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Antibody-based dual-modality (PET/fluorescence) imaging enables
both presurgery antigen-specific immuno-PET for noninvasive
whole-body evaluation and intraoperative fluorescence for visu-
alization of superficial tissue layers for image-guided surgery.
Methods: We developed a universal dual-modality linker (DML)
that facilitates site-specific conjugation to a cysteine residue—
bearing antibody fragment, introduction of a commercially avail-
able fluorescent dye (via an amine-reactive prosthetic group),
and rapid and efficient radiolabeling via click chemistry with 8F-labeled
trans-cyclooctene ('8F-TCO). To generate a dual-modality antibody
fragment-based imaging agent, the DML was labeled with the far-
red dye sulfonate cyanine 5 (sCy5), site-specifically conjugated to
the C-terminal cysteine of the anti-prostate stem cell antigen
(PSCA) cys-diabody A2, and subsequently radiolabeled by click
chemistry with '8F-TCO. The new imaging probe was evalu-
ated in a human PSCA-positive prostate cancer xenograft
model by sequential immuno-PET and optical imaging. Uptake
in target tissues was confirmed by ex vivo biodistribution. Re-
sults: We successfully synthesized a DML for conjugation of a
fluorescent dye and '8F. The anti-PSCA cys-diabody A2 was
site-specifically conjugated with either DML or sCy5 and radio-
labeled via click chemistry with 18F-TCO. Immuno-PET imaging
confirmed in vivo antigen-specific targeting of prostate cancer xe-
nografts as early as 1 h after injection. Rapid renal clearance of
the 50-kDa antibody fragment enables same-day imaging. Opti-
cal imaging showed antigen-specific fluorescent signal in PSCA-
positive xenografts and high contrast to surrounding tissue
and PSCA-negative xenografts. Conclusion: The DML en-
ables site-specific conjugation away from the antigen-binding
site of antibody fragments, with a controlled linker-to-protein
ratio, and combines signaling moieties for 2 imaging systems
into 1 molecule. Dual-modality imaging could provide both
noninvasive whole-body imaging with organ-level biodistribu-
tion and fluorescence image—guided identification of tumor
margins during surgery.
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Although a variety of molecular imaging modalities is available,
no single one provides overall structural, functional, and molecular
information. Combining 2 signaling moieties in 1 molecule can pro-
vide complementary imaging applications; therefore, targeted multi-
modality imaging and theranostics approaches are becoming more
popular (/). Ideally, dual-modality imaging would facilitate whole-
body imaging for staging and surgical planning, as well as real-time
imaging for guided surgery, and could improve patient outcomes,
especially in cancers with curative surgery as the primary treatment
option (e.g., prostate or pancreatic cancer) (2,3). One promising
combination is dual-modality PET and fluorescence imaging, which
enables a preoperative whole-body evaluation of tumor location and
burden and fluorescence imaging guidance to identify positive tumor
margins or local metastases (fluorescence image—guided surgery).

Targeted dual-modality imaging requires selecting a favorable
combination of radionuclide and fluorescent dye, an antigen-specific
targeting moiety with suitable pharmacokinetics for imaging, and
a conjugation technique that results in a predictable and consistent
product (/,4).

Monoclonal antibodies show high antigen specificity and affinity,
making them valuable targeting vectors both for imaging and for
therapy. IgGs contain numerous reactive amino acids available for
conjugation to chelators or radionuclides and fluorescent dyes, and
a variety of therapeutic monoclonal antibodies against tumor targets
(e.g., epidermal growth factor receptor, human epidermal growth
factor receptor 2, CD20, epithelial cellular adhesion molecule, and
prostate-specific membrane antigen) have been studied as dual-
modality imaging agents for preclinical imaging (/,5). Major dis-
advantages of using full-length IgGs for imaging are the long
half-life, delaying imaging (4—6 d after injection), and unwanted
biologic effects mediated by the Fc portion.

However, antibodies can be engineered into smaller fragments
with optimized pharmacokinetics, such as diabodies (scFv dimer,
~50 kDa) that exhibit rapid localization to antigen-expressing
tumor tissue (peak uptake, 1-2 h after injection) and sufficient
clearance from normal tissues and blood pool (half-life, 2-5 h in
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mice) to facilitate high-contrast imaging within a few hours after
tracer injection (6). Removal of the Fc domain eliminates interac-
tion with the immune system and FcRn recycling, resulting in
biologic inertness. Diabodies can be further engineered to contain
C-terminal cysteine residues (cys-diabody, cDb) that enable site-specific
conjugation opposite from the antigen-binding site through thiol-reactive
groups (7). Site-specific labeling results in more homogeneous and
better defined constructs, prevents interference with antigen bind-
ing, and allows a precisely controlled load-to-protein ratio (8).

Fluorescence image guidance during surgery has become avail-
able for clinical trials because of specialized intraoperative imaging
systems with acquisition times that enable real-time imaging (9,10).
Most antibody-based probes in clinical trials use near-infrared fluo-
rescent dyes (~700-1,000 nm), such as IRDye800CW, because
tissue exhibits almost no autofluorescence in the near-infrared
fluorescent spectrum and near-infrared fluorescent light can be
detected at a tissue depth of millimeters (/7).

We have previously targeted the anti-prostate stem cell antigen
(PSCA) for dual-modality imaging of prostate and pancreatic
cancer by conjugating the cys-minibody AllcMb and the cDb A2
(A2cDb) with near-infrared fluorescent dyes (Cy5.5 or IRDye800CW,
site-specifically) and 2*I or 8Zr (random labeling to tyrosine or lysine
residues, respectively) (/2,13). However, we believe that the antibody
fragment—based dual-modality imaging approach can be improved
by choosing a more favorable fluorescent dye, positron emitter,
and conjugation method.

The far-red dye sulfonate cyanine 5 (sCyS5; excitation, 646 nm;
emission, 662 nm) offers an attractive alternative to IRDye800CW
for conjugation to smaller antibody fragments, adding less molecular
weight (~780 Da) and less charge (net charge, —1) and allowing
conjugation in aqueous solutions. The high absorption coefficient
and reasonable quantum yield (0.27) result in excellent brightness.
Furthermore, cyanine-based dyes are residualizing, and the significant
retention in cells (several days) extends the detection window for
the fluorescent signal (/4,15).

The fast pharmacokinetics of the cDb format align with the
half-life of !8F (half-life, 110 min), which offers excellent imaging
properties (97% positron emission or Bt decay, mean positron
range of 0.6 mm). Because '8F is widely available and '8F-FDG
is commonly used, clinicians are accustomed to both acquisition
and interpretation of '3F-FDG PET scans, and transitioning toward
I8F_labeled diabody scans should be straightforward.

The conjugation of short-lived radionuclides is complicated by
elaborate procedures under time constraints and conditions that
might damage the protein or the fluorescent dye. Rapid bioorthogonal
reactions with high second-order rate constants (click chemistry)
could overcome these challenges for '8F-labeling of proteins (16).
The inverse electron demand [4 + 2] Diels-Alder (IEDDA) reaction
between 1,2,4,5-tetrazines and trans-cyclooctene (TCO) is an extremely
rapid cycloaddition, proceeds without a catalyst, and is effective
under mild conditions (neutral pH, room temperature) (17,18).

We developed a universal multifunctional dual-modality linker
(DML) to enable site-specific conjugation to engineered cysteine
residues, conjugation of fluorescent dyes via amine-reactive groups
and rapid '8F-labeling via click chemistry. To generate a dual-modality
antibody-based imaging agent, the DML was labeled with sCyS5,
site-specifically conjugated to the C-terminal cysteine of A2¢Db,
and subsequently radiolabeled by click chemistry with '¥F-TCO.
The new imaging probe ('F-DMLsCy5-A2cDb) was evaluated in a
human PSCA-positive prostate cancer xenograft model by sequential
immuno-PET and optical imaging.
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MATERIALS AND METHODS

DML Synthesis

A detailed description of the linker synthesis can be found in the
supplemental materials (available at http:/jnm.snmjournals.org). In
short, the linker scaffold was prepared by conjugation of mal-amido-
PEG,-N-hydroxysuccinimide (NHS) (Broadpharm) with N-a-fert-
butyloxycarbonyl-L-lysine (Combi-Blocks). Subsequent introduction
of an amino-functionalized tetrazine moiety via peptide coupling,
removal of the fert-butyloxycarbonyl protecting group from L-lysine,
and coupling of the amine-reactive sulfo-cyanine5 NHS ester (Lumiprobe)
concluded the synthesis of DML-sCy5. The purity was assessed by high-
performance liquid chromatography and the identity confirmed by
electrospray ionization—mass spectrometry.

Site-Specific Conjugation of the DML to A2cDb

Generation and production of the anti-PSCA cDb 2B3 A2 (A2cDb)
were previously described (/9,20). DML or DML-sCyS5 (a 3- to 5-fold
molar excess) was incubated with reduced (tris(2-carboxyethyl)phos-
phine, 1 h, 22°C) A2c¢Db (100 g/50 pL) for 2 h at room temperature
or overnight at 4°C. Conjugates were separated from excess linker
using Micro Bio-Spin size-exclusion columns (BioRad) preblocked
with phosphate-buffered saline and 1% fetal bovine serum. Dye-to-
protein (D/P) ratio was determined by measuring protein (280 nm) and
dye (650 nm, correction factor of 0.04) concentration on a NanoDrop
2000 (Thermo Fisher Scientific).

Conjugates were analyzed by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and by size-exclusion chromatography using a
Superdex-75 HR10/30 column in an Akta purifier (GE Healthcare).

Binding to human PSCA-expressing prostate cancer cells (22Rv1-
PSCA) was analyzed by flow cytometry (27). Cells were incubated
with serial dilutions of A2cDb-DMLsCy5 for 2 h at 4°C and, after
washing, were analyzed using an LSRFortessa X-20 Sorp (BD Bio-
sciences). Data were analyzed using FlowJo (version 9.3.2) and were
fitted to a 1-site-saturation binding model in Prism 7 (GraphPad Soft-
ware, Inc.). The apparent affinity was calculated from 3 independent
binding curves.

Radiosynthesis of 18F-TCO and Radiolabeling of
A2cDb-DML by Click Chemistry

I8F-TCO was synthesized using the Elixys Flex/Chem automated
radiochemical synthesizer (Sofie Biosciences) and eluted in dimethyl
sulfoxide:0.5% sodium-ascorbate solution 1:1 (v/v) as previously de-
scribed (22). More details can be found in the supplemental materials
(22-24).

IBF.-TCO (37-111 MBq) was added to A2cDb-DML or A2cDb-
DMLsCy5 (100-300 g in phosphate-buffered saline) to a final dimethyl
sulfoxide concentration of 10% and incubated at room temperature for
10 min. Labeling efficiency was determined by instant thin-layer chro-
matography (instant thin-layer chromatography strips for monoclonal
antibody preparation; Biodex Medical Systems) with acetonitrile as
the solvent and y-counted in a Wizard 3’ 1480 automatic y-counter
(Perkin Elmer). Radiolabeled antibody fragments were purified using
Micro Bio-Spin columns, and radiochemical purity was determined by
instant thin-layer chromatography as described above. The immunoreac-
tive fraction was determined by incubating a trace amount (<0.5 pmol)
of '8F-DML-A2cDb with excess antigen-expressing cells (22Rv1-
PSCA) for 1 h at room temperature and y-counting supernatant versus
cell-bound activity.

Prostate Cancer Xenograft Mouse Model (22Rv1-PSCA)

All procedures performed involving animals were approved by the
UCLA Chancellor’s Animal Research Committee.

Cell lines 22Rv1 and 22Rv1-PSCA were cultured in RPMI1640 and
10% fetal bovine serum (21/), and tumors were inoculated subcutaneously
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FIGURE 1. Concept: DML. (A) Structure of DML containing 3 functional
groups. (B) Sulfo-cyanine5 NHS ester was conjugated to amine group
(DML-sCy5). (C) Schematic of site-specific conjugation and radiolabeling.
Reducing A2cDb C-terminal disulfide-bridge presents thiol groups for
conjugation with maleimide group. Radiofluorination is achieved by click
chemistry using '8F-TCO. TCEP = tris(2-carboxyethyl)phosphine; Vy =
heavy-chain variable domain; V| = light-chain variable domain.

(1 X 10° cells/100 wL in 1:1 phosphate-buffered saline:Matrigel [BD
Biosciences]) in the shoulder of male nude mice (8—12 wk, ~25 g,
JAX002019; Jackson Laboratories) as previously described (/3).

Immuno-PET/CT and Near-Infrared Fluorescence Imaging
Approximately 10 wg (3—4.8 MBq) of '8F-DML-A2c¢Db or '8F-
DMLsCy5-A2cDb were injected into the tail vein of tumor-bearing
mice (3—4 mice/group, n = 2). Mice were anesthetized with 1.5%
isoflurane, and small-animal PET scans (Inveon; Siemens) were ac-
quired for 60 min (dynamic scan), followed by static 10-min scans at
2 and 4 h after injection. Images were reconstructed using ordered-
subsets expectation maximization maximum a posteriori algorithms,
overlaid with CT scans (CrumpCAT; UCLA in-house small-animal
scanner), and shown as whole-body maximum-intensity projections.
Optical imaging was conducted postmortem with the skin removed
or of dissected tumors and organs ex vivo using the IVIS Lumina II
system (PerkinElmer) with 675-nm excitation/694-nm emission (Cy5.5)
and 5-s exposure time. Living Image Software (IVIS Imaging Systems;
PerkinElmer) was used to display fluorescent/visible light overlays.

Region-of-Interest (ROI) Analysis and Ex Vivo Biodistribution

PET images were analyzed using AMIDE (25). For quantitative
ROI analysis, the mean voxel value was converted to percentage injected
dose per gram (%ID/g, assuming a tissue density of 1 g/mL) using the
decay-corrected injected dose and empirically determined cylinder
factor for '8F in the Inveon PET scanner. Partial-volume correction
was not applied, because of the complexity of organ shape, volume,
and proximity to organs with high activity.
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Ex vivo biodistributions were performed after PET and optical imaging
(4 h after injection). Organs and tissues were collected, weighed,
and y-counted. The %ID/g was based on a standard containing 1%
of the injected dose.

Statistical Analysis

Radiolabeling values are reported as mean *= SD. Ex vivo biodis-
tribution data are shown as box-and-whiskers (minimum to maximum)
plots, and values are reported as mean = SEM. For statistical analysis,
multiple ¢ tests (Holm—Sidak method, with a = 0.05) were performed
(Prism 7; GraphPad Software, Inc.).

RESULTS

Synthesis of the DML

We designed and successfully synthesized a multifunctional
linker (Fig. 1A) that contains functional groups for site-specific
conjugation to engineered antibody fragments by thiol-reactive
maleimide, incorporation of a fluorescent dye via amine-reactive
NHS ester, and rapid and efficient radiolabeling by the reaction
of 1,2,4,5-tetrazine with 8F-TCO via the bioorthogonal IEDDA
cycloaddition (click chemistry). Starting from a-boc-L-lysine, the
synthesis was achieved in 2 steps. The purity was more than 95%
as confirmed by high-performance liquid chromatography.
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FIGURE 2. Biochemical characterization of DML-conjugated A2cDb. (A)
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of
A2cDb and site-specifically conjugated A2cDb under nonreducing condi-
tions: Coomassie-stained and unstained (white light). (B) Size exclusion
chromatography of A2cDb, A2cDb-DML, and A2cDb-DML-sCy5 shows
similar elution profiles for protein (280 nm). Fluorescent dye (sCy5, 650
nm) elutes at same time as protein (22.2 min), confirming conjugation to
A2cDb. (C) Binding of A2cDb-DML-sCy5 to 22Rv1-PSCA cells analyzed by
flow cytometry. Saturation binding curve of 1 of 3 independent experiments
is shown. Apparent affinity of A2cDb-DML-sCy5 was calculated using sin-
gle-site specific binding model. MFI = mean fluorescence intensity.
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TABLE 1
Radiolabeling of A2cDb Using '8F-TCO Click Chemistry

18F_
18F-DML- DMLsCy5-
A2cDb A2cDb
Parameter Mean SD Mean SD
D/P ratio ND 1.07 0.26
Labeling efficiency (%) 771 17.7 52.7 18.6
Specific activity (MBg/pg) 0.41 0.12 0.50 0.30
Radiochemical purity (%)  97.3 1.6 89.1 10.6
Immunoreactivity (%) 42.9 8.7 41.5 6.9
n 3 3

ND = not determined.

Site-Specific Conjugation of the DML to A2cDb

The DML was deprotected and conjugated with sulfo-cyanine5
NHS ester (DMLsCyS5, Fig. 1B) followed by conjugation to the
reduced C-terminal cysteine residues of the anti-PSCA A2cDb
(A2cDb-DML-sCy5) (Fig. 1C).

Successful conjugation of the DML or DML-sCy5 to A2¢Db
was confirmed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis analysis (denaturing, nonreducing conditions).
The unconjugated cDb predominantly exists as a covalent dimer
migrating at 50 kDa (theoretic molecular weight, 50.6 kDa). With
the C-terminal interchain disulfide bridge reduced and conjugated
to DML or DML-sCy5, most of the protein migrates at about 25 kDa,
corresponding to the molecular weight of the monomer. The blue
sCy5 can be seen under white light concurrent with the monomer
band of A2cDb-DMLsCyS (Fig. 2A). Purity and integrity of the

conjugated A2cDb (noncovalent dimer) were confirmed by size-
exclusion chromatography (Fig. 2B). Both A2cDb-DML and
A2cDb-DMLsCyS eluted as single peaks at similar elution times
as the unconjugated A2cDb (22.3 min), and A2cDb-DMLsCy5
showed a concurring peak for the fluorescent dye (650 nm). These
results confirm that conjugation of the DML did not disrupt dimer
formation of the cDb. Specific binding of A2cDb-DMLsCy5 to
cell-surface—expressed antigen was verified by flow cytometry using
the prostate cancer cell line 22Rv1 transduced to express PSCA
(22Rv1-PSCA). The low nanomolar apparent affinity (Kp, 4.3 =
2.1 nM; n = 3), as calculated from saturation binding curves, was
unchanged compared with previously published data (/3,20).
Radiofluorination of A2cDb-DML and A2cDb-DMLsCyS5 using
I8E-TCO click chemistry was performed within 10 min at room
temperature and resulted in comparable specific activities (Table 1).
Labeling efficiencies varied depending on the amount of '8F-TCO
that could be added to the reaction (limited by the final dimethyl
sulfoxide concentration of 10%). Radiochemical purity (after size-
exclusion spin column) and immunoreactive fraction were com-
parable between '3F-DML-A2¢Db and '8F-DMLsCy5-A2c¢Db.

Demonstration of PSCA-Specific Tumor Uptake Using
Noninvasive Whole-Body '8F-Immuno-PET Imaging
Single-modality '8F-DML-A2cDb or dual-modality '3 F-DMLsCy5-
A2cDb (10 wg/3—4.8 MBq) were injected intravenously into male
nude mice bearing 22Rv1 (left shoulder) and 22Rv1-PSCA (right
shoulder) xenografts (Fig. 3). Antigen-specific uptake of both tracers
was seen in the PSCA-expressing tumor as early as 1 h after injection
(Figs. 3A and 3C) and was retained over the 4-h imaging study
(Figs. 3B and 3D). Minimal activity in the negative tumor, presumably
caused by blood-pool activity, decreased over time. Clearance of
I8F-.DML-A2cDb (Figs. 3A and 3B) appeared to be primarily re-
nal, and activity was excreted into the urine (bladder). Some
clearance occurred through the hepatobiliary route, and excretion
of activity with the feces could be seen.
The biodistribution of '8F-DMLsCy5-A2cDb

A“‘F-DML-A2cDb

5 min 15 min

30 min

C 18F-DMLsCy5-A2cDb
15 min

5 min

differed from that of single-modality '8F-
DML-A2cDb, with higher blood-pool ac-
tivity at all time points (visible in the heart)
and higher activity in both liver and kidneys
(Figs. 3C and 3D). Importantly, the speci-
ficity of both tracers was retained, because
PSCA-specific tumor uptake (22Rv1-PSCA)
was higher than 22Rv1, and despite the dif-
fering biodistributions, uptake in 22Rv1-PSCA
was similar for both tracers over 4 h.

Identification of PSCA-Positive Tumor
Tissue Using Intraoperative
Fluorescent Imaging

After the last PET/CT scan (4 h after
injection), optical imaging of the same
mice was performed postmortem with the
skin removed (mimicking a surgical setting)

using the IVIS Lumina II system. Fluorescent

FIGURE 3. Immuno-PET imaging shows antigen-specific uptake in PSCA-positive prostate
cancer xenografts. Nude mice bearing PSCA-negative (22Rv1, left shoulder) and PSCA-positive
(22Rv1-PSCA, right shoulder) subcutaneous xenografts were imaged with single-modality 8F-
DML-A2cDb 60-min dynamic scan (A) and 10-min static scans at 1, 2, and 4 h after injection (B) or
dual-modality '8F-DMLsCy5-A2c¢Db 60-min dynamic scan (C) and 10-min static scans at 1, 2, and
4 h after injection (D). Depicted are representative scans (of n = 6) as whole-body maximum-
intensity-projection small-animal PET/CT overlays.
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signal was detected in the PSCA-positive
xenografts of mice injected with 'SF-DMLsCy5-
A2cDb (Fig. 4A). Signal intensity was
higher in 22Rv1-PSCA tumors (right shoulder)
than in 22Rv1 tumors (left shoulder) and
surrounding tissue. Tumors were further
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analyzed ex vivo to compare the relative fluorescent signals without
interference from other organs or autofluorescence from the skin
(Fig. 4B). Although '8F-DMLsCy5-A2cDb clearly distinguished
PSCA-positive from -negative tumors, no signal was detected in
tumors from the '8F-DML-A2cDb group. Fluorescence imaging
of excised organs and tissues showed expected autofluorescence in
the stomach, intestine, and to a lesser extent kidneys of mice injected
with '8F-DML-A2cDb (Supplemental Fig. 1). In the '®F-DMLsCy5-
A2cDb group, a higher fluorescent signal was detected in the organs
of clearance—liver, gallbladder, spleen, and kidneys—consistent
with the immuno-PET images.

Quantitative ROl Analysis and Ex Vivo Biodistribution

Quantitative ROI analysis of '8F-DML-A2¢Db immuno-PET
showed rapid blood clearance, renal clearance and excretion, and
antigen-specific retention of the tracer in the tumor (22Rv1-PSCA).
I8F-DMLsCy5-A2¢Db immuno-PET revealed a larger fraction of
the tracer clearing through the liver and a slower decrease of activity
in the kidneys (Fig. 5A).

Ex vivo biodistributions (4 h after injection; Fig. 5B; Table 2)
confirmed that uptake in PSCA-expressing tumors was similar for
I8F.DML-A2cDb and the dual-modality ®F-DMLsCy5-A2cDb
(2.8 = 1.1 and 2.9 = 0.4 %ID/g, respectively) and was significantly
higher than in 22Rv1 tumors (0.3 = 0.1 and 0.8 * 0.2 %ID/g, re-
spectively; P < 0.05 for both). The longer retention of '8 F-DMLsCy5-
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A2cDb radioactive signal seen in the immuno-PET scans was
consistent with the higher remaining activity in the liver (4.8 *
0.3 %ID/g), kidneys (15.2 = 1.1 %ID/g), and spleen (2.2 = 0.2 %ID/g).
In contrast, 'F-DML-A2cDb showed the highest activity excreted in the
intestine at 4 h after injection (13.7 = 2.7 %ID/g, including contents).

DISCUSSION

Immuno-PET imaging could improve diagnosis and surgical
planning, and fluorescence image—guided surgery could enable more
complete resection of diseased tissues in cancer patients who stand
to benefit from surgery (e.g., pancreatic and prostate cancer). Com-
bining both signaling moieties into a single agent guarantees direct
correlation between the diagnostic imaging for surgical planning
and the imaging used to direct surgery (/).

Although the combination of PET and fluorescence imaging has
been extensively studied, most approaches have used intact anti-
bodies and random conjugation methods that result in a Poisson
distribution of number of D/P fractions with distinct pharmacokinetic
characteristics (affinity, clearance and distribution, fluorescence
quenching, and residualizing of metabolites) (26). Smaller anti-
body fragments exhibit optimized pharmacokinetics for imaging
(better tumor penetration and faster clearance) and can be com-
bined with shorter-lived radionuclides to reduce the radiation dose
to healthy tissues (compared with traditional immuno-PET with
IgGs and long-lived isotopes). However, because of their smaller size,
antibody fragments are all the more prone to undergo changes in
tissue retention and blood clearance on modification with radio-
nuclides, chelators, or fluorescent dyes (depending on site, shape,
size, hydrophobicity, and charge) (27). Thus, controlling the loca-
tion and stoichiometry of modifications is critical.

We generated a universal multifunctional linker (DML) that allows
consistent conjugation with a known number of linkers per protein and
to defined sites, thereby minimizing batch-to-batch heterogeneity and
guaranteeing more predictable properties. Most importantly, 2 imaging
moieties can be added to the protein with a single modification.

The DML was successfully labeled with sCyS5 and site-specifically
conjugated to the anti-PSCA A2cDb (A2c¢Db-DMLsCyS5) and did
not impair the dimeric conformation or binding characteristics of
A2cDb. Radiofluorination was conducted using click chemistry
within 10 min ('®F-DMLsCy5-A2cDb), and in vivo specificity was
shown for both modalities by successive PET and fluorescence
imaging of mice bearing PSCA-positive and -negative xenografts.
I8F-immuno-PET showed fast and specific tumor uptake and rapid
clearance from circulation, resulting in high-contrast images as
early as 1 h after injection. Postmortem optical imaging confirmed
high-contrast fluorescence in the PSCA-expressing tumors and
excellent delineation of cancerous cells from surrounding tissue.

The exceptional speed of the IEDDA reaction facilitates the use
of 18F (half-life, 109.8 min), which well matches the biologic half-
life of the diabody format. Williams et al. compared different-sized
derivatives of the same full-length IgG (scFv, diabody, minibody,
F(ab’),, 1gG) with respect to affinity (Kp) and imaging figure of
merit, an indicator of how rapidly a statistically significant tumor
image can be acquired (28,29). The analysis suggested that same-
day imaging would be best accomplished with the diabody format
(3- to 5-h interval after injection) and that if the imaging figure of
merit was calculated for '8F, only the diabody was competitive, as
the larger-sized fragments have half-lives that are too long and the
smaller monovalent scFv showed much shorter tumor retention. The
in vivo results using '8F-DMLsCy5-A2cDb presented in this work
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FIGURE 5. Quantitative ROI analysis and ex vivo biodistribution. (A) Quantitative ROl analysis of
blood (heart), liver, kidney, and 22Rv1-PSCA tumor. (B) Ex vivo biodistribution 4 h after injection of
18F-DML-A2cDb (n = 6) and '8F-DMLsCy5-A2cDb (n = 7). Tumors and organs were harvested

and y-counted.

indeed show that same-day immuno-PET imaging is feasible and
further corroborate previous studies with '®F-labeled diabodies in
several models (human epidermal growth factor receptor 2, carcino-
embryonic antigen, CD20) (29-31).

While radioactive decay happens only once, the fluorescent dye
can provide greater sensitivity for intraoperative guidance because it
can repeatedly be activated by excitation light. The long intracellular
(lysosomal) half-life of sCy5 (half-life, 3.9 = 0.5 d) further extends
the possible time window between presurgical whole-body immuno-
PET and fluorescence image—guided surgery (15).

The fluorescent dye sCy5 was chosen for this study over the
previously used IRDye800CW because we hypothesized that the
former would have less impact on the pharmacokinetic properties
of the A2c¢Db because of its smaller size, lower charge, and lower
hydrophobicity. Although the antigen-specific tumor uptake was
similar between '3F-DML-A2cDb and '8F-DMLsCy5-A2cDb, sig-
nificant differences were observed in clearance of the dual-modality
tracer, with longer retention in liver, spleen, and kidneys. This finding
could be due to the relatively high D/P ratio of 1.1 = 0.3, since a
study by Cilliers et al. suggested that D/P ratios of 0.3 or less are
necessary to limit the impact of fluorophores on antibody pharma-
cokinetics after comparing 2 IgGs (trastuzumab and bevacizumab)
labeled non-site-specifically with either IRDye800CW or Alexa
Fluor 680 at different D/P ratios (26).

Because of the modular linker system, the fluorophore can
easily be exchanged if desired, and because the linker-to-protein ratio
is precisely controlled, the D/P ratio can also be tailored, such as
by mixing DML and DML-sCyS5. Future studies will have to evaluate
the dual-modality tracer 'SF-DMLsCy5-A2¢Db with an optimized
D/P ratio in more relevant preclinical cancer models (orthotopic
tumors or transgenic mice) to assess sufficient contrast with sur-
rounding tissues and the impact of tissue autofluorescence in the
far-red light range. Another consideration is that normal tissue
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neered cysteine residues is well established,
and the DML could be broadly applied to
antibody fragments, single-domain antibodies,
or alternative scaffolds targeting cell-surface
markers for molecular imaging with any
combination of dual-modality PET/fluores-
cence. Alternative targeting moieties and tumor markers should be
explored in future studies to confirm the universal applicability of
the DML. The precision and speed of the IEDDA reaction have also
been shown to be feasible in vivo, and the DML could be used for
pretargeted imaging strategies (34,35).

TABLE 2
Ex Vivo Biodistribution 4 Hours After Injection

18F-DML- 18F-DMLsCy5-
A2cDb A2cDb
Site Mean SEM Mean SEM
Blood 0.44 0.19 0.90 0.17
22Rv1-PSCA (+) 2.84 1.07 2.89 0.38
22Rv1 (-) 0.32 0.09 0.82 0.19
Heart 0.18 0.07 0.85 0.11
Lung 0.44 0.17 1.67 0.19
Liver 0.37 0.10 4.81 0.29
Kidney 1.71 0.56 15.2 1.1
Spleen 0.21 0.06 2.02 0.17
Stomach 0.31 0.10 0.54 0.08
Intestine 13.7 2.7 6.37 0.46
Muscle 0.05 0.01 0.30 0.04
Bone 0.25 0.06 1.53 0.17
Carcass 0.11 0.04 0.66 0.13
n 6 7

Data are %ID/g mean + SE of mean.
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CONCLUSION

This study presents a universal DML for site-specific conjugation
to antibody fragments via engineered cysteine residues. This linker
enables stoichiometric conjugation of near-infrared fluorescent dyes
away from the antigen binding site and the use of rapid and efficient
click chemistry for radiolabeling with !8F. Dual-modality imaging
could provide both noninvasive whole-body imaging to localize
PSCA-positive cancer and fluorescence image—guided identification
of tumor margins and lymphatic spread.
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KEY POINTS

QUESTION: Can antibody fragments be site-specifically conjugated for
immuno-PET and fluorescence imaging using a novel DML?

PERTINENT FINDINGS: To generate a dual-modality antibody-based
imaging agent, the DML was labeled with sCy5, site-specifically con-
jugated to the C-terminal cysteine of A2cDb, and subsequently radio-
labeled by click chemistry with 18F-TCO. The new imaging probe
(*8F-DMLsCy5-A2cDb) was evaluated in a human PSCA-positive prostate
cancer xenograft model by sequential immuno-PET and optical imaging
and showed antigen-specific uptake in PSCA-expressing tumors.

IMPLICATIONS FOR PATIENT CARE: The humanized antibody
fragment could be translated into the clinic and provide both
noninvasive whole-body PET imaging to localize PSCA-positive
cancer and fluorescence image—guided identification of tumor
margins during surgery.
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