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a b s t r a c t

Tumor-related PD-L2 expression is associated with the clinical efficacy of PD-1/PD-L1 blockade therapy.

PD-L2-specific imaging can help selecting patients for appropriate immunotherapy. In this study, a PD-L2-

targeting peptide (PDP2) was screened by the one-bead one-compound combinatorial library approach.

Using the retro-inverso d-peptide of PDP2 (RD-PDP2) and PEGylation strategies, we developed a novel

Tc-99m-labeled PD-L2-targeting peptide as a SPECT tracer (99mTc-PEG6-RD-PDP2) for imaging of tumor

PD-L2 expression. The radiolabeling yield of 99mTc-PEG6-RD-PDP2 was greater than 95% by the stan-

dard HYNIC/tricine/TPPTS labeling procedure. 99mTc-PEG6-RD-PDP2 displayed high PD-L2-binding speci-

ficity both in vitro and in vivo. SPECT/CT imaging with 99mTc-PEG6-RD-PDP2 showed that the A549-PD-L2

tumors were clearly visualized, whereas the signals in PD-L2-negative A549 tumors were much lower.

In vivo blocking study suggested that the tumor uptake of 99mTc-PEG6-RD-PDP2 was PD-L2 specifically

mediated. 99mTc-PEG6-RD-PDP2 is a promising SPECT probe for the non-invasive imaging of tumor PD-L2

expression and has a great potential in guiding the anti-PD-1 or anti-PD-L1 immunotherapy of cancer.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Immune checkpoint blockade (ICB) therapy, including pro-

grammed cell death protein-1 (PD-1)/programmed cell death-

ligand 1 (PD-L1) blockade, has been approved to treat various can-

cers, leading to a paradigm shift in cancer therapy [1,2]. However,

due to the limited clinical efficacy, prevalent immune-related ad-

verse events, and expensive treatment costs, more effective thera-

pies and predictive biomarkers are needed to distinguish respon-

ders from non-responders [3,4].

Tumor-associated PD-L1 expression has been reported to be

an adopted predictive biomarker for responding to anti-PD-1/PD-

L1 immunotherapy [5,6]. In some clinical trials, cancer patients

were treated with monoclonal anti-PD-1 or anti-PD-L1 antibod-
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ies (Keytruda R©, OPDIVO R©, or TECENTRIQ R©), and the high PD-L1

expression was related to the increased objective response rate

and clinical benefit [7–9]. Nonetheless, not all PD-L1-positive pa-

tients showed clinical responses to such therapies, and some PD-

L1-negative patients also had responses [10,11]. In another clinical

trial, no significant difference in objective response rate was ob-

served between the PD-L1-positive subgroup and PD-L1-negative

subgroup [12]. These researches suggested that other molecular in-

teractions with PD-1 should also be considered.

Programmed cell death ligand-2 (PD-L2), another ligand of PD-

1, is also detected in various tumors and inversely correlated with

the overall survival of patients (Fig. S1 in Supporting informa-

tion) [13–17]. PD-L2 is expressed in immune, stromal, and tumor

cells, and has a higher affinity to PD-1 compared with PD-L1 (six-

to ten-fold) [18]. Similar to PD-L1, the interaction of PD-L2 and

PD-1 inhibits T cell proliferation, cytokine production and T cell

cytolysis function, which also regulate T cell-mediated immune
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Fig. 1. Chemical structures of HYRYNEGRIRN (PDP2) and D(NRIRGENYRYH) (RD-

PDP2).

response and play a role in tumor immune escape [19–21]. Year-

ley et al.’s study suggested that PD-L2 expression might provide

the information in predicting clinical response to anti-PD-1 ther-

apy [22]. Besides, when PD-L2-positive patients were treated with

anti-PD-L1 therapy, the interaction of PD-L2 and PD-1 made the

blockade of PD-L1 ineffective [21,22], thus, PD-L2-positive patients

should choose the anti-PD-1 treatment instead of anti-PD-L1 ther-

apy. The detection of PD-L2 is significant for the precision treat-

ment of cancer.

Immunohistochemistry (IHC) is currently the commonly used

method to determine the PD-L2 expression level of tumor tissues

[21,22]. However, similar to PD-L1, PD-L2 expression has also intra-

tumoral heterogeneity and dynamic alteration along with cancer

progression and treatment [22,23]. Therefore, IHC has the limita-

tion to detect the PD-L2 expression in clinical practice. In addi-

tion, since there are no strict criteria to define the PD-L2 level

by IHC, the actual status of PD-L2 expression would be misinter-

preted sometimes. Compared with IHC, the non-invasive specific

nuclear imaging can provide the real-time, dynamic, and quanti-

tative information of biomarkers in vivo [24]. Until now, there is

no report on PD-L2 targeting imaging probes. In this study, we

screened a novel PD-L2-targeted peptide PDP2 by the one-bead

one-compound (OBOC) library approach. Using the retro-inverso

d-peptide of PDP2 (RD-PDP2) and PEGylation, we developed a Tc-

99m-labeled SPECT probes (99mTc-PEG6-RD-PDP2) for the detection

of PD-L2 expression in vivo. The purpose of this study is to provide

a non-invasive method for physicians to make an optimum selec-

tion of anti-PD-1 or anti-PD-L1 therapy. In addition, 99mTc-PEG6-

RD-PDP2 SPECT/CT imaging would be used to guiding the PD-L2-

targeted therapy in the future.

Firstly, a peptide library with random amino acid residues

at specific positions was constructed to create an 11-mer OBOC

combinatorial library [25]. Peptide beads with a high affinity to-

ward PD-L2 could be covered with biotinylated human PD-L2 pro-

tein and recognized by streptavidin-coated magnetic beads in an

affinity-dependent manner (Fig. S2 in Supporting information). A

microarray chip was fabricated for in situ trapping and characteri-

zation of the positive peptides [26]. After the Matrix-Assisted Laser

Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-

TOF-MS) spectra were characterized, we obtained 23 positive se-

quences and aligned them (Fig. S3 in Supporting information). The

sequence PDP2 (sequence: HYRYNEGRIRN) was revealed to hit the

highest probability analyzed by the software WebLogo.

The structure of peptide PDP2 is shown in Fig. 1. To detect

the affinity of peptide PDP2 toward human PD-L2 protein, we

performed surface plasmon resonance (SPR) analysis on a Plexera

PlexArray HT system (Plexera, USA). The dissociation constant (KD)

value between the PDP2 and human PD-L2 protein was calculated

as 57.1 nmol/L (Fig. S4A in Supporting information), which per-

formed a good peptide-protein recognition behavior. We chose hu-

man serum albumin (HSA), the most abundant protein in plasma,

to test the nonspecific absorption. The SPR curves portrayed as

the nonbinding “square wave” (Fig. S4B in Supporting information),

suggesting peptide PDP2 had no specific binding toward HSA.

PDP2 is a linear l-type peptide, which is sensitive to proteoly-

sis in vivo. The radiotracer developed based on linear peptide often

shows poor metabolic stability, resulting in insufficient accumula-

tion and retention in tumors, which is an obstacle to its application

[27]. The presence of d-amino acid residues in peptide could im-

prove their metabolic stability to proteolysis and alter the biologi-

cal half-life [28]. The retro-inverso d-peptide modification involves

both inversion of amino acid stereochemistry and reversal of pep-

tide sequence, which aims to create peptides that are stable toward

proteolysis and display the same binding properties compared to

the original l-peptides [29]. Therefore, we first replaced the pep-

tide sequence of l-type PDP2 with d-type amino acids to improve

its in vivo stability, and then reversed the sequence of d-peptide

d-PDP2 (d-amino acid sequence: HYRYNEGRIRN). The reversed d-

type peptide RD-PDP2 (d-amino acid sequence: NRIRGENYRYH, Fig.

1) has a similar spatial configuration to l-type peptide PDP2, so as

to maintain the PD-L2-targeting ability equivalent to l-type pep-

tide PDP2.

The PD-L2-specific binding ability of peptide RD-PDP2 was eval-

uated in human NSCLC cell lines A549 (PD-L2-negative) and A549-

PD-L2 (PD-L2-positive). Flow cytometry results confirmed that

FITC-labeled RD-PPDP2 peptide (FITC-RD-PDP2) showed a signifi-

cant difference in the binding of A549-PD-L2 and A549 cells (Fig.

2A), which was consistent with the PD-L2 expression of cells mea-

sured by anti-PD-L2 antibody (Fig. S5 in Supporting information).

Fluorescence staining results also showed that FITC-RD-PDP2 accu-

mulated significantly on the cell membrane of A549-PD-L2 cells,

while A549 cells showed almost no bound fluorescence signals

(Fig. 2B). In addition, the PD-L2-positive human NSCLC cell line

H226 also had a significantly bound fluorescence signal of FITC-RD-

PDP2 (Fig. S6 in Supporting information). These results indicated

that the binding of FITC-RD-PDP2 toward tumor cells was specifi-

cally mediated by PD-L2.

The 99mTc/HYNIC system was used for the radiolabeling of pep-

tides to fulfill the SPECT imaging [30]. First, we synthesize the

radiolabeled precursors using a standard procedure [31]. Chelator

HYNIC conjugate of RD-PDP2 (HYNIC-RD-PDP2) was synthesized

as the route in Fig. S7A (Supporting information). After purified

and lyophilized, we found that HYNIC-RD-PDP2 was insoluble in

water, which limited it radiolabeling in aqueous solution. To im-

prove its water solubility, we introduced PEG chain between the

peptide and chelator. HYNIC-conjugated RD-PDP2 and PDP2 with

PEG6 linker (HYNIC-PEG6-RD-PDP2, HYNIC-PEG6-PDP2) were syn-

thesized as the route in Fig. S7B (Supporting information). HPLC

results showed that the purity of conjugates was all >95%. MALDI-

TOF-MS results confirmed the molecular weight of the HYNIC con-

jugates (Fig. S8 in Supporting information).
99mTc-labeled HYNIC-PEG6-RD-PDP2 and HYNIC-PEG6-PDP2

tracer [99mTc(tricine)(TPPTS)-HYNIC-PEG6-peptide] (shortened as
99mTc-PEG6-RD-PDP2 and 99mTc-PEG6-PDP2, Fig. 3A) were pre-

pared in high yield (>95%) using the non-SnCl2 formula-

tion (Fig. 3B). The molar activity of radiotracer was > 35

MBq/nmol. 99mTc-PEG6-RD-PDP2 and 99mTc-PEG6-PDP2 were both

stable in 25nmol/L phosphate buffer (pH 7.4) containing cys-

teine (1.0mg/mL) at 37 °C for 4h (Fig. S9 in Supporting informa-

tion). However, in vivo stability evaluation demonstrated the retro-

inverse d-peptide had favorable stability. 99mTc-PEG6-RD-PDP2 was

3498



Q. Luo, Y. Zhang, Z. Wang et al. Chinese Chemical Letters 33 (2022) 3497–3501

Fig. 2. (A) Flow cytometry histograms of A549-PD-L2 (PD-L2-positive) and A549 cells (PD-L2-negative) with FITC-RD-PDP2. (B) Fluorescent staining of A549-PD-L2 and A549

cells with FITC-RD-PDP2 (green).

Fig. 3. (A) Structure of 99mTc-radiolabeled complexes [99mTc(tricine)(TPPTS)-HYNIC-PEG6-peptide] (shortened as 99mTc-PEG6-RD-PDP2 and 99mTc-PEG6-PDP2). (B) Radio-HPLC

chromatograms of 99mTc-PEG6-RD-PDP2 and 99mTc-PEG6-PDP2 in control and urine sample, respectively. (C) Binding of 99mTc-PEG6-RD-PDP2 to A549-PD-L2 (without or with

unlabeled RD-PDP2 peptide blocking) and A549 cells (n=4; ∗∗∗P < 0.001).

excreted by urine as the original drug at 6h post-injection (p.i.),

while 99mTc-PEG6-PDP2 was completely degraded in vivo at 0.5 h

p.i. (Fig. 3B).

The cell-binding specificity of 99mTc-PEG6-RD-PDP2 was evalu-

ated in both PD-L2-positive A549-PD-L2 and PD-L2-negative A549

cells (Fig. 3C). The binding of 99mTc-PEG6-RD-PDP2 to A549-PD-L2

cells was significantly higher than that to A549 cells (P < 0.001).

Excessive unlabeled RD-PDP2 can significantly inhibit the binding

of 99mTc-PEG6-RD-PDP2 to A549-PD-L2 cells (P < 0.001). These re-

sults demonstrated that the binding of 99mTc-PEG6-RD-PDP2 to-

ward A549-PD-L2 cells was specifically mediated by PD-L2.

In vivo tumor targeting capabilities of l-peptide and retro-

inverse d-peptide were determined in the A549-PD-L2 tumor

model by nanoScanSPECT/CT (Fig. 4). 99mTc-PEG6-RD-PDP2 showed

better tumor imaging intensity compared to 99mTc-PEG6-PDP2 (Fig.

4A). The SPECT-quantified tumor uptake of 99mTc-PEG6-RD-PDP2

and 99mTc-PEG6-PDP2 was 2.30%±0.11% ID/cm3 and 0.73%±0.10%

ID/cm3 at 0.5 h p.i., respectively (P < 0.001, Fig. 4C). To assess

Fig. 4. (A) Representative SPECT/CT images of 99mTc-PEG6-RD-PDP2 and 99mTc-PEG6-PDP2 in A549-PD-L2 tumor model. (B) Representative SPECT/CT images of 99mTc-PEG6-

RD-PDP2 in A549 tumor model and in A549-PD-L2 tumor model with co-injection of excess cold RD-PDP2 peptide at 0.5 h p.i. (C) Quantification data of tumor uptake from

imaging in panel A and B. The area shown in the white dashed circle indicate tumors (∗∗∗P < 0.001).
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Fig. 5. (A) Biodistribution of 99mTc-PEG6-RD-PDP2 in A549-PD-L2/A549 bilateral tumor model at 0.5, 1 and 2h p.i. (B) Biodistribution of 99mTc-PEG6-PDP2 and 99mTc-PEG6-

RD-PDP2 in A549-PD-L2 tumor model, as well as the blocking study by co-injection 99mTc-PEG6-RD-PDP2 and excess cold RD-PDP2 peptide in A549-PD-L2 tumor model at

0.5 h p.i. (∗∗∗P < 0.001). Inset: tumor uptake values from (A) or (B).

the targeting specificity of d-peptide tracer, SPECT/CT with 99mTc-

PEG6-RD-PDP2 was also performed in the PD-L2-negative A549 tu-

mors, and the tumor uptake of 99mTc-PEG6-RD-PDP2 was signif-

icantly decreased (0.75%±0.07% ID/cm3) at 0.5 h p.i. (Figs. 4B and

C). The radioactive signals in A549-PD-L2 tumors were significantly

blocked by co-injection of excess RD-PDP2 peptide (0.61%±0.06%

ID/cm3) (Figs. 4B and C). These results suggest that the uptake of
99mTc-PEG6-RD-PDP2 in A549-PD-L2 tumor is PD-L2-specific.

The biodistribution results were consistent with the SPECT

imaging results (Fig. 5). The uptake of 99mTc-PEG6-RD-PDP2

in A549-PD-L2 tumors was 2.10%±0.15%, 1.10%±0.17%, and

0.51%±0.07% ID/g at 0.5, 1 and 2h p.i., respectively (Fig. 5A). The

uptake of 99mTc-PEG6-RD-PDP2 in A549-PD-L2 tumors was higher

than that in normal organs such as the heart, lung, liver, and mus-

cle at all tested time points. The uptake of 99mTc-PEG6-RD-PDP2

in A549-PD-L2 tumors was significantly higher than that in A549

tumors (2.10%±0.15% vs. 0.53%±0.06% ID/g, P < 0.001, at 0.5 h

p.i., Fig. 5A), and the co-injection of excess RD-PDP2 and 99mTc-

PEG6-RD-PDP2 resulted in a significantly reduced tumor uptake

(0.54%±0.08% ID/g, P < 0.001, Fig. 5B) at 0.5 h p.i., which further

confirmed the specificity of the radiotracer to PD-L2. In addition,
99mTc-PEG6-RD-PDP2 has a much higher tumor uptake than that of
99mTc-PEG6-PDP2 (2.10%±0.15 vs. 0.64%±0.12% ID/g, P < 0.001, Fig.

5B) at 0.5 h p.i. Using reverse d-type of peptide sequence strategy,

we have significantly improved in vivo stability of the radiotracer,

thereby increasing its accumulation and retention in tumors.

In summary, a novel PD-L2-targeted SPECT probe 99mTc-PEG6-

RD-PDP2 was designed and developed. This radiotracer can be eas-

ily prepared with high radiolabeling yield and possesses promis-

ing tumor targeting capability as well as favorable pharmacokinet-

ics properties in vivo. 99mTc-PEG6-RD-PDP2 SPECT/CT imaging ac-

curately reflected the PD-L2 expression in tumors, demonstrating

that the 99mTc-PEG6-RD-PDP2 probe could be translated into the

clinic to guide the immunotherapy of the PD-1/PD-L1 or PD-1/PD-

L2 axis.
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