3+0.1 2.0£0.2 0.7+0.2
Liver 15+0.1 0.8+0.2 3.9+0.4 2.3+0.3
Spleen 0.2£0.2 0.14+0.06 1.1+0.1 0.50+0.07
Kidney 129+15 576 117+10 61+9
Muscle 0.2+0.1 0.06+0.02 0.42+0.02 0.16+£0.03
Bone 0.3+0.1 0.11+0.04 1.1+0.1 0.53+0.08
Gl tract® 51 1.1+0.2 3.6+0.3 1.8+0.5
Carccass® 4.2+0.3 1.6+0.3 11.7+0.8 5.3+0.3

(HK)3-Zner2:342 Zyer2:342-(HK)3

4h 24h 4h 24 h
Blood 0501 0.1620.02 1.7£0.2 0.4620.06
Lung  1.0:03 0.7+0.2 2.0£0.5 0.9£0.2
Liver 234 1242 13+2 022
Spleen  25:05 1.740.4 15401 0.8£0.2
Kidney 363 2746 84+14 5345
Muscle  0.15£0.03 0.09+0.01 0.38+0.02 0.19+0.03
Bone  0.8:01 0.6£0.2 0.92+0.06 0.6:0.1
Gl tract®  7.440.6 1904 3.6£0.3 2.8£0.5
Carccass”  6.0+0.9 3.1+0.3 1145 61




(HA)3-Zrerz:342 Zyer2:342-(HA)3

4h 24 h 4h 24 h
Blood 0.40+0.09 0.13+0.03 1.8+0.1 0.50+0.08
Lung 0.5+£0.1 0.316+0.009 2.7£0.2 1.0£0.1
Liver 4.2+0.8 2.8+0.3 4.1+0.4 2.8+0.3
Spleen 0.5+0.1 0.6+0.2 2.2+0.1 0.7+£0.2
Kidney 7848 51+9 116+16 6315
Muscle 0.10+£0.01 0.06+0.01 0.54+0.06 0.20+0.02
Bone 0.29+0.05 0.27+0.02 1.8+0.2 0.5+0.1
Gl tract®  16+4 1.2+0.2 3.3£0.2 2.2+05
Carccasss 3.4+0.4 1.88+0.06 9.9+0.9 5.1+0.6

(HI)3-ZnEero:342 Znerz:aa2-(HI)3

4h 24 h 4h 24 h
Blood 1.09+£0.02 0.3x0.1 1.2+0.1 0.43+0.03
Lung 7.3x1.0 2.1+0.3 15+04 0.9+0.2
Liver 324 1916 6.4+0.8 3.6x0.6
Spleen 3819 1443 0.9+0.2 0.7£0.1
Kidney 9+2 6+2 106+8 5616
Muscle 0.19+0.06 0.11+0.02 0.30x£0.06 0.16x£0.04
Bone 0.7x0.4 0.39+0.08 0.8£0.2 0.46+0.06
Gl tract® 4.3+0.4 3t1 612 2.0£1.0
Carccass 5.7+0.5 3.2+0.6 o+l 4.8+1.0

%ata for Gl tract with content and carcass are presented as % of injected radioactivity per whole
sample.

Overal, the analysis demonstrated a profound influence of the composition and position of the
(HX)s-tag on the measured biodistribution. Most obvious was the influence on uptake in liver and

spleen, and the level of hepatobiliary excretion (Figure 3). From Figure 3, it is apparent that
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positioning of the tags was crucia. For C-terminal placement, the radioactivity uptakein liver
was significantly higher for [*™Tc(CO)s]*-Znera342-(HK)s than for the other four constructs
(Figure 3B). However, the difference between the other variants was small. For N-terminal
placement, the composition had a much more pronounced effect on biodistribution (Figure 3A).
Incorporation of the lipophilic isoleucine in the tag shifted the excretion pathway from renal to
hepatobiliary, and provoked a high uptake in spleen. Hydrophilic histidine and intermediate
lipophilic alanine had elevated liver uptake, 10.5+0.7 and 4.2+0.8 % ID/g at 4 h p.i., respectively.
Although hepatic uptake per gram tissue was lower for [*™Tc(CO)3]*-(HA)s-Zera342, More
radioactivity was excreted through bile into Gl-tract. The sum of radioactivity (% ID per whole
organ) in liver plus Gl-tract did not differ significantly between [*™Tc(CO)3]*-(HA)s-Znera:342

(20.9+4.5 % 1D) and [*™Tc(CO)3] *-He-Znere:asz (22.1+2.9% D).

401 A [ (HK);-z342 | 407 g
I ] (HE),-2342 [ 2342-(HK);
1 (HA),-2432 [ 2342-(HE),

2 301 Il H;-2342 2 301 M 2342-(HA),
?é I 3 (H);-Z342 ;!9_ B Z342-Hs
= 20 < 201 B 2342-(Hig
- -
S ©
c -3
= 10- I S 40

: 0-
liver spleen Gl tract liver spleen Gl tract

Figure 3. Influence of position and composition of the (HX)s-tag on uptake of [*™Tc(CO)4]*-
labeled affibody moleculesin liver, spleen and gastrointestinal tract at 4 after injection. A. (HX)s-
tags placed in the N-terminus. B. (HX)s-tags placed in the C-terminus.

The radioactivity of different organsis expressed as % ID/g, and presented as an average value
from 4 animals + standard deviation.

" data for intestines with content are presented as % of injected radioactivity per whole sample.
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The conjugate with the hydrophilic glutamate ([*™Tc(CO)s] *-(HE)s-Znero:a10) had the lowest
uptake in liver and lowest sum of hepatic uptake and hepatobiliary excretion. Surprisingly,
[%™Tc(CO)3]*-(HK)3-Zneraas2 had high uptake in both liver and spleen, although lysineis
considered to be as hydrophilic as glutamate (Figure 1).%%

The influence of position and composition of the (HX)s-tags on radioactive concentration in
blood, aswell asin lung and muscle was very distinct (Figure 4A). The concentration of
radioactivity in blood was lower for conjugates with N-terminal placement of the tag compared to
conjugates with C-terminal placement. The pattern was similar for lungs (except for

[%™Tc(CO)s]*-(H1)3-Zrere:342) and muscle. There was a good correlation between concentration

of radioactivity in blood at 4 h p.i. and release of radioactivity during the histidine challenge

(Figure 4B).
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Figure4. A. Influence of position and composition of the (HX)s-tags on radiactivity
concentration of [*™Tc(CO)s] *-labeled affibody moleculesin blood, lung and muscle at 4 p.i..
The concentration of radioactivity in different organsis expressed as % |D/g, and presented as an
average value from 4 animals + standard deviation. B. Correlation between release of
radioactivity from [*™Tc(CO)s]*-labeled affibody molecules during histidine challenge and
radioactivity concentration in blood at 4 h p.i.
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DISCUSSION AND CONCLUSION

The use of abuilt-in tag in arecombinantly expressed affinity protein for both purification and
labeling with [*™Tc(CO)s]* is convenient. However, tagging the HER2 binding affibody
molecul e Zyer2:342 With the commonly used N-terminal hexa-histidine tag (He-tag) was found to
be associated with high liver uptake.**?° Furthermore, it was previously shown that the presence
of aHe-tag in the N-terminus is associated with a substantially elevated liver uptake when
nuclides, other than ®™Tc, were attached to the C-terminus.>?* A previous study demonstrated
that the liver uptake of [*™Tc(CO),]*-labeled affibody molecules could be substantially reduced
by replacing every second histidine in the tag by the hydrophilic glutamate resulting in the
HEHEHE-tag or by repositioning the He-tag to the C-terminus.?’ At the same time, the tumor
uptake was not influenced by the composition of histidine-containing tag (no significant
difference between tested conjugates).® This translates into amuch higher tumor-to-liver ratio,
which could potentially enable imaging of liver metastases in clinicsin the future.’
Furthermore, asimilar effect (i.e. high tumor-to-liver ratio) as aresult of the composition of an
N-terminally placed histidine-containing tag was observed for other kinds of residualizing labels
placed in the C-terminus, such as **In attached to the affibody molecule using the DOTA
chelator or ®™c=0 attached via a cysteine-containing peptide based chelator.?> A reduction of
liver uptake was aso observed for an IGF-1R binding affibody molecule conjugated with
[*¥™Tc(CO)s]" using an N-terminal HEHEHE-tag compared to the same construct with a He-tag.®
Still, it was impossible to determine all major factors that influence liver uptake. In other studies,
positive correlation between lipophilicity and hepatic uptake were observed for different targeting
proteins and peptides.?” Thus, a combination of the lipophilic [*™Tc(CO)s]* and deprotonated
histidines might be an explanation for the increase. However, the liver uptake of affibody

molecules with a N-terminal hexa-histidine tag is high even in the absence of the [*™Tc(CO)]*-
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label %% Another contributing factor might be the charge of the tag. Studies on biodistribution of
affibody molecules labeled with *™Tc=0 using peptide-based chelators demonstrated that the
presence of alysinein the chelator causes high liver uptake for both N-terminal®® and C-

terminal **” positioning of the label. In fact, high liver uptake of both *™Tc-(HK)3-Znero:340 and
M ¢-Z nero-aso-(HK )3, which was observed in this study, suggests that a positive charge in the
histidine-containing tag plays a substantial role. However, the influence of lipophilicity was aso
obvious. For the N-terminally placed and lipophilic (HI)s-tag, liver uptake and hepatobiliary
excretion was higher than for the hydrophilic (HE)s-tag. For [*™Tc(CO)s]*-(HA)s-Znero:342 and
[P™T¢(CO)3]*-He-Znerz:342, the sum of liver uptake and hepatobiliary excretion was the same, but
99T ¢-Hg-ZHerz-342 had higher hepatic retention in contrast to [*™T¢(CO)s]*-(HA)s-Zneroaa2,
which had a higher hepatobiliary excretion. This suggests that the hepatocytes handled these
constructs or their radiocatabolites differently. Together, these data indicate that the hepatic
uptake of affibody molecules occurs by two different pathways. One is promoted by positive
charge and the other by lipophilicity. Uptake in the kidneys of the variants with an N-terminal
(HX)s-tag was inversely correlated with the uptake in the liver which indicates that renal
excretion, which is otherwise typical for the Zyer2-342 affibody molecule, was suppressed by
hepatic uptake. An important conclusion from this study isthat an increase in hydrophilicity of
the (HX)s-tags improves the biodistribution of the affibody molecules but lysine, and possibly

other positively charged amino acids, appears to be undesirable in the chelator of *™Tc.

An interesting observation is the influence of positioning of the tags on biodistribution. The effect
of the composition of the tag can be observed aso for C-terminal placement, but it was much less
pronounced than for N-terminal positioning (Figure 3). Thisisin agreement with the earlier

observations that modification of the C-terminus of affibody molecules has smaller impact on
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hepatic uptake and hepatobiliary excretion.™® It is also concordant with the idea that not only
overal lipophilicity, but aso local concentration of surface-exposed lipophilic amino acids
("lipophilic patches™) might be a contributing factor for elevated liver uptake.?® It should be noted
that the N-terminusis located close to the target-binding site containing a number of surface-
exposed hydrophobic amino acids. In a previous study it was demonstrated that the composition
of the binding site can influence the biodistribution pattern of affibody molecules affecting their
blood clearance rate and liver uptake.® It is therefore not surprising that N-terminally placed
lipophilic histidine containing tags gives rise to higher liver uptake than the same tagsin the C-
terminus, and is possibly a consequence of their closeness to the lipophilic amino acidsin the

binding site.

An important finding of this study is that the blood concentration and uptake in lung and muscle
was lower for affibody molecules having (HX)s-tags in the N-terminus with the exception of
[%™Tc(CO)3] " -(HI)3-Zneroaso (Figure 4A). The lipophilicity of the conjugates might cause an
elevated stickiness to blood plasma proteins increasing its retention in blood, but there was no
correl ation between blood concentration and the hydrophobicity of the tags. Instead, there was a
strong correl ation between loss of activity from conjugates during the histidine challenge and
radioactivity concentration in the blood (Figure 4B). There was areport that surrounding amino
acids influence the stability of histidine-based tags™ and it is likely, that the same effect was
observed aso in this study. Weakly bound [*™Tc(CO)s]* can transchelate to blood proteins,
which would slow down the clearance of radioactivity. The higher uptake in lung and muscle
could then be a consequence of the higher blood concentration of radioactivity. An important
practical implication is that the use of C-terminal tagsis unfavorable for affibody molecules

intended for labeling with [*™Tc(CO)4]*.
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Radionuclide molecular imaging might be a powerful tool to help in personalizing cancer
treatment. Particularly, imaging of membranous expression of molecular targets, such as RTKSs,
isapromising approach. An important factor for successful imaging is a high sensitivity, which
depends on high contrast between the targeted structures and surrounding tissue. The use of small
(4-10k Da) scaffold proteins as imaging agents provides a combination of rapid in vivo kinetics
and high affinity that creates a pre-condition for high contrast in vivo imaging.® Our studies also
suggest that selection of labeling chemistry (radionuclide, chelator/linker, labeling and

purification conditions) is as critical for successful imaging as selection of the affinity protein.

In conclusion, the current study demonstrates that the glutamate-containing (HX)s-tag, located in
the N-terminus, is the preferable choice for purification and labeling of affibody molecules with
[%¥™Tc(CO)s]*. The use of this tag can simplify development of affibody molecules for
radionuclide molecular imaging of avariety of molecular targets. It will hopefully aid in the

development of other scaffold proteins as well.
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EXPERIMENTAL SECTION

General

The purity of each peptide was analyzed by RP-HPLC on a Reprosil Gold 300 C18 column (4.6 x
250 mm, 3 ym particle size (Dr Maisch, Ammerbuch, Germany)) using a gradient of 20-50% B
(A: 0.1% trifluoroacetic acid (TFA) in H,O and B: 0.1% TFA in acetonitrile) over 20 minutes
using aflow rate of 1 mL/min. From each recorded chromatogram, the integrated peak area
corresponding to the affibody molecule at 220 nm was divided by to the area of al peaks using
Chemstation software (Agilent Technology) to measure the purity. The purity was found to be
>95% for al peptides. IsoLink kits were kindly provided by Covidien (Mansfield, MA, USA).
Buffers were prepared using common methods from chemicals supplied by Merck (Darmstadt,
Germany). High-quality Milli-Q water (resistance higher than 18 MQ/cm) was used for preparing
solutions. *™Tc was obtained as pertechnetate from an Ultra-TechneK ow generator (Covidien)
by elution with sterile 0.9 % NaCl. NAP-5 size exclusion columns were from GE Healthcare
(Uppsala, Sweden). 0.1 M phosphate buffered saline (PBS), pH 7.5 was prepared using common
methods. Cells used during in vitro experiments were detached using atrypsin-EDTA solution
(0.25% trypsin, 0.02% EDTA in buffer, Biochrom AG, Berlin, Germany). For in vivo
experiments Ketalar (50 mg/mL, Pfizer, NY, USA), Rompun (20 mg/mL, Bayer, Leverkusen,
Germany) and Heparin (5000 IE/mL, Leo Pharma, Copenhagen, Danmark) were used. Data on
cellular uptake and biodistribution were assessed by an unpaired, two-tailed t-test using
GraphPad Prism (version 4.00 for Windows GraphPad Software, San Diego, CA, USA) in order
to determine any significant differences (p<0.05). Radioactivity was measured using an
automated gamma-counter with a 3-inch Nal(T1) detector (1480 WIZARD, Wallac Oy, Turku,

Finland). The distribution of radioactivity aong thin layer chromatography strips and SDS-PAGE
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gels was measured on a Cyclone™ Storage Phosphor System and analyzed using the
OptiQuant™ image analysis software (PerkinElmer, Waltham, MA, USA).

The net charges of the tags at pH=7.0 were calculated at http://www.innovagen.se/custom-

pepti de-synthesi s/penti de-property-cal cul ator/peptide-property-cal cul ator.asp as described.® The

grand averages of hydrophathy (GRAV'Y -score) of the tags at pH=7.0 were calculated at

http://web.expasy.org/protparany/ using the methods described by Kyte et al.?

The gene coding for the affibody molecule Zery-340 Was PCR amplified using DNA primers
carrying overhang-extensions encoding the different (HX)s-tags, HHHHHH, HEHEHE,
HAHAHA, HKHKHK or HIHIHI. The resulting DNA fragments were cut with Hindll (New
England Biolabs, Ipswitch, MA, USA) and Ndel (New England Biolabs) followed by ligation
using T4 DNA ligase (New England Biolabs) into the protein expression vector pET21a(+)
(Novagen, Darmstadt, Germany). Correct DNA sequences were verified by DNA sequencing.
The different Zyero:342 Variants were produced in Escherichia coli strain BL21(DE3) after
inducing protein expression by adding isopropyl-f-D-1-thiogalactopyranoside (IPTG) to afinal
concentration of 1.0 mM. After 4 h of production (37°C, 125 rpm), cells were harvested by
centrifugation (2200xg, 10 min, 4°C), and resuspended in wash buffer (50 mM H,PO,, 300 mM
NaCl, pH 7.5). Cells were disrupted by sonication and cell debris was removed by centrifugation
(35 000xg, 20 min, 4°C). Finaly, the clarified cell lysate was filtered through a 0.45 pm filter
(Merck Millipore, Billerica, MA, USA), before applied onto a Talon metal affinity resin (BD
Bioscience, San Jose, CA, USA), except for (H1)s-Zner2342 Which was applied to a Ni**-chelating
sepharose resin (GE Healthcare). After extensive washing, the affibody variants were eluted

using elution buffer (50 mM NaAc, 300 mM NaCl, pH 5.0).
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The affibody constructs were further purified by reverse-phase high performance liquid
chromatography (RP-HPLC) on an Agilent 1200 instrument (Agilent Technology, Santa Clara,
CA, USA) using a Reprosil Gold 300 C18 column (10 x 250 mm, 5 uym particle size, Dr Maisch).
Elution was carried out by applying a gradient of 20-50% B (A: 0.1% TFA in H,O and B: 0.1%

TFA in acetonitrile) over 20 minutes using aflow rate of 2.5 mL/min.

Characterization of affibody molecules

The molecular masses of the Zyero:342 cOnstructs were determined on a 6520 Accurate-Mass Q-
TOF LC-MSinstrument (Agilent Technologies), using Agilent MassHunter software (Agilent
Technologies) to interpret the isotopic and charge state information. Variable temperature
measurements (VTM) were performed on a JASCO J-810 spectropolarimeter instrument
(JASCO, Tokyo, Japan). 60 uM of each affibody molecule, diluted in PBS was subjected to a
temperature gradient increasing 5°C/min from 20 to 90°C while measuring the signal at 221 nm.
To investigate the impact on secondary structure as a consequence of heat-treatment, circular
dichroism spectrafrom 250 to 195 nm were recorded at 20°C before and after heating to 90°C.
In order to determineif the (HX)s-tags’ composition and location influenced the binding affinity
of Zyero:342 t0 HER2, real-time biosensor analysis on a BIAcore3000 instrument (GE Healthcare)
was performed. 800 RU of the extracellular domain of HER2 fused to the Fc region of human
19G (R&D systems, Minneapolis, MN, USA) was immobilized on aflow-cell surface of aCM5
chip (GE Headlthcare) by amine coupling according to manufacturer’s recommendation. Asa
reference, another flow-cell surface was activated and deactivated without any immobilization. A
three-fold dilution series comprised of three different concentrations ranging between 10-1.1 nM

was prepared for each (HX)s-Znero:342 Variant. Samples were injected over the flow-cell using a
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flow rate of 50 uL/min with 5 min association and 20 min dissociation before regenerating the
flow-cell surfaces with 20 uL of 20 mM HCI. All concentrations were run in duplicates. The
association constant (ks), the dissociation constant (kg) and the equilibrium dissociation constant
(Kp), were retrieved using the BlAcore evaluation software Bl Aeval applying a global curve fit

and assuming a one-to-one interaction model.

L abeling of affibody molecules with [*™T¢(CO)3]*

Labeling of affibody molecules with [*™Tc(CO)s]* was performed as described earlier.**?
Briefly, 500 pL (350 MBg-2 GBq) of ®™cO,-containing generator eluate were added to avia
with the IsoLink kit. The mixture was incubated at 100°C for 20 min. Thereafter, 40 pL of
mixture was transferred to a tube containing 50 pg (~6.8 nmol) affibody moleculein 40 uL PBS
followed by incubation at 50°C. The labeling yield after incubation for 60 min was monitored by
ITLC. 1 pL samples were taken for analysis of the labeling yield using 150-771 DARK GREEN
strips eluted with PBS. When the ITLC strips were eluted with PBS, pertechnetate, as well as
carbonyl and histidine complexes of *™Tc migrated with the eluent front (R; =1.0), while
affibody molecules do not move under these conditions (Rs = 0.0). The experiments were
performed in quadruplicates. In addition, blank experiments were performed, where the affibody
molecules were omitted. The labeled affibody molecules were purified using NAP-5 desalting

columns (GE Healthcare), pre-equilibrated and eluted with PBS. The purity of each preparation

was evaluated using thin layer chromatography.

To evaluate the stability of the **™Tc-label, a histidine challenge of the conjugates was

performed.*® Samples of each labeled conjugate were incubated at 37°C with 5000-fold excess of
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histidine for 5 h. Control samples were incubated at 20°C in PBS. Thereafter, the samples were

analyzed using ITLC as described above.

Binding specificity of radiolabeled affibody moleculesto HER2-expressing cellsin vitro
The specificity of binding of the radiolabeled affibody molecules to HER2-expressing cellsin
vitro was evaluated as previously described.?’ The SKOV-3 ovarian carcinoma cell line
(American Type Tissue Culture Collection (ATCC) via LGC Promochem, Boras, Sweden) was
used for the test. Labeled conjugates were added to cell dishesin concentrations of 1 nM. To one
set of dishes non-labeled Zyerp-342 @ @ concentration of 0.5 uM was added 30 min before the
labeled conjugate to saturate receptors on cells. The total volume of solutionswas 1 mL and the
experiment was donein triplicates. Cells were incubated for 1 h at 37°C, after which the medium
was collected. The cells were washed once with cold serum-free medium, followed by
detachment with 0.5 mL trypsin-EDTA. The cells were subsequently resuspended in 0.5 mL
complete medium and collected. The radioactivity of the incubation medium and the cells was

measured and the percent of cell-bound radioactivity was determined for each set of samples.

In vivo studies
All animal experiments were planned and performed in accordance with the national legislation
on laboratory animals’ protection and were approved by the Local Ethics Committee for Animal

Research.

Female NMRI mice (18 weeks old, weight 24-29¢g) were used in the biodistribution studies. The

biodistribution of each conjugate was determined at 4 or 24 h after injection. A group of four
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mice was used for each data point. The animals were intravenously injected with 70 kBq (for
measurement at 4 h p.i.) or 640 kBq (for measurement at 24 h p.i.) of radiolabeled conjugate
diluted in 100 pL PBS. In each case, the injected protein dose was adjusted with non-labeled
affibody moleculeto 1 pg (0.12 nmol) per mouse. The mice were euthanized at 4 h or 24 h after
injection by an intraperitoneal injection of Ketalar Rompun solution (20 pL of solution per gram
body weight: Ketalar, 10 mg/mL; Rompun, 1 mg/mL) followed by heart puncture witha 1l mL
syringe rinsed with Heparine (5000 IE/mL). Blood and organ samples: lung, liver, spleen,
kidneys, muscle, bone, intestines (with content) and the remaining carcass were collected,
weighed and their radioactivity was measured. The organ uptake values are expressed as percent
of injected dose per gram of tissue (% 1D/g), except for the intestines and the remaining carcass

where values are expressed as % ID per whole sample.
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