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Interface peptides that mediate protein—protein interactions (PPI) are a class of important lead com-
pounds for designing PPl inhibitors. However, their potential as precursors for radiotracers has never
been exploited. Here we report that the interface peptides from programmed death-ligand 1 (PD-L1)
can be used in positron emission tomography (PET) imaging of programmed cell death 1 (PD-1) with
high accuracy and sensitivity. Moreover, the performance differentiation between murine PD-L1 derived
interface peptide (mPep-1) and human PD-L1 derived interface peptide (hPep-1) as PET tracers for PD-1
unveiled an unprecedented role of a non-critical residue in target binding, highlighting the significance
of PET imaging as a companion diagnostic in drug development. Collectively, this study not only provided a
first-of-its-kind peptide-based PET tracer for PD-1 but also conveyed a unique paradigm for developing
imaging agents for highly challenging protein targets, which could be used to identify other protein
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Introduction

Radiodiagnostics, such as PET imaging, has emerged as a vital
component in precision medicine.'”” Several radiotracers have
been used extensively for patient stratification and prognosis
assessment in clinical settings. Besides, numerous radiotracers
are being studied in clinical trials or are under pre-clinical
evaluation. Especially, peptide-based radiotracers have aroused
escalating interest due to their low immunogenicity and good
drug metabolism and pharmacokinetics (DMPK) properties.®™°
Moreover, peptides could be easily modified to improve their
pharmacological properties.'>'> Tremendous efforts have been
invested in developing peptide radiotracers. Many previous
studies focused on endogenous ligands of pathogenic receptors
or antigens, which were then properly reformed or modified
(Scheme 1A) to obtain a panel of renowned tracers for tumor
imaging or radiotherapy,” such as ©®Ga('”’Lu)-dotatate,'®

"lindium pentetreotide,’* and °®®*Ga-PSMA-I&T.'®> However,
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biomarkers involved in the PPI networks.

the majority of pathogenic biomarkers are not associated with
endogenous ligand(s), making the discovery of peptide radio-
tracers for these targets a formidable challenge. Recently, high-
throughput screening techniques (HTS, e.g. phage display and
PepArray) have achieved some success in the development of
peptide tracers for membrane receptors and antigens in tumor
cells."* However, these HTS methods depend heavily on the
construction and validation of a complex library of target
compounds, leading to the moderate adaptability and flexibility
of using this method for the dection of some targets.

On the other hand, the interface peptide strategy is a
straightforward and compelling method for obtaining ligand
peptides of protein targets that are involved in protein-protein
interactions (PPIs)."®'® Closely related to structure-based
drug design, the rationale underscoring the interface peptide
strategy is based on leveraging short peptides derived from the
binding interface of PPIs as potent ligands for their protein
counterparts. The feasibility of this strategy has been demon-
strated for several targets, such as HIV-1 gp4l and p53-
MDM2."°" Even though the interface peptide strategy has
never been used for radiotracer development, considering that
many disease biomarkers are involved in PPI networks, we
hypothesized that interface peptides could be used as valuable
precursors for radiotracer development (Scheme 1B).

Programmed death-1 (PD-1), binding to programmed death-
ligand 1 (PD-L1), could negatively modulate the antitumor
immune response.””> Analysis of clinical outcomes suggested

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Strategies for peptide-based radiotracer development. (A) Previous studies focused on using radiotracer-integrated peptide ligands to track
protein targets. (B) Conceptual diagram of interface peptide-based tracer design. The core component of the interface peptide-based tracer design is
represented by the key sequence in protein B at the binding interface of a PPI, which is a potential ligand (inhibitor) for protein A. When truncated from
the parental protein, the peptide sequence from protein B can be developed as radiotracers for tracking protein A. (C) Representative co-crystal structure
of PD-1 and PD-L1. Two interface peptides (mpep-1 and hpep-1) were derived from mPD-L1 and hPD-L1, respectively. The black triangles indicate the
“hot spots” that mediate the interactions between PD-1 and PD-L1. (D) The study plan of this work. Two kinds of tumors were used for PET study. Two
tracers, mPep-1-[54Cu] and hPep-1-[®*Cul, were evaluated for their capacity in imaging of PD-1.

that the expression level of PD-1 in tumor-infiltrating lympho-
cytes (TILs) is one of the critical indicators for predicting
responses to immune checkpoint inhibitors.?*** Therefore,
non-invasive tracking of the spatiotemporal expression of
PD-1 in malignancies is especially important. Several PD-1
targeting immunoradiotracers have been reported to date.
However, due to their unfavourable pharmacokinetics and
limited tumor tissue penetration, their application as optimal
imaging agents in clinical practice is rather limited.>>™%?
Based on high-resolution co-crystal complex analysis, the
interaction between PD-1 and PD-L1 is considered to meet
the criteria of a typical PPL>***® In this study, we reported
the development of short peptide-based PET tracers for PD-1
using the interface peptides from PD-L1. Specifically, two
dodecapeptides derived from the binding interface of PD-L1
were modified and labeled with ®'Cu for PET imaging of PD-1 in
TILs from a murine melanoma model. Finally, the characteristics
and imaging capacity of the tracers were compared.

Experimental
Materials and methods

All chemicals were purchased from Wako Pure Chemical Indus-
tries (Osaka, Japan) or Sigma-Aldrich (St Louis, MO, USA). **Cu
was produced at the National Institute of Radiological Science

This journal is © The Royal Society of Chemistry 2020

(Chiba, Japan) with 98% radionuclidic purity in house. All
radio-HPLC analyses for the radiotracers were performed using
a JASCO HPLC system (JASCO, Tokyo, Japan) coupled with a
YMC-Triat-C18 column (4.6 mm i.d. x 150 mm, 5 um, Waters,
Milford, MA, USA). A flow rate of 1 mL min~ ' was used. The
gradient started with 90% solvent A (0.1% trifluoroacetic acid
[TFA] in water) and 10% solvent B (0.1% TFA in acetonitrile
[MeCN]), and 20 min later ended with 0% solvent A and 100%
solvent B. The effluent radioactivity was measured using a Nal
(TI) scintillation detector system (Ohyo Koken Kogyo, Tokyo,
Japan). A 1480 Wizard autogamma counter (PerkinElmer,
Waltham, MA, USA) was used to measure the radioactivity, as
expressed in counts of radioactivity per minute (CPM), accu-
mulating in cells and animal tissues. A dose calibrator (IGC-7
Curiemeter; Aloka, Tokyo, Japan) was used for the other radio-
activity measurements. The PD-1/PD-L1 blockade Bioassay kit
was purchased from Promega Corporation (Catalog No. J1250).
Concanavalin A was purchased from Sigma-Aldrich (St Louis,
MO, USA).

Preparation of m(h)Pep-1-DOTA

Peptides m(h)Pep-1-DOTA were synthesized manually by an
Fmoc-based solid-phase peptide synthesis strategy,>®*” as illu-
strated in Scheme S1 (ESI{). 1,4,7,10-Tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) was used as a chelator for **Cu
labeling and a PEG linker was used to space the peptide and

RSC Chem. Biol., 2020, 1, 214-224 | 215
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DOTA. For DOTA conjugation, DOTA was preactivated by
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC-HCI, 2 mg) at a molar ratio for DOTA/EDC-HCl/
N-hydroxysuccinimide (NHS) of 10:5:4 in dimethyl sulfoxide
(DMSO, 2 mL) for 3 h. Then the m(h)Pep-1 peptide conjugated
resin (100 mg; 0.37 mmol g~ ') was suspended in 1 mL of
N-methyl-2-pyrrolidone (NMP). Afterward, the activated DOTA
and 100 pL of DIEA were coadded to the resin. The reaction
mixture was gently bubbled with N, gas for 2 h. Finally, DOTA-
PEG;-m(h)Pep-1 was cleaved from the resin and purified by
high-performance liquid chromatography (HPLC). The col-
lected product eluents were lyophilized and dissolved in H,O
at a concentration of 1 mg mL™" for use in radiolabeling
reactions.

®Cu labeling

The labeling method is the same as that which we reported
previously. Briefly, mPep-1 or hPep-1 peptide was radiolabeled
with ®*CuCl,. Twenty pg of peptide in 10 pL of 0.1 M sodium
acetate buffer (pH = 4.1) was reacted with ~370 MBq (10 mCi)
of neutralized ®*CuCl, solution at 80 °C for 10 min. After
incubation, the reaction mixture was purified by RP-HPLC.

In vitro stability assays

The stability of the radiotracers in saline and in mouse serum
was tested using the same protocol as that which we reported
before. Ten microliters (~100 uCi) of radiotracers were added
to 90 pL of mouse serum (freshly prepared) and incubated at
37 °C with slight agitation for a designated time. Aliquots were
taken out at each time point and 100 pL of MeCN and water
(1:1, v/v) was added. Then the mixture was centrifuged for
10 min at 10000 rpm. The supernatant was analyzed using
RP-HPLC. For RP-HPLC, the analysis used an additional guard
column (Phenomenex Security Guard 3.00 mm 1.D.) for the
protection of the C-18 column. For the stability in saline, the
radiotracers were incubated in saline (>95%, v), and then
aliquots were taken out at each time point for RP-HPLC
analysis.

Luciferase based PD-1/PD-L1 blockade assay

Checkpoint blockade was assayed by the PD-1/PD-L1 blockade
luciferase reporter assay (Promega). Briefly, PD-L1 APC/CHO-K1
stably expressing cells were thawed in Ham’s F-12 media
containing 10% FBS. The cells were plated in a tissue culture
treated, white 384 well plate at 5000 cells per 10 mL per well
and allowed to incubate overnight. The following day, PD-1
expressing effector cells (Jurkat cells) in RPMI1640 with 1% FBS
were plated separately at a concentration of 10000 cells per
20 mL per well. The effector cells were then treated with a
10-point serial dilution of vehicle, mPep-1, or hPep-1 for 30 min
at 37 °C before being transferred to the plate containing the
CHO cells. The coculture was then incubated at 37 °C for 6 h in
a tissue culture incubator. Following incubation, the Bio-Glow
reagent was added to the wells in a 1:1 ratio and incubated for
10 min at room temperature. Luminescence was measured
from the top down on a Biacore plate reader with an integration
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time of 0.5 s. Data were analyzed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA).

Cell line and animals

The mouse melanoma cell line B16F10 and human hepato-
cellular carcinoma Huh-7 were maintained and passaged in a
humidified CO, incubator (37 °C/5% CO,) and the cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with
10% fetal bovine serum and 0.5% penicillin/streptomycin.

Male BALB/c nude—/— mice and C57BL/6] Jms mice (7 weeks
old) were purchased from Japan SLC (Shizuoka, Japan). All
animals received humane care, and the Animal Ethics Com-
mittee of the National Institute of Radiological Sciences
approved all experiments. All experiments were carried out
according to the recommendations of the Committee for the
Care and Use of Laboratory Animals, National Institute of
Radiological Sciences, and all animal studies were approved
by the Animal Ethics Committee of National Institute for
Quantum and Radiological Science and Technology. A tumor-
bearing mouse model using C57BL/6] Jms was prepared via a
left flank subcutaneous injection or hind leg subcutaneous
injection of 100 pL of cells (1 x 10° cells per mouse). Tumor-
bearing mice were used for studies when the tumor diameters
reached 3-5 mm. A tumor-bearing mouse model using BALB/c
nude—/— mice was prepared via a left flank subcutaneous
injection of 100 uL of cells (5 x 10° cells per mouse). Tumor-
bearing mice were used for studies when the tumor diameters
reached 3-5 mm.

Cellular uptake and inhibition experiment

Murine T cells were obtained from the spleen of C57BL/6] mice
using the MagniSort™ Mouse T cell Enrichment Kit (Invitrogen).
After separation, the T cells were maintained in RPMI
1640 basal medium supplemented with 10% FBS (37 °C/5%
CO,). One day before radiolabeling, the T cells were transferred
to 12 well plates with 5 x 10" cells per well. Radiolabeled tracers
in medium (740 KBq/1 mL) were added to each well, and the
plates were incubated at 37 °C for 5 min, 10 min, 20 min,
40 min, and 60 min. After incubation, the T cells were gently
collected into tubes by centrifugation, and then washed with
PBS twice. The radioactivity in each tube was measured with an
autogamma counter. For binding inhibition, unlabeled mPep-1-
DOTA (2 mM) was added to each well. The same procedures as
those in the tracer uptake assay were performed to obtain the
inhibition rate at respective time points.

Ex vivo biodistribution

A saline solution of tracer (1.85 MBq/100 pL) was injected into
B16F10-bearing C57BL/6] jms mice via the tail vein. Three mice
were sacrificed by cervical dislocation at 5 min, 20 min, 40 min,
and 100 min after injection of mPep-1-[**Cu] or hPep-1-{**Cu].
Major organs, including the heart, liver, lungs, spleen, pancreas,
kidneys, stomach, muscle, small intestine, intestinal lymph node,
testes, bone, brain, blood, and the tumor were quickly harvested
and weighed. The radioactivity in these organs was measured
using the autogamma counter. The results are expressed as the

This journal is © The Royal Society of Chemistry 2020
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percentage of injected dose per gram of wet tissue (% ID g™ ).
All radioactivity measurements were decay-corrected.

Small-animal PET study

PET scans were conducted using an Inveon PET scanner (Siemens
Medical Solutions, Knoxville, TN, USA), which provides
159 transaxial slices with 0.796 mm (center-to-center) spacing,
a 10 cm transaxial field of view, and a 12.7 cm axial field
of view. All list-mode acquisition data were sorted into three-
dimensional (3D) sinograms, which were then Fourier rebinned
into two-dimensional (2D) sinograms (frames x min: 4 x 1,
8 x 2, 8 x 5). Tumor-bearing B16F10/6] Jms or BALB/c nude—/—
mice were kept in the prone position under anesthesia with 1-2%
(v/v) isoflurane during the scan. The tracers (10-17 MBq/
100-200 pL) were injected via a preinstalled tail vein catheter.
Immediately after the injection, a dynamic scan in 3D list mode
was acquired for 60 min (n = 3). Maximum intensity projection
(MIP) images were obtained for C57BL/6] tumor-bearing mice.
PET dynamic images were reconstructed by filtered back pro-
jection using Hanning’s filter with a Nyquist cutoff of 0.5 cycle
per pixel, which was summed using analysis software (ASIPro
VM, Siemens Medical Solutions). Volumes of interest, includ-
ing the spleen, muscle and tumor, were placed using the ASIPro
software. The radioactivity was decay-corrected for the injection time
and expressed as the percent of the total injection dose per gram
tissue (% ID g~ ).

In vitro autoradiography

Frozen tumors from C57BL/6]J Jms were trimmed with a razor
blade and mounted in a cryostat chuck. Tissue sections were
cut at a thickness of 10 pm using a cryostat (Bright OTF5000)
and thaw mounted onto Superfrost® slides. Two consecutive
sections were placed on each slide. The B16F10 tumor was cut
into 10 um sections and stored at 80 °C until they were used for
the experiment. The tumor sections were preincubated with
Tris-HCI buffer (pH 7.4, 50 mM), MgCl, (1.2 mM), and CacCl,
(2 mM) solution for 20 min at ambient temperature, followed
by incubation with mPep-1-[**Cu] or hPep-1-[**Cu] (7.4 MBq/
200 mL) for 30 min at ambient temperature. For blocking
studies, unlabeled mPep-1 (5 mM) was added to the incubation
solution in advance to determine the specificity of radioligand
binding. After incubation, tumor sections were washed with
Tris buffer two times for 2 min and dipped in cold distilled
water for 10 s. The tumor sections were dried with cold air and
then placed on imaging plates (BASMS2025, GE Healthcare, NJ)
for 20 min. Autoradiograms were obtained and ROIs were
carefully drawn with the reference of naked-eye observation.
The radioactivity was expressed as photostimulated lumines-
cence values per unit area (PSL mm™?) and measured using a
Bio-Imaging analyzer system (BAS5000, Fujifilm).

Simulation of peptide structure

The URL for the PEP-FOLD program is https://mobyle.rpbs.
univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD3. The
simulation of the peptides’ secondary structure followed the
instructions of the constructors. The settings for the simulations

This journal is © The Royal Society of Chemistry 2020
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include: Run label, PEPFOLD; Number of simulations, 100; sort
models by sOPEP, and no demonstration mode was used.

Statistics

All measurements are expressed as means + standard devia-
tions (SD). Statistical analyses were performed using the Graph-
Pad Prism 8 software.

Results

Interface peptide selection

From the crystal complex of human PD-1/PD-L1 (PDB: 4ZQK)*®
and murine PD-1/PD-L1 (PDB: 3BIK),*® highly conserved residues
for mediating the PPIs were observed within the remarkably
similar binding interface of the PPIs.***> Additionally, the major-
ity of the interacting residues were gathered at the C terminal of
the extracellular IgV domain of PD-L1, spanning from the tyrosine
at position 112 to the asparagine at position 131. Moreover, a
contiguous segment comprised of five residues located at position
121 to 125 was reported to dominate the specific binding.*’
Therefore, taking into account the structural characteristics and
biophysical properties of the interface peptide, a peptide sequence
stretching from Gly120 to Asn131, i.e. GADYKRIT(V/L)KVN, was
selected as the interface peptide (Scheme 1C).** Compared to
the full-length sequence from Tyr112 to Asn131, the shorter
peptide would be more stable in vivo. A residue variation at
position 128 (V to L) was intentionally preserved between the
two peptides, which would allow us to compare the differences in
imaging capacity of the interface peptides from different species.

Interface peptide synthesis and radiolabeling

The interface peptides, hPep-1 and mPep-1, were obtained by
manual solid-phase peptide synthesis (Fig. 1A). Radionuclide
%Cu (tyyp = 12.7 h, 5 = 17%, B~ = 39%, EC = 43%, Eyay =
0.656 MeV) is an attractive nuclide for PET study due to its
comparatively long half-life and ease of labeling.”* To label
%4Cu within the peptides, the chelator DOTA was connected to
the N terminal of the peptides (Fig. 1B). To avoid any DOTA-
related perturbation of the mode of peptide binding, a
poly(ethylene glycol); (PEG;) linker was used to create space
between the peptide and DOTA. Radiolabelling was then per-
formed according to the method reported previously.*>*® As
shown in Table 1, the labeling of both of the peptides achieved
high radiochemical yields (>90%). Consequently, the molar
activities for hPep-1{°’Cu] and mPep-1-{**Cu] were 53.4 +
4.7 GBq pmol ' and 55.4 + 7.3 GBq pmol ', respectively.
mPep-1-[**Cu] showed a longer retention time (tz = 7.83 min)
in the high-performance liquid chromatogram (HPLC) column
than hPep-1-[**Cu] (tg = 7.48 min), indicating that mPep-1-
[**Cu] was more hydrophobic than hPep-1-[**Cu] (Fig. S1, ESI?).
This phenomenon could be attributed to the fact that Leu is
more hydrophobic than Val. The radiochemical purities of both
the tracers were above 95% after purification.

Both tracers showed good stability with no decomposition or
%4Cu detachment after 24 hours of incubation in saline at 37 °C.

RSC Chem. Biol., 2020, 1, 214-224 | 217
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Fig. 1 Chemical structures of the tracers. (A) ®*Cu labeling reaction of
hPep-1-DOTA and mPep-1-DOTA. (B) Chemical structure of the chelator
and spacer. (C) The R residues and molecular weight (M.W.) of hPep-1 and
mPep-1, respectively.

Table 1 Radiolabeling and quality control of hPep-1-[®*Cu] and mPpep-
1[%*Cu] PET tracers. Radiochemical yield (RCY), molar activity, and radio-
chemical purity of the as-prepared tracers. Data represent mean + SD (n = 7)

Tracers hPep-1-[*'Cu] mPep-1-**Cu]
Radiochemical yield (%) >90 >90

Molar activity (GBq pmol ™) 53.3 + 4.7 55.4+7.3
Radiochemical purity” (%) >95 >95
Retention time (g) 7.48 min 7.83 min

“ The radiochemical purity was determined by HPLC under conditions
as follows: YMC-Triat-C18 column (4.6 mm i.d. x 150 mm, 5 um);
solvent gradient of 10-90% acetonitrile (0.1% trifluoroacetic acid
(TFA)), 20 min; flow rate of 1 mL min .

In addition, >90% of the intact tracers were retained after the
24 hour incubation period. The stability of the tracers in mouse
serum was also investigated and higher stability was observed
in both mPep-1{*'Cu] and hPep-1-[**Cu], as >90% of the intact
tracers were retained at 1 hour post-incubation (Fig. S2, ESIT).

In vivo PET imaging of PD-1

The murine melanoma B16F10-bearing C57BL/6] mouse is a
suitable model for PET imaging study for PD-1, as the tumor-
infiltrating lymphocytes in these mice overexpress mPD-1.>>*
Dynamic PET was performed for one hour following intravenous
injection to monitor the tumor engagement and biodistribution
of our tracers. Representative PET images coregistered with
computed tomography (CT) images for mice with inoculated
tumors (at 20 and 40 min p.i.) in the left-armpits are shown in
Fig. 2A and B. Specifically, mPep-1-[**Cu] exhibited higher
tumor uptake than hPep-1-{**Cu] at 20 and 40 min following
injection. This phenomenon could be attributed to the higher
binding ability of mPep-1{*'Cu] to PD-1 than that of hPep-1{*'Cu].

218 | RSC Chem. Biol., 2020, 1, 214-224
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Fig. 2 PET-CT co-registered images and region of interest (ROI) curves
of selected organs in B16F10-bearing C57BL/6J mice. Coronal and axial
PET-CT images of mice post-injection of (A) mPep-1-[¢*Cul and (B) hPep-
1-[®*Cu] at 20 min and 40 min. Areas within the white dashed circles
indicate the tumors. (C) Tumor and muscle and (D) spleen uptake were
estimated from the ROI of PET-CT images; for each curve the error bars
represent standard deviations (SD), n = 3.

Both tracers were shown to mainly accumulate in the kidney (K) and
bladder (B), suggesting that our tracers were renally clearable. Strong
radioactivity was observed in the bladder, indicating that
clearance of the tracers was dominated by the kidney-bladder
metabolic pathway (Fig. S3, ESIt). Additionally, PET signal
quantification was performed in the region of interest (ROI)
and the resulting time-activity curves (TAC) from 0-60 min p.i.
were plotted as Fig. 2C and D. Both tracers reached the highest
tumor uptake at ~8 min p.i., followed by a gradual decline in
radioactivity in the tumors. Finally, mPep-1-[**Cu] revealed
higher accumulation in both the tumor and the spleen (an
immune cell-rich organ) than hPep-1-[**Cul.

To validate the above observations, mice bearing B16F10
tumors in both hind legs were imaged with our tracers.
Similarly, mPep-1-{**Cu] showed higher uptakes in both the
tumor and spleen than hPep-1-[**Cu] at 20 min and 40 min p.i.
of the tracers (Fig. S4A and B, ESIt). Both tracers showed a
heterogeneous distribution in tumors, revealing that most of
the tracers were located at the periphery of the tumors, which
was consistent with the TIL heterogeneity in the tumor
microenvironment.*® Besides, the TAC of the tumor and spleen
from the PET images also confirmed higher accumulation of
mPep-1-[**Cu] in the tumor than that of hPep-1-{**Cu] (Fig. $4C
and D, ESIY).

To verify that our tracers were PD-1 specific, we performed a
blocking study in C57BL/6] mice bearing B16F10 tumor cells. The
blocking study was performed by co-injection of mPep-1{**Cu]
and mPep-1-DOTA (5 mg kg™ ") via the tail vein. As a result, an
obvious decrease of tracer uptake in the tumor was observed at
both 20 min and 40 min post-injection (Fig. S5A and B, ESIY).

This journal is © The Royal Society of Chemistry 2020
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Afterward, the % ID g~ values of the tumor, muscle, and spleen
were quantified based on the PET images. The blocking results in
a consecutive ~1.5% ID g™ * reduction in the tumor from 5 min to
60 min post-injection (Fig. S5C, ESIf). Moreover, a more pro-
nounced reduction of tracer uptake elicited by mPep-1-DOTA
blocking was observed in the spleen (Fig. S5D, ESIt), in good
agreement with the fact that the spleen is an important part of the
immune system. No significant difference in muscle uptake
between blocking and non-blocking mice was observed due to
the very low background uptake in this organ. To further validate
the radiotracers as being immune-cell specific, an immunodefi-
cient mouse model was selected for PET imaging study. Balb/c
nude mice inoculated with hepatoblastoma Huh-7 cells were
imaged at one hour after intravenous injection of our tracers.
Both tracers showed no tumor-specific uptake in Huh-7 tumors
(Fig. S6A, ESIt). Furthermore, no statistically significant difference
between mPep-1-{**Cu] and hPep-1{**Cu] in tumor uptake at
various time points was observed (Fig. S6B, ESIT). Taken together,
the PET imaging studies demonstrated that mPep-1-{*'Cu] out-
performed hPep-1-{**Cu] in mapping PD-1 in B16F10 tumors.
Besides, our tracers showed high reliability and reproducibility
for imaging tumors at various locations in mice, suggesting their
potential utility in the tracking of PD-1 in both primary and
metastasis tumors.

Ex vivo biodistribution

The specific uptake of the tracers was further investigated via
the ex vivo biodistribution. The biodistribution data in tumors
and selected organs at 5 min, 20 min, 40 min, and 100 min p.i.
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Fig. 3 Ex vivo biodistribution, and tumor to muscle and tumor to blood
ratios of the tracers in B16F10-bearing C57BL/6J mice. Uptake of the
tracers in the tumor (A) and spleen (B) p.i. at 5 min, 20 min, 40 min, and
100 min, three mice for each time point. Unpaired Student’s t-test was
used for data comparisons. * < 0.05, *** < 0.001. (C) Tumor to muscle
ratio of the tracer uptake. (D) Tumor to blood ratio of the tracer uptake. For
all panels, the data represent mean + SD, n = 3.
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of the tracers are summarized in Tables S1 and S2 (ESIT). These
data were consistent with the PET imaging results shown in
Fig. 2C and D. The uptakes of mPep-1-[**Cu] in tumors were
5.52 + 1.66, 4.48 + 0.82, and 4.08 + 0.99 (mean % ID g * + SD)
at 5 min, 20 min, and 40 min p.i., respectively. Meanwhile, the
tumor uptakes of hPep-1-[**Cu] were 3.37 + 1.06, 2.60 + 0.28,
and 1.79 £ 0.04 at the same respective time points (Fig. 3A).
The radioactivity in the spleen also varied significantly between
the two tracers, with a 1.5-2 fold higher uptake of mPep-1-
[**Cu] observed in the spleen compared to that of hPep-1{**Cu]
across all studied time points (Fig. 3B). The tumor to muscle
(T/M) and tumor to blood (7/B) ratios for both tracers were
calculated and are presented in Fig. 3C and D, respectively.
mPep-1-[**Cu] showed higher T/M and T/B ratios at 0-40 min
p.i., indicating a superior tumor to background contrast of
mPep-1-®*Cu] than hPep-1-[**Cu], further indicating that
mPep-1-[**Cu] was preferable due to its high sensitivity for
visualizing small tumor lesions. The continuous increment of
the T/M and T/B ratios along the postinjection time suggested
that the clearance rate of the tracers in tumors was slower than
those in the muscle and blood, indicating the specific binding
of the tracers to PD-1. Notably, low radioactivities were exhib-
ited in the lung and liver, suggesting the superior metabolic
profiles of the tracers.

Autoradiography

In addition, in vitro autoradiography (ARG) was used to further
verify the specific binding of the tracer to PD-1. Tumor tissue
sections from the same mouse bearing a B6F10 tumor were
used for the ARG study. The tumor tissue section stained with
mPep-1-[**Cu] exhibited significantly stronger radioactivity
(1400 PSL mm 2, PSL; photostimulated luminescence) than
that stained with hPep-1-[**Cu] (600 PSL mm~?) (Fig. 4A and B).
When co-stained with excess mPep-1-DOTA, the binding of
mPep-1-{**Cu] to the tissue section was drastically decreased
to approximately half of the original intensity. These data
unambiguously demonstrated that the binding of mPep-1-
[**Cu] to B16F10 tumor tissues was PD-1 specific.

Investigation of the differentiation between mPep-1 and hPep-1

The aforementioned results have demonstrated that mPep-1-
[**Cu] performed better as a radiotracer for PET imaging of PD-
1 than hPep-1-{**Cu]. This differentiation could surprisingly be
attributed to a sole residue variation (V128L), even though
residue 128 is displayed in an out-of-interface protrusion in
the co-crystal structure of PD-1 and PD-L1 (Fig. 5A),>*** which
has been identified as a non-critical site for PD-1 binding.

To investigate the origin of the difference in performance of
the two tracers, the binding ability of mPep-1-DOTA and hPep-
1-DOTA to PD-1 was assessed by a PD-1/PD-L1 blockade luciferase
reporter assay.”® The measurement of luminescence against
doses indicated that mPep-1-DOTA exhibited lower ECs,
(53.88 & 3.37 nM) than hPep-1-DOTA (ECs, = 170.40 + 3.39 nM).
Furthermore, mPep-1 and hPep-1 without DOTA displayed
similar ECs, (33.13 + 7.08 nM and 136.3 £+ 4.11 nM, respec-
tively) to mPep-1-DOTA and hPep-1-DOTA correspondingly,
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Fig. 4 In vitro autoradiography. (A) Representative ARG images of the
B16F10 tumor sectional tissue slides, blk: block. (B) Quantification of
tracer binding as photo-stimulated luminescence per square millimeter (PSL
mm~2, mean =+ SD) in Fig. 4A. Student's t-test for unpaired measurements;
n =23 ** < 0.001
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Fig. 5 Binding affinity, cellular uptake, and simulated secondary struc-
tures of hPep-1and mPep-1. (A) A representative illustration of the binding
interface consisting of PD-1 and the interface peptide from PD-L1. The
structure was reconstructed based on a PD-1/PD-L1 complex structure
(ID: 3bik) in the PDB database. (B) Response curves for a PD-1/PD-L1
checkpoint luciferase reporter assay (RE-NFAT) used to examine the
effects on the signaling pathway. Data represent three biological repli-
cates, mean £ SD, n = 3. (C) Uptake of tracers in C57BL/6J mouse splenic
cells (with Concanavalin A induced expression of PD-1). (D) Simulated
structures of hPep-1and mPep-1 by an online peptide structure prediction
tool (PEP-FOLD3.5, https://bioserv.rpbs.univ-paris-diderot.fr/services/
PEP-FOLD3/).

suggesting negligible interference of the PEG;-DOTA tail with
the binding mode of mPep-1 (Fig. 5B). The specific uptake of the
radiotracers by PD-1 positive splenic cells (with Concanavalin A
induced expression of PD-1) was further examined.>> As shown
in Fig. 5C, the uptake of mPep-1-{**Cu] in splenic cells con-
tinuously increased from 0 min to 60 min, reaching ~3.3%
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administration dose per 10* (AD% per 10%) cells. In contrast, the
uptake of hPep-1-[**Cu] was much lower than that of hPep-1-
[**Cu], showing ~2.1% AD per 10" cells at 60 min. Moreover,
the uptake of both peptides was effectively inhibited by co-
incubation with an excess of mPep-1-DOTA (blk), indicating the
specific binding of mPep-1 to PD-1 (Fig. 5C). It is worth noting
that some non-specific binding of the tracers to splenic cells
exists, as ~20% (incubation for 60 min) of the uptake cannot be
blocked.

Taken together, the two short peptides showed significant
differences in binding affinities to PD-1, which was probably
the major differentiating factor leading to their varying perfor-
mance in PET imaging. The difference in their binding affi-
nities could be attributed to the fact that neither mPep-1 nor
hPep-1 maintains its original B-sheet conformation when trun-
cated from the protein folding environment. While Leu and Val
exhibit different conformation inducing propensities, their
presence can lead to the formation of different secondary
structures of the peptides. This assumption was supported by
the simulated structures of hPep-1 and mPep-1,*°">? in which
the N-sides adopt similar a-helices, while the C sides assemble
into a sheet-like conformation in hPep-1 and a random coil in
mPep-1 (Fig. 5D). These results also highlighted the importance
of peptide stapling technologies in enforcing the native protein
folding structures of the short peptides.*®***

Discussion

In this study, we demonstrated that the interface peptide from
mPD-L1 is a potential imaging agent for mPD-1 in the PD-1/PD-
L1 PPI model. Although the short interface peptide departs
from its original folding environment, it is shown to retain
satisfactory specific binding to its original target. The PET
imaging results confirmed the efficacy of the radiotracers in
mapping of PD-1 in immune healthy mice. This study conveyed
a unique paradigm for developing imaging agents for highly
challenging targets, such as membrane receptors and antigens.
The approach illustrated here is straightforward and easy to
follow, further promoting its adaptability for use in other
targets that are involved in PPIs to help identify them as
biomarkers for various diseases.

Moreover, a sole residue difference at position 128 between
mPep-1-**Cu] and hPep-1-**Cu] contributed to the unexpected
differentiations in their imaging capacities. As opposed to the
previous conclusion that residue 128 is noncritical for PD-1
binding, our findings indicate that this site may be a determi-
nant of varying imaging performance of the radiotracers,
eliciting further interest in optimizing this residue to enhance
the PD-1 binding ability of the tracer. Our findings also high-
light the importance of in vivo PET imaging as a companion
diagnostic in drug development, as it could provide a more
comprehensive assessment of the pharmacological properties
of the candidate drugs.

Although immunoradiotracers that target PD-1 have been
intensively examined in preclinical and clinical studies, these

This journal is © The Royal Society of Chemistry 2020
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tracers made from large molecular weight monoclonal antibo-
dies yet show inherent limitations regarding their DMPK
profiles, such as slow pharmacokinetics and metabolizing rate
in vivo as well as poor target-to-nontarget contrast. In an over-
view of the reported immunoradiotracers (Table S3, ESI,f
entries 1-10), most of them necessitate a waiting time exceed-
ing 24 hours to gain the optimal PET images.”> %37 The
major clearance organs for immunoradiotracers are the liver
and kidney, where high radiation exposure may cause organ
dysfunction. As vital indicators of the image quality, the tumor
to blood and tumor to muscle ratios of immunoradiotracers
are usually compromised due to the unfavorable pharmaco-
kinetics. In stark comparison, the peptide-based radiotracers
mPep-1-[**Cu] (entry 11) display distinctly different DMPK
profiles. mPep-1-[**Cu] accumulates in the targets shortly after
injection in vivo due to its small size, which further imparts
deep tissue penetration. Moreover, the physical half-life of
mPep-1-[**Cu] in vivo is estimated to be hours, giving it fast
clearance from non-targeted tissues and finally allowing it be
excreted from the body in several hours, which could mitigate
nonspecific radiation exposure and result in satisfactory image
quality, verified by the high tumor to blood and tumor to
muscle ratios.

In general, seeking peptide radiotracers that can be trans-
lated to clinical uses remains a formidable challenge. Recently,
concomitant with the elegant application of novel peptide
modification methodologies in tracer development, great suc-
cess has been witnessed in developing peptide-based PET
imaging agents, exemplified by the PD-L1 targeting macrocyclic
peptide WL12.>37%° WL12 possesses an N-methylated backbone
with 14 amide bonds and 1 thioether bond, conferring its high
stability in vivo, as macrocyclization and N-methylation prevent
the peptide from undergoing enzymatic degradation by multi-
ple enzymes. WL12 was discovered by an extensive screening of
a large library of peptides, and the success of this peptide
benefits from the rational design. In contrast, our m(h)Pep-1
peptides are derived from an “interface peptide strategy”,
which fundamentally relies on the structures of protein com-
plexes. Complementary to the “HTS”, our strategy conveys a
facile way to seek lead peptides that can target aberrant PPIs.
However, unlike WL12, the interface peptides usually display
sub-optimal performance. Further optimization of the interface
peptide sequences, such as cyclization, N-methylation, multi-
merization, etc., is necessary to improve the target specificity
and binding affinity. In the future, the combination of “inter-
face peptide” with “rational optimization” would be a preva-
lent mode for peptide-based tracer development, as the
interface peptide strategy does the “first-step” in seeking lead
compounds while rational optimization gains the “best” per-
formance of the tracers.

Conclusions

In conclusion, we performed a proof-of-concept study in
exploiting the interface peptide in PD-L1 for the development
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of PET tracers for PD-1. mPep-1{%'Cu], the first reported
peptide-based PET tracer for imaging PD-1, convincingly
mapped PD-1 in a mouse model. Further investigations should
be performed to evaluate the efficacy of the tracer in humanized
animal models. Besides, improvement of the overall perfor-
mance of the tracer by introducing chemical modifications,
such as macrocyclization or PEGylation, should be considered
to further promote the utility of the tracer in clinical settings.
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