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ABSTRACT: A novel photo-click-based platform has been
developed for rapid screening and affinity optimization of
heterobivalent agents. This method allows for the efficient selection
of high-affinity dual receptor-targeting agents via streamlining
tedious organic synthesis and biological evaluation procedures
required by traditional approaches. The high-avidity heterobivalent
agents targeting both integrin a,f; and urokinase-type plasminogen
activator receptors have been developed using this photo-click-
facilitated screening platform. The affinity screening results were
further validated by traditional in vitro and in vivo evaluation
techniques, reaffirming the reliability of the method. The
convenience, rapidity, universality, and robustness of the screening
platform, discussed in this report, can greatly facilitate the
development of new heterobivalent agents for research and/or
clinical applications.

B INTRODUCTION

Heterobivalent agents, also known as dual receptor-targeting
binders, consist of two linked ligands that simultaneously bind
to two different receptors.”” Dual receptor targeting has
emerged as a highly promising strategy, as it provides several
major advantages over the monoreceptor-targeting approach.
First, heterobivalency can easily convert low-affinity mono-
valent ligands (Ky ~ pM) into one with high avidity (K =
nM).> Second, heterobivalency presents a new mechanism of
action that is not available for monomers (or homodimers),
and the second binding site can be a receptor with low density,
low specificity, or even without specificity (such as a
hydrophobic patch on a monomeric protein).* Third, because
of changes in size and lipophilicity, dual receptor-targeted
ligands may also exhibit an improved pharmacokinetic
performance, especially in cases where clearance properties
and excretion rates are not optimal for monovalent counter-
parts.” ™"

Substantial efforts have been devoted to the development of
heterobivalent agents for various biomedical applications. It
has been widely recognized that the distance between two
receptor-targeting ligands can dramatically affect the avidity of
bivalent agents.””'" Currently, to optimize the length of the
linker between two targeting ligands, libraries of heterobivalent
agents containing different linkers are prepared, and each agent
in the library is individually evaluated in vitro and in vivo to
select the most potent one(s).'"”'* However, such an approach
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hindering their application in most biomedical research groups
without extensive expertise in organic synthesis. In addition,
individual testing and evaluation of every agent in the library
usually take months, if not years. Furthermore, once the
receptor(s) of interest changes, the entire library preparation/
evaluation sequence has to be repeated again. Therefore,
efficient screening of different length linkers between two
receptor-targeting ligands remains the major unresolved
challenge in the development of heterobivalent agents with
high avidity.'>'*'® Apparently, an efficient and robust strategy
for rapid linker screening is highly desired by many biomedical
research groups to utilize such a promising heterobivalent
strategy in various biomedical applications.

Making use of the photo-triggered click chemistry and
radiochemical labeling,'”*° we report a novel cell-based
screening platform for facile linker optimization. This strategy
allows for eflicient selection of the most appropriate linker
between ligands, while reducing the synthetic burden
encountered during the optimization process. Compared to
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Figure 1. Ilustration of the mechanism of the developed in vitro platform.
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the traditional strategy discussed above, our cell-based strategy
shortens the linker screening process. In addition, because of
the high sensitivity of radioisotope techniques,”*” ligands are
consumed on a nanomole scale in each test. Therefore, the cost
associated with expensive starting materials (usually pep-
tides”>**) could also be significantly reduced. Considering the
advantages of convenience, rapidity, sensitivity, and reliability,
we believe that this universal and efficient screening platform
will greatly facilitate the development of new heterobivalent
pharmaceuticals for research and/or clinical applications.

This novel avidity optimization platform is based on the in
situ formation of a heterodimer between two ligands that are
simultaneously bound to two different receptors on the cell
surface. Two ligands of interest can be derivatized with
different PEGylated photo-oxa-dibenzocyclooctyne (photo-
ODIBO) groups or azido groups (—Nj) separately for the in
situ formation of heterodimers containing different linkers.
Herein, the photo-ODIBO group is a photo-triggered metal-
free click chemistry moiety. Photo-ODIBO itself does not react
with azide; upon UV irradiation (365 nm), it converts to
ODIBO, which reacts with azides at a decent rate via strain-
promoted alkyne—azide cycloaddition (SPAAC) (Scheme
S1).>° To facilitate the use of this novel screening strategy in
research groups lacking expertise in organic synthesis, the
preparation of chemical tools has been designed in a way that
does not involve complex protection/deprotection procedures
and chromatography purifications. Without any further
purification, the resulting chemical tools could be directly
used in subsequent avidity optimization experiments.

The avidity optimization process is illustrated in Figure 1.
Each well of cells was prefixed and incubated with one pair of
ligands bearing specific PEGylated photo-ODIBO or Nj for 2
h at 4 °C to allow sufficient binding of ligands to their
receptors. Upon removal of excess (unbound) ligands, the
plate can be irradiated with a 2 W hand-held UV lamp (365
nm) for 10 min to activate photo-ODIBO. After being
incubated for an additional 2 h at room temperature (rt) to
allow the completion of metal-free click reactions, a radio-
scavenger such as (**Cu)NOTA-Nj can be added to click with
the ODIBO remaining on cells. The amount of (**Cu)NOTA-
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N; clicked to the ODIBO is subsequently quantified using a
MicroBeta2 Plate Counter. The well with the lowest
radioactivity counts contains the least amount of remaining
ODIBO and thus the highest amount of the in situ-generated
heterodimer, indicating that the corresponding linker length
will be most suitable for achieving high avidity.

B RESULTS AND DISCUSSION

In our proof-of-principle studéy, two ligands of interest, RGD
(targeting the integrin a,8,">>") and AE105 [targeting the
urokinase-type plasminogen activator receptor (uPAR)]w’20
were selected for testing. Before conducting the avidity
optimization via the strategy discussed above, the distance
between one integrin a,f3; receptor and one uPAR on the cell
surface was estimated first to select the range of linker lengths
for the screening. It was estimated that the distance between
two receptors could be 60 A or less (distance estimation is
provided in the Supporting Information). Given the fact that
the length of a single bond was around 1.5 A,** the length of an
extended PEG4 unit consisting of 12 single bonds would be
around 15 A if the bond angle is taken into account. Therefore,
to cover the length up to 60 A as well as to control the cost of
this pilot study, four linkers consisting of PEG4, PEGS,
PEG12, and PEG16 were selected for the screening purpose
(Table 1).

Table 1. Linkers Selected for In Vitro Screening

entry RGD AE10S total estimated length (A)
1 PEG4 PEGO PEG4 15
2 PEG4 PEG4 PEGS8 30
3 PEG4 PEGS8 PEGI12 45
4 PEG4 PEGI12 PEG16 60

As shown in Scheme S2, RGD-PEG4-photo-ODIBO was
prepared by treating RGD with 6 equiv N,N-diisopropylethyl-
amine (DIEA) and 3 equiv photo-ODIBO-PEG4-NHS. High-
performance liquid chromatography (HPLC) was used to
monitor the progress of peptide modifications (see Supporting
Information for HPLC conditions). Figure 2 shows the HPLC
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Figure 2. HPLC graphs of RGD functionalization. The RGD peak at
13 min (red trace) almost disappeared in the spectrum of the reaction
mixture (pink trace) after 30 min incubation, indicating a highly
efficient conversion from RGD to RGD-PEG4-photo-ODIBO. From
the pink trace, the area of the photo-ODIBO-PEG4-NHS peak at 21
min was found to be over 20-fold that of the photo-ODIBO-PEG4-
COOH peak at 20 min, indicating less than 5% hydrolysis.

chromatograms of reactions between photo-ODIOBO-PEG4-
NHS and RGD, in which RGD, RGD-PEG4-photo-ODIBO,
photo-ODIBO-PEG4-COOH, and photo-ODIBO-PEG4-NHS
were eluted at 13, 19, 20, and 21 min, respectively. These
HPLC data showed that after 30 min incubation at room
temperature, the RGD conversion rate was over 98%, and less
than 5% of photo-ODIBO-PEG4-NHS was hydrolyzed to
photo-ODIBO-PEG4-COOH. Upon completing the peptide
derivatization, 1X phosphate-buffered saline (PBS) was added
to the reaction mixture to hydrolyze the excess photo-ODIBO-
PEG4-NHS into photo-ODIBO-PEG4-COOH. After over-
night incubation, the unreacted photo-ODIBO-PEG4-NHS
was almost hydrolyzed to photo-ODIBO-PEG4-COOH, and
thus only RGD-PEG4-photo-ODIBO and photo-ODIBO-
PEG4-COOH existed in the resulting mixture. Parallel
synthesis of AE105-PEGn-N; (2—5, n = 0, 4, 8, and 12) was
conducted in the same manner by incubating AE105 with Nj-
PEGn-NHS, followed by hydrolysis of excess NHS with 1X
PBS (Figure S2). Because neither photo-ODIBO-PEG4-
COOH nor N;-PEGn-COOH would significantly bind to
cells because of their lack of a targeting ligand, after being
incubated with U87MG cells, they could be easily washed away
together with those unbound RGD-PEG4-photo-ODIBO or
AE105-PEGn-Nj;. Therefore, the resulting reaction mixture can
be directly applied in the subsequent cell-based avidity
optimization experiments without any further purification.
Subsequently, four stock solutions, each containing a
mixture of RGD-PEG4-photo-ODIBO with one of the
AE105-PEGn-N; (n = 0, 4, 8, 12), were prepared. The four
stock solutions were applied in the cell-based screening assay
using prefixed U87MG cells (a human brain cancer cell line,
overexpressing both the integrin o, f; receptor’” and uPAR™).
In addition to the four experimental groups, we also set up a
negative control group, in which cells were treated with RGD-
PEG4-photo-ODIBO only, thus no heterodimer could be
generated in this negative control group. Additionally, there
was a background control group, in which no UV irradiation
was applied, so that the amount of (**Cu)NOTA-N; detected
completely resulted from its nonspecific binding on cells. After
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subtracting the nonspecific binding recorded in the back-
ground control group, the specific bindings of (**Cu)NOTA-
N; resulting from its ligation with RGD-PEG4-ODIBO in
different groups were compared. As shown in Figure 3, the

* P<0.05
** P <0.01
> 1500 kP < 0.001
= |
&
(P
[=2]
* € 1000-
=9
O o
ZE
3~ 5001
=5
Qe
[LE
00
&

Figure 3. In vitro screening of selected linkers via the developed
platform. (*, P < 0.05; **, P < 0.01; *** P < 0.001). The negative
control possesses the highest readout (1616.25) followed by PEG4
(1311.54), PEG16 (1021.21), PEG8 (635.073), and PEGI2
(415.805), indicating that PEGI2 is the most potent linker.

group treated with N;-PEG8-AE105 exhibited the least
amount of specific binding of (**Cu)NOTA-N;, suggesting
that RGD-PEG12-AE10S was the most abundant heterodimer
formed on U87MG cells, and the corresponding linker (entry
3) was the most potent one among the four tested linkers. The
negative control group gave the highest counts, which could be
attributed to the fact that all the activated RGD-PEG4-ODIBO
was consumed by (**Cu)NOTA-N;,.

To validate the reliability of this newly developed avidity
optimization strategy, the results obtained from the above
screening assay were compared to those obtained from the
traditional avidity optimization strategy by preparing the
corresponding heterodimers and subsequently evaluating
them individually both in vitro and in vivo.

In particular, the four RGD-AE105 heterodimers containing
various PEG linkers (PEG4, PEGS, PEGI12, and PEGI6),
which were previously reported by our group (Scheme $3),"
were then radiolabeled with either Cu-64 or Ga-68 for in vitro
and in vivo evaluation, respectively.

Based on the Cu-64-based cell uptake results shown in
Figure 4A, the PEG16- and PEG12-containing heterodimer
exhibited the highest cell uptake, followed by PEGS8- and
PEG4-containing heterodimers with 4 h uptake values of 4.4,
3.8, 2.4, and 1.6% respectively. While in the cell efflux study
(Figure 4B), the PEG8- and PEG12-containing heterodimers
showed the best cell retention, followed by the PEG4-and
PEG16-containing heterodimers with 2 h retention values of
69, 65, 54, and 36% respectively. Considering both the cell
uptake and efflux results, among the four tested heterodimers,
the PEG12-containing heterodimer demonstrated the highest
overall performance, which is consistent with the results
obtained from the above cell-based screening assay.

Further in vivo validation was conducted by comparing the
Ga-68-based positron emission tomography (PET) imaging
results obtained from mice bearing U87MG xenografts. As
shown in Figure 5A, tumors could be visualized by using all the
four tested heterodimeric PET tracers, while the PEGI12-
containing heterodimer exhibited the highest tumor to
background contrast, followed by PEG8-, PEG16-, and
PEG4-containing heterodimers. Quantitative tumor uptake

https://dx.doi.org/10.1021/acs.joc.9b03122
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Figure 4. (A) Results of the Cu-64-based cell uptake study for heterodimers with various linkers, and (B) results of the cell efflux study for

heterodimers with various linkers.
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Figure 5. (A) PET imaging of the U87MG tumor using Ga-68 labeled heterodimers bearing the same length of linkers selected for in vitro
screening. (B) Tumor uptake based on ROI quantification. (C) Tumor to muscle ratios based on ROI quantification. (*, P < 0.05; **, P < 0.01;

##% P < 0.001).

values were subsequently revealed by region of interest analysis
(Figure SB,C). The tumor uptake value of the PEGI2-
containing heterodimer was 3.63 + 0.15% ID/g, while those of
PEGS-, PEG16-, and PEG4-containing heterodimers were 3.01
+ 0.15, 2.23 + 0.25, and 1.87 + 0.21% ID/g, respectively. In
addition, the heterodimer containing a PEG12 linker also
showed a higher tumor/muscle ratio compared to hetero-
dimers containing the other three linkers. Therefore, these in
vivo evaluation results obtained from PET imaging were
consistent with those results obtained from the above cell-
based screening assay. Collectively, the results of both in vitro
and in vivo evaluations successfully validated the accuracy and
reliability of our developed rapid avidity optimization platform
described above.

To conclude, utilizing a photo-triggered metal-free click
reaction, we established the first universal in vitro screening
platform for the rapid optimization of the ligand separation
distance to achieve the high avidity of dual receptor targeting
agents. This strategy can be broadly applied to various
heterobivalent combinations and different diseases. The
developed screening platform was successfully applied in the
avidity optimization of the hetero-bivalent ligand that targets
integrin o, f;-uPAR simultaneously. The reliability of this
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platform was further validated by both in vitro and in vivo
evaluations, in which heterodimers containing all the tested
linkers were prepared and evaluated individually. The PEG12-
containing heterodimer exhibited the best performance in both
in vitro and in vivo evaluations, which was consistent with the
results obtained from the designed cell-based screening assay,
affirming the reliability of this platform. The demonstrated
capability of performing the rapid screening using this universal
platform makes us believe that it might significantly accelerate
and enhance the applications of heterobivalency in various
biomedical fields, particularly in the following situations: (1)
when targeted receptors are expressed in low abundance and/
or (2) when high affinity (and/or specificity) monovalent
ligands are not available.

B EXPERIMENTAL SECTION

Materials and Equipment. Aqueous solutions were prepared
using ultrapure water (resistivity, 18 MQ-cm). ®*Cu was obtained
from Washington University (St. Louis, MO). %Ga (Eckert & Ziegler
Isotope Products, Berlin, Germany) was eluted directly to a Modular-
Lab (Eckert & Ziegler Isotope Products), concentrated on a Strata-X-
C column from Phenomenex (Torrance, CA), and the **Ga-eluate
was collected by desorbing it with 0.8 mL of 0.01 M HCI/98%
acetone solution. All other chemicals were purchased from Sigma-
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Aldrich Chemical Co. (St. Louis, MO) or Fisher Scientific
(Pittsburgh, PA), unless otherwise specified. ESI-MS spectra were
obtained on a Waters LCT-Premier XE LC—MS station (Milford,
MA). Luna C-18 HPLC columns were from Phenomenex (Torrance,
CA, USA). HPLC was performed on a Waters 1525 Binary HPLC
pump (Milford, MA) with a Waters 2489 UV/visible detector and a
model 106 Bioscan radioactivity detector for the purification of
peptide conjugates and analysis of their radiolabeled conjugates using
two elution buffers [0.1 vol % trifluoroacetic acid (TFA) in de-ionized
water as elution buffer A and 0.1 vol % TFA in acetonitrile as elution
buffer B]. PET/computed tomography (CT) data were acquired
using an Inveon Preclinical Imaging Station (Siemens Medical
Solutions).

Although the reaction mixture containing desired chemical tools
could be used directly without any purification, we still have the
product isolated to confirm its structure by LCMS.

Preparation of RGD-PEG4-Photo-ODIBO (1).

[o}

L b
o o/\/O\/\O/\/O\/\o H,RGD

To 5 umol RGD and 15 pmol photo-ODIBO PEG4 NHS in
500 uL dimethyl sulfoxide (DMSO) was added 30 pmol
DIEA. The reaction mixture was allowed to stir at room
temperature for 30 min. The product was then isolated via
HPLC on a semipreparative C18 column using a gradient
elution method [changing from 30% acetonitrile (ACN) to
70% ACN within 20 min at a flow rate of 4 mL/min]. The
identity and purity of the isolated product were then
characterized by high-resolution mass spectrometry (HRMS)
as well as by reverse phase analytic HPLC (Figure S3). Yield
71%. HRMS (ESI-Orbitrap) m/z: [M + Na + H]**/2; calcd
for (CyH7,NgO4Na/2): 575.7576; found: 575.7594.
Preparation of AE105-PEGO-N; (2).

o]

Ngs AN -AE105

H
To S pumol AE105-NH, and 15 pgmol N;-NHS in 500 uL
DMSO was added 30 gmol DIEA. The reaction mixture was
allowed to stir at room temperature for 30 min. The product
was then isolated via HPLC on a semipreparative C18 column
using a gradient elution method (changing from 20% ACN to
80% ACN within 20 min at a flow rate of 4 mL/min). The
identity and purity of the isolated product were then
characterized by HRMS as well as by reverse phase analytic
HPLC (Figure S4). Yield 60%. HRMS (ESI-Orbitrap) m/z:
[M + Na + H]**/2; calcd for (CgHyoN;,0,sNa/2): 679.8350;
found: 679.8389.
Preparation of AE105-PEG4-N; (3).

H (o]
N _AE105
N3/\/\|or (PEG)(\)LQ

To S umol AE105-NH, and 15 pmol N5-PEG4-NHS in 500
uL DMSO was added 30 gmol DIEA. The reaction mixture
was allowed to stir at room temperature for 30 min. The
product was then isolated via HPLC on a semipreparative C18
column using a gradient elution method (changing from 20%
ACN to 80% ACN within 20 min at a flow rate of 4 mL/min).
The identity and purity of the isolated product were then
characterized by HRMS as well as by reverse phase analytic
HPLC (Figure SS). Yield 67%. HRMS (ESI-Orbitrap) m/z:
[M + Na + HJ**/2; caled for (C,H;;;N;30,0Na/2):,
803.4060; found: 803.4103.
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Preparation of AE105-PEGS8-N; (4).

" o
N .AE105
Na/\/\Iof <PEG>8/\)J\H
To S pumol AE105-NH, and 15 pmol N;-PEG8-NHS in 500
uL DMSO was added 30 gmol DIEA. The reaction mixture
was allowed to stir at room temperature for 30 min. The
product was then isolated via HPLC on a semipreparative C18
column using a gradient elution method (changing from 20%
ACN to 80% ACN within 20 min at a flow rate of 4 mL/min).
The identity and purity of the isolated product were then
characterized by HRMS as well as by reverse phase analytic
HPLC (Figure S6). Yield 73%. HRMS (ESI-Orbitrap) m/z:
[M + Na + H]*"/2; caled for (Cg3H,;y,N,30,,Na/2):
891.4584; found: 891.4640.
Preparation of AE105-PEG12-N; (5).

o]

H
No . ~_I\.  AE105
Na/\/\[or (PEG) N

To 5 pmol AE105-NH, and 15 umol N;-PEG12-NHS in 500
uL DMSO was added 30 gmol DIEA. The reaction mixture
was allowed to stir at room temperature for 30 min. The
product was then isolated via HPLC on a semipreparative C18
column using a gradient elution method (changing from 20%
ACN to 80% ACN within 20 min at a flow rate of 4 mL/min).
The identity and purity of the isolated product were then
characterized by HRMS as well as by reverse phase analytic
HPLC (Figure S7). Yield 63%. HRMS (ESI-Orbitrap) m/z:
[M + Na + H]*/2; caled for (CyH;43N,;30,4Na/2):
979.5109; found: 980.0190.

Cell-Based Screening Assay for Linker Optimization. Cells
were seeded on the 96-well plate (50,000 cells per well) with 1%
bovine serum albumin (BSA) medium 24 h prior to the experiment.
Upon being fixed by 4% paraformaldehyde for 30 min, the cells were
subsequently incubated with 2 uM RGD-PEG4-photo-ODIBO
together with either 2 uM AE105-N; or AEI10S-PEG4-N; or
AE105-PEG8-N; or AE105-PEG12-N; for 2 h at 4 °C using diluted
reaction mixtures. A negative control group was also set up in which
cells were treated with RGD-PEG4-photo-ODIBO together with
NH,-PEG4-AE10S. Unbounded ligands were subsequently removed,
and then cells were irradiated with 365 nm UV light for 10 min to
activate the photo-ODIBO group to the clickable ODIBO group,
resulting in on-site formation of the RGD-AE10S heterodimer via
SPAAC between ODIBO on RGD and azide on AE10S. After being
incubated for additional 2 h, excess **Cu-labeled NOTA-PEG2-N,
was added to photo-irradiated cells, which served as scavengers by
reacting with unclicked ODIBO. Upon the removal of unreacted
(*Cu)NOTA-PEG2-N;, cells were treated with 1% sodium dodecyl
sulfate (SDS), and the resulting lysed cells were immediately
measured on a MicroBeta2 Plate Counter to quantify the amount
of (**Cu)NOTA-PEG2-N; attached on cells via SPAAC with RGD-
PEG4-ODIBO.

Cell Uptake Study. Cells were seeded in 12-well plates (200,000
cells per well) 24 h prior to the experiment. Before the experiment,
the cells were washed with 1 mL Hanks’ balanced salt solution
(HBSS) twice, and 1 mL media [Dulbecco’s modified Eagle medium
(DMEM) with 0.1% BSA and 1 mM Mn?*] was added to each well.
Cells were then incubated with **Cu-labeled conjugates (10 pmol per
well) with and without the addition of an excess blocking agent (10
ug AE10S + 10 ug RGD) to determine the nonspecific uptake. At
each time point (1, 2, and 4 h), radioactive media were aspirated. The
cells were washed twice with HBSS (pH 7.2) and dissolved in 0.5%
SDS. The radioactivity of each cell lysate sample was measured using
a gamma counter. The protein content of each cell lysate sample was
determined. The measured radioactivity associated with each cell
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lysate sample was normalized to the amount of cell protein present.
The cell uptake was expressed as the percentage added dose after
decay correction.

Cell Efflux Study. Cells were seeded in a 12-well plate 24 h prior
to the experiment. Cells were incubated with *Cu-labeled conjugates
(10 pmol per well) in culturing media contained 1 mM MnCl, for 2 h
at 37 °C. Media were then removed and cells were washed twice with
HBSS. Fresh media without MnCl, were then added to the cells. At 0,
30, 60, and 120 min following fresh media, addition cells were washed
twice and dissolved in 0.5% SDS. The activity was measured using a
gamma counter. Cell retention values at different time points were
calculated by dividing the cell retention at that time point with cell
retention at 0 min.

Small Animal PET/CT Imaging Studies. Ga-labeling of various
heterodimers was conducted by incubating heterodimers and **Ga in
0.1 M NaOAc buffer (pH ~ 4.0) at 90 °C for 10 min, with a specific
activity of 37 Mbq/nmol. All animal studies were conducted under a
protocol approved by the University of Pittsburgh Institutional
Animal Care and Use Committee. U87MG xenograft tumor-bearing
mice were injected intravenously (lateral tail vein) with prepared
%Ga-labeled heterodimers (3.7 Mbq/mice). At 1 h postinjection,
mice were anesthetized with 2% isoflurane, and small animal PET/CT
was performed. Static images were collected for 15 min. PET and CT
images were co-registered with Inveon Research Workstation (IRW)
software (Siemens Medical Solutions). PET images were recon-
structed with the 3-dimensional ordered-subsets expectation max-
imization /maximum a posteriori probability algorithm, and the
analysis of images was done using IRW.
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