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The coupling of polyethylene glycol (PEG) to proteins (PEGylation) has
become a standard method to prolong blood circulation of imaging
probes and other proteins, liposomes, and nanoparticles. However,
concerns have arisen about the safety of PEG, especially with respect
to its poor biodegradability and antibody formation, including new
evidence about preformed anti-PEG antibodies in a quarter of healthy
blood donors. Here, we apply a new hydrophilic polypeptide XTEN to
extend the blood half-life of an imaging probe. As an example, we
chose annexin A5 (AnxA5), a recombinant 35-kD protein extensively
used for the in vitro and in vivo detection of apoptosis, that has a blood
half-life of less than 7 min in mice, limiting its accumulation in target
tissues and therefore limiting its utility as an imaging reagent. Meth-
ods: The sequence of XTEN was developed by Volker Schellenberger
and colleagues by evolutionary in vitro optimization to yield PEG-like
properties but provides several key advantages in comparison to PEG.
The DNA of a 288-amino-acid version of XTEN with an additional N-
terminal cysteine for site-directed coupling was fused to AnxA5 (XTEN-
AnxA5). The fusion protein could be highly expressed in Escherichia
coli and efficiently purified using XTEN conveniently as a purification
tag. It was labeled with a thiol-reactive fluorescent dye and via a che-
lator with a radionuclide. Results: SPECT/CT imaging revealed a blood
half-life of about 1 h in mice, markedly longer than the 7-min blood
half-life for unmodified AnxA5, which should allow improved imaging of
target tissues with low perfusion. In comparison to AnxA5, XTEN-
AnxA5 demonstrated a substantially higher accumulation in tumors
under chemotherapy in near-infrared fluorescence imaging. Conclu-
sion: The presented method allows the expression and production of
high amounts of long-circulating XTEN-AnxA5 without the necessity of
PEGylation, thereby simplifying the synthesis while avoiding labeling-
induced inactivation of AnxA5 and potential adverse effects of PEG. It
is readily applicable to other recombinant protein or peptide-based
imaging probes and allows fine-tuning of the desired blood half-life,
because longer XTEN variants yield longer blood half-lives.
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The covalent coupling of polyethylene glycol (PEG), so-called
PEGylation, has been developed into a widely used technique to
prolong the half-life of proteins, peptides, liposomes, and nanopar-
ticles in the bloodstream. Commercial sources provide branched and
linear PEGs in numerous sizes with various reactive linker groups.
Because of the large hydrate shell of PEG, PEGylation can reduce the
immunogenicity and toxicity of the substances to which it is coupled
and decrease their clearance by renal filtration by exceeding the mo-
lecular size cutoff of the kidneys and preventing their degradation
through proteolytic enzymes and macrophages (/,2).

However, PEGylation has several disadvantages that are sum-
marized in Table 1: one major problem is that PEG is virtually not
biodegradable. Therefore, protein conjugates using PEG below the
kidney filtration cutoff (e.g., PEG with 5 kDa) are preferred and
considered safe if they are completely excreted. Although PEG
has very low immunogenicity and is considered nontoxic, some
animal studies have demonstrated that PEGylated proteins cause
renal vacuolation in mice (3) and antibody production against
PEG in mice (4,5) and dogs (6). Moreover, antibodies against
PEG were found not only in patients treated with PEGylated ther-
apeutics, but also in 22%-25% of healthy blood donors, up from
0.2% two decades ago, which could be the consequence of the in-
creasing use of PEG in cosmetics, therapeutics, and processed food.
These preformed antibodies could affect the therapeutic efficacy of
PEGylated drugs and impair their tolerance (4).

Recently, Schellenberger et al. have developed an alternative
technology based on new unstructured, hydrophilic polypeptides,
called XTEN (7), that can be fused to the proteins or peptides of
interest and expressed recombinantly, providing in the same manner
as PEG prolonged blood circulation, improved solubility, and sta-
bility of the fusion partner. Additionally, the XTEN technology
allows convenient expression and purification procedures and other
advantageous properties in comparison with PEG (Table 1). XTEN
consists exclusively of the 6 amino acids A, E, G, P, S, and Tand can
serve as a purification tag. The use of XTEN can reduce the number
of subsequent synthesis steps or even avoid them completely, for
example, by combination with fluorescent proteins instead of chem-
ical conjugation to fluorophores. Similar to PEG, XTEN binds
a large hydrodynamic shell and forms an expanded conformation
without fixed secondary or tertiary structures and is therefore heat-
resistant—a property that is partially transferred to the fused pro-
tein. In addition, the circulation half-life can be adapted by choosing
exactly defined lengths, which also simplifies the characterization of
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TABLE 1
Comparison of PEGylation and Recombinant Polypeptide XTEN

Properties PEGylation XTEN

Large hydrate shell 3 +

Increases blood half-life + +

Increases stability 4 +

Can be used as tag for protein purification - +

Chemical coupling is needed + -

Site-directed PEGylation to cysteine + Cysteine-free for other labels
Size distribution Heterogeneous Monodisperse

Biodegradable

This table was partially adapted from Schellenberger et al. (7).
+ = Yes; — = No.

+

the fusion products in contrast to the broad size distributions of
PEGylated proteins. So far, XTEN peptide has been shown to be
safe and nonimmunogenic in several animal species (7) and 2
XTEN-modified drugs have entered clinical phase I trials.

Annexin A5 (AnxA5) is a human protein (35 kDa) that has been
extensively used to detect phosphatidylserine-exposing cells (8),
for example, for detection of apoptosis and cell death, which is
altered in numerous diseases and treatments. Phosphatidylserines
switch from the inner to the outer leaflet of the cell membrane
within a few hours after initiating stimuli of apoptosis and other
cell conditions and represent a highly accessible target for AnxA5
with a strong binding affinity (9). Many variants of human
recombinant AnxAS5 have been developed as probes for various
imaging modalities, including MR imaging, optical imaging, ul-
trasound, and radionuclide-based imaging (/0—15). However, be-
cause of its small size, wild-type AnxAS is freely filtered by the
kidneys and thus has a blood half-life of less than 7 min in mice
(16). Therefore, target tissues with low perfusion rates might not
achieve sufficient probe concentration for imaging.

Here, we report about the new imaging probe XTEN-AnxAS,
a recombinant fusion protein containing human AnxAS extended by
a XTEN288 polypeptide, a variant of XTEN with 288 amino acids with
an additional cysteine for coupling of thiol-reactive labels (Fig. 1).

MATERIALS AND METHODS

Complete methods and any associated references are available in
the supplemental data (supplemental materials are available at http:/
jnm.snmjournals.org).

In addition, the chemicals are discussed in the supplemental data.

Expression and Purification of XTEN-AnxA5

To design the fusion protein, an XTEN sequence of 288 amino acids
(XTEN288) (7) was joined on to complementary DNA of the human
AnxAS gene (NP 1145.1). On the N terminus, 1 cysteine was added at
the first position to allow subsequent labeling with thiol-reactive fluoro-
phores or metal chelators for radioactive tracers. The endogenous cyste-
ine of AnxAS at position 316 was mutated to serine to avoid unspecific
labeling (/7). Two stop codons were added to eliminate C-terminal tag
expression of the plasmid. Gene synthesis of XTEN alone and XTEN-
AnxAS5 fusion and the subcloning of these sequences into a pET30a(+)
vector at Ndel and Xhol sites were performed by Genscript USA Inc.

Heat shock—competent Escherichia coli BL21(DE3) Gold Cells
(Agilent Technologies) were transformed with the pET30(+) plas-
mid—carrying sequence of the XTEN or fusion protein and spread to
grow on agar plates containing kanamycin (100 pg/mL). A single col-

ony was picked to produce 10 mL of culture overnight in LB (Luria-
Bertani) medium with the same concentration of antibiotic growing at
30°C. Further, the overnight culture was diluted 1:40 to inoculate 0.2 L
of MagicMedia (Life Technologies) E. coli expression medium as
a main culture. This culture was allowed to grow at 30°C, 300 rpm,
for 7 h and was further cultivated at 23°C for 24 h by 300-rpm shaking
intensity.

Bacterial cells were then collected by centrifugation, and 8 g of wet
cell pellet were lysed in 40 mL of BugBuster protein extraction
reagent containing Benzonase endonuclease (Merck) at the recom-
mended concentration and Proteinase Halt protease inhibitor cocktail

*Cys316 to Ser

M@ XTEN |
1 3

867 868 1

FIGURE 1. Models of XTEN-annexin A5. In schematic representation
of DNA sequence, Cys indicates cysteine-codon for thiol-directed label-
ing reactions, *Cys316 to Ser is mutation site to avoid unwanted
thiol reactions, and Ndel and Xhol are cloning sites. Molecular model
of protein starts with cysteine at N terminus (colored spheres) for thiol-
directed chemical linkages, followed by hydrophilic unstructured polypep-
tide XTEN288 (blue). C terminus includes AnxA5 (colored), with calcium
ions (gray) defining binding site to phosphatidylserine-exposing cell mem-
branes.
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measurements in comparison to the albumin
standard was calculated. The determination of
the factor of the XTEN polypeptide concentra-
tion, measured using a BCA assay, in compar-
e ison with the weight of lyophilized XTEN
polypeptide revealed a correction factor of 4.0
for XTEN288 and 1.4 for XTEN-AnxAS.

Western blotting analysis, high-performance
liquid chromatography (HPLC), and MALDI-
TOF/MS (matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry) are
described in the supplemental data.

62,479
(M, calc. 62,370)

Coupling of XTEN-AnxA5 with
Diethylene Triamine Pentaacetic Acid
(DTPA) and 6S-IDCC

Before labeling, 1,100 pL of XTEN-AnxAS
‘ with a concentration of 1.8 mg/mL was treated
with dithiothreitol (DTT) (10 mM final concen-
tration) to reduce potential cysteine dimers at
the N terminus. XTEN-AnxAS was therefore
incubated with DTT for 90 min at 37°C. To

80,000

FIGURE 2. Nonreducing PAGE, Western blotting, RP-HPLC, and MALDI-TOF/MS of XTEN-
AnxA5. (A) 4%- to 12%-gradient PAGE gel stained with Coomassie blue dye; lanes represent
protein weight marker 1, soluble fraction of E. coli lysate 2, products after first purification step
using weak anion exchange column 4, and second purification step using strong anion exchange
column 3. (B) Western blotting with antibodies against AnxA5 of wild-type AnxA5 7 and purified
XTEN-AnxA5 3, and protein weight marker 2. (C) RP-HPLC of purified XTEN-AnxA5 (retention
time = 13.6 min). (D) MALDI-TOF/MS of purified XTEN-AnxA5 (M* and M2 refer to singly and doubly

charged ionic species of XTEN-AnxA5, respectively).

(Thermo Fisher). Bacterial cell lysate was loaded onto a 50-mL weak
anion exchange column with diethylaminoethyl (DEAE) cellulose,
equilibrated with starting buffer (20 mM Tris, 50 mM NaCl, pH 6.8).
The protein of interest was eluted with a gradient to end buffer (20 mM
Tris, 0.5 M NaCl, pH 6.8) with a flow rate of 1 mL/min using a BioLogic
LP system (BioRad). The fractions containing the fusion protein were
determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Novex 4%—12% Bis-Tris gradient gel; Life Technologies)
with subsequent Coomassie Simply Blue SafeStain (Life Technologies)
and then pooled, and the elution buffer was exchanged to the equilibration
buffer (20 mM Tris, 50 mM NaCl, pH 6.8). The solution was loaded onto
a 50-mL strong anion exchange column with UnosphereQ (BioRad)
(equilibrated with 20 mM Tris, 50 mM NaCl, pH 6.8), and the protein
of interest was again eluted using a gradient to end buffer (20 mM Tris, 1
M NaCl, pH 6.8) with a flow rate of 1 mL/min. XTEN-AnxAS5 fractions
were selected as described above and then pooled, and the concentration
of NaCl in the buffer was increased to 3 M. This solution was added to
a 30-mL Octyl-Sepharose 4 Fast Flow (Sigma-Aldrich) hydrophobic in-
teraction column, which was equilibrated with high salt buffer (20 mM
Tris, 3 M NaCl, pH 7.5), and the desired protein was eluted using a de-
creasing gradient to end buffer (20 mM Tris, 135 mM NaCl, pH 7.5).
XTEN-AnxAS5 fractions were selected again as described above, then
pooled, and desalted against storing buffer (10 mM HEPES [(4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid)], 135 mM NaCl, pH
7.5). XTEN288 was expressed, purified, and analyzed as described by
Schellenberger et al. (7) (sequence in supplemental data). The protein
solution was passed through 0.22-pm filter devices, and concentrations
of XTEN and XTEN-AnxAS5 were measured using a bicinchoninic acid
protein assay.

Because XTEN lacks the amino acids tryptophan and tyrosine, which are
mainly responsible for the colorimetric reaction of the BCA assay,
a correction factor for XTEN and XTEN-AnxAS5 protein concentration
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remove DTT, the solution of reduced XTEN-
AnxA5 was dialyzed for 24 h at 4°C in
buffer containing 10 mM HEPES, 140 mM
NaCl, and 1 mM ethylenediaminetetraacetic
acid (EDTA), pH 7.4. Maleimide-DTPA or
the near-infrared fluorescence (NIRF) dye
maleimide-6S-IDCC (Emyg,, [maximal emis-
sion] = 695 nm, Exy,x [maximal excitation]
= 675 nm) was dissolved in water at a con-
centration of 10 g/l and then added to the
protein solution in a 20-fold molar excess. After a 24-h reaction time
at 4°C, unbound maleimide-DTPA or maleimide-6S-IDCC was re-
moved by 2 rounds of gel filtration using centrifugal spin columns with
BioGel P6. The labeling of AnxAS was done accordingly (6S-IDCC-
AnxAS5). BioGel (BioRad) P6 (10 mL) was equilibrated with 10 mM
HEPES, 140 mM NaCl, pH 7.4; centrifugation steps included 3 min
(first round) and 5 min (second round) at 1,500g. The final protein
concentration was determined by BCA protein assay. The labeling ratio
of protein with maleimide-6S-IDCC was calculated after measuring the
dye absorption at 675 nm (¢ = 240,000 M~ !cm™!). The labeling ratio
of the maleimide-DTPA was determined using complexation of Eu3™.
Unbound Eu3* was removed using centrifugal spin columns, and the
concentration of remaining Eu?* was calculated after measuring the
fluorescence of the europium chelate formed using an enhancer
solution (/8).

Labeling of XTEN-Anx-DTPA with 111In3+

XTEN-AnxA5-DTPA (121.2 pg, 52 nL) was mixed with 463 pL of
buffer (270 mM NaOAc/HOAc, 79 mM Gentisin, pH 5.0). The result-
ing solution was added to 500 L of '''InCl; solution (0.02 M HCI,
291 MBq, 157.3 ng of indium), thoroughly mixed, and incubated for
70 min at room temperature. Thereafter, the labeled protein was pu-
rified by 3 rounds of ultrafiltration with 10-kDa Amicon Ultra 0.5
Centrifugal Filters (Millipore) by adding 1 mL of buffer (10 mM
HEPES, 140 mM NaCl, pH 7.4) each time. The radioactivity of both
column and filtrate was measured after each step. The procedure
yielded 206 MBq of XTEN-AnxA5-!""In in 160 pL of buffer solution
(71% yield related to the used '''In3").

Flow cytometry and fluorescence microscopy imaging; calcium
titration curves of binding to aged red blood cells (RBC); and SPECT/
CT, NIRF imaging, and immunohistology are described in the
supplemental data.
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Molecular Modeling

The molecular model of XTEN-AnxAS5 was done using Pymol
(19) software and Marvin (ChemAxon Software) based on the se-
quence of the unstructured XTEN288 (7) and the crystal structure of
AnxAS5 (20).

RESULTS

Expression and Purification of XTEN-AnxA5 Fusion Protein

The designed gene sequence (Fig. 1; supplemental data) was subcl-
oned into a pET vector and expressed in E. coli using an adapted
protocol (described in the “Materials and Methods” section), resulting
in high expression of XTEN-AnxAS (Fig. 2A, whole-cell lysate). The
calculated molecular weight of XTEN-AnxA5 is 63 kDa, but it
migrates more slowly in SDS-PAGE (apparent molecular weight of
73 kDa), which is typical for XTEN fusion proteins (7) due to the
large hydrate shell of XTEN.

Because of its high content of negatively charged amino
acids, the unstructured chain of XTEN is highly suited to be
used as a tag for recombinant protein purification. The whole-
cell lysate, containing XTEN-AnxAS, was purified using weak
and strong anionic exchange columns equilibrated with low-salt
buffer, and the protein was eluted using a gradient with
increasing salt concentration. Two purification steps were
sufficient to remove host cell proteins, DNA, and possible
aggregates. After these 2 columns, there remained fragments of
XTEN-AnxAS, barely visible in Coomassie-stained SDS-PAGE
gel, that were identified via reversed-phase HPLC and had the
same retention time (5.1 min) as XTEN288, expressed and
purified under similar conditions (Supplemental Fig. 1). To
remove these incomplete XTEN fragments that did not contain
AnxAS, a third purification step with a hydrophobic interaction
column was performed. A sterile solution of XTEN-AnxAS in
storing buffer, showing good purity as a single band on a non-
reducing SDS-PAGE gel (Fig. 2A), was used for successive la-
beling procedures. After treatment with dithiothreitol to reduce
XTEN-AnxAS-thiol dimers and after all purification steps, an
HPLC analysis was done that showed a purity of 95% (Fig.
2C). The identity was further confirmed by mass spectroscopy,
giving a mass of 62.48 kDa, which for this size protein is within
the typical range of the calculated mass of 62.37 kDa (Fig. 2D).
After the expression and purification process, the final protein
yield was about 9 mg by BCA from 0.2 L bacterial culture. The
necessary BCA correction factor with 1.4 for XTEN-AnxA5 and
4.0 for XTEN was determined by weighing in lyophilized pro-
teins as described in the “Materials and Methods” section. Puri-
fied XTEN-AnxAS was further characterized by Western blotting
(Fig. 2B), showing that antibodies directed to wild-type AnxAS
labeled the fusion protein as well. The band of XTEN-AnxAS is
less intense than that of wild-type AnxAS5, which can be attrib-
uted to reduced binding of the antibody or reduced transfer to
the nitrocellulose membrane during Western blotting due to the
XTEN hydrate shell, as described for a Factor VII-XTEN fu-
sion protein (7).

Labeling of XTEN-AnxA5

XTEN-AnxAS was successfully coupled and purified with
either maleimide-DTPA for labeling with nuclear tracers or
with the NIRF dye maleimide-6S-IDCC for optical imaging.
The labeling efficiency of the resulting DTPA-XTEN-AnxAS
and 6S-IDCC-XTEN-AnxAS5 was 60% and 61%, respectively.

Fluorescence
Ex485/535 (AU)
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|

® cys-AnxA5
A XTEN-AnxA5
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FIGURE 3. Characterization of binding capabilities of XTEN-AnxA5
fusion protein to apoptotic cells. (A) Fluorescent microscopy of camp-
tothecin-treated Jurkat T cells double-stained with fluorescein-labeled
wild-type AnxA5 (green) and 6S-IDCC-labeled XTEN-AnxA5 fusion pro-
tein (red). Apoptotic cells are positive for both annexins, and nonapop-
totic cells are negative for both. (B) Calcium titration curves of binding of
FITC-labeled wt-AnxA5 (wild-type) in contrast to site-directed fluores-
cein-maleimide-labeled cys-AnxA5 and XTEN-AnxA5 to phosphatidyl-
serine-expressing RBC. AU = arbitrary units.

Binding of XTEN-AnxA5 Fusion Protein to
Phosphatidylserine-Presenting Cells

Camptothecin-treated Jurkat T cells with 49% apoptotic/dead
cells and control cells with 2% apoptotic/dead cells were incubated
with fluorescein isothiocyanate (FITC)-labeled wild-type AnxAS
and with 6S-IDCC-XTEN-AnxAS as a 1:1 mixture (Fig. 3A). Fluo-
rescence microscopy images of the cells directly after incubation
revealed that 6S-IDCC-XTEN-AnxAS5 (red) selectively binds to
apoptotic/dead cells in a manner similar to wild-type FITC-AnxA5
(green). Flow cytometry analysis of both cell groups confirmed
these results (Supplemental Fig. 2).

To assess the calcium-dependent binding affinity of XTEN-
AnxAS, we performed a calcium titration assay on phosphati-
dylserine-presenting aged RBC as described by Tait et al. (27)
and compared it with AnxAS5, a mutant of wild-type AnxAS5, that
has, like XTEN-AnxAS, an additional cysteine for site-directed
covalent labeling. The calcium-dependent half-maximal binding
of XTEN-AnxAS as shown in Figure 3B was at 1.73 mM CaCl,
(95% confidence interval, 1.62—1.83, hill slope 3.9), compared
with 1.54 mM CaCl, for AnxAS5 (95% confidence interval,
1.45-1.64, hill slope 3.6).
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XTEN-AnxAS5 demonstrated a significantly
higher tumor uptake than 6S-IDCC-
AnxAS, with respective values of 2.37 vs.
0.986 arbitrary units (n = 4 each, P =
0.03), which was even more pronounced
for tumor hot spot areas, with values of
3.80 vs. 1.36 arbitrary units (n = 4 each,
P = 0.03). Ex vivo fluorescence micros-
copy of the tumors demonstrated a higher
uptake for the long-circulating 6S-IDCC-
XTEN-AnxA5 accordingly. To confirm
that all tumors had similar levels of apo-
ptosis, immunohistology using antibodies
against activated caspase-3 was performed
on fixed frozen sections of all tumor
explants, with representative images shown
in Figure 6C.

Spleen

DISCUSSION
Liver The motivation for the present study was
Kidney to demonstrate that the short blood circu-
lation time of AnxAS as a typical small
L. ventricle protein—based imaging probe can be ex-
Brain tended by recombinant expression with
XTEN as an alternative to PEGylation
Muscle (22). We successfully adapted the method

of Schellenberger et al. (7) to design an
XTEN-AnxAS5 fusion protein with a cys-
teine coupling site and demonstrated its
biologic activity by flow cytometry and

FIGURE 4. SPECT/CT of '"In-labeled DTPA-XTEN-AnxA5 for determination of blood half-life.
(A) Maximal-intensity projections of mouse after injection of '''In-labeled XTEN-AnxA5 are shown
for 4 time points after injection. Blood half-life was determined to be 63 min (n = 5). (B) Time

course of in vivo distribution in several organs (mean, SEM).

Prolonged Circulation Time and Higher Tumor Uptake of
XTEN-AnxA5 Under Chemotherapy

DTPA-XTEN-AnxAS5, labeled with radioactive !!!In, was in-
jected intravenously and circulated for about 3 h in the vascular
system of the mice (Fig. 4). The blood half-life was calculated to
be 63.3 = 4.4 min (n = 5) from regions of interest located in the
left cardiac ventricle of the SPECT/CT images. Figure 4 shows the
in vivo time course of the tracer up to 1 d. The fusion protein was
cleared from blood by the spleen, liver, and kidneys.

The ex vivo biodistribution 1 d after injection confirmed these
results (Fig. 5). The highest indium-specific activity per gram of
tissue was detected in the spleen, liver, and kidneys. Unspecific
accumulation in other organs was low but was slightly elevated in
the gastrointestinal tract, which could be due to a naturally higher
cell turnover and apoptosis of the gut epithelium and lymphatic
system.

To test whether the prolonged blood half-life of XTEN-AnxAS
could improve target accumulation, we implanted tumor xeno-
grafts (EL4 cell line) into the flanks of immunodeficient nude mice
and treated them with etoposide and cyclophosphamide to induce
tumor apoptosis. The mice were injected intravenously the next
day with the NIRF-labeled probes 6S-IDCC-XTEN-AnxAS5 or 6S-
IDCC-AnxAS. Three hours after injection, the tumors were
imaged ex vivo together with other organs (Fig. 6). 6S-IDCC-
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fluorescence microscopy in vitro and its
extended blood half-life of 1 h, compared
with unmodified AnxAS, by nuclear imag-
ing. Similar to PEGylated AnxAS (22),
XTEN-AnxAS5 showed a reduced blood
clearance by the kidneys and an increased
blood clearance by the spleen and liver. The renal excretion should
decrease further, if longer XTEN variants would be attached to the
protein (7). Moreover, we could demonstrate that this longer cir-
culation time allows a higher accumulation in chemotherapy-treated
tumors of fluorescently labeled XTEN-AnxAS in comparison to sim-
ilarly labeled wild-type AnxAS, which could be partly due to a tar-
get-independent enhanced permeability and retention effect elicited
by the increased size of XTEN-AnxAS.

After chemical lysis of the E. coli culture, the lysate was puri-
fied by 2 successive anion exchange columns. This is possible
because XTEN has a high content of negatively charged glutamic
acid residues (17% of amino acids) and can therefore readily serve
as a powerful purification tag without the potential disadvantages
of other tags such as increased immunogenicity or necessity of
enzymatic removal.

Not removed by these columns were fractions of XTEN-
AnxAS, which behaved similarly to XTEN288 without AnxA5
fragments by comparison with independently expressed XTEN288
(Supplemental Fig. 1). XTEN alone is virtually not detectable in
Coomassie-stained protein gels and is underdetected by a factor of
4.0 in BCA assays, compared with albumin (see above).
XTEN288 is more visible in silver-stained protein gels and can
be detected in HPLC at 210 nm. These XTEN-like fragments
could be removed by a hydrophobic interaction column. This 3-
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FIGURE 5. EXx vivo tissue activity of ''In-DTPA-AnxA5-XTEN 1 d after
injection. XTEN-AnxA5 that was not excreted by kidneys mainly accu-
mulated in liver and spleen. Unspecific uptake in other organs
was minimal. Slightly higher uptake in gastrointestinal (Gl) tract might
be due to high cell turnover.

step chromatographic separation resulted in good purity of the
final product as determined by HPLC and MALDI-TOF/MS
(Fig. 2).

The selectivity of XTEN-AnxAS5 to apoptotic cells was
comparable to commercial AnxAS5-FITC, as demonstrated by fluores-
cence microscopy (Fig. 3A) and flow cytometry (Supplemental Fig. 2).
The calcium-dependent binding affinity to phosphatidylserine-present-
ing aged RBC (2/) of XTEN-AnxAS was similar to AnxAS5 (Fig. 3B),
confirming good binding properties of XTEN-AnxAS. Both proteins
were coupled site-directed with fluorescein maleimide at the singular
cysteines.

The blood half-life of 1 h in mice was within an expected range
when compared with other XTEN-fusion proteins (7) and mark-
edly longer than that of wild-type AnxAS. If required, it could
be further extended by fusing longer variants of XTEN (XTEN576
or XTEN864) or by tandem dimerization of the XTEN-AnxAS5
construct. These constructs could be useful to optimize the cir-
culation time or to perform AnxAS5 imaging under near-steady-
state conditions. Longer variants should have a further reduced
kidney clearance and hence increased clearance by liver and
spleen.

By using XTEN we were able to avoid several important
disadvantages of PEG (Table 1), among which safety and costs are
especially relevant with respect to clinical applications. First,
PEGylation adds a synthesis and purification step whereas XTEN
simplifies purification by serving as a tag. Second, PEGylation can
result in partial inactivation of the target protein, especially when
using amine-directed coupling (22), a complication to which
AnxAS is especially susceptible (23). Third, PEGylation often re-
sults in mixtures of proteins with zero-, one-, and multiple-coupled
PEGs, which are hard to separate (22), in addition to the fact that
PEQG is usually provided as a mixture of heterogeneous lengths (24).
In contrast, XTEN-coupled products are developed by genetic
fusion to a defined amino acid sequence that ensures a monodis-
perse final compound (Figs. 2C and 2D) without inactive variants
or free polypeptides, avoiding labor and potentially cost-intensive
coupling and purification procedures, compared with PEGylation.
This is especially important if a clinical application is intended.
The fact that the product is a single species, in contrast to the wide
mass distribution of PEGylated products, facilitates characterization
of the product itself or modifications by techniques such as MALDI-
TOF mass analysis, as demonstrated. Moreover, on the basis of a
mutated AnxA5 variant incapable of binding to phosphatidylserine-
exposing cells (25), an inactive control probe could be designed
with virtually the same mass, structure, and therefore blood half-

life to correct for biodistribution by simul-

w

XTEN-AnxA5

taneous application with XTEN-AnxAS.
Last, there are increasing safety con-
cerns about PEGylation. Recently, it has
been reported that PEGylated protein com-
plexes may dissociate in vivo, resulting in

E) 20 XTEN-AnxAS free PEG moieties circulating in the blood-

2 £ AnxAS stream and tissues (5). This finding raises

. 7 questions about potential long-term toxic-

g ; ity because PEG is nonbiodegradable (26).

g . In contrast, the XTEN sequence consists of

g natural amino acids and should be effi-

o\»& S S \'>“é @@ ciently biodégrade.d like_any othe?r protein

" < R & R « (7). As mentioned in the introduction, there

":“ .\é“o are new reports about circulating antibod-
<

ies against PEG in animals and patients
treated with PEGylated compounds. Spe-
cial attention should be given to a recent
report showing evidence that in about 25%

FIGURE 6. Comparison of NIRF imaging with XTEN-AnxA5 (upper) and AnxA5 (lower). (A) Ex
vivo NIRF imaging with 6S-IDCC-XTEN-AnxA5 and 6S-IDCC-AnxA5 3 h after intravenous injection
in tumor-bearing mice under chemotherapy. (B) Ex vivo NIRF microscopy confirmed higher up-
take of XTEN-AnxA5 than AnxA5. (C) Both tumor groups (n = 4 each) had similar areas of high
apoptosis as shown by immunohistology. Cell nuclei stained with Hoechst 33258 (blue), 6S-IDCC
(red), and activated caspase-3 (green). (D) Quantification of NIRF imaging revealed higher tumor
uptake for XTEN-AnxA5, especially in hot spot areas. K =kidney; L = liver; M = muscle; S =

spleen; T = tumor. AU = arbitrary units.

of healthy blood donors antibodies against
PEG can be detected, most likely induced
by the use of PEG-containing cosmetics,
drugs, or processed food. Preexisting anti-
bodies could induce faster degradation and
clearance of therapeutics from the blood,
thereby lowering the efficacy of PEGylated
products (4). Some reports indicate that
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significant accumulation PEGylated protein, occurring with long-
term treatment at high dosages, may increase the risk of liver tox-
icity (2). XTEN showed a low immunogenicity in animal models,
even in the presence of adjuvant (7). The risk of cross-reactivity or
autoimmune response appears to be minimal because the XTEN
sequence does not have any homology to known human endogenous
proteins (7,27,28).

In summary, long-circulating XTEN-AnxAS was successfully
expressed and purified with high yield to improve the detection
of apoptotic/dead cells in vivo. The N-terminal cysteine could be
effectively used for site-specific labeling with a thiol-reactive
NIRF dye for optical imaging or a DTPA chelator for nuclear
imaging. The fusion protein showed equivalent functionality for
binding to apoptotic cells as compared with AnxAS5 in vitro,
whereas the circulation time in the blood was markedly in-
creased to about 1 h, which could be optimal for many
applications. In vivo, this resulted in an increased probe
accumulation in tumors, compared with AnxAS5. The advantages
of XTEN-AnxAS5 need to be confirmed in future more compre-
hensive animal studies.

CONCLUSION

This new method of half-life extension demonstrates several im-
portant advantages over PEGylation, whose conception as a com-
pletely safe technique is recently being called into question. Di-
agnostic agents in particular require the highest safety standards,
because of their application to potentially healthy people, leading us
to believe that XTEN fusion is a promising alternative for the design
of long-circulating protein- or peptide-based imaging probes.
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