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Immunotherapy with anti-programmed cell death protein-1 (PD-1)/programmed cell death ligand-1 (PD-
L1) monoclonal antibodies has become routine in the treatment of many kinds of human cancers, such as
lung cancer, intestinal cancer, and melanoma. The PD-1/PD-L1 pathway inhibits T cell activation in the
micro-environment, making it an attractive target against cancer. Wild-type (WT) PD-1 ectodomain
has been shown to have difficulty blocking PD-1/PD-L1 mixture formation due to its low affinity. The pre-
sent work uses three-dimensional (3D) crystal complex structures to analyze the interaction by which
PD-1 binds to PD-L1 or PD-L2. It also reports on a theoretical study of the binding mode between PD-1
and its clinical antibody Opdivo. Based on the theoretical binding analysis of PD-1 and its ligands (i.e.,
PD-L1 and PD-L2) or antibody (Opdivo), a small-content, epitope-oriented mammalian cell library was
established for PD-1. After three rounds of cell sorting, the decoy PD-1 mutant 463, which presented a
higher affinity than WT PD-1 to the PD-L1 (the affinity has increased by almost three orders of magni-
tude) was screened out. It exhibited an inhibitory effect against PD-1 to prevent it from forming mixtures
with PD-L1, which was similar to the effect of the commercial anti-PD-L1 antibody atezolizumab (ATE).
The median effective concentration (EC50) value of the decoy mutant was 0.031 lg�mL�1 in comparison
with 0.063 lg�mL�1 for ATE; both values were much lower than that of WT PD-1, at 2.571 lg�mL�1. The
463 decoy mutant reversed the inhibitory function of PD-1 in T cell activation; furthermore, 10 mg�kg�1

of 463 inhibited about 75% of tumor growth in vivo in a MC38 transgenic xenograft mice model, which
was similar to the activity of ATE. More interestingly, an even lower dose of 463 (2 mg�kg�1) showed a
better effect than 10 mg�kg�1 of WT PD-1. This work offers the decoy 463 with an improved curative
effect, which holds potential to become a good option against PD-1/PD-L1-related cancers.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lymphocyte activity is normally regulated by inhibitory, stimu-
latory, and co-stimulatory cues. In T lymphocytes, the balance
between negative and positive signals shapes T cell response on
exposure to reactive peptides or the major histocompatibility com-
plex (MHC) [1]. Cancer ‘‘antigens” are recognized by the T cell
receptors (TCRs) on cytotoxic T lymphocytes and, in many cases,
prompt an endogenous response against cancer by the immune
system [2]. However, cancer cells sometimes benefit from
immunosuppressive signals in order to escape immune surveil-
lance [3]. For example, the signal pathway of the immune check-
point programmed cell death protein-1 (PD-1) and one of its
ligands, programmed cell death ligand-1 (PD-L1), presents a bar-
rier to immune function by blocking T cell activation [4]. PD-1/
PD-L2 and PD-L1/cluster of differentiation 80 (CD80) also trigger
inhibitory signals in T cells. Normally, the PD-1/PD-L1 pathway
prevents excessive T cell activation and maintains immune
tolerance to self-antigens [5]. However, in various cancers, such
as lymphoma, melanoma, lung cancer, and breast cancer, PD-L1
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is often over-expressed and prevents the anti-tumor effect of
T lymphocytes by binding to PD-1 on the T cell surface in the
tumor microenvironment of the cancer [6–10]. PD-1 initiates the
inhibitory signal cascade by means of its intracellular domain,
which contains a switch motif to activate tyrosine phosphatases
SHP that oppose TCR signaling and an immunoreceptor tyrosine-
based inhibitory motif [11]. PD-1/PD-L1 inhibits T proliferation,
cytokine release, and cytotoxicity, thus resulting in exhaustion
and/or apoptosis of T lymphocytes in cancer [12]. Consequently,
the PD-1/PD-L1 pathway has been identified as a key molecule
for cancer immunotherapy, and several anti-PD1/PD-L1 antibody
drugs have been approved to enter the market, such as Keytruda/
pembrolizumab, Opdivo/nivolumab, and Tecentriq/atezolizumab
(ATE). These drugs have demonstrated impressive therapeutic
function across abroad set of cancer subtypes in both advanced
and metastatic stages [13–17]. In clinics, a large number of
cancer patients have demonstrated long-term responses to
anti-PD-1/PD-L1 immunotherapy [14]. The results were impressive
enough to accelerate the approval of pembrolizumab and
nivolumab in 2014y [18,19]. Recently, evidence has shown that the
anti-PD-1 antibodies are more effective than traditional chemother-
apy in metastatic melanoma treatment [20–22]. Nivolumab has also
shown satisfactory clinical results in patients with metastatic
squamous non-small cell lung cancer (NSCLC). It has been approved
as the first monotherapy drug in more than 15 years to demonstrate
proven superior overall survival� (OS) compared with the standard
strategy. Antibodies block PD-1/PD-L1 signaling, reverse the
immunosuppressive status in tumors, and activate T lymphocytes
to suboptimal efficacy; in addition, traditional antibodies show their
ability by means of cytotoxic immune responses through natural
killer (NK) cells or macrophages (e.g., antibody-dependent cell-
mediated cytotoxicity (ADCC) or antibody-dependent cell-mediated
phagocytosis (ADCP)) [23]. Besides, anti-PD-1 antibodies block PD-1
from binding to its ligands (PD-L1 or PD-L2), while anti-PD-L1 anti-
bodies block the PD-1/PD-L1 or PD-L1/CD80 signal pathways [24,25].
Similar to the monoclonal antibodies used in most studies when
blocking the PD-1/PD-L1 pathway, the extracellular domain of PD-1
can be administered as a competitive antagonist. The PD-1 ectodo-
main is smaller than the monoclonal antibody (whose molecular
weight is about 150 kDa), with a molecular weight of about
30 kDa, so it can more easily enter the cancerous region. However,
wild-type (WT) PD-1 binds to PD-L1 with a low affinity
(~10–6 mol�L–1) [26]; therefore, it is difficult for WT PD-1 to block
the inhibitory signal of PD-1/PD-L1. Previously, we tried to establish
an epitope-targeted mammalian cell-displayed library, and obtained
a novel anti-human PD-1 antibody [27]. We thus considered
whether a PD-1 mutant by in vitro affinity evolution could exhibit
satisfactory anti-tumor responses like antibodies. Thus, based on
the key residues of PD-1 that bind to PD-L1, we established an
epitope-specific cell-surface display library that contained millions
of PD-1 mutants, from which higher affinity PD-1 mutants were
screened out in order to obtain a mutant with better function than
WT PD-1.

2. Materials and methods

2.1. Reagents

Human PD-1, PD-L1, and CD80 and human/murine PD-L2 were
purchased from SinoBiological (Cat. Nos: 10377-H02H, 10084-
H02H, and 10698-H02H). Allophycocyanin (APC) conjugation
y http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm436534.
htm.

� http://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm436566.
htm.
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(e.g., PD-1) and biotin conjugation (e.g., PD-1, PD-L1, and PD-L2)
were prepared by Jiaxuan Biotech Co., Ltd. (China). The interferon
(IFN)-c detection kit was purchased from BioLegend, Inc. (USA),
and the anti-PD1 antibody Opdivo and the anti-PD-L1 antibody
ATE were prepared in our lab according to the patented DNA
sequence. MIL50 was an anti-ricin monoclonal antibody prepared
in our lab. Streptavidin–horseradish peroxidase (HRP), strepta-
vidin–APC, isotype control human immunoglobulin G (IgG) (Cat.
No: 02-7102), and goat anti-human IgG (H + L) secondary antibody
(HRP-conjugated; Cat. No: #A18805) were from Invitrogen (USA).
Dulbecco’s modified Eagle medium (DMEM; Cat. No: 11965-092),
DMEM-F12 media (Cat. No: C11330500BT), and fetal bovine serum
(FBS; Cat. No: 10438-034) were from Thermo Fisher (USA).
ExpiCHO expression system were from Thermo Fisher (Cat. No:
A29133). The mammalian cell library plasmids with membrane
display, pFRT-FTMK, and the vector to bear the full Igs,
pFRT-IgG1K, were constructed in our lab [27]. The above two
vectors are derived from Invitrogene’s commercial pcDNA5/FRT
vector (Cat. No: V601020), which can be used in conjunction
with the Flp-InTM system. This vector contains flippase
(Flp)-recombination target (FRT) characteristic sequence. A
recombinant enzyme, Flp, can cut and insert the plasmid into the
genome at specific sites with the same characteristic sequence.
All other reagents were obtained from a commercial source at
analytical grade.
2.2. Cell culture

Chinese hamster ovary (CHO)-K1–PD-L1 cells were prepared by
transfecting PD-L1 genes to CHO-K1 cells (American Type Culture
Collection (ATCC), USA). Human embryonic kidney epithelial cells
293T (ATCC, USA) and MC38 (mouse PD-L1 knock-out, human
PD-L1 knock-in) were obtained from the Shanghai Model Organ-
isms Center, Inc. (China); the CHO-Flp-InTM cells were cultivated
in DMEM/F12 medium supplemented with 100 units�mL�1 of peni-
cillin, 100 units�mL�1 of streptomycin, 100 lg�mL�1 of zeocin, and
10% heat-inactivated FBS. The 293T cells were cultured in DMEM
supplemented with 10% heat-inactivated FBS, 100 units�mL�1 peni-
cillin, and 100 units�mL�1 streptomycin. Cells were cultured in a
humidified incubator (Thermo Fisher) at 37 �C in 5% carbon dioxide
(CO2).
2.3. Computer-aided design of the PD-1 library

Atheoretical three-dimensional (3D) structure of human PD-1
that binds to PD-L1 was constructed using InsightII (version
2005; Molecular Simulations, USA) and optimized using the mod-
ules Discover and Discover_3. The non-bonded cutoff was 10 Å
(1 Å = 0.1 nm), and atomic charges and non-bonded parameters
were taken as defaults. A distance-dependent dielectric constant
was used for in vacuo calculations. The model was minimized using
the steepest descent (2000 steps) and conjugate gradient (5000
steps) methods, respectively. According to the theoretical structure
of the PD-1 and PD-L1 complex, the potential amino acid positions
where PD-1/PD-L1 recognize each other are predicted. In order to
prove the correctness of the theoretical prediction, the key amino
acid of PD-L1 involved in the recognition of PD-1 was replaced
with alanine to verify that the key site of the role of PD-L1 and
PD-1. In the case that the verification model is correct, we designed
a series of PD-1 mutations. We replaced the PD-L1-contacting sites
of PD-1 with residues that had a similar carbon chain backbone to
PD-1 but longer side-chains, which bound to PD-L1 more tightly.
To ensure the theoretical library quality, the 3D complex structures
of PD-1 and PD-L2, PD-1 and its clinical antibody Opdivo were also
studied using the same theoretical method.

http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm436534.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm436534.htm
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2.4. Flow cytometry

The experiments were performed on ice. Cells (5 � 105) were
washed, suspended in assay buffer (phosphate-buffered saline
(PBS) containing 2% FBS), and then incubated with proteins (e.g.,
PD-L1–biotin) or antibody on ice for 30 min. If necessary, after
washing, the cells were incubated with APC-conjugated strepta-
vidin determined using a BD FACSCaliburTM (USA). The cell fluores-
cence density was collected and analyzed with BD CellQuest Pro
software.
2.5. Design and construction of the PD-1 library

Based on the computer-aided design results, five mutants
(M1–M5) on PD-1, which may be the key site for PD-L1 binding,
were first synthesized by means of the alanine replacement
method and were displayed on the 293T cell surface by cell trans-
fection. The specific amino acid substitutions on PD-1 and free
energy result of binding to PD-L1 before and after mutation are
shown in Table 1. Fluorescence activated cell sorting (FACS) data
testing on the PD-1 mutants binding to PD-L1 was used to identify
the importance of the mutated regions, and 13 key sites of PD-1
were selected and replaced with 1–3 kinds of amino acids (Table 2)
that held potential to enhance the affinity of PD-1 to bind to PD-L1.
This resulted in a small-content, PD-1-targeting library. Using
overlapping polymerase chain reaction (PCR), we synthesized the
library genes, subcloned them to pFRT-FTMK, and transfected them
into CHO-Flp-InTM cells.
Table 1
The specific amino acid substitutions to alanine on PD-1 that may interact with PD-L1
and the calculation of the interaction energy based on the computer-aided design.

PD-1
mutant

Key residues in PD-1
interact with PD-L1

Interaction
energy
between PD-1
and PD-L1
before PD-1
mutant (kJ)

Interaction
energy between
PD-1 and PD-L1
after Ala
replacement in
PD-1 (kJ)

PD-1 M1 Asn66Tyr68 �218.96 �108.29
PD-1 M2 Asn74Gln75Thr76Asp77Lys78 �218.96 �98.31
PD-1 M3 Tyr45Glu46Asp48Asn49 �218.96 �215.38
PD-1 M4 Ile126Leu128Lys131Ile134Glu136 �218.96 �94.29
PD-1 M5 Glu84Asp85Arg86Ser87Gln88 �218.96 �106.83

Asn: asparagine; Tyr: tyrosine; Gln: glutamine; Thr: threonine; Asp: aspartic acid;
Lys: lysine; Glu: glutamic acid; Ile: isoleucine; Leu: leucine; Arg: arginine;
Ser: serine.

Table 2
Design of high affinity PD-1 mutations to form a small-content cell library.

Key amino acid Alternative amino acid replacement
(free energy � –119 kJ)

Merger codon

Val64 His, Ile, Leu AWS
Arg69 Glu RRS
Asn74 Gly, Ser RRC
Ala81 Val, Leu, Ile VYC
Glu84 Gln, Asp SAS
Arg86 His, Tyr YRC
Ser87 Asn ARC
Gly90 Ala, Val, Leu SBC
Gln91 Tyr, Phe YWS
Leu122 Ile, Gln MWS
Ser127 Tyr, Phe THC
Ala129 Gly GSC
Ala132 Val, Leu, Ile BYC

M = A/C, R = A/G, W = A/T, S = G/C, Y = C/T, V = A/G/C, H = A/C/T, and B = G/C/T
represents the merger of several bases. In theory, the frequency of each base in the
synthesis process is equal.
Val: valine; Ala: alanine; Gly: glycine; Phe: phenylalanine; His: histidine.
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2.6. FACS sorting

A total of 5 � 107 cells screened out from the cell libraries were
collected and re-suspended in 1 mL of PBS supplemented with 2%
FBS. The cells were then stained with 2 lg�mL�1 PD-L1–biotin,
after incubating at 4 �C for 30 min, APC-conjugated streptavidin
was added and incubate under the same conditions. WT PD-1 cells
were set as the control. The fluorescence data was analyzed, and
the cells with stronger binding capacity were sorted using the FACS
Aria III flow cytometer. Selected PD-1 mutant genes from the
library were sequenced, subcloned, and expressed using our
Flp–FRT mammalian cell system [27].

2.7. Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) plates were
coated with 1 lg�mL�1 protein (e.g., PD-1) at 4 �C overnight and
then blocked in PBS supplemented with 1% bovine serum albumin
(BSA) containing 0.05% Tween-20 for an hour at 37 �C. Proteins
(e.g., PD-L1–biotin) were then added. After washing, horseradish
peroxidase conjugated streptavidin was added for 1 h of incubation
at room temperature (RT). Binding signals were visualized using
tetramethylbenzidine (TMB) substrate (Cat. No: 00–4201-56;
Invitrogen), and the absorbance was measured using an ELISA
reader at 450 nm.

2.8. Biacore

Surface plasmon resonance experiments were performed at
25 �C using a Biacore T200 machine with HBS-EP as the running
buffer (Cat. No: BR-1003–99; GE Healthcare, USA). For these mea-
surements, PD-L1 or PD-L2 was coupled on a CM5 chip at pH 5.0
using an amine coupling kit (Cat. No: BR-1001–88; GE Health-
care). A dilution series of the PD-1 mutants (from 3.125 to
50 nmol�L–1) was passed through both flow cells at 30 lL�min�1

to record the association phase (120 s). The dissociation phase
was monitored for 1200 s and was triggered by replacing the
sample solution with HBS-EP. Bulk refractive index differences
were corrected by subtracting the response obtained on the refer-
ence flow cell (the first flow cell). After each cycle, the sensor sur-
face was regenerated via a short treatment with 10 mmol�L–1
glycine–HCl (pH 2.1). The binding kinetics were recorded and
analyzed with the Biacore T200 evaluation software (GE Health-
care) using the 1:1 binding model. The WT PD-1 was set as the
control, and the solvent (sample buffer) was set as the negative
control. The background was deducted according to the
V-baseline in order to obtain the kinetic curves and calculate
the dissociation constant (KD value).

2.9. Mouse tumor xenograft models

Female, 12- to 14-week-old transgenic mice C57BL/6j (murine
PD-1 knock-out and human PD-1 knock-in mice) were purchased
from Shanghai Model Organisms Center, Inc. (China) and housed
in filter-top cages (five mice per cage) in an specific pathogen-
free (SPF)-level facility fed with sterilized food and water. We fol-
lowed the ‘‘Animal Research: Reporting of In Vivo Experiments”
(ARRIVE) guidelinesy for the use of mice during the study. We
observed animal ethics during the research according to the ‘‘3R”
principles of replacement, reduction, and refinement; the use or
treatment of the mice was in strict agreement with the guidelines
for the care and use of research animals, and was approved by the
Animal Ethics Committee of the Beijing Institute of Pharmacology
y https://www.nc3rs.org.uk/arrive-guidelines.

https://www.nc3rs.org.uk/arrive-guidelines
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and Toxicology. Before we injected the cancer cells, the mice were
checked every day for a week for signs of discomfort and for general
appearance. Then, a genetically engineered cell line that replaced the
mouse PD-L1 gene in situ with a human PD-L1 molecule on the basis
of the MC38 cell line, and we abbreviated it as MC38 (hPD-L1).
Cultivate the above cells to the logarithmic growth phase and then
1 � 106 MC38 (hPD-L1) cells per mouse were injected intravenously.
In about a week, when the tumor volume had reached 80 mm3, the
mice were given an intraperitoneal injection with the anti-PD-L1
antibody ATE, WT PD-1, PD-1 mutant 463, or the isotype control
(anti-ricin antibody MIL50). The mice were observed twice a week
to measure the mice weight and tumor size for another four weeks.
After the assay, the mice were sacrificed using anesthesia with keta-
mine followed by the cervical dislocation method; we then used
deep-freezing to confirm death.
2.10. Statistical analysis

Statistical analysis was performed by Student’s t-test or by
repeated measures of one-way analysis of variance (ANOVA) fol-
Fig. 1. Epitope identification of PD-1 to bind PD-L1. (a) Theoretical structure of the PD-1
sticks are key sites in PD-L1 that bind with PD-1. The sites (green and purple sticks) positi
Flow cytometry detection of the sites on PD-L1 that bind to the WT PD-1 or its mutan
sequences were synthesized using the alanine replacement method. The transfected
streptavidin. The M1, M2, M4, and M5 mutants lost their binding capacity, indicating that
L1. Neg: negative control.
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lowed by a Tukey post hoc test. In vivo differences were analyzed
by two-way ANOVA followed by a Bonferroni post hoc test. The sig-
nificance of the dose escalation experiment was tested with a nor-
mal linear mixed effect model. Treatments were considered
significant when p < 0.05.

3. Results

3.1. The epitope of PD-1 to bind to PD-L1 was superimposed

Using homological modeling, docking, and dynamic simulation
methods, we modeled the theoretical structures of PD-1 and its
ligands PD-L1 or PD-L2, or the anti-PD-1 antibody Opdivo, respec-
tively. Using the 3D complex theoretical structure of PD-1 and PD-
L1, the initial affinity-matured library was constructed. To guaran-
tee the theoretical affinity-matured library quality, the binding
mode between PD-1 and PD-L2, PD-1 and Opdivo was analyzed
theoretically. Using the binding mode and key residues of PD-1
identified by PD-L2 and Opdivo, the affinity-matured library was
optimized and the important residues were predicted. As shown
in Fig. 1(a), the key amino acid sites for the interaction between
and PD-L1 complex. The green sticks represent key sites in PD-1, while the purple
oned in the interface between PD-1 and PD-L1 are the key sites for direct contact. (b)
ts displayed on the 293T cell surface. The mutants were designed and their DNA
cells were incubated with biotin-conjugated PD-L1 followed by APC-conjugated
the mutated residues in these mutants were key sites allowing PD-1 binding to PD-
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PD-1 and PD-L1 are represented by different colored stick
structures.

The PD-1 mutant-expressing cells (M1–M5) were incubated
with biotin-conjugated PD-L1 followed by APC-conjugated strepta-
vidin. M1, M2, M4, and M5 were confirmed to be important for PD-
1 binding to PD-L1, as they showed significant reduction or com-
plete loss of binding to PD-L1 (Fig. 1(b)). Based on the FACS data
shown in Fig. 1(b), the structure of the PD-1/PD-L1 complex was
optimized. Residues Val64, Arg69, Asn74, Ala81, Glu84, Arg86, Ser87,
Gly90, Gln91, Leu122, Ser127, Ala129, Ala132 located on PD-1 were
found to be important and to have the potential, if mutated, to
improve PD-1’s affinity for binding to PD-L1.

3.2. Directed evolution of higher affinity PD-1 mutant with the
epitope-specific cell library

WT PD-1 can bind to PD-L1 with low affinity, so it is difficult
to block PD-1/PD-L1 interaction in the cancer micro-environment.
The higher affinity PD-1 mutants could block PD-1/PD-L1 mixture
formation as a potential decoy drug (Fig. 2(a)). Based on the
Fig. 2. Directed evolution of high-affinity PD-1 mutants using the cell surface display met
wild type PD-1 molecule cannot effectively block the immunosuppressive signal betwee
block the immunosuppressive signal between PD-1 and PD-L1, and release the tumor-ki
each selection, the cell clones possessed stronger PD-L1 binding capacity. SSC-A: side sc
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structure information and the key sites of PD-1, we designed
the higher affinity mutations of each amino acid. During the
design, it was important to keep the epitope of each mutant rec-
ognized by PD-L1. That is, the mutated sites needed to have
structural, physical, or chemical characteristics similar to those
of the WT residues. Therefore, the library was a small-content
library to contain only higher affinity PD-1 mutations with a per-
sistent epitope. By means of overlap PCR, the DNA sequences of
the PD-1 mutants were amplified. An electrophoresis results
showed the transfer bands of DNA library fragments in agarose
gel were the same size as the theoretical bands with a molecular
weight of about 650 base pairs (bp) (Fig. S1 in Appendix A) and
the mutated sequences were inserted into the library vector
pFRT-FTMK through conventional molecular biology digestion
and connection methods.

To confirm the viability of the library, the plasmids were
sequenced using anext-generation sequencing method, and the
designed amino acids were analyzed to show their distribution
(Fig. S2 in Appendix A). Then, the library plasmids of various
PD-1 mutants were transfected to the CHO-Flp-InTM cells and
hod. (a) High affinity PD-1 (HA-PD-1) decoy molecule design schematic diagram, the
n PD-1 and PD-L1, improving the affinity between PD-1 and PD-L1 can effectively

lling ability of immune cells. (b) Three rounds of screening of the PD-1 library. After
atter area; APC-A: allophycocyanin area; HA: high affinity; Neg: negative control.
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displayed on the cell surface. High-affinity clones were screened
out using three rounds of cell sorting (Fig. 2(b)). After each round
of cell sorting, the clones possessed stronger PD-L1 binding capac-
ity. A total of 29 monoclones were selected, and the mutant
sequences were sequenced. Then the mutant sequence genes were
inserted into the pFRT-IgG1Fc vector to prepare the PD-1 mutants
Fc fusion proteins in the 293T cells. The supernatant of the trans-
fected cells was collected, diluted, and incubated with coated PD-
L1/PD-L2 to compete with the WT PD-1.

ELISA detection showed the binding capacity of the 29 PD-1
mutants as well as WT PD-1 to bind to PD-L1 or PD-L2 (Fig. S3 in
Appendix A). Nine mutants with potentially enhanced binding
capacity were chosen for further antagonistic identification: 408,
431, 407, 410, 446, 411, 463, 506, and 576. These mutants could
bind to human PD-L1 (Fig. S4 in Appendix A) or human PD-L2
(Fig. S5 in Appendix A) in a dose-dependent manner. Furthermore,
they inhibitedWT PD-1 from binding to PD-L1 or PD-L2 (Figs. S6(a)
and (b) in Appendix A), suggesting a potential use as decoy pro-
teins against the PD-1/PD-L1 signal. Biacore analysis was used to
confirm five PD-1 mutants with the highest affinity for binding
PD-L1 or PD-L2 (Table 3).

In contrast to the WT PD-1 (1.00 � 10–6) [26], their affinity
constants range from 1.28 � 10–6 to 2.06 � 10–9, indicating the
stronger binding capacity of these mutants. One of the
mutants, 463, possessed a much slower dissociation constant
(2.06 � 10–3) than the others. Moreover, the five mutants bound
Fig. 3. The PD-1 mutant 463 bound to mouse/human PD-L1 or human PD-L2 in a dose-d
and WT PD-1 were set as positive controls. The EC50 values were 0.031 lg�mL�1 (463)
potential advantage of 463 being able to reverse the PD-1/PD-L1 inhibition. (b) 463 bo
control. The EC50 value of the 463-treated samples was 0.63 lg�mL�1, while the EC50 val
the possibility that 463 could reverse PD-1/PD-L2 inhibition. (c) 463 bound to murine P
values were 0.97 lg�mL�1 (463) and 132.50 lg�mL�1 (WT PD-1), respectively; OD450: op

Table 3
Biacore analysis of the selected five PD-1 mutants to bind to PD-L1 and PD-L2.

Mutant Sample No. Ka ((mol�L–1�s)–

408 PD-L1 9.84 � 107

410 PD-L1 1.08 � 105

446 PD-L1 5.05 � 106

463 PD-L1 9.99 � 105

506 PD-L1 4.25 � 109

408 PD-L2 3.40 � 106

410 PD-L2 3.47 � 1010

446 PD-L2 2.31 � 106

463 PD-L2 2.80 � 106

506 PD-L2 7.70 � 106

Ka: association rate constant; Kd: disassociation rate constant; KD: the equilibrium disas
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to PD-L2 with affinity constants ranging from 2.67 � 10–8 to
6.95 � 10–9, which are higher than that of the WT PD-1. According
to the flow cytometry data, two PD-1 mutants, 463 and 506, inhib-
ited PD-1 from binding to the surface of PD-L1. They both showed
much better inhibitory activity than WT PD-1, and a similar or
even better effect than ATE (Fig. S6(c)). We established a stable cell
line of the two; however, the expression level of 506 in ExpiCHO
expression system was much lower than that of 463, so we chose
463 for further research.

Mutant 463 bound to human PD-L1 in a dose-dependent man-
ner with an EC50 value of 0.031 lg�mL�1, which was lower than
that of WT PD-1 (2.571 lg�mL�1) and ATE (0.063 lg�mL�1), sug-
gesting the possibility that 463 could reverse PD-1/PD-L1 in future
applications (Fig. 3(a)). As shown in Fig. 3(b), 463 bound to human
PD-L2 in a dose-dependent manner with an EC50 value of
0.63 lg�mL�1, which was much lower than that of WT PD-1 (> 6
lg�mL�1); 463 also bound to murine PD-L1 with an EC50 value of
0.97 lg�mL�1, which was much lower than that of WT PD-1
(132.5 lg�mL�1) (Fig. 3(c)).

3.3. PD-1 mutant 463 blocked PD-1/PD-L1 formation to inhibit tumor
growth/proliferation in vivo

PD-1 mutant 463 inhibited human WT PD-1 binding to PD-L1
(Fig. S7 in Appendix A), PD-L2 (Fig. S8 in Appendix A), or CD80
(Fig. S9 in Appendix A), and therefore reversed the cytokine release
ependent manner. (a) 463 bound to human PD-L1 in a dose-dependent manner. ATE
, 2.571 lg�mL�1 (WT PD-1), and 0.063 lg�mL�1 (ATE), respectively, suggesting the
und to human PD-L2 in a dose-dependent manner. WT PD-1 was set as a positive
ue of the PD-1 group was not reached at a concentration of 100 lg�mL�1, indicating
D-L1 in a dose-dependent manner. WT PD-1 was set as a positive control. The EC50

tical density at 450 nm.

1) Kd (s�1) KD (mol�L–1)
0.572 5.81 � 10–9

0.137 1.28 � 10–6

0.178 3.53 � 10–8

2.060 � 10–3 2.06 � 10–9

23.600 5.54 � 10–9

9.070 � 10–2 2.67 � 10–8

4.240 � 102 1.22 � 10–8

2.070 � 10–2 8.96 � 10–9

1.950 � 10–2 6.95 � 10–9

0.128 1.66 � 10–8

sociation constant; KD = Kd/Ka.
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(e.g., IFN-c) in T cells triggered by the CD3/CD28 pathway in a
dose-dependent manner. PD-L1 inhibited T cell activation; how-
ever, the anti-PD-1 antibody Opdivo reversed this inhibition. 463
seemed similar to Opdivo but much better than WT PD-1, as the
latter showed a weak or no recovery effect (Fig. 4(a)).

In an in vivo MC38 xenograft mice model (n = 5 in each group),
463 inhibited tumor growth in a dose-dependent manner, which
was similar to the action of ATE in the same dose (10 mg�kg�1). In
the group treated with 10 mg�kg�1 of 463, the average tumor vol-
ume was about 600 mm3, while in the group treated with WT PD-
1, the volume was nearly 2000 mm3, which was similar to that in
the isotype control group (the MIL50 group). More interestingly,
even 2 mg�kg�1 of 463 possessed better anti-tumor capacity than
10 mg�kg�1 of WT PD-1, and resulted in a mean tumor volume of
about 1100 mm3 (10 mg�kg�1 463 vs 10 mg�kg�1 WT PD-1,
p < 0.05). On day 20, the mice were sacrificed and the tumors
were separated and weighed. It was found that 10 mg�kg�1 of
463 or even 2 mg�kg�1 of 463 showed good anti-tumor effect,
as the tumor weights were about (0.6 ± 0.31) and (1.06 ± 0.45)
g. Compared with WT PD-1, 10 mg�kg�1 463 was better than
10 mg�kg�1 WT PD-1 (1.53 ± 0.81) g at the same dose (Figs. 4
(b)–(d), p < 0.05).
Fig. 4. The biofunction of decoy PD-1 mutant 463 both in vitro and in vivo. (a) 463 recove
dose-dependent manner. Opdivo and PD-1 were set as the controls. 463 showed a simila
(b) tumor volume of xenograft mice; (c) tumor weight; and (d) tumor stripped from th
MIL50 was set as the isotype control. 10 mg�kg�1 of 463 showed similar anti-tumor activ
weak function. More interestingly, 2 mg�kg�1 of 463 showed better inhibitory activity t
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4. Discussion

The immune checkpoint molecule PD-1 is a type I trans-
membrane receptor that exists on the T cell surface and
modulates T cell activation. Activated T cells secrete an excess of
inflammatory cytokines; however, as a checkpoint molecule for T
cell overactivation, PD-1 can bind to its ligands PD-L1 and PD-L2
to limit T cell activity. In cancer environments, PD-L1 molecules
are usually overexpressed on the surface of cancer cells; thus, the
PD-1/PD-L1 signal enables cancer progression by dampening T
cells’ anti-tumor immune response [28]. Blockade of the signaling
axis between PD-1 and PD-L1 its anti-PD-1 or anti-PD-L1 antibod-
ies has shown remarkable therapeutic success in cancer patients,
with objective tumor responses having been observed in clinical
trials in melanoma, NSCLC, and other solid tumors [29]. In a phase
I clinical trial of patients with metastatic urothelial bladder cancer,
the effect was so impressive that tumor shrinkage was observed in
43% of patients; thus, the US Food and Drug Administration
granted a breakthrough designation for the tested antibody
[30,31]. Globally, anti-PD-1/PD-L1 therapeutic antibody drugs are
expanding their indications for cancer treatment. However, anti-
PD-1 and anti-PD-L1 antibody treatment is actually still at the
red the cytokine release of IFN-c in T cells triggered by the CD3/CD28 pathway in a
r function to Opdivo. 463 inhibited the growth of tumors in a xenograft mice model:
e mice. ATE and PD-1 were set as the positive controls, and the anti-ricin antibody
ity in vivo to 10 mg�kg�1 at ezolizumab; however, 10 mg�kg�1 WT PD-1 showed very
han WT PD-1. *p < 0.05.
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early stage of clinical development, and more checkpoint antibod-
ies and antibody-like proteins are expected to possess enhanced
function in pre-clinical or clinical trials. As antibodies have inher-
ent limitations, including poor tumor/tissue penetrance and detri-
mental Fc-effector functions that deplete immune cells, PD-1/PD-
L1-directed immunotherapy could be improved with smaller pro-
tein (e.g., decoy PD-1) therapeutics. the high-affinity decoy PD-1
mutant presented herein has the potential to spread more exten-
sively throughout the tumor, whereas anti-PD-L1 antibodies have
been found to mostly remain close to the blood vessels and/or at
the tumor periphery. Moreover, the high-affinity decoy PD-1
mutant was found to be more effective in treating larger tumors
than the PD-L1 antibodies, probably because the high-affinity
decoy PD-1 mutant fused to Fc that have a molecular weight
halved can enter tumors more effectively [32].

In fact, the crystal structure of murine PD-1 in complex with
human PD-L1 [33] or murine PD-L2 [34,35] was reported very
early, and the X-ray crystal structure of the human PD-1 complex
that forms during its binding to human PD-L1 has been published
(PDB: 3RRQ). Well, considering WT PD-1 ectodomain binds to
PD-L1 with an affinity of 1 � 106, which is too low to compete with
PD-1/PD-L1 complex formation. In order to find a higher affinity
decoy PD-1 mutant, we first constructed and theoretically opti-
mized a model of the human PD-1/PD-L1 complex (in solvent, flex-
ible structure) based on previous reported structure. It has been
shown that human PD-1/human PD-L1 is associated with signifi-
cant plasticity within the receptor PD-1, and the PD-L1 are likely
to be targeted by small molecules to inhibit the PD-1/PD-L1 axis
[36]. According to our model, the key residues were predicted
and the alanine scanning experiment further revised the
theoretical prediction structure. Further, based on the key residues
of PD-1 that bind to PD-L1, we designed and established an
epitope-specific cell-surface display library containing millions of
PD-1 mutants, from which the higher affinity PD-1 mutant 463
was screened out and shown to have better function than WT
PD-1.

Tumor-associated PD-L1 expression predicts the clinical effects
of PD-1 immunotherapy; however, PD-L1-negative patients also
responded to anti-PD-1 checkpoint treatment, which suggests the
existence of other PD-1-associated ligands or pathways. PD-L2 is
another known PD-1 ligand, and PD-L2 expression in tumor tissues
showed a clear relationship with clinical response in patients with
recurrent or metastatic head and neck squamous cell carcinoma
(HNSCC) treated with pembrolizumab. PD-L2 distribution was
found to be significantly correlated with PD-L1, while PD-L2
expression was detected in certain tumors lacking PD-L1. Both
PD-L1 and PD-L2 can predict the therapeutic response of pem-
brolizumab. Patients with positive PD-L1 and PD-L2 had better
treatment response than patients who were only PD-L1 positive.
PD-L2 is also an independent predictor of pembrolizumab treat-
ment for progression-free survival (PFS). Compared with PD-L2-
negative patients, PD-L2-positive patients had no progression and
a longer OS.

To summarize, for both PD-L1- and PD-L2-positive cancer,
drugs targeting both PD-1 ligands might have better clinical
benefit than drugs targeting only PD-L1 [37]. This study demon-
strated that the affinity-matured PD-1 mutant 463 can bind to
both PD-L1 and PD-L2 with high affinity (Fig. 3). And unlike the
aforementioned PD-1 antibody or PD-L1 antibody, the high-
affinity decoy molecule 463 seems to block the three signaling
pathways PD-1/PD-L1 (Fig. S7), PD-1/PD-L2 (Fig. S8) and PD-L1/
CD80 (Fig. S9). This further clarifies the theoretical basis of 463
as an anti-tumor candidate molecule. Furthermore, 463 reversed
the T cell inhibition and stimulated cytokine release (e.g., IFN-c)
triggered by the CD3/CD28 pathway. In an in vivo xenograft mice
model, 463 inhibited tumor growth with a function similar to
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that of ATE and was superior to wild type PD-1 (Fig. 4). Our data
demonstrates the anti-tumor function of the decoy PD-1 mutant
463 and suggests that it holds potential for PD-1-associated
cancer treatment, especially in both PD-L1 and PD-L2 positive
cancers.
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