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Abstract

Molecular imaging can report on the status of the tumor immune microenvironment and guide 

immunotherapeutic strategies to enhance the efficacy of immune modulation therapies. Imaging 

agents that can rapidly report on targets of immunomodulatory therapies are few. The programmed 

death ligand 1 (PD-L1) is an immune checkpoint protein over-expressed in several cancers and 

contributes to tumor immune suppression. Tumor PD-L1 expression is indicative of tumor 

response to PD-1 and PD-L1 targeted therapies. Herein, we report a highly specific peptide-based 

positron emission tomography (PET) imaging agent for PD-L1. We assessed the binding modes of 

the peptide WL12 to PD-L1 by docking studies, developed a copper-64 labeled WL12 

([64Cu]WL12), and perform its evaluation in vitro, and in vivo by PET imaging, biodistribution 

and blocking studies. Our results show that [64Cu]WL12 can be used to detect tumor PD-L1 

expression specifically and soon after injection of the radiotracer, to fit within the standard clinical 

workflow of imaging within 60 min of administration.
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INTRODUCTION

Immunotherapy, which harnesses one’s own immune system to kill cancer cells, is playing a 

central role in the treatment of various cancers [1]. In spite of the significantly improved 

therapeutic outcomes, many cancers do not respond to immunomodulatory therapies. 

Existing companion diagnostics that work through immunohistochemistry (IHC) provide 

only a snapshot of the dynamic tumor immune milieu and often do not accurately predict 

treatment response[2]. Non-invasive imaging technologies can provide quantitative, real-

time assessment of tumor biology and guide drug development [3]. Positron emission 

tomography (PET), the most molecular and quantitative of translational imaging 

technologies, has been used for repetitive measurement of overall target expression in 

lesions [3]. PET tracers that can provide rapid and real-time assessment of target expression 

relevant to immunomodulatory therapies could significantly benefit ongoing clinical trials.

The immune checkpoint protein, programmed death ligand 1 (PD-L1), is a preferred target 

for immunotherapy. PD-L1 is expressed by a variety of tumors, and its over-expression is 

induced in tumor cells as an adaptive mechanism in response to tumor infiltrating cytotoxic 

T-cells[1]. Increased PD-L1 in the tumor microenvironment (TME) causes immune 

suppression by deactivation of immune infiltrates via binding to programmed cell death 

protein 1 (PD-1) receptor, expressed by active immune infiltrates [1, 4]. Currently, 

immunohistochemical (IHC) detection is the best-studied predictive biomarker for 

therapeutic monitoring of PD-L1/PD-1 targeted therapies [5], but this approach and its 

available FDA-approved diagnostic IHC tests for PD-L1 have significant limitations [6], 

hampered by inconsistent definitions of antigen-positivity, discordant detection antibodies, 

insufficient inter-assay agreement, and intra- and inter-tumoral heterogeneities that 

compromise accuracy and reliability, and thus therapeutic decision-making. Also, tissue 

samples acquired by biopsy for testing are typically very limited, and may be needed for 

molecular profiling to identify targetable oncogenic mutations in other pathways (e.g. 

epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase, DNA repair genes) 

that confer sensitivity or resistance to existing therapies. Such precious samples make it 
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often impractical to perform multiple PD-L1 assessments for reliable representation of PD-

L1 expression. We anticipate that novel PET imaging agents that enable non-invasive 

assessment of PD-L1 expression levels, dynamics and distribution, and do so within the 

standard clinical workflow of imaging within 60 min of administration, will overcome the 

shortcomings of available (IHC-based) methods for evaluating PD-L1 expression status.

We and others have shown that radiolabeled anti-PD-L1 antibodies can be used to assess 

PD-L1 expression non-invasively in human tumor xenografts and in syngeneic tumor models 

[7–13]. Although radiolabeled antibody conjugates are increasingly used for imaging tumor-

specific proteins, longer clearance times, extending up to days, are required for enhanced 

contrast and lesion detection[14]. The dynamic nature of the tumor immune 

microenvironment provides rationale for development of PET tracers that allow for rapid 

evaluation of TME. In this regard, low molecular weight, peptide-based PET tracers are 

desirable candidates for clinical application due to their fast clearance and synthetic 

tractability[15]. Peptide-based PET tracers targeting somatostatin receptors and chemokine 

receptor 4 (CXCR4) produce high target-to-non-target ratios in patients[16]. Recently, 

peptides that specifically bind to PD-L1 have been reported[17], however, their potential to 

detect PD-L1 expression in vivo has not been established. We hypothesized that those PD-

L1 binding peptides have the potential to detect PD-L1 expression in tumors rapidly and 

with high specificity. To test our hypothesis we selected a peptide, WL12 (Fig. 1A), from a 

reported peptide library that is most suitable for conjugation and possesses a single primary 

amine and assessed its binding mode to PD-L1. We conjugated a DOTAGA chelator to 

WL12 for radiolabeling with 64Cu to generate [64Cu]WL12, assessed binding affinities of 

the peptide derivatives to PD-L1, and determined the in vitro uptake of [64Cu]WL12 in cell 

lines with variable PD-L1 expression. As proof-of-concept we evaluated the ability of the 

[64Cu]WL12 to detect PD-L1 expression in vivo by PET imaging in NSG mice harboring 

Chinese hamster ovary (CHO) tumors with constitutive human PD-L1 expression (hPD-L1) 

and isogenic negative control tumors (CHO). Tissue distribution and target specificity of 

[64Cu]WL12 were confirmed by ex vivo biodistribution and blocking studies.

MATERIALS AND METHODS

Supporting information

Detailed procedures for synthesis of WL12-D, WL12-Cu, and their characterization (Fig. 

S1, S3–S6), method and results of circular dichroism studies (Fig. S2), methods for flow 

cytometry, competitive inhibition, and in vitro binding assay with [64Cu]WL12 can be found 

in supplementary information.

Materials

PD-L1 binding peptide, WL12, was custom synthesized by CPC Scientific (Sunnyvale, CA) 

with >95% purity. All other chemicals were purchased from Sigma-Aldrich or Fisher 

Scientific unless otherwise specified. 2,2′,2″-(10-(2,6-dioxotetrahydro-2H-pyran-3-

yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (DOTAGA anhydrate) and 

[64Cu]Cl2 were purchased from CheMatech Macrocycle Design Technologies (catalog # 

C109; Dijon, France) and The University of Wisconsin, respectively. All cell culture related 
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reagents were purchased from Invitrogen. Polyclonal anti-human IgG-Eu3+Cryptate (catalog 

# 61HFCKLA) and XL665-conjugated mouse monoclonal anti-6Histidine antibody (catalog 

# 61HISXLA) were purchased from Cisbio Assays (Bedford, MA). Recombinant Human 

PD-1 Fc chimera Protein (catalog # 1086-PD-050) and recombinant human PD-L1(B7-H1)-

His-tag protein (catalog #9049-B7) were obtained from R&D systems (Minneapolis, MN).

Docking studies

In order to perform the docking of WL12 to PD-L1, the crystal structure of human PD-1 

bound to PD-L1 (PDB ID: 4ZQK) was used as a template. The model was first prepared 

using the Protein Preparation Wizard in Maestro (Schrödinger Release 2016-2: Maestro, 

version 10.6, Schrödinger, LLC, New York, NY, 2016) [18]. This involves the assignment of 

bond orders and formal charges, the addition of hydrogen atoms and the addition of missing 

side-chains. The hydrogen bonding network within the protein is optimized (including the 

reorientation of thiol and hydroxyl groups, sampling Asn, Gln and His side chains, and the 

prediction of the protonation states of His, Asp and Glu), followed by a brief minimization. 

The structure of PD-1 was removed. A conformational search was performed on the 

structure of WL12 using Prime Conformational Search (Schrödinger Release 2016-2: Prime, 

version 4.4, Schrödinger, LLC, New York, NY, 2016). The 100 lowest energy conformers 

were selected for docking experiments. Docking was performed with Glide (Schrödinger 

Release 2016-2: Glide, version 7.1, Schrödinger, LLC, New York, NY, 2016) using default 

settings and input ring conformations [19, 20]. Software used for these computations was 

curated by SBGrid [21].

PD-L1 and PD-1 binding inhibition assay

A competitive inhibition assay for PD-L1 binding to PD-l was optimized from a previously 

described fluorescence resonance energy transfer (FRET)-based assay in discussion with 

Cisbio [22] using PD-1-Ig and PD-L1-His-tag that were detected by anti-human IgG-Eu3+ 

cryptate (IgG-Eu, final concentration 2 nM) and anti-6HIS-XL665 monoclonal antibody 

using a Perkin Elmer Victor3 1420 multi-label counter (Perkin Elmer, Waltham, MA).

Generation of [64Cu]WL12
64CuCl2 was evaporated to a small volume and transformed into 64Cu(OAc)2 by titrating 

with 0.1 M sodium acetate solution. For radiolabeling, approximately 10 μg of WL12D 

(4.27 nmol) in 100 μL of sodium acetate was mixed with ~185 MBq (~5 mCi) 

of 64Cu(OAc)2 and incubated at 65 °C for 30 min. Resulting radiotracer was purified on a 

C-18 (Luna, 5 μm, 10 x 250 mm; Phenomenex) column using a Varian ProStar system 

equipped with a radioactive single-channel radiation detector and a UV absorbance detector 

set to 280 nm. Gradient elution starting with 2% methanol (0.1% TFA) reaching 90% 

methanol over 70 min at flow rate of 5 mL/min with water (0.1% TFA) as co-solvent was 

applied. [64Cu]WL12 was collected at ~56.2 min (rt for unlabeled peptide: 53.6 min) 

evaporated, diluted with saline containing 5% DMSO and two drops of Tween 20, used for 

in vitro and in vivo evaluation. [64Cu]WL12 was obtained in 52.09 +−6.3% yield with a 

specific activity of 1.9 ± 0.11 mCi/μg.
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Cell lines

Chinese hamster ovary cell line CHO-K1 (henceforth referred to as CHO) and triple negative 

breast cancer (TNBC) cell line MDAMB231 were purchased from the American Type 

Culture Collection (ATCC, Manassas, VA) and passaged for fewer than 3 months after 

which new cultures were initiated from vials of frozen cells. The SUM149 cell line was 

kindly provided by Dr. Stephen P. Ethier, Medical University of South Carolina, and 

authenticated by STR profiling at JHU. SUM149 cells were maintained in Ham’s F-12 

medium with 5% FBS, 1% P/S and 5 μg/mL insulin, and 0.5 μg/mL hydrocortisone. All 

other cell lines were cultured in ATCC recommended media in an incubator at 37°C in an 

atmosphere containing 5% CO2. CHO cell line stably expressing human PD-L1 (henceforth 

referred to as hPD-L1) was generated in our laboratory[9] and maintained in F-12K medium 

with 10% FBS, 1% P/S and 2 mg/mL G418.

Animal Models

Animal studies were performed according to the protocols approved by the JHU Animal 

Care and Use Committee using six-to-eight week old, female, non-obese diabetic severe-

combined immunodeficient gamma (NSG) mice obtained from the JHU Immune 

Compromised Animal Core. Mice were implanted subcutaneously in opposite sides of the 

upper flanks with 10×106 of hPD-L1 and CHO cells. Mice were used for imaging or 

biodistribution experiments when the tumors reached a volume of 200–300 mm3.

PET-CT imaging of mouse xenografts

Mice were injected with 150 μCi of [64Cu]WL12 in 200 μL of saline intravenously (n = 3), 

anesthetized under 3% isofluorane prior to being placed on the scanner. PET images were 

acquired in two bed positions at 10 min/bed in an ARGUS small-animal PET/CT scanner 

(Sedecal, Madrid, Spain) as described previously [13].

Ex vivo biodistribution

Mice harboring hPD-L1 and CHO tumors with high and low PD-L1 expression (n=5), 

respectively were injected intravenously with 40 μCi of [64Cu]WL12 and biodistribution 

studies were performed as described previously [13]. For the blocking study, mice were co-

injected with 2 mg/kg (50 μg) of unmodified peptide with the radiotracer. The percentage of 

injected dose per gram of tissue (%ID/g) values were calculated based on signal decay 

correction and normalization to external [64Cu] standards, which were measured in 

triplicate. Biodistribution data shown is mean ± the standard error of the mean (SEM).

Data analysis

IC50 and Ki values were calculated and statistical analysis was performed using a Prism 6 

Software (GraphPad Software, La Jolla, CA). P-values < 0.05 were considered to be 

significant using an unpaired two tailed t-test and the comparative reference was cell line or 

tumor with low PD-L1 expression. Flow cytometry data was analyzed using FlowJo 

software (Tree Star, Ashland, OR.). by using Prism 6 software (GraphPad).
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RESULTS AND DISCUSSION

WL12 binds PD-L1 in a similar mode to that of PD-1

To assess the binding mode of WL12 to PD-L1, we used the co-crystal structure of human 

PD-L1 bound to PD-1 (PDB ID: 4ZQK)[23] to dock WL12 in the place of PD-1. Given the 

structural complexity of the macrocycle, WL12, we first performed a conformational search 

and selected the top 100 conformers for docking studies. These 100 conformers of WL12 

were docked into the PD-1 binding site on PD-L1 using Glide[19, 20]. A single conformer 

was able to dock successfully. In this pose, WL12 forms a beta sheet like structure with two 

hydrogen bonds made between the backbone of the two macrocycle strands (Fig. 1B). This 

conformation is supported by circular dichroism experiments (Fig. S2). An overlay of the 

structure of PD-1 with the bound WL12 reveals the similarities in binding mode between the 

two. The two beta strands of PD-1 that form the binding interface with PD-L1 overlap with 

the pseudo-strands of WL12 (Fig. 1C). The D-leucine of WL12 inserts into the same small, 

hydrophobic pocket as Ile134 of PD-1, and one of the two norleucine residues bind in the 

same fashion as Ile126 of PD-1. In addition to these hydrophobic interactions, a number of 

hydrogen bonds are present between WL12 and PD-L1. The carboxamide of the asparagine 

on WL12 forms a hydrogen bond with Arg113, the hydroxy-proline interacts with Glu58 

and Asp61, one of the backbone carbonyls interacts with Tyr56, and the serine hydroxyl 

interacts with Gln66. The ornithine residue is exposed and does not participate in binding 

with PD-L1. This suggests that conjugation of a suitable label via amine-coupling methods 

would not disrupt WL12 binding to PD-L1.

[64Cu]WL12 shows PD-L1-specific cellular uptake in vitro

The 13ornithine (Orn) primary amine was utilized to conjugate DOTAGA, which was then 

used to prepare a non-radioactive Cu2+ analog (WL12-Cu) and to radiolabel with 64Cu. The 

resulting WL12D and the corresponding WL12-Cu were purified by HPLC, characterized by 

mass spectrometry (Fig. S1, S3-S6), and subjected to in vitro evaluation. To assess the half-

maximal inhibitory concentration (IC50) of WL12 and its derivatives to inhibit PD-L1 

interaction with PD-1, we optimized a previously described in vitro assay that relies on 

fluorescence resonance energy transfer[22]. We observed IC50 values of 22, 23, and 2.9 nM 

for WL12, WL12D, and WL12-Cu, respectively (Fig. 2A, Fig. S7, S8 and Table S1). These 

data indicate that WL12 retains high binding affinity to PD-L1 upon modification of 13Orn 

side chain with DOTAGA and chelation to Cu2+.

To demonstrate PD-L1 specificity and cell uptake, we generated [64Cu]WL12 with high 

specific radioactivity (1.9 ± 0.1 mCi/μg) and radiochemical purity (> 95%) (Fig. S9 & 10). 

hPD-L1 cells incubated with [64Cu]WL12 for 1 h showed > 50% uptake of the incubated 

dose and a 43-fold increase in bound radioactivity compared to the negative control CHO 

cells (Fig. 2C). We then tested the binding specificity by incubating hPD-L1 cells with 

[64Cu]WL12 alone or in the presence of a 1 μM blocking dose of WL12. We observed > 

95% reduction in bound [64Cu]WL12 in the presence of the excess non-radioactive peptide, 

indicating that [64Cu]WL12 binding to PD-L1 is specific (Fig. 2C). We further tested the 

ability of [64Cu]WL12 to detect endogenous PD-L1 expression in two triple negative breast 

cancer (TNBC) cell lines, MDAMB231 and SUM149, which show high and low PD-L1 
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expression respectively (Fig. 2B). Two-fold higher uptake of radioactivity in MDAMB231 

cells compared to SUM149 cells further confirmed the specificity of [64Cu]WL12 for PD-L1 

(Fig. 2C). Flow cytometry analysis for PD-L1 expression demonstrated the mean 

fluorescence intensity values in the following order: hPD-L1 > MDAMB231 > SUM149 > 

CHO, which correlated with the uptake of radioactivity (r = 0.9977, Fig. S11 & 12). 

Collectively those results demonstrate that [64Cu]WL12 binds cancer cells in vitro in a PD-

L1 expression-dependent manner.

[64Cu]WL12 specifically accumulates in tumors with high PD-L1 expression

To gain insight into the in vivo specificity and distribution of [64Cu]WL12, we performed 

PET-CT imaging studies in mice harboring hPD-L1 and CHO tumors (n = 4). PET imaging 

studies showed robust uptake of [64Cu]WL12 in hPD-L1 tumors. The increased uptake in 

hPD-L1 tumors could be observed as early as 10 min and retained through 120 h post-

injection (Fig. 3A) with PD-L1 expression confirmed by IHC (Fig. 3B). In addition to 

tumors, high uptake was also observed in kidneys and liver. To confirm the PET imaging 

observations, biodistribution studies were performed at 1 and 2 h after the injection of 

[64Cu]WL12 (n = 3 and n = 5, respectively). Considering the rapid uptake observed in PD-

L1-positive tumors, we surmised that biodistribution at 1 and 2 h would be more informative 

for the development of an 18F-labeled analog. Consistent with the imaging studies, hPD-L1 

tumors demonstrated radioactivity uptake in percentage of injected dose/g (%ID/g) values of 

14.9 ± 0.8 at 1 h. By contrast, control CHO tumor uptake was 4.0 ± 0.6 %ID/g (Fig. 4). 

Uptake in the kidneys and liver was also relatively high, with uptake values of 34.4 ± 3.1 and 

24.2 ± 2.5 %ID/g, respectively. The tumor-to-muscle and tumor-to-blood ratios for hPD-L1 

tumors were 25.6 ± 1.9 and 4.7 ± 1.2, respectively, consistent with the ability of 

[64Cu]WL12 to provide PD-L1 specific images with high signal-to-noise ratios (Fig. 3).

Biodistribution studies performed at 2 h showed a similar profile with a trend towards 

decreased radioactivity in kidneys, liver and the tumor (Fig. 4). To demonstrate in vivo 
specificity, we co-injected [64Cu]WL12 with excess WL12 (50 μg, 2 mg/kg) and performed 

biodistribution studies at 2 h. We observed > 75% reduction in %ID/g values in hPD-L1 

tumors (P < 0.0001) and no significant difference in control CHO tumors. Kidneys also 

showed reduced uptake. No significant differences in uptake of radioactivity were observed 

in other tissues. Increased uptake in the liver, a trend often observed with 64Cu-based 

imaging agents [24], could be due to lipophilicity of the peptide or the dissociation of Cu2+ 

from the chelator and subsequent transchelation to plasma proteins such as albumin and 

ceruloplasmin [24], which need to be further investigated. Increased kidney uptake also 

suggests predominantly renal clearance of the peptide, which was found to be stable in 

human plasma (Fig. S14). Low uptake observed in spleen, thymus and brown fat, tissues that 

are known to express PD-L1 and reported to show increased radiolabeled antibody uptake 

[9, 11, 12], suggests that [64Cu]WL12 has very low or no affinity for mouse PD-L1, which 

was confirmed by in vitro and in vivo studies performed using mouse mammary carcinoma 

4T1 cells (Fig. S13). Further supporting the [64Cu]WL12 specificity to human PD-L1, no 

significant differences in uptake were noted in those tissues between control and blocking 

dose groups, except for kidneys. The imaging and biodistribution studies collectively 

demonstrate that [64Cu]WL12 binds rapidly and specifically to human PD-L1.
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In summary, rapid tumor PD-L1 detection and PD-L1 selectivity were demonstrated in vitro 
and in vivo with PET using a highly specific PD-L1 binding peptide [64Cu]WL12. The 

pharmacokinetics and biodistribution of [64Cu]WL12 indicate that PD-L1 detection is 

feasible to fit within the standard clinical workflow of imaging patients within 60 min of 

radiotracer administration. Rapid and non-invasive detection of PD-L1 expression in all 

malignant lesions in entirety provides unprecedented opportunities to stratify patients for 

immune modulation therapies and to define the distribution of anti-PD-L1 therapeutic 

antibody as well as its efficacy.

Supplementary Material

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

A highly specific PD-L1 binding peptide, WL12, was 

developed as a PET imaging agent.

[64Cu]WL12 demonstrates specific binding to PD-L1 in vitro 
and in vivo

[64Cu]WL12-PET allows PD-L1 detection in cancers within 

60 min of administration

WL12 binding interactions with PD-L1 overlaps with that of 

PD-1
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Figure 1. WL12 binding interactions with PD-L1 overlaps with that of PD-1
A, Structural representation of WL12 and its analogs; B, Predicted binding mode of WL12 

to PD-L1. WL12 forms a beta sheet-like structure in the groove of PD-L1. WL12 is shown 

in cyan. The surface representation of PD-L1 is shown in gray, with the ribbons and key side 

chains shown in magenta; C, WL12 mimics PD-1 binding to PD-L1. The structure of PD-1 

is shown in teal. The two main interacting beta strands of PD-1 overlap well with the 

conformation adopted by WL12 bound to PD-L1.
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Figure 2. [64Cu]WL12 shows specificity to PD-L1 in vitro
A, Competitive inhibition assay demonstrating the affinity of WL12 analogs for inhibiting 

PD-1:PD-L1 interaction; B, Flow cytometry histograms of cell lines used for in vitro studies 

show variable PD-L1 expression, BD-MIH1-PE is phycoerythryn conjugated anti human 

PD-L1 antibody; C, [64Cu]W12 shows increased binding to cells with high PD-L1 

expression which could be blocked by excess peptide (PEP). Significance is indicated by 

asterisks (*) and the comparative reference is uptake by cell line with low PD-L1 expression 

or uptake at the blocking dose. ***P < 0.001.
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Figure 3. Rapid in vivo detection of tumor PD-L1 expression is feasible with [64Cu]WL12
NSG mice with hPD-L1 (red arrow) and CHO tumors (blue arrow) were administered 

intravenously with 150 μCi of [64Cu]WL12 and images were acquired at 10, 30, 60 and 120 

min after the injection of the radiotracer. A, Cross sectional (top) and 3D volume rendered 

(bottom) images show specific accumulation of [64Cu]WL12 in hPD-L1 tumors. B, PD-L1 

IHC shows strong immunoreactivity (brown color) in hPD-L1 tumors.
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Figure 4. Ex vivo biodistribution analysis of [64Cu]WL12 in NSG mice with hPD-L1 and CHO 
tumors demonstrates specificity
NSG mice were administered intravenously with 20 μCi of [64Cu]WL12 and tissues were 

harvested at 60 and 120 min after the injection. For blocking studies mice received excess of 

peptide (pep) with the radiotracer injection. Significance is indicated by asterisks (*) and the 

comparative reference is PD-L1 negative tumor uptake at that time point or uptake at the 

blocking dose. ***P < 0.001.
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