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Abstract

Previously, we used directed evolution to engineer mutants of the Ecballium elaterium trypsin
inhibitor (EETI-II) knottin that bind to a3 and a,fs integrin receptors with low nanomolar
affinity, and showed that Cy5.5- or 84Cu-DOTA-labeled knottin peptides could be used to image
integrin expression in mouse tumor models using near-infrared fluorescence (NIRF) imaging or
positron emission tomography (PET). Here, we report the development of a dual-labeled knottin
peptide conjugated to both NIRF and PET imaging agents for multimodality imaging in living
subjects. We created an orthogonally-protected peptide-based linker for stoichiometric coupling
of 64Cu-DOTA and Cy5.5 onto the knottin N-terminus, and confirmed that conjugation did not
affect binding to a\p3 and a,fs integrins. NIRF and PET imaging studies in tumor xenograft
models showed that Cy5.5 conjugation significantly increased kidney uptake and retention
compared to the knottin peptide labeled with 4Cu-DOTA alone. In the tumor, the dual-

labeled $4Cu-DOTA/Cy5.5 knottin probe showed decreased wash-out leading to significantly
better retention (p < 0.05) compared to the $4Cu-DOTA-labeled knottin probe. Tumor uptake was
significantly reduced (p < 0.05) when the dual-labeled probe was co-injected with an excess of
unlabeled competitor and when tested in a tumor model with lower levels of integrin expression.
Finally, plots of tumor-to-background tissue ratios for Cy5.5 versus $4Cu uptake were well
correlated over several time points post injection, demonstrating pharmacokinetic cross validation
of imaging labels. This dual-modality NIRF/PET imaging agent is promising for further
development in clinical applications where high sensitivity and high-resolution are desired, such
as detection of tumors located deep within the body and image-guided surgical resection.

Introduction

The formation of new blood vessels that enable tumor growth is mediated in part by the
differential expression or over-expression of various proteins. Among these are the integrin
receptors, a family of heterodimeric cell surface receptors that bind extracellular matrix
proteins to mediate cell attachment and signaling (1). There are currently over twenty
different integrin subtypes known. In particular, a,f3 and a,fs integrins have been shown to
be over-expressed on many different types of tumors and the tumor neovasculature (2, 3).
These integrins have been proposed to play a role in mediating tumor growth, angiogenesis,
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and metastasis, making them attractive targets for cancer therapy (4-6). In addition,
diagnostic agents are critically needed to monitor disease progression and to help identify
patients who will best respond to integrin-targeted treatments (7-9).

Multimodal molecular imaging has emerged as a powerful tool in cancer diagnosis,
treatment, and management as well as in drug development (10, 11). Many clinical and
preclinical imaging applications are based on positron emission tomography (PET), single-
photon emission computed tomography (SPECT), near-infrared fluorescence imaging
(NIRF), bioluminescence, magnetic resonance imaging (MRI), and ultrasound. Each
imaging modality has its own unique strengths and limitations, thus, combinations of
different imaging modalities are now being used to overcome these inherent limitations (10,
12). Dual-modality NIRF/PET tracers may find important clinical applications where high-
resolution optical imaging is coupled with the sensitivity of nuclear imaging. For example,
in tumor detection coupled with surgical procedures, the radionuclide component could
initially be used to accurately map lesions that have grown deep within the body. When the
radionuclide has sufficiently decayed, the optical mode could aid in image-guided surgery to
precisely verify tumor margins during and following resection, using a minimally-invasive
laparoscopic instrument equipped with a NIRF detection system.

In this study, we developed a dual-modality NIRF/PET imaging agent based on the
engineered integrin-binding knottin peptide 2.5D, which binds to a,3 and a5 integrin
receptors with high affinity (13). Cy5.5 and %4Cu-1,4,7,10-tetra-azacyclododecane-N,N’,N

” N”-tetraacetic acid (¥4Cu-DOTA), were both chemically conjugated to the knottin N-
terminus using a peptide-based linker that contained orthogonal protecting groups for
sequential and precise coupling. We measured the integrin binding affinity and specificity of
the dual-labeled $4Cu-DOTA/CyS5.5 knottin peptide compared to unlabeled knottin peptide
and peptides conjugated only to 84Cu-DOTA or Cy5.5. Next, we used NIRF and PET
imaging to evaluate tumor uptake, pharmacokinetics, and biodistribution of the dual-
labeled $4Cu-DOTA/Cy5.5 knottin peptide in human tumor xenograft models and compared
these results to imaging studies performed with knottin peptides conjugated to only to 84Cu-
DOTA or Cy5.5. Compared to 84Cu-DOTA, the hydrophobic Cy5.5 dye had a dramatic
effect on probe pharmacokinetics and tissue biodistribution, with robust imaging signals
lasting well beyond 24 hours. In addition to generating a dual-modality NIRF/PET imaging
agent, the cross-linking strategy presented here could be useful in creating other multimodal
imaging agents, as well as in creating molecules for theranostic applications that combine
imaging diagnostics with therapy.

Experimental Procedures

Materials, Cell Lines, and Reagents

All 9-fluorenylmethyloxycarbonyl (Fmoc) protected amino acids were purchased from
Novabiochem/EMD Chemicals Inc (La Jolla, CA) with the exception of Fmoc-N-¢-1-(4,4-
dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl-L-lysine (Fmoc-Lys(ivDde)-OH)
which was purchased from Bachem (Torrance, CA) and Fmoc-L-Tyr(tBu)-Wang Resin
which was purchased from CS Bio Company (Menlo Park, CA). The U87TMG human
glioblastoma cell line was obtained from American Type Culture Collection (Manassas,
VA). Detergent-solubilized a3, a\fs integrin receptors (both octyl-beta-D-
glucopyranoside formulations) and asf; integrin (Triton X-100 formulation) were purchased
from Millipore (Billerica, MA), and aijpB3 (Triton X-100 formulation) was purchased from
Enzyme Research Laboratories (South Bend, IN). 12°|-labeled echistatin and the backbone
cyclized pentapeptide c¢(RGDyK) were purchased from Amersham/GE Healthcare
(Piscataway, NJ), and Peptides International (Louisville, KY), respectively. Phosphate
buffered saline (PBS) was from Gibco/Invitrogen (Carlsbad, CA). All other chemicals were
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purchased from Thermo Fisher Scientific (Pittsburgh, PA) unless otherwise specified.
Integrin binding buffer (IBB) was composed of 25 mM Tris pH 7.4, 150 mM NaCl, 2mM
CaCl,, 1 mM MgCly, 1 mM MnCl,, and 0.1% bovine serum albumin (BSA).

Knottin Peptide Synthesis and Folding

Knottin peptides were synthesized on a CS Bio CS336 instrument using Fmoc-based solid
phase peptide synthesis with Rink amide resin (CS Bio Company). Fmoc groups were
removed with 20% piperidine in N,N-dimethylformamide (DMF). Amino acid coupling was
performed using HOBt/diisopropylcarbodiimide chemistry in DMF. After synthesis, side-
chain deprotection and resin cleavage was achieved by addition of a 94:2.5:2.5:1 (v/v)
mixture of trifluoroacetic acid(TFA):triisopropylsilane:ethanedithiol:water for 2 h at room
temperature. The crude product was precipitated with cold anhydrous diethyl ether, and
purified by reversed-phase HPLC using a Varian Prostar instrument and VVydac Cqg
columns. Linear gradients of 90% acetonitrile in water containing 0.1% (v/v) TFA were
used for all peptide purifications, which were monitored at an absorbance of 220 nm.
Peptide purity was analyzed by analytical scale reversed-phase HPLC using a VVydac Cqg
column. Molecular masses were determined by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) on a Perseptive Voyager-DE-RP
Biospectrometry instrument (Stanford Protein and Nucleic Acid facility). Folding reactions
were performed by incubating peptides with 2.5 mM reduced glutathione and 20%
dimethlysulfoxide (v/v) in 0.1 M ammonium bicarbonate, pH 9 with gentle rocking
overnight. The final oxidized product was purified by reversed-phase HPLC as described
above and lyophilized. Purified peptides were dissolved in water, and concentrations were
determined by amino acid analysis (AAA Service Laboratory, Damascus, OR). Peptide
purity and molecular masses were determined by analytical scale reversed-phase HPLC and
MALDI-TOF MS.

Synthesis of the Chemical Linker, Fmoc-Lys(ivDde)-Gly-Gly-Tyr-N-Hydroxysuccinimide

Ester

Fmoc-Lys(ivDde)-Gly-Gly-Tyr was synthesized as described above using a preloaded
Fmoc-L-Tyr(tBu)-Wang resin and Fmoc-Lys(ivDde)-OH. This peptide was cleaved from
the resin and was purified as described above, leaving the Fmoc and ivDde protecting
groups attached. The C-terminal carboxyl group of the peptide was activated as an NHS
ester by reaction with N, N’-dicyclohexylcarbodiimide (DCC; Pierce Chemical Company,
Rockford, IL) and N-hydroxysuccinimide (NHS) in DMF, and was purified by reversed-
phase HPLC to yield Fmoc-Lys(ivDde)-Gly-Gly-Tyr-NHS ester.

Chemical Conjugation of Cy5.5 and DOTA

Knottin peptide 2.5D was reacted with Fmoc-Lys(ivDde)-Gly-Gly-Tyr-NHS ester in DMF
containing 2% N,N-diisopropylethylamine (DIEA) to yield Fmoc-Lys(ivDde)-Gly-Gly-
Tyr-2.5D. The Fmoc-group was then removed by incubating this intermediate in DMF with
10% piperidine for 0.5 hr to yield NH,-Lys(ivDde)-Gly-Gly-Tyr-2.5D. This intermediate
was reacted with a 5-fold molar excess of an NHS ester-activated DOTA group (DOTA-
NHS ester; Macrocyclics, Dallas, TX) in DMF containing 2% DIEA for 0.5 hr to yield
DOTA-Lys(ivDde)-Gly-Gly-Tyr-2.5D. Next, the ivDde group was removed by incubation
in DMF containing 2% hydrazine (Alfa Aesar, Ward Hill, MA) for 0.5 hr at room
temperature. Finally, DOTA-Lys(NH,)-Gly-Gly-Tyr-2.5D was reacted with an excess of
Cy5.5-NHS ester (Amersham) in DMF containing 2% DIEA for 0.5 hr at room temperature
to yield DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D. Following each step, the intermediates were
purified by reversed-phase HPLC. Molecular masses were determined by MALDI-TOF MS
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and peptide products were analyzed by analytical scale reversed-phase HPLC as described
above (Supporting Information; Figure S1).

64Cu radiolabeling

For each radiolabeling reaction, approximately 10-25 jug DOTA-Lys(Cy5.5)-Gly-Gly-
Tyr-2.5D was incubated with 1-2 mCi 84CuCl, (University of Wisconsin-Madison,
Madison, WI) in 0.1 N sodium acetate (pH 6.3) for 1 hr at 42 °C. The reaction was
terminated with the addition of EDTA. 4Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D was
purified using a PD-10 column (Amersham Biosciences/GE Healthcare) and eluted with
PBS (pH 7.4), and passed through a 0.22 um filter for animal experiments. The
radiochemical purity, determined as the ratio of the main product peak to other peaks, was
determined by HPLC to be > 95%. The radiochemical yield, determined as the ratio of final
activity of the product over the starting activity used for the reaction, was usually over 80%.
The specific activity of the probe was ~500 Ci/mmol.

Cell Surface Integrin Receptor Binding and Uptake Assays

Solid Phase

Cell surface competition binding assays were performed as previously described (14, 15).
Briefly, 2 x 105 U87MG cells were incubated with 0.06 nM 125|-labeled echistatin
(Amersham) and varying concentrations of peptides in IBB at room temperature for 3 hr.
The cell-bound radioactivity remaining after washing was measured by scintillation
counting. Half-maximal inhibitory competition (ICsq) values were determined by non-linear
regression analysis using Kaleidagraph (Synergy Software), and are presented as the average
of experiments performed on three separate days.

For cell uptake studies, 5 x 10° U87MG or MDA-MB-435 cells were suspended in 50 jiL
IBB and incubated with $4Cu-DOTA/Cy5.5-2.5D (1.5 uCi/tube in 100uL IBB) with or
without 1 pg of c(RGDyK) at 37 °C for 30, 60, and 120 min. Cells were then washed three
times with chilled PBS and pelleted by centrifugation. The radioactivity of the cell pellet
was measured using a gamma counter (PerkinElmer 1470, Waltham, MA). Cell binding and
uptake of 84Cu-DOTA/Cy5.5-2.5D was expressed as the percentage of added radioactivity.
Experiments were performed in triplicate.

Integrin Receptor Competition Binding Assay

Integrin receptor competition binding assays were performed as previously described (15,
16). Briefly, detergent-solubilized a.B3, aPs, asPi, or ajipP3 integrin receptors were diluted
to a final concentration of 1 ug/mL in IBB, and 100 L aliquots were used to coat wells of
Maxisorb plates (NalgeNunc, Thermo Fisher Scientific), overnight at 4 °C. The wells were
washed and blocked with IBB containing 1% BSA for 2 h at room temperature. 1251-labeled
echistatin (0.06 nM) and varying concentrations of unlabeled peptides were incubated in the
wells for 3 hr at room temperature with gentle rocking, and washed 3 times in IBB. Plate-
bound radioactivity was solubilized with 200 pL of boiling 2N NaOH followed by gamma-
counting. Each data point represents the average value of triplicate wells, and error bars
represent the standard deviation.

Tumor Xenograft Models

UB7MG glioblastoma cells and MDA-MB-435 melanoma cells were maintained at 37 °C in
a humidified atmosphere containing 5% CO, in Dulbecco's Modified Eagle Medium or
Leibovitz L-15 Medium, respectively, containing 10% heat-inactivated fetal bovine serum
and penicillin-streptomycin (all from Invitrogen). Animal procedures were carried out
according to a protocol approved by Stanford University Administrative Panels on
Laboratory Animal Care. Female athymic nude mice (nu/nu), obtained at 4-6 weeks of age
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(Charles River Laboratories, Inc., Wilmington, MA), were injected subcutaneously in the
right or left shoulder with ~107 US7MG or 5 x 106 MDA-MB-435 cells suspended in 100
uL of PBS. Mice were used for in vivo imaging studies when their tumors reached
approximately 8 to 10 millimeters in diameter.

Near-Infrared Fluorescence and MicroPET Imaging of Tumor Xenografts

NIRF imaging was performed with an VIS 200 (Xenogen, Hopkinton, MA) as previously
described (14). Briefly, a Cy5.5 filter set was used and fluorescence emission was
normalized to photons per second per centimeter squared per steradian (p/s/cm?/sr). Images
were acquired and analyzed using Living Image 2.50.1 (Xenogen). For all experiments,
U87MG tumor-bearing mice (n = 3 for each probe) were injected via tail vein with ~1.5
nmol of probe in 100 pL PBS and imaged at various times post injection. Tumor contrast
was quantified by drawing identically-sized regions of interest (ROI) around the tumor and
background tissue located in the mouse's flank (average radiance, p/s/cm?/sr). Data points
represent the average tumor/tissue ratio for a group of three animals.

U87MG or MDA-MB-435 tumor-bearing mice (n = 3 or more for each probe) were injected
with ~100 pCi (~0.5 nmol) of probe via the tail vein and imaged with a microPET R4
rodent model scanner (Siemens Medical, Knoxville, TN) using 3 or 5 min static scans.
Images were reconstructed by a two dimensional ordered expectation maximum subset
algorithm and calibrated as previously described (17). ROIs were drawn over the tumor on
decay-corrected whole body images using ASIPro VM software (Siemens Medical). The
mean counts per pixel per minute were obtained from the ROI and converted to counts per
milliliter per minute with a calibration constant. ROIs were converted to counts/g/min, and
%ID/g values were determined assuming a tissue density of 1 g/mL. No attenuation
correction was performed. In NIRF and PET blocking experiments, mice were co-injected
with 330 pg (~0.5 umol) of unlabeled c¢(RGDyK). For whole animal NIRF/PET correlation
plots, the average tumor-to-background tissue ratios were determined using an ROl over
tumor tissue and dividing by an ROI over the thigh area for three mice per time point post
injection. Linear regression analysis in Microsoft Excel was used to determine the R? value,
and error bars represent the standard deviation.

In Vivo Biodistribution Studies

Anesthetized nude (nu/nu) mice bearing U87MG tumor xenografts were injected with ~100
nCi (~0.5 nmol) of 84Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D via the tail vein, and were
euthanized at 1, 4, and 24 hr post injection. Blood, bone, brain, heart, kidney, liver, lung,
muscle, pancreas, skin, spleen, and tumor tissue were removed and weighed. The
fluorescence flux (photons per second) or gamma emissions (counts per minute) of the tissue
were measured by fluorescence imaging or by gamma counting, respectively. For the
fluorescence component, the results are expressed as flux/gram of tissue and represent the
mean and standard deviation of experiments performed on three mice. Total flux was
determined for dissected tissue by drawing a ROI around the entire tissue and subtracting
the total background flux from an adjacent equally-sized ROI. For studies involving
radioactivity, the results were expressed as the percent injected dose per gram (%I1D/g) of
tissue and represent the mean and standard deviation of experiments performed on three
mice. For each mouse, the activity of tissue samples was calibrated against a pre-measured
aliquot of the radio-tracer and normalized to the whole bodyweight and to the residual
radioactivity present in the tail. For correlation analysis of biodistribution data from three
mice, average Cy5.5 tumor-to-tissue ratios were plotted versus average 84Cu tumor-to-tissue
ratios for 1, 4, and 24 hr time points. Linear regression analysis in Microsoft Excel was used
to determine the R? value, and error bars represent the standard deviation.
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In Vivo Metabolite Analysis

For metabolite analysis, anesthetized nude (nu/nu) mice bearing U87MG tumor xenografts
were injected with 200-400 j1Ci of 84Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D via the tail
vein, and were euthanized at 1, 4, or 24 hr post injection. Blood, liver, kidney and tumor
tissue were removed and suspended in ~500 pL PBS. An additional 500-1000 pl DMF was
added and the tissues were homogenized with a mortar and pestle. The homogenate was
filtered using a Costar Spin-X (Corning, Lowell, MA) 0.2 um nylon microcentrifuge filter to
isolate soluble metabolites. The filtrates were analyzed by reversed-phase HPLC. Eluted
fractions were collected in 30 sec intervals and a gamma counter was used to determine
counts per minute (cpm).

Statistical Analysis

Results

All data are presented as the average value + the SD of n independent measurements.
Statistical analysis for animal studies and binding studies were performed by two factor
ANOVA without replication analysis using Microsoft Excel. Significance was assigned for
p values of <0.05.

Synthesis and Characterization of a Knottin Peptide Conjugated to Both DOTA and Cy5.5

To create a dual-modality NIRF/PET imaging agent, we developed a chemical strategy to
couple both %4Cu-DOTA and Cy5.5 to an engineered knottin peptide (knottin 2.5D), which
binds to a,f3 and a,Bs integrin receptors with low nanomolar affinity (13). A peptide-based
linker (Fmoc-Lys(ivDde)-Gly-Gly-Tyr-NHS ester) enabled stochiometric chemical coupling
of these two different imaging labels specifically to the knottin N-terminus. The conjugation
chemistry is shown in Scheme 1. Fmoc-Lys(ivDde)-Gly-Gly-Tyr was first treated with
DCC/NHS to activate the C-terminal carboyxlate and generate a reactive succinimide ester
group. The tyrosine residue appeared to stabilize the succinimide ester intermediate and
afforded a convenient handle for peptide detection and quantification by absorbance at 280
nm. This linker was coupled to the N-terminus of knottin 2.5D through formation of a
peptide bond. The Fmoc and the ivDde groups were then selectively and sequentially
removed to allow precise coupling of DOTA to the N-terminal amine and Cy5.5 to the e-
amino group of the lysine residue. Each reaction intermediate was purified by reversed-
phase HPLC and the correct mass was verified by MALDI-TOF MS (Supporting
Information; Figure S1). To reduce sample loss associated with purification, we
subsequently found that the ivDde de-protection step could be performed in the same
reaction vessel used to couple the DOTA group. Next, the resulting integrin-binding knottin
bioconjugate (termed DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D) was radiolabeled with 64Cu
through chelation with the DOTA group. We measured the stability of $4Cu-DOTA-
Lys(Cy5.5)-Gly-Gly-Tyr-2.5D upon exposure to mouse serum. Radio-HPLC analysis
indicated minimal probe degradation after incubation in a solution of 50% mouse serum for
1 hr at 37 °C (Supporting Information; Figure S2). Degradation levels increased over time
and intact probe was unrecoverable after incubation in serum for 24 hr.

Binding of the DOTA/Cy5.5-Conjugated Knottin Peptide to Integrin-Expressing Tumor

Cells

To test if conjugation of Cy5.5 and DOTA to the knottin N-terminus affected its ability to
bind to integrin receptors, we measured the ability of DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D
to compete with 125]-labeled echistatin for binding to U87MG glioblastoma cells. Echistatin,
a polypeptide from snake venom, has a Kp of approximately 0.4 nM for a,f33 integrin (18).
For comparison, we also measured the relative binding affinities of knottin peptide 2.5D
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with DOTA or Cy5.5 groups conjugated directly to the N-terminus. All knottin peptides
were shown to bind in a dose-dependent matter to U87MG cells. The half-maximal
inhibitory concentration (ICsq) values of DOTA/Cy5.5-conjugated knottin 2.5D and
unlabeled knottin 2.5D were 30 £ 7 nM and 19 + 6 nM (15), respectively, which were not
statistically different (p < 0.23) (Table 1). In contrast, the relative binding affinities of
DOTA-conjugated knottin 2.5D (ICsg = 9 £ 3 nM), and Cy5.5-lableled knottin 2.5D (ICsq =
5 £ 1 nM) were statistically significant compared to DOTA/Cy5.5-conjugated knottin 2.5D
(p < 0.05). These results indicate that integrin binding affinity is relatively unaffected by the
addition of both Cy5.5 and DOTA through a flexible peptide linker. The binding isotherms
of all of these compounds are shown in Supporting Information Figure S3 to facilitate direct
comparison.

Integrin Binding Specificity of the DOTA/Cy5.5-Conjugated Knottin Peptide

We next tested whether conjugation of both Cy5.5 and DOTA to the N-terminus of knottin
2.5D affected its integrin binding specificity. Since U87MG cells have been shown to
express ayfs, and asfBq integrins in addition to a,f3 integrin (19), we measured integrin
binding specificity by competition of 125]-echistatin to detergent-solubilized ayB3, ayPs,
asPq, or ajipP3 integrin receptors coated onto microtiter plates. Unlabeled echistatin was
used as a positive control since it has been previously shown to bind to all four receptors
with high affinity (13, 20). DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D exhibited strong binding
to ayP3 and a,Ps5 integrins, modest binding to asPy integrin, and weak binding to ajpB3
integrin (Figure 1). In comparison, similar results were observed with unlabeled knottin
2.5D and DOTA-conjugated knottin 2.5D (15). However, knottin peptide 2.5D labeled
directly at its N-terminus with Cy5.5 showed increased binding to integrin receptors
compared to the other knottin peptides we tested (Table 1 and Figure 1). This increase in
binding was statistically significant for all data points compared to unlabeled knottin 2.5D (p
< 0.05), and could be due to the close proximity of the hydrophobic Cy5.5 dye molecule to
the integrin binding epitope. Interestingly, this effect was not observed with the dual-labeled
knottin, which has its Cy5.5 and DOTA groups conjugated through the peptide-based linker
and not directly at the knottin N-terminus (Figure 1). Cy5.5-labeled peptides, such as the
backbone cyclized pentapeptide c(RGDyK), have also shown increased integrin binding
affinities compared to unmodified compounds (14).

In Vivo Near-Infrared Fluorescence Imaging with the DOTA/Cy5.5-Conjugated Knottin

Peptide

We tested the ability of the DOTA/Cy5.5-labeled knottin peptide to target tumors in living
subjects to evaluate its potential as an in vivo molecular imaging agent. Figure 2A shows
typical NIRF images of athymic nude mice bearing subcutaneous U87MG glioblastoma
tumors after tail vein injection of 1.5 nmol of the DOTA/Cy5.5-conjugated knottin peptide.
DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D generated increasing tumor-to-background tissue
ratios of 2.96 + 0.42, 3.11 + 0.66, 3.60 + 0.84, and 4.04 + 0.34 at 1, 2, 4, and 24 hr post
injection, respectively (Figure 2C). In comparison, knottin peptide 2.5D labeled directly at
its N-terminus with Cy5.5 also generated similar signals 1, 2, and 4 hr post injection (2.09 £
0.61, 2.57 £ 0.79, and 3.99 + 0.55, respectively), which persisted at the 24 hr time point
(4.47 £ 0.39) (15). Co-injection of a molar excess of unlabeled c(RGDyK) significantly
decreased uptake of DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D, particularly at later time points
(p < 0.05) (Figure 2B). At 1 hr post injection, the tumor-to-background tissue ratio generated
by this mixture was 2.16 £ 0.15, and did not increase to any significant extent at later time
points (2.47 + 0.34 at 24 hr) (Figure 2C). This background signal is similar to that observed
in other studies with Cy5.5-labeled peptides, including a negative control Cy5.5-labeled
knottin peptide we previously tested (14, 15).
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MicroPET Imaging of UB7MG Xenografts with the 84Cu-DOTA/Cy5.5-Conjugated Knottin

Peptide

We tested the potential of the 84Cu-DOTA/Cy5.5-labeled knottin peptide for use as a PET
imaging probe in mice bearing U87MG human tumor xenografts. 54Cu-DOTA-Lys(Cy5.5)-
Gly-Gly-Tyr-2.5D rapidly accumulated at the tumor site and persisted there throughout the
course of the experiment (Figure 2D). We observed tumor uptake values of 4.27 + 0.46, 4.19
+0.36,4.52 £ 0.31 and 5.02 + 0.05 %ID/g at 1, 2, 4, and 24 hr post injection, respectively
(Figure 2F). In contrast, knottin peptide 2.5D labeled directly at its N-terminus with 64Cu-
DOTA generated similar tumor uptake values at the 1 hr time point (4.47 + 1.21 %ID/g), but
exhibited significantly faster wash-out (1.48 + 0.51 %ID/g at 24 hr). Tumor uptake of 84Cu-
DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D was significantly decreased (p < 0.05) by co-injection
of ~ 0.5 pmol of unlabeled c(RGDyK) (Figure 2E), resulting in values of approximately
1-1.5 %ID/g from 1 to 24 h post injection (Figure 2F).

A plot of tumor-to-background tissue ratios for NIRF versus PET imaging showed good
linear correlation (R2 = 0.85) over 1 - 24 hr, indicating that the two labels are effectively
delivered to the tumor, and can be detected by both imaging modalities over the time course
of the experiment (Figure 2G). A direct 1:1 correlation is not observed due to inherent
differences in the background tissue measured with each non-invasive in vivo imaging
technique. More specifically, although the depth of fluorescence light penetration is several
millimeters into the muscle, the background signal quantified by NIRF imaging results
mainly from high autofluorescence of the skin. In contrast, the background signal obtained
in microPET imaging is quantified on the muscle tissue.

Comparative Cell Uptake and MicroPET Imaging in MDA-MB-435 Xenografts

To further confirm integrin specificity, we tested binding and uptake of $4Cu-DOTA-
Lys(Cy5.5)-Gly-Gly-Tyr-2.5D in two cell lines: U87MG and MDA-MB-435, a melanoma
cell line which expresses 2 x 104 integrin receptors, compared to approximately 1 x 10°
integrin receptors expressed on U87MG cells (21). As expected, lower levels of probe
uptake was observed over time in MDA-MB-435 versus U87MG cells, correlating with their
lower levels of integrin receptor expression (Figure 3A). In both cell lines, binding and
uptake was blocked by addition of an excess of c(RGDyK). Consistent with these results,
tumor uptake of $4Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D in MDA-MB-435 xenograft
models was much lower compared to uptake in U87MG tumors, exhibiting values of 1.33 +
0.02 %ID/g and 1.01 £ 0.10 %ID/g at 1 and 24 hr post injection (Figure 3B). Furthermore,
MDA-MB-435 tumor uptake was significantly decreased to 0.82 + 0.05 %ID/g and 0.60 £
0.09 %ID/g at 1 and 24 hr post injection (p < 0.05) upon co-injection of a molar excess of
unlabeled c(RGDyK).

Biodistribution Studies of $4Cu-DOTA/Cy5.5- and DOTA/Cy5.5-Conjugated Knottin

Peptides

We determined the tissue biodistribution of DOTA/Cy5.5- and 84Cu-DOTA/Cy5.5-
conjugated knottin peptides in U87MG tumor-bearing mice using fluorescence and
radioactivity measurements. Mice were injected with DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D
and fluorescent images of individual organs were obtained at various time points. In these
studies, DOTA/Cy5.5-conjugated knottin 2.5D accumulated rapidly at the tumor site at early
time points and decreased over time with fluorescence flux/gram values of 373.1 + 111.3
and 146.1 £ 26.5 for 1 and 24 hr post injection, respectively (Figure 4A). Next, mice were
injected with 64Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D and individual organs were
analyzed by gamma counting. For tumor tissue, we observed biodistribution values of 3.24 +
0.87,5.64 +0.83 and 4.57 = 0.70 %ID/g at 1, 4, and 24 hr post injection, respectively
(Figure 4B). Higher liver uptake (~4-7 % ID/g at 1 and 4 hr) and kidney uptake (~80 %ID/
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g for 1-4 hr) were observed compared to other organs (Figure 4B and 5B). Kidney uptake
was reduced at 24 hr (~30 %ID/g) in both Cy5.5 and $4Cu biodistribution studies (Figure
5).

To further compare the DOTA/Cy5.5- and $4Cu-DOTA/Cy5.5-knottin biodistribution data,
tumor-to-tissue ratios were calculated (Figure 4C-D). In general, the tumor-to-blood and
tumor-to-muscle ratios were slightly higher for fluorescence imaging (Cy5.5 uptake)
compared to radioactivity measurements (84Cu uptake). This trend was also observed for the
tumor-to-tissue ratios for the liver, lung, and spleen. Plots of tumor-to-background tissue
ratios for Cy5.5 versus 84Cu uptake in various organs showed good correlation, with an
intercept of zero and R? values of 0.75, 0.83, and 0.82 for 1, 4, and 24 hr post injection,
respectively, demonstrating relatively uniform distribution of imaging labels in tumors and
off-target tissues (Supporting Information; Figure S4). The high tumor-to-blood ratios and
high tumor-to-muscle-ratios observed at 1, 4, and 24 hr post injection suggest that 54Cu-
DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D may be useful for whole body radiographic imaging
where the tumor signal is not obscured by a strongly emitting background signal from non-
targeted organs.

Metabolic Stability

Finally, we tested the in vivo stability of $4Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D. The
metabolic breakdown of probe was examined after recovery from whole mouse blood,
tumor, liver, and kidney 1 hr post injection. The radioactivity recovered in the soluble tissue
extract ranged from 50-80% compared to the insoluble cellular debris or pellet fraction. This
soluble extract was filtered and separated by reversed-phase HPLC, and fractions were
analyzed by gamma counting. The dual-labeled 84Cu-DOTA/Cy5.5 knottin peptide appeared
to have similar stability in serum and blood after 1 hr incubation (Figure 6 and Supporting
Information; Figure S2). In contrast, significant breakdown of probe was seen in the tumor,
and intact probe was not able to be recovered from the liver and kidney. In these samples,
metabolites with retention times between 3 to 6 minutes were present at high levels.

Discussion

A chemical cross-linking strategy was developed to couple two complementary molecular
imaging agents onto a disulfide-rich knottin peptide that has been engineered to bind to a,f3
and a,Bs integrins with high affinity. The folding of cystine knot peptides is highly
dependent on primary structure (22). We observed that simple N-terminal acetylation or
biotinylation of EETI-II severely affected its ability to properly fold, consistent with another
study on permutants of the cyclotide kalata B1 (23). These stringent folding requirements
dictated that all conjugation chemistry be performed in solution after the knottin was folded,
instead of using on-bead labeling of side-chain protected linear peptides immediately
following synthesis. Therefore, we used a cross-linking strategy that selectively and
sequentially exposed reactive groups for precise, stoichiometric coupling of both an optical
imaging dye and a radiochelator to the knottin N-terminus. The method we developed is
flexible, and can be used to accommodate a variety of imaging labels, therapeutics, or
pharmacokinetic modulators for diverse biomedical applications. Importantly, we
demonstrated that attachment of several chemical groups to the N-terminus of the
engineered EETI-II knottin peptide did not interfere with its ability to bind to integrin
receptors with high affinity.

Stability studies showed that the 4Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D probe is
relatively labile, both in high concentrations of serum and after injection into the body. This
breakdown is most likely due to proteolysis of the cross-linking moiety as we previously
showed that knottin peptide 4Cu-DOTA-2.5D exhibited only minimal fragmentation after
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incubation in serum for 24 h, and was recovered intact from the blood, tumor, and kidneys 1
hr after injection into mice (15). Given that similar maximal tumor uptake levels were
observed from 84Cu-DOTA-2.5D and $4Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D, this
proteolysis did not appear to affect its rapid tumor accumulation. However, degradation
could have influenced kidney uptake and retention of dye molecules or metals. Cross-linkers
composed of non-natural amino acids or peptoids may facilitate a more stable linkage (24).
In addition, the use of D-amino acids has been shown to stabilize a variety of imaging
peptides such as somatostatin (25). We are currently using these strategies to create more
stable cross-linkers for the development of theranostic agents that will apply molecular
imaging to quantify the delivery of cytotoxic drugs to tumors.

The use of a dual-labeled agent has distinct advantages as opposed to co-administering
separate single-labeled agents. Having both labels on the same affinity ligand allows
pharmacokinetic quantification of a single compound. This is beneficial because, as our
study showed, the hydrophobic Cy5.5 dye strongly influenced the pharmacokinetics and
tissue biodistribution of the radionuclide imaging agent. In addition, dual labeling allows
quantitative cross validation and direct comparison between nuclear and optical imaging
using an affinity ligand (26). Several groups have developed dual-labeled NIRF/SPECT
probes using near-infrared dyes and 111In or 99MT¢ radiolabels (26-31); these probes are
specific to a variety of disease targets and have been recently reviewed (32). Studies
describing chemically-defined, dual-labeled NIRF/PET probes have been more limited.
NIRF/PET probes have been developed by decorating quantum dots with tumor targeting
moieties and radiolabeling the resulting nanoparticles with 64Cu (33, 34). Compared to our
knottin peptides, these nanoparticles exhibited extremely high uptake in the liver, spleen,
lymph nodes, and bone marrow.

Addition of Cy5.5 had both a positive and negative effect on the pharmacokinetics and
biodistribution of the probe. In comparison to 84Cu-DOTA-2.5D, which rapidly washed out
of the tumor, 84Cu-DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D was significantly retained by the
tumor at later time points (Figure 2D). This tumor uptake was specific and mediated by
integrin receptors as demonstrated by blocking experiments with ¢(RGDyK), which interacts
with the same integrin binding site as the engineered knottin peptides (Figure 2), as well as
the lower levels of tumor uptake in MDA-MB-435 tumors, which express lower levels of
integrin receptors compared to U87MG tumors (Figure 3). Moreover, in previous studies we
used knottin peptides containing a scrambled sequence to validate the integrin binding
specificity of 54Cu-DOTA- and Cy5.5-labeled knottin probes (13, 15).

Cy5.5 rapidly accumulated in the kidneys over the course of the imaging experiments
(Figure 2A and 5A), consistent with the high levels of kidney uptake and retention we
observed with knottin peptide 2.5D labeled only with Cy5.5 (15). In our previous studies,
the kidney uptake for 84Cu-DOTA-2.5D was 8.08 + 0.67, 2.69 + 0.48, and 1.25 + 0.11 %ID/
g at 1, 4, and 24 hr post injection, respectively (15). In contrast, kidney uptake for 84Cu-
DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D was 78.4 + 13.9 and 80.9 + 14.9 %ID/g for 1 hr and 4
hr post injection; however, after 24 hr the radioactivity in the kidneys decreased to 32.2 £
2.2 %ID/g, suggesting that 54Cu metabolites are cleared by the kidneys at later time points.
This decrease in kidney signal is not due to the short half-life of $4Cu (12.7 hr), as the data
has been normalized to account for radioactive decay. Liver uptake (~ 4-7 %ID/g at 1-24 hr
post injection) was also higher then previously observed for #4Cu-DOTA-2.5D, in which
values of ~1-2 %ID/g were observed 1 to 4 hr post injection. Increased liver and kidney
uptake may preclude the use of this probe to identify lesions located in the abdomen;
however, the spatial resolution of PET imaging, which is in the millimeter range, may allow
identification of small lesions in close proximity to these organs. In addition, while kidney
uptake and retention was high from Cy5.5-labeled probes, in future studies the use of
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alternate fluorescent dyes with more favorable biodistribution properties may help address
this issue. Small amounts of probe are used for imaging applications, thus, we do not expect
this probe to be immunogenic. However, as with any new compound intended for clinical
use, this will have to be determined empirically.

In summary, the cross-linking strategy we describe here has broad applicability for site-
specific coupling of two different imaging labels, or an imaging label and a therapeutic
moiety, to knottin peptides for cancer diagnosis or therapy, or both. Conjugation of a tumor-
specific knottin peptide to both a PET imaging agent and a chemotherapeutic agent could
allow simultaneous and quantitative measurement of biodistribution and pharmacokinetics,
drug delivery to tumors, and tumor response during the course of treatment. Moreover,
different combinations of imaging labels may yield additional or unique information during
a multimodal scan. The molecular tools developed here will allow research in these areas to
be explored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

EETI-II Ecballium elaterium trypsin inhibitor

DOTA 1,4,7,10-tetra-azacyclododecane-N,N’,N”,N"-tetraacetic acid
NIRF near-infrared fluorescence

PET positron emission tomography

RGD arginine-glycine-aspartic acid

SPECT single-photon emission computed tomography
MRI magnetic resonance imaging

CT computed tomography

Fmoc 9-fluorenylmethyloxycarbonyl

PBS phosphate buffered saline

IBB integrin binding buffer

BSA bovine serum albumin

DMF N,N-dimethylformamide

TFA trifluoroacetic acid

HPLC high pressure liquid chromatography
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MALDI-TOF MS matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry
DCC N,N'-dicyclohexylcarbodiimide
NHS N-hydroxysuccinimide
DIEA N,N-diisopropylethylamine
ROI region of interest.
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Figure 1.

Competition binding of peptides to surface-immobilized integrins. 1251-labeled echistatin
was allowed to compete for binding with 5 nM (black bars) or 50 nM (grey bars) unlabeled
peptides to detergent-solubilized integrin receptor subtypes a,f3, ayfs, asp1, and aiipBs.
Unlabeled echistatin, which binds to all four integrins with high affinity, was used as a
positive control. Error bars represent the standard deviation of measurements performed in
triplicate.
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Figure2.

NIRF and microPET imaging of knottin probes in murine human tumor xenograft models.
Mice bearing U87MG tumors were injected via tail vein with either (A) 1.5 nmol of DOTA/
Cy5.5-2.5D, or (D) ~ 100 puCi of 84Cu-DOTA/Cy5.5-2.5D. For blocking experiments (B,
E), mice were co-injected with an excess (0.5 pmol) of unlabeled c(RGDyK) in addition to
labeled knottin peptides. Representative images are shown at 1, 2, 4, and 24 hr post
injection. T=tumor; K= kidney; Bd= bladder; L= liver. (C) NIRF imaging, represented as
the tumor-to-background tissue (Tumor/Tissue) ratio for Cy5.5-2.5D (white bars), DOTA/
Cy5.5-2.5D (black bars), and DOTA/Cy5.5-2.5D plus excess unlabeled c(RGDyK) blocking
peptide (grey bars). (F) MicroPET imaging, quantified as the % ID/g of 84Cu-DOTA-2.5D
(white bars) 84Cu-DOTA/Cy5.5-2.5D (black bars), and 84Cu-DOTA/Cy5.5-2.5D plus an
excess of unlabeled ¢(RGDyK) blocking peptide (grey bars). Error bars represent the SD of
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measurements performed on at least three mice. (G) Correlation analysis of average tumor to

background tissue ratios for NIRF and microPET images acquired at 1, 2, 4, and 24 hr post
injection. Error bars represent the SD of measurements in three mice. (* p < 0.05).
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Figure 3.

Uptake and imaging in MDA-MB-435 cells and xenograft tumors. (A) Uptake of 84Cu-
DOTA/Cy5.5-2.5D in U87TMG or MDA-MB-435 cells at 0.5, 1, and 2 hr. Blocking studies,
indicated by “block”, were performed in parallel using a large molar excess of c(RGDyK).
(B) MicroPET images of mice bearing subcutaneous MDA-MB-435 tumors at 1 hr and 24
hr post injection. Blocking experiments with unlabeled c¢(RGDyK) were performed to
further demonstrate probe specificity.
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Figure4.

Comparison of Cy5.5 and 84Cu tissue biodistribution. The amount of (A) DOTA/
Cy5.5-2.5D or (B) $4Cu-DOTA/Cy5.5-2.5D accumulation was measured in the blood (BI),
heart (H), liver (Li), lung (Lu), muscle (M), spleen (Sp), brain (Br), tumor (T), skin (SK),
pancreas (P), and bone (Bn). (A) Cy5.5 uptake, measured as the fluorescence flux (photons
per second) per gram of tissue. (B) 54Cu uptake, quantified as the %ID/g. Comparison of
Tumor/Tissue ratios observed at 1, 4, and 24 hr post injection for (C) DOTA/Cy5.5-2.5D or
(D) %4Cu-DOTA/Cy5.5-2.5D.
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Figure5.

Comparison of Cy5.5 and 64Cu accumulation in the kidney. Uptake of Cy5.5 resulting from
injection of DOTA/Cy5.5-2.5D (left panel) was measured as the fluorescence flux (photons
per second) per gram of tissue. Uptake of $4Cu-DOTA/Cy5.5-2.5D (right panel) was
quantified as the %ID/g.
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Figure®6.

Radioaclivity (counts per minute}

b, i TRC Y o ¥ J\._,-._Afﬁa\'\n-

[ EY [ s [t} = ™ F 0 ”

Time (min)

Page 20

In vivo metabolic stability of 54Cu-DOTA/Cy5.5-2.5D. Homogenized tissues were analyzed
by radio-HPLC and gamma counting 1 hr post injection. The intact radiotracer elutes at

around 27 minutes.
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Fmoc-Lys(ivDde)-Gly-Gly-Tyr-2.5D
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Scheme 1.
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Chemical conjugation of DOTA and Cy5.5 to knottin peptide 2.5D. The peptide-based
crosslinker Fmoc-Lys(ivDde)-Gly-Gly-Tyr was first synthesized and coupled to the N-
terminus of the folded knottin peptide 2.5D using succinimide ester activation chemistry.
Next, the Fmoc group was removed from the N-terminus of the crosslinker (i: 10%
piperidine/DMF, 0.5 hr, RT), and the resulting compound was reacted with a 5-fold molar
excess of an NHS ester-activated DOTA group (ii: DMF/2% DIEA, 0.5 hr, RT) to generate
DOTA-Lys(ivDde)-Gly-Gly-Tyr-2.5D. Finally, the ivDde group was removed from the e-
amino group of Lys (iii: 2% hydrazine/DMF, 0.5 hr, RT) and the resulting compound was
reacted with Cy5.5 NHS ester (iv: DMF/2% DIEA, 0.5 hr, RT) to give the final product:
DOTA-Lys(Cy5.5)-Gly-Gly-Tyr-2.5D, which was used for NIRF imaging experiments, or
radiolabeled with 84Cu and used for PET imaging experiments.
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Table 1
U87MG cell binding data, reported as | Cgg values
Ligand 1Cso
Echistatin 4+1nM"
Knottin 2.5D 19+ 6nM
Cy5.5-2.5D 5+1 nM*
DOTA-2.5D 9+3nMm*

DOTA/Cy5.5-25D 30+ 7nM

*

Difference compared to DOTA/Cy5.5-2.5D is statistically significant (p < 0.05)
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