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ABSTRACT: Minibodies show rapider blood clearance than

IgGs due to smaller size that improves target-to-background ratio MQ&Q
Lo '\/wf““

(TBR) in in vivo imaging. Additionally, the ability to activate an

optical probe after binding to the target greatly improves the PSMA-MB-ICG

TBR. An optical imaging probe based on a minibody against

prostate-specific membrane antigen (PSMA-MB) and conjugated “ A~ \ _‘ Wuq
with an activatable fluorophore, indocyanine green (ICG), was [N MNWAio“
designed to fluoresce only after binding to cell-surface PSMA. To PSMA-MB-PEGA-ICG

further reduce background signal, short polyethylene glycol

(PEG) linkers were employed to improve the covalent bonding M > 9
ratio of ICG. New PSMA-MBs conjugated with bifunctional ICG s MW/\J\OQ
derivatives specifically visualized PSMA-positive tumor xeno- PSMA-MB-PEGS-ICG

grafts in mice bearing both PSMA-positive and -negative tumors

within 6 h postinjection. The addition of short PEG linkers significantly improved TBRs; however, it did not significantly alter
the biodistribution. Thus, minibody-ICG conjugates could be a good alternative to IgG-ICG in the optical cancer imaging for
further clinical applications.
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ptical imaging probes targeting cancer are becoming and F(ab)’, fragments, diabodies, and minibodies.® Since the
increasingly important for guiding endoscopic and clearance time of these smaller antibody fragments is shorter,
surgical procedures,l’2 and recently, the first in human clinical they can be used as targeting moieties to minimize background
trials with optical probes were completed> A variety of signals.5®
targeting moieties has been proposed, and these have been Another strategy to achieve higher TBR is to make the
conjugated to optical fluorophores to create new optical probes. optical probe activatable so that it is turned off in the absence of
Among these, monoclonal antibodies (mAbs) show the greatest binding and is turned on only after binding to the cognate
binding specificity to target antigens, and many therapeutic antigen on the target cell and internalization.”'® A large
antibodies are now approved for clinical use.* Optically labeled number of potentially activatable dyes exist; however, few have
full mAbs have shown some success in in vivo imaging, but they actually been tested in humans. Indocyanine green (ICG) is a
are limited by their long clearance times requiring long delays quenchable near-infrared (NIR) fluorophore that has been in
after injection before imaging can begin. clinical use for many decades as a contrast agent for retinal
Because mAb-optical conjugates have long clearance times angiography and liver function studies. When a full mAb is
resulting in high background signal from normal organs, several conjugated to a bifunctional ICG derivative, in which one
strategies have been emerged to decrease background signal sulfonic acid is replaced with a carboxylic acid so as to permit
and thus increase the target to background ratio (TBR). One
strategy is to physically reduce the size of the mAb so as to Received: December 27, 2013
improve its pharmacokinetics. This can be achieved by Accepted: January 17, 2014
enzymatically or genetically modifying mAbs to produce Fab Published: January 17, 2014
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conjugation with an amino group of the mAb, the ICG
molecules are highly quenched."' ICG autoquenches as a result
of interactions between the ICG and aromatic amino acids on
the mAb. After cellular internalization, the mAb-ICG conjugate
is rapidly degraded. ICG released from the mAb is thus
dequenched, thereby becoming an efficient light emitter. Since
its fluorescence emission is in the NIR range, the light
penetration through tissue is maximal.

A problem with all mAb-ICG conjugates is that, even after
intense purification, some proportion of ICG remains non-
covalently bound to the mAb. Some of the noncovalent ICG
fraction is gradually released from the mAD into the circulation
and is excreted through the biliary system as an ICG monomer,
leading to high nonspecific background signals, especially in the
liver and the intestine. To reduce this effect, we modified the
conjugate chemistry of ICG to increase the covalent bonding of
ICG to mAb. When a short polyethylene glycol (PEG) linker
was inserted, it resulted in bifunctional ICG derivatives (ICG-
PEG4-Sulfo-OSu and ICG-PEGS-Sulfo-OSu), which are more
efficient to produce a covalent linkage between ICG and the
mAb, thus reducing background signals in a mouse xenograft
model.'> However, the addition of PEGs may reduce the
binding affinity of the minibody, thus creating a potential trade-
off.

Herein, we describe the results of an antiprostate specific
membrane antigen (PSMA) minibody-ICG conjugate and
demonstrate the effects on imaging efficacy of using short
PEG linkers on the ICG.

By adding 1% SDS to dye-conjugated PSMA-MBs, the
following dequenching capacities were observed: 36.3-, 16.9-,
6.2-, and 1.4-fold for PSMA-MB-ICG, PSMA-MB-PEG4-ICG,
PSMA-MB-PEG8-ICG, and PSMA-MB-IR700, respectively
(Figure 1A). As defined by SDS-PAGE, the fraction of
covalently bound ICG to PSMA-MB were 16.8%, 67.6%,
67.8%, and 73.4% for PSMA-MB-ICG, PSMA-MB-PEG4-ICG,
PSMA-MB-PEGS8-ICG, and PSMA-MB-IR700, respectively
(Figure 1B). The dissociated ICG was observed in the small
molecule fraction. The conjugation ratio of dyes to PSMA-MB
was 3.5, 3.0, 2.6, and 4.1 for PSMA-MB-ICG, PSMA-MB-
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Figure 1. (A) Quenched (left) and chemically dequenched (right)
PSMA-MB-ICG, PSMA-MB-PEG4-ICG, PSMA-MB-PEG8-ICG, and
PSMA-MB-IR700. (B) Validation of the covalent conjugation of ICG
and IR700 to antibody by SDS-PAGE (left, colloidal blue staining;
right, fluorescence).
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PEG4-ICG, PSMA-MB-PEGS8-ICG, and PSMA-MB-IR700,
respectively.

Fluorescence-activated cell sorting flow cytometry showed
binding of dye-conjugated PSMA-MBs to the cell line
expressing PSMA (Figure 2A—C). PSMA-MB-PEG4-ICG,
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Figure 2. (A) Always-on probe, PSMA-MB-IR700, shows specific
binding to PSMA-positive cells at 1 and 6 h after coincubation. Results
for PSMA-negative (B) and positive (C) cell lines at 1 or 6 h after
incubation with PSMA-MB-ICG, PSMA-MB-PEG4-ICG, and PSMA-
MB-PEG8-ICG also show binding affinity to PSMA-positive cells and
dequenching. Nonspecific binding is shown with PSMA-MB-ICG,
suggesting free ICG formation. (D) PSMA-positive and -negative cells
were incubated with PSMA-MB-ICG, PSMA-MB-PEG4-ICG, and
PSMA-MB-PEGS-ICG for 6 h.

PSMA-MB-PEGS8-ICG, and PSMA-MB-IR700 showed binding
affinity to PSMA-positive cells and subsequent dequenching at
1 h after coincubation, and this increased at 6 h. PSMA-MB-
ICG showed high binding affinity to PSMA-positive cells and
subsequent dequenching at 6 h but little at 1 h, and some
affinity also to PSMA-negative cells and subsequent degrada-
tion at 6 h after coincubation. Microscopy studies (Figure 2D)
using PSMA-MB-ICG showed fluorescence signal in endolyso-
somes within both of the PSMA-positive and negative cells 6 h
after incubation regardless of high dequenching capacity of this
probe. On the other hand, PSMA-MB-PEG4-ICG and PSMA-
MB-PEGS8-ICG showed minimal signal in PSMA-negative cells
and significantly higher signal in PSMA-positive cells.

Figure 3 show the images and quantitative assessment of
PSMA-positive and -negative tumor-bearing mice administered
PSMA-MB-ICG, PSMA-MB-PEG4-ICG, PSMA-MB-PEGS-
ICG, and PSMA-MB-IR700 using the 700 and 800 nm
fluorescence channel of the fluorescence camera for IR700
and ICG, respectively. PSMA-positive tumors were visualized
by 6 h and at all later time points. PSMA-negative tumors were
also observed by 6 h, but their fluorescence signal declined
earlier than that of PSMA-positive tumors and signal was
reduced to background levels. PSMA-MB-ICG showed higher
background signals, especially in the liver and intestine (Figure
3A,B) and the hepatic signal was significantly higher than that
seen with PSMA-MB-PEG4-ICG or PSMA-MB-PEGS-ICG
(Figure 3C). Therefore, the fluorescence signal ratio of PSMA-
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Figure 3. (A) In vivo serial fluorescence images of PSMA-positive
(yellow arrows) and -negative (blue arrows) tumors in mice injected
with PSMA-MB-ICG, PSMA-MB-PEG4-ICG, PSMA-MB-PEGS-ICG,
and PSMA-MB-IR700. (B) Ex vivo fluorescence images of the liver
(upper), PSMA-positive (bottom right), and PSMA-negative (bottom
left) tumors obtained S d after injection of PSMA-MBs. (C) Mean
signal intensity of PSMA-positive (pip), negative tumors (flu), liver,
and the body (background) of mice after injection of PSMA-MB-
IR700 (always-on probe), PSMA-MB-ICG, PSMA-MB-PEG4-ICG,
and PSMA-MB-PEGS8-ICG. (D) The signal intensity ratio of PSMA-
positive tumor to negative tumor (pip/flu), liver (pip/liver), or
background (pip/back) after injection of PSMA-MB-ICG, PSMA-MB-
PEG4-ICG, and PSMA-MB-PEGS8-ICG is shown. Data are means +
sem. (n = 3). #P < 0.05 vs PSMA-PEG4-ICG group. *P < 0.05 vs
PSMA-MB-PEGS-ICG group.

positive tumors to other organs after injection of PSMA-MB-
ICG tended to be lower than that of PSMA-MB-PEG4-ICG or
PSMA-MB-PEGS-ICG, and statistical significance was shown in
the ratio to the liver signal (Figure 3D). Although PSMA-MB-
IR700 (always-on probe) showed high background signal
especially in the abdominal region suggesting blood pool and
uptake in the liver and kidneys at early time points, signal
intensity in the PSMA-positive tumors remained sturdy and
declined in the other organs, and thus, the fluorescence ratio of
PSMA-positive tumors to background increased gradually.
1.PSMA-MB-PEGS-ICG showed a similar biodistribution
o '»I-PSMA-MB. Both labeled PSMA-MBs mainly distributed
to the kidney, lung, heart, liver, and spleen at 1 h after injection
and the radioactivity in those organs gradually decreased
thereafter (Figure 4). The radioactivity in other organs tended
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Figure 4. In vivo biodistribution of radioactivity at 1 h, 6 h, 1 d, and 3
d after injection of *I-PSMA-MB (A) and '*I-PSMA-MB-PEGS-ICG
(B) in mice with PSMA-positive and negative tumors. Radioactivity is
expressed as % injected dose/g (%ID/g) of tissue. Data are
represented as mean =+ s.e.m. (1 = §).

to decline over time as well, while uptake in the stomach
showed transient increases at 6 h. High TBRs were seen with
PSMA-MBs in PSMA-positive tumors up to 3 d, while the
radioactivity in PSMA-negative tumors declined much more
rapidly.

An anti-PSMA mADb-ICG conjugate demonstrated highly
specific detection of PSMA-positive tumors from 1 to 10 d after
intravenous injection in a mouse xenograft model."> However,
at least one day was required for sufficient background to be
cleared to allow for imaging. This delay is undesirable from a
clinical translational viewpoint since it might require a separate
patient visit. In order to speed up the pharmacokinetics to
enable same-day imaging, we used an anti-PSMA minibody
instead of the full antibody and then synthesized three-ICG
derivative conjugates as activatable optical probes. All depicted
PSMA-positive tumors with significantly higher contrast than
“always-on” probes beginning 6 h post injection (p.i.) and
extending up to 5 d p.i.

Antibody fragments are known to have more rapid clearance
and better penetration into the tumor.'*"> Previously, we
performed in vivo fluorescence imaging using an anti-PSMA
diabody conjugated with ICG derlvatlves, but this resulted in
unexpectedly high background signals.'® Biodistribution studies
of '»I-labeled diabodies showed significantly higher activity in
the kidney at 1 h and relatively high activity in the stomach at 6
h after injection, suggesting that the diabodies were taken up
rapidly in the renal tubular epithelial cells and catabolized
(dehalogenated). Then, a large amount of released ICG was
thought to bind to plasma protein, remain in the blood, and
gradually be excreted via the hepatobiliary system. However,
%labeled PSMA-MBs did not show significant accumulation
in the kidney nor significant increase of activity in the stomach
at 6 h. This suggests that minibody-based ICG conjugates are
not significantly taken up and catabolized in the kidney, unlike
diabodies, thereby resulting in their pharmacokinetics favorable
for achieving high TBRs.

The MB-PEG-ICG conjugates have several advantages over
other optical probes. ICG has been used clinically for many
years and its safety has been confirmed.'”'® In addition, ICG
derivatives are remarkably efficient as activatable probes:
bifunctional ICG derivatives are highly quenchable, and the
probes can be turned “on” only at the target tissue by
employing signal activation mechanisms such as dequenching."”
Finally, the biocompatibility of PEG is well-known and has
been widely used in clinical products.”® Although it has not
been clinically approved, the minibody has shown promise as
an imaging agent. A '*I-labeled minibody was administered to
patients with advanced colorectal cancer and demonstrated
tumor targeting and a faster clearance in comparison with
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labeled intact antibodies without drug-related adverse reac-
tions.”! Although formal safety studies of the final conjugates
will be required, it is encouraging that each component of the
conjugate has a favorable toxicity profile.

Site-specific conjugation is generally advantageous for
labeling antibodies or antibody-fragments in order to obtain
monodispersed products with high yield and minimal loss of
immunoreactivity. However, efficiently quenched and activat-
able ICG conjugates with antibodies or antibody-fragments are
synthesized better with the random conjugation to lysine using
the N-hydroxysuccinimidyl (NHS) ester than with the site-
specific conjugation via sulfohydryl group. Therefore, even
when designing GMP-grade MB-ICG conjugates for clinical
trials, the NHS conjugation chemistry with a PEG4 linker is
employed.

A potential alternative for activatable in vivo imaging is the
use of fluorescent proteins, which are excellent endogenous
fluorescence emitters for depicting various biological processes
both in vitro and in vivo.”> Some of these studies were
performed with orthotopic tumor models, which were better
models than subcutaneous xenografts.”> These technologies
might have unique clinical benefits for detecting cancer based
on biological features. However, for common medical
application, the requirement that fluorescence proteins are
transduced by virus-mediated in vivo gene transfection, makes
this approach less practical.

In conclusion, we conjugated bifunctional ICG derivatives
with and without short PEG linkers to an anti-PSMA minibody
and these conjugates successfully visualized PSMA positive
tumors at earlier time points than mAb-based conjugates. The
addition of short PEG linkers significantly increased the
percentage of covalent bonding of ICG to minibody; this
improved tumor-to-background ratios by decreasing release of
ICG monomers that are especially excreted through the liver.
Thus, minibody-based activatable optical probes could be a
good alternative to full antibody-based optical probes.

B EXPERIMENTAL PROCEDURES

Synthesis of Fluorophore Conjugated PSMA-MBs. PSMA-MB
(0.5 mg, 6.25 nmol) was incubated with ICG-Sulfo-OSu (69.8 g, 75.0
nmol), ICG-PEG4-Sulfo-OSu (44.2 pg, 37.5 nmol), ICG-PEGS-Sulfo-
OSu (101.5 pg, 75.0 nmol), or IR700 (73.3 ug, 37.5 nmol) in 0.1 M
Na,HPO, (pH 8.6) at room temperature for 30 min, followed by
purification with a size exclusion Sephadex G-25 M column (PD-10;
GE Healthcare, Piscataway, NJ).

Determination of Quenching Capacity in Vitro. The
quenching capacity of each conjugate was investigated by denaturation
by SDS as described previously."? Briefly, the conjugates were
incubated with 1% SDS in PBS for 15 min at room temperature.
The change in fluorescence intensity for each conjugate was measured
with an in vivo imaging system (Maestro, CRi Inc.,, Woburn, MA).

Flow Cytometry. Fluorescence signal from PC3-PSMA-positive
and -negative cells after incubation with ICG- or IR700-conjugated
PSMA-MBs was measured using a FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA) and CellQuest software (BD Biosciences).

Fluorescence Microscopy Studies. PSMA-positive or negative
cells (1 X 10*) were plated on a covered glass-bottomed culture well
and incubated for 16 h. Then, PSMA-MB-ICG, PSMA-MB-PEG4-
ICG, or PSMA-MB-PEGS-ICG was added to the medium ($ pg/mL),
and the cells were incubated for 6 h. Cells were washed once with PBS,
and fluorescence microscopy was performed using an Olympus BX61
microscope (Olympus America, Inc,, Melville, NY).

Animal Tumor Model. All procedures were carried out in
compliance with the Guide for the Care and Use of Laboratory Animal
Resources (1996), National Research Council, and approved by the
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local Animal Care and Use Committee. Six to eight week old female
homozygote athymic nude mice were purchased from Charles River
(NCI-Frederick, MD). Both receptor positive and negative tumor cell
lines were implanted in the same mouse: 2 X 10° PSMA-positive cells
and negative cells suspended in PBS were injected subcutaneously in
the right and left dorsum of the mice, respectively.

In Vivo Imaging Studies Targeting for PSMA. Each probe
(PSMA-MB-ICG, PSMA-MB-PEG4-ICG, PSMA-MB-PEGS-ICG, and
PSMA-MB-IR700) was diluted in 200 L PBS at the dose of 25 ug and
injected into mice bearing both PSMA-positive and -negative tumors.
The fluorescence images were obtained with a Pearl Imager (LI-COR
Biosciences, Lincoln, NE) using the 700 and 800 nm fluorescence
channel for IR700 and ICG, respectively, at 0, 1, 3,and 6 h and, 1, 2, 3,
and 5 d after injection.

Biodistribution Study. PSMA-positive and -negative tumor-
bearing mice were divided into two groups (n = S) with approximately
equal distributions of tumor sizes on the day of study, S d after
inoculation of the cells. *I-PSMA-MB or '*I-PSMA-MB-PEGS-ICG
(37 kBq/1.0 pg/200 uL in PBS/mouse) was injected, and the
biodistribution was determined at 1 and 6 h, and 1 and 3 d after
injection. Data were calculated as the percentage injected dose per
gram of tissue (%ID/g).

Statistical Analysis. Quantitative data were expressed as mean =+
s.em. Means were compared using two-way repeated measures
ANOVA with the Bonferroni correction of multiple comparisons. P-
value of <0.05 was considered statistically significant.

B ASSOCIATED CONTENT
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