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Abstract: Blockade of the protein—protein interaction between
the transmembrane protein programmed cell death protein 1
(PD-1) and its ligand PD-L1 has emerged as a promising
immunotherapy for treating cancers. Using the technology of
mirror-image phage display, we developed the first hydrolysis-
resistant D-peptide antagonists to target the PD-1/PD-LI
pathway. The optimized compound ®PPA-1 could bind PD-
L1 at an affinity of 0.51 um in vitro. A blockade assay at the
cellular level and tumor-bearing mice experiments indicated
that PPPA-1 could also effectively disrupt the PD-1/PD-L1
interaction in vivo. Thus D-peptide antagonists may provide
novel low-molecular-weight drug candidates for cancer
immunotherapy.

The amplitude and quality of the immune response of T cells
is controlled by equilibrium between co-stimulatory and
inhibitory signals, called immune checkpoints.) Tumor cells
often overexpress immune checkpoint proteins to allow them
to evade the host immune system by inhibiting T-cell attack.™
The blockade of immune checkpoints by exogenously added
antagonists may disrupt the immune-suppressing pathway
and unleash and enhance pre-existing anti-cancer immune
responses of T cells to destruct cancer cells. Preclinical and
clinical data have shown that antibody blockade of immune
checkpoints can indeed significantly enhance antitumor
immunity.”! This strategy is currently among the most
promising approaches to activate therapeutic antitumor
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immunity for cancer immunotherapy.”! However, antibody
drugs have some problems associated with the production
cost and immunogenicity. Therefore, alternative low-molec-
ular-weight immune checkpoint antagonists also need to be
investigated.

Compared to therapeutic antibodies, synthetic peptides
have several advantages as drug candidates, including lower
manufacturing costs, higher stability, reduced immunogenic-
ity, and better organ or tumor penetration.’! An array of
therapeutic peptides have been successfully developed to
treat diverse pathologies, but peptides targeting immune
checkpoints remain to be investigated. Herein we wish to
report our attempt to develop the first hydrolysis-resistant
peptide inhibitor of immune checkpoint proteins (Scheme 1).
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Scheme 1. A) The PD-1/PD-L1 interaction mediates cancer immune
escape. B) p-Peptide antagonists targeting PD-L1 can inhibit the PD-1/
PD-L1 interaction for cancer immunotherapy.

We selected programmed death ligand 1 (PD-L1) as our
target for two reasons. First, PD-L1 is highly up-regulated on
many types of tumor cells, such as melanoma and ovarian and
lung cancers.”! Second, multiple PD-L1 antibodies in differ-
ent stages of clinical trials have been hypothesized to be
accompanied by less immune-related toxicity, in part by
regulating the immune response selectively in the tumor
microenvironment.*7-*

Our initial plan to develop peptide inhibitors targeting
PD-L1 was based on the technology of phage display.”’ The
ectodomain of natural PD-L1 was expressed by E. coli and
used as the bait for screening by a duodecimal peptide library
displayed on M13 phage. After five rounds of biopanning, the
highest frequency clone was obtained and characterized as
'P1 (FPNWSLRPMNQM). However, when injected intra-
peritoneally in tumor-bearing mice models, “P1 failed to show
any activity, possibly because of its rapid degradation by
proteolytic enzymes in the blood plasma (Supporting Infor-
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mation). To test this hypothesis, a proteolytic stability experi-
ment with “P1 in 10 % human serum was conducted. Reverse-
phase HPLC (RP-HPLC) was used to monitor time-depen-
dent peptide hydrolysis. Our measurement showed that “P1
was completely digested within 8 h. The half-life of “P1 in
10% human serum was less than 90 min (Supporting Infor-
mation).

To overcome the stability problem of the L-peptide
inhibitors, we turned our attention to developing an enzy-
molysis-resistant D-peptide inhibitor of PD-L1. Previous
studies have indicated that D-peptides or D-proteins com-
posed of D-amino acids are potential therapeutic agents with
long half-lives in vivo and even oral bioavailability.'”! To find
D-peptides that can bind to a target protein of interest, the
method of choice is mirror-image phage display."® ! In this
technology, the mirror image (a D-protein) of the natural L-
target protein is made by chemical synthesis. This D-protein is
used to screen for binding of L-peptides displayed on phages.
D-Versions of the selected L-peptides are then synthesized
with D-amino acids. By symmetry, these D-peptides should
bind to the natural L-target."?

To implement mirror-image phage display, we analyzed
the PD-L1 ectodomain which contains an immunoglobulin-
like variable (IgV) domain and an immunoglobulin-like
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constant (IgC) domain, typical of the B7 family. The crystal
structure of PD-L1 in complex with its receptor, programmed
cell death protein 1 (PD-1), indicates that they interact
through their IgV domains.'®! As a result we chose the D-
version of the IgV domain of PD-L1 (designated as PIgV*P™")
as our synthetic target. "IgV*P!! contains two antiparallel
[ sheets linked by an intersheet disulfide bond.

To synthesize "IgV*"! containing 124 p-amino acids, we
divided it into four peptide segments with Ala® Ala®, and
Ala'" temporarily mutated to Cys (Figure 1A). Peptide
segments 1-4 were synthesized by 9-fluorenylmethoxy-
carbonyl (Fmoc) solid-phase peptide synthesis. An azide
group was used to protect the N-terminal Cys of segment 3 to
avoid self-cyclization and oligomerization. After the ligation
was finished, the azide was reduced to NH, by adding tris(2-
carboxyethyl)phosphine (TCEP).l An ArgS8 tag was added
to the C terminal of segment 4 to improve the solubility of the
final protein product. After three steps of native chemical
ligations,'>!%1 desulfurization” and deprotection of the
acetamidomethyl (Acm) group!"® were conducted, furnishing
the full-length peptide 8 in milligram scale with an overall
yield of 13 % for the isolated product (Figure 1C). Gradient
dialysis against decreasing concentrations of urea was con-
ducted to give the folded PIgV*P™ 9.
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Figure 1. Chemical synthesis of °IgV"®™" (9). A) Synthetic route. The structure of 9 was drawn as a mirror image of the literature structure (PDB
code: 3BIS). B) The amino acid sequence of the human PD-L1 IgV domain with a C-terminal Arg8 tag. C) Analytical HPLC chromatogram
(A=214 nm) of 8. D) Deconvoluted electrospray ionization mass spectra of 8 and 9. For 8, detected mass=14464.0 Da (calculated

mass =14463.8 Da, average isotopes). For 9, detected mass=14462.0 Da (calculated mass=14461.8 Da, average isotopes). E) SDS-PAGE of 9.
F) Circular dichroism spectra of 9 and E.coli-expressed His-tagged L-PD-L1 IgV.
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Electrospray ionization (Figure 1D) and MALDI-TOF
(Supporting Information) analysis of 9 showed an exact 2 Da
decrease from 8, consistent with the formation of a disulfide
bond between the two f sheets of the IgV domain. SDS-
PAGE analysis of 9 also confirmed its purity and molecular
weight (Figure 1E). The circular dichroism (CD) spectrum of
9 gave a positive band at 1 =218 nm and a negative band at
198 nm (Figure 1F). This CD spectrum was typical for anti-
parallel b-configured 3 sheets and was of opposite sign to that
measured for the His-tagged L-configured PD-L1 IgV domain
expressed in E. coli (Figure 1F).1"

Using 9 as bait, we screened a duodecimal peptide library
displayed on M13 phage. Table 1 shows the amino acid

Table 1: Amino acid sequences from 17 PD-L1-binding phage clones and
the corresponding Kp, values.?!

Name Sequence Frequency Kp [um]
PPPA-1 NYSKPTDRQYHF 7 0.51
°PPA-2 KHAHHTHNLRLP 7 1.13
°PPA-3 AAKMDGHLHGGQ 1 NB
°PPA-4 MRNRERYPKPYY 1 22.0
°PPA-5 TLYQRPSTNLER 1 NB
PPPA-1* RHTNDYSQFYPK - NB

[a] Sequences obtained after five rounds of biopanning selection. Kj
values measured by SPR. NB = No binding. °PPA=D PD-1/PD-L1
interaction antagonist. "PPA-1* was a scrambled peptide as negative
control.

sequences from seventeen binding clones obtained after five
rounds of selection. D-peptide versions (PPPA-1 and "PPA-2)
of the two sequences with the highest frequency were
synthesized for further experiments. Unlike “P1 which was
quickly digested in 10% human serum, "PPA-1 and PPPA-2
were highly resistant to proteolysis. No degradation of these
two D-peptides was observed after 24 h in 10 % human serum
(Supporting Information).

To test the activity of all the selected peptides, surface
plasmon resonance (SPR) spectroscopy (Biacore T200, at
25°C) was used to measure their binding affinities to the
extracellular domain of human PD-L1 (hPD-L1). Recombi-
nant hPD-L1 ectodomain was immobilized onto the gold
surface of a CMS5 sensor chip by direct amine coupling. To
confirm that the immobilized hPD-L1 ectodomain was func-
tional, we first checked its affinity to the recombinant human
PD-1 (hPD-1) ectodomain. Our measurement showed that
the binding of hPD-L1 to hPD-1 had a Ky value of 0.18 um
and 0.16 pm when PD-1 ectodomain was immobilized onto
a CMS5 chip, comparable to previous experimental data
ranging from 0.11 um to circa 8 um."*?! Next, the K, values
of PPPA-1 and PPPA-2 for the binding to hPD-L1 were
measured to be 0.51 and 1.13 um. The low frequency peptides
showed much worse binding affinity or even no binding at all.
A scrambled peptide PPPA-1* was also synthesized as
a negative control and it showed no binding. Not surprisingly,
our measurements showed that neither "PPA-1 nor "PPA-2
bound to immobilized hPD-1 (Supporting Information).

To test that the p-peptides could block the PD-1/PD-L1
interaction, we conducted competition SPR experiments.
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Taking PPPA-2 as an example, 50nm of the hPD-L1
ectodomain was incubated with increasing concentrations of
PPPA-2 before SPR analysis on a hPD-1 immobilized CM5
chip. As shown by the response unit (RU) values, an
increasing concentration of PPPA-2 led to a decreasing SPR
signal (Supporting Information). This observation indicated
that PPPA-2 effectively inhibited the binding of hPD-L1 to
immobilized hPD-1. Furthermore, microscale thermophoresis
(MST) was also used to measure the binding affinity of PD-
1 (0.054 pm), °PPA-1 (0.99 um), and PPPA-2 (21 um) to hPD-
L1 (Supporting Information).”?! These data are close to the
values measured by the SPR method.

To test whether PPPA-1 and PPPA-2 could block PD-1/
PD-L1 interaction at the cellular level, we conducted flow
cytometry experiments (Figure 2).?2 hPD-1-EGFP plasmid

A) Negative control B)
— Positive control

=== PPPA-1: 0.2mg/mL

—— DPPPA-1: 1.0mg/mL

Negative control
— Positive control
=== PPPA-2: 0.2mg/mL
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Figure 2. Flow cytometry analysis to investigate the PD-1/PD-L1
interaction using different concentrations of A) °PPA-1 or B) °PPA-2.
ls="fluorescence intensity.

was transfected and expressed in the Plat-E cell line by X-
treme GENE HP reagent. A commercial Fc-labeled human
PD-L1 recombinant protein (where Fc is the tail fragment of
the antibody) was incubated with these cells, with or without
the bp-peptides at different concentrations (0.2 or
1.0 mgmL™"). After the cells were washed twice by the
phosphate buffer containing 10 % fetal bovine serum, APC-
labeled anti-Fc antibody (APC = allophycocyanin) was added
to stain the remaining PD-L1 bound to PD-1 on the cell
surfaces. As shown in Figure 2 A, in the negative control no
hPD-L1-Fc was added into suspended cells expressing hPD-
1 while the positive control had. After stained by APC-anti-Fc
antibody, the average fluorescence intensity of the positive
control showed a signal three orders of magnitude stronger
than the negative one, indicating that the staining was specific,
as no staining was observed without PD-L1-Fc (Figure 2).
When added at a low concentration (0.2 mgmL™"), PPPA-
1 showed a weak inhibitory effect (Figure 2A) whereas
PPPA-2 showed none (Figure 2B). When the concentration
was increased to 1.0 mgmL ™", significant inhibition of the PD-
L1/PD-1 interaction by PPPA-1 was detected (Figure 2A)
whereas PPPA-2 showed a weaker inhibition (Figure 2B), in
agreement with the SPR and MST data that "PPA-1 was more
active than PPPA-2. Furthermore, during the flow cytometric
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analysis, toxicity was not observed on the tested cells at
inhibitory concentrations up to 1 mgmL ", indicating a high
therapeutic index of the D-peptides.

To examine the therapeutic efficacy of the D-peptides
in vivo, PPPA-1 was used to conduct the tumor growth and
survival experiments in mice. 36 Balb/c mice were injected
with 5x10° CT26 cells subcutaneously in the right flank.
After nine days, when the tumor volume reached 50 to
100 mm?®, the mice were divided randomly into six groups
each containing six mice. "PPA-1 (2 mgkg™") was injected in
two different manners, subcutaneously around the tumor
once every day (Figure 3 A) or intraperitoneally once every
day for seven days (Figure 3B). Normal saline and 5-
fluorouracil (5-Fu) at 10 mgkg ' were injected separately as
negative and positive controls. The tumor diameter was
measured every day with a caliper, and the volume was
calculated by using the formula, 71/6 xaxb® As shown in
Figure 3, 5-Fu injection was effective as a positive control, but
it caused significant bodyweight loss because of its toxicity
(Supporting Information). On the other hand, in both
peritumoral and intraperitoneal injection models, "PPA-
1 significantly inhibited the growth of implanted CT26 in
Balb/c mice (with P <0.05 and P <0.01 compared to the
negative control, respectively), and no sign of bodyweight loss
was detected.

In the survival experiments, three groups of CT26-bearing
mice were injected intraperitoneally with saline, PPPA-1 at
2mgkg ', or 5-Fu at 10 mgkg ' once every day for twelve
days (Figure 3C). From the thirteenth day, no further
injection of saline, PPPA-1, or 5-Fu was given because mice
injected with 5-Fu became very sick because of drug toxicity.
The survival of mice in each group was checked every day
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until all the mice were dead. The results indicated that PPPA-
1 treatment could prolong the survival time of CT26 tumor
bearing mice to nearly 50 % longer. The average survival time
of saline-injected mice was 27 days (17 to 36 days), and that of
the mice treated with °PPA-1 was prolonged to 44 days (36 to
52 days), similar to 5-Fu treated mice. These results indicated
that °PPA-1 could be a promising drug candidate for cancer
immunotherapy.

To evaluate the tumor-targeting and delivery efficiency of
PPPA-1, we conjugated fluorescent cyanine 5.5 to the N ter-
minal of PPPA-1.1**1 To avoid space overlap of the liver and
kidneys, CT26 tumor cells were injected in the back. When
the tumor volume reached about 200 mm?®, CT26 bearing
Balb/c mice were injected with 200 uL. (40 pg/mouse) of
Cy5.5-°PPA-1 or Cy5.5-PPPA-1* into the tail vein. After
24 hours, in vivo near-infrared fluorescence imaging was used
to detect Cy5.5 distribution. The results showed that except
for the liver, kidney, stomach, and lung, "PPA-1 was accu-
mulated at the site of tumor tissue whereas this was not the
case for the negative control (Figure 3D), indicating that
PPPA-1 had the ability to target tumor tissue. We also tested
the cytotoxicity of "PPPA-1 for CT26 tumor cells. After "PPA-
1 addition, CT26 cells were still able to grow normally
(Figure 3E), which suggested that °PPA-1 would not kill
tumor cells directly. According to these results, we propose
that the activity of "PPA-1 might come from the activation of
the antitumor immune system, rather than by directly killing
CT26 tumor cells.!

To summarize, we have developed the first proteolysis-
resistant peptide antagonists of the immune checkpoint
protein hPD-L1 by combining the techniques of chemical
protein synthesis and mirror-image phage display. These
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Figure 3. Tumor growth inhibition in CT26-tumor-bearing Balb/c mice injected with °PPA-1 and 5-Fu either A) subcutaneously around the tumor
or B) intraperitoneally. (Significant differences of the tumor volume between the °PPA-1 group and the negative control was determined by
student’s t-test, *P <0.05, **P < 0.01). C) Survival prolonging curves for CT26-tumor-bearing Balb/c mice treated with °PPA-1 and 5-Fu. D) In vivo
near-infrared fluorescence imaging of CT26-tumor-bearing Balb/c mice, 24 h after injection with Cy5.5-°PPA-1* or Cy5.5-°PPA-1 into the tail vain
(Cy5.5=2-((1E,3E,5E)-5-(3-(5-carboxypentyl)-1,1-dimethyl-1H-benzo[e]indol-2 (3H)-ylidene) penta-1,3-dienyl)-3-ethyl-1,1-dimethyl-1H-benzo).

Iy ="fluorescence intensity. E) OD,q, of CT26 cells after incubation with different concentrations of °PPA-1 for 24 and 48 hours (OD = optical

density).
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peptide inhibitors could bind to PD-L1 with low micromolar
affinity. Their ability to inhibit PD-1/PD-L1 protein—protein
interaction was also demonstrated at the cellular level.
Experiments with tumor-bearing mice models showed that
the peptides could inhibit tumor growth and prolong animal
survival. Collectively our results suggested the potential of
developing proteolysis-resistant peptides as low-molecular-
weight drug candidates for cancer immunotherapy.
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