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Abstract: Current anti-cancer immune checkpoint therapy relies on antibodies that primarily target
the PD-1/PD-L1(-L2) negative regulatory pathway. Although very successful in some cases for
certain cancers, these antibodies do not help most patients who, presumably, should benefit from this
type of therapy. Therefore, an unmet clinical need for novel, more effective drugs targeting immune
checkpoints remains. We have developed a series of high-potency peptide inhibitors interfering with
PD-1/PD-L1(-L2) protein–protein interaction. Our best peptide inhibitors are 12 and 14 amino acids
long and show sub-micromolar IC50 inhibitory activity in the in vitro assay. The positioning of the
peptides within the PD-1 binding site is explored by extensive modeling. It is further supported
by 2D NMR studies of PD-1/peptide complexes. These results reflect substantial progress in the
development of immune checkpoint inhibitors using peptidomimetics.
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1. Introduction

PD-1, programmed cell death protein 1, is known to inhibit immune activation upon
interaction with its ligands, PD-L1 or PD-L2. Antibody-based immune checkpoint therapy
targeting PD-1/PD-L1(-L2) interactions is validated and demonstrates the possibility of
a significant, even dramatic, therapeutic improvement in some patients. Despite its low
efficiency for the majority of patients and a high cost of treatment, there are currently more
than four thousand trials targeting PD-1 and PD-L1 with various combinations of antibodies
and other treatment modalities (clinicaltrials.gov accessed 11 October 2023). The relatively
low efficacy of checkpoint antibodies is due, in part, to their complex PK/PD (pharma-
cokinetic/pharmacodynamic) characteristics [1], significant systemic toxicity [2,3], and
induced tumor resistance mechanisms [3,4]. Furthermore, there are well-known general
limitations of antibodies as drugs [5,6], such as poor diffusion and tumor permeability, irre-
versible binding to the first encountered antigen at the tumor periphery, and promiscuous
interactions with Fcγ receptors on various cells, including tumor-associated macrophages,
which “steal and sequester” antibodies from their tumor targets [7]. Thus, there is an unmet
clinical need for new, efficient, less expensive immune checkpoint inhibitors.

Several factors support our rationale for the development of peptide molecule in-
hibitors of PD-1/PD-L1(-L2) interactions, as opposed to small molecule inhibitors. First,
the analysis of relevant crystal structures indicates the lack of suitable pockets for small
molecules on the rather flat protein–protein interfaces of PD-1 and PD-L1(-L2) [8–10].
Second, the originally reported small molecule inhibitors did not show impressive re-
sults [11–14]. In fact, extensive biophysical and tissue culture evaluation of the leading
compounds from Bristol Myers Squibb and Aurigene Discovery Technologies revealed
that they do not directly block PD-1/PD-L1 interactions and are highly cytotoxic [15].
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More recent studies, however, have confirmed that small molecule inhibitors can, indeed,
cause internalization of PD-L1 [16], followed by induced stimulation-dependent cytokine
production in primary human immune cells [17]. Lastly, we reasoned that designing a
small peptidomimetic inhibitor would be more feasible once a potent peptide inhibitor has
been found.

The design of the first published peptide inhibitors targeting PD-L1 was guided by
the binding epitopes of anti-PD-L1 antibodies [18,19]. Unfortunately, in that study, the IC50
values of two lead peptides in tissue culture assay were only in a high sub-micromolar
range [19]. We reasoned that using peptide fragments based on protein–protein interfaces
of PD-1 or PD-L1(-L2) may provide an effective approach to inhibiting the formation of PD-
1/PD-L1(-L2) complexes. Interestingly, judging by the interactions between recombinant
ectodomains of PD-1 and PD-L1, the association between these proteins is relatively weak,
with the reported Kd values in a high sub-micromolar to a micromolar range [8,10,18].
However, mutational and modeling studies of human PD-1 indicated that the affinity could
be significantly improved [20–23], suggesting that re-engineering native sequences may
lead to high-affinity peptide inhibitors. Indeed, several groups reported peptide inhibitors
based either on the fragments of PD-1 [24–26] or PD-L1 [27,28] or derived from the panning
of the phage display libraries [29,30]. Although these studies were informed by the high-
resolution crystal structure of the human PD-1/PD-L1 complex [9], so far, reported peptides
had, at best, low micromolar affinity to target proteins. The most recent publication [31],
where authors explored PD-1-derived peptides to inhibit the PD-1/PD-L1 complex, still
presents Kd values at micromolar range. Taken together, the development of peptide-based
inhibitors of the PD-1/PD-L1(-L2) immune checkpoint is at the very early stage, and we
see exciting opportunities for significant advances in this area.

The selection of PD-1 as a target is determined by a superior clinical effect achieved
with anti-PD-1 antibodies compared to those directed to PD-L1 [32]. Such a difference
could be due to a potential tumor cell escape via switching from PD-L1- to PD-L2-mediated
engagement of PD-1 [32]. This reasoning would remain valid for PD-L1 peptide inhibitors.

We focused on targeting PD-1 with peptides composed of 12–14 amino acids derived
from the structure of PD-L1(-L2) β-hairpins, a central part of the protein-protein interface
in complexes of PD-1 with PD-L1(-L2). We designed several series of peptides for enhanced
binding via the formation of the induced fit of the specific PD-1 region involved in the
protein–protein interface and screened those peptides in a tissue culture assay that measures
PD-1/PD-L1 binding. As a result of our screening, we obtained several peptide inhibitors
with low sub-micromolar IC50 values.

2. Materials and Methods
2.1. Molecular Modeling and Peptide Docking

BioPredict Inc. proprietary software (https://www.biopredict.com December of 2022)
and Discovery Studio software (Dassault Systems, BIOVIA Corp., San Diego, CA, USA,
https://www.3ds.com/products/biovia/discovery-studio December of 2022) were used
for molecular modeling and docking. For energy minimization and molecular dynamics
simulations, Charmm (https://www.academiccharmm.org December of 2022) [33] and
Gromacs packages (https://www.gromacs.org December of 2022) [34] were used.

2.2. In Vitro Time-Resolved FRET Assay

Commercial PD-1/PD-L1 binding assay kit (CisBio, currently Perkin-Elmer, Bedford,
MA) for time resolve fluorescent energy transfer (FRET) was used to assess peptides
binding to PD-1. The assay for peptide screening was performed in a 96-well format
(normal pressure), starting with 4-fold serial dilutions of each peptide in triplicate. No-
peptide triplicate wells were used to assess fluorescent energy transfer in the absence
of inhibition, and no-PD-1/PD-L1 triplicate wells were used to assess the background
fluorescent energy transfer in the absence of PD-1/PD-L1 complexes. More detailed
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concentration dependences were obtained for selected peptides. Only freshly dissolved
peptides were used in the assay.

2.3. NMR Experiments

Uniformly 15N-labeled PD-1 was overexpressed in M9 medium, supplemented with
15NH4Cl as the sole nitrogen source, and purified as described elsewhere [8]. We ran
chemical shift mapping (CSM) experiments for four peptides, B5.11, B3.15, B5.6, and B2.22.
The last one was too hydrophobic and precipitated totally out of the solution. Therefore,
we obtained CSM data for three peptides. CSM 15N-HSQC experiments with unlabeled
peptides (B5.11, B3.15, and B5.6) were performed on uniformly 15N-labeled PD-1 in a buffer
(two series, pH 6.4 and 6.7) containing 25 mM NaPO4, 100 mM NaCl, 1 mM DSS, 10% D2O,
and 3% dDMSO (necessary to make peptides stocks). Spectra were recorded at 25 ◦C on
a Varian INOVA 600 MHz spectrometer equipped with an inverse triple-resonance cold
probe. Spectra were processed using NMRPipe (11.2 rev 2022.346.12.26) [35] and analyzed
with CCPN Analysis [36] made available through NMRBox. Assignments for PD-1 were
adopted from BMRB-18908. The chemical shift perturbations were calculated using the
following equation [37]:

∆δ =

√
0.5

(
δ2H +

(
αδN)

2

)
where the scaling factor, α, was set to 0.15.

We also performed transferred NOEs (trNOE) experiments for B5.11 peptide in a
complex with unlabeled PD1. We tested several peptide-to-protein ratios within the 150:1
to 15:1 range: the optimal, with maximum additional peaks, being close to the lower limit.
We used these data for the structural calculation of the B5.11 peptide ensemble as a part of
its complex with PD-1.

Transferred NOEs for B5.11 peptide in complex with unlabeled PD1 were obtained
at a peptide-to-protein ratio of 15:1, with a mixing time of 400 ms, in a buffer (pH 6.4)
containing 25 mM NaPO4, 8.3 mM NaOAc, 11 mM NH4CO3, 1 mM DSS, and 10% D2O. The
1H assignments for the peptide were acquired through the combination of COSY, TOCSY,
NOESY, and natural abundance 15N-HSQC.

The B5.11 peptide ensemble (as a part of the complex with PD-1) was calculated
based upon trNOE restraints using ARIA 2.3 [38], and the ensemble of 15 structures with
minimal overall energy was refined in explicit water. During the course of the calculations,
the quality of the molecular structures was assessed with ARIA/CNS built-in scripts and
PROCHECK-NMR.20 [39].

3. Results
3.1. Modeling of Peptide PD-1 Inhibitors Based on Known PD-1/PD-L1(-L2) Interfaces

The ectodomain of PD-1 binds to ectodomains of PD-L1(-L2) by β-sheet-to-β-sheet
crisscross interaction with the side of the PD-L1/2 β-sheet getting into the concaved part of
PD-1 β-sheet (Figure 1A). Detailed information on specific interactions in these complexes
was obtained from the X-ray structures determined for human and murine PD-1/PD-L1
and PD-1/PD-L2 dimers [9,21,23,40]. These structures identified two contiguous strands
of PD-L1(-L2) β-sheet that form a critical β-hairpin, which binds to a specific interface
in PD1 (Figure 1A). The binding interface, shown for PD-1 by the surface charge map
(Figure 1B), indicates a pocket that encloses Y112 and W110 of PD-L2 β-hairpin one leg and
a hydrophobic patch in contact with the other leg of this β-hairpin. Both induced fit and
conformational selection might be envisioned from the available interfaces between human
PD-1 and PD-L1/PD-L2, which were acquired through site-directed mutagenesis and X-ray
crystallography by Tang et al. [23]: while the FG loop of PD-1 is predominantly “open”
in an apo state (Figure 1C), it converts to, or accommodates, a predominantly “closed”
conformation upon binding (Figure 1D). Critically, interactions between human PD-1 and
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PD-L1 and, particularly, PD-L2 induce significant conformational change in the FG loop of
PD-1, resulting in an enhanced binding and stabilization of the complex.
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Figure 1. The X-ray structure of the complex (PDB id: 6umt), explored for presented modeling:
(A) crisscross interaction between β-sheets of PD-1 (grey) and PD-L2 (blue); PD-L2 β-hairpin is
shown in cyan and PD-1 FG loop in red; (B) surface charge map of PD-1 binding pocket with PD-L2
β-hairpin inside (in an orientation opposite to shown in panel (A); models: β-hairpin is shown in
complex within an “open” (C) and a “closed” (D) conformation of PD-1 FG loop.

3.2. Design and Validation of Peptide Inhibitors

Using the structures of the critical PD-L1/-L2 β-hairpins involved in binding to PD1,
as a starting point, we designed several series of 12–14 amino acid peptides. The design
followed the structural constraints of the target PD-1 protein footprint (ligand–protein
interaction maps) derived from (i) numerous solved PD-1 structures with its cognate
ligands and antibodies and (ii) sequence comparisons of PD-1, PD-L1, and PD-L2 from
various species.

Using natural and non-natural amino acids, two structurally different peptide folds
were extensively explored. The 14-mer and a subset of 12-mer peptides were designed to
form a β-hairpin-like structure. Another subset of 12-mer peptides was designed to have
linear conformation, with eight C-terminal amino acids similar to one leg of β-hairpin and
four N-terminal amino acids selected for binding to potential partners in the PD-1.

Various QSAR (quantitative structure activity relationship) hypotheses were tested
by synthesizing batches of 10–12 peptides. In total, over one hundred candidates in ten
iterations were screened for their ability to inhibit in vitro PD-1/PD-L1 binding using the
commercial PD-1/PD-L1 binding assay kit (CisBio, currently Perkin-Elmer). Briefly, this
kit uses ectodomains of PD-1 and PD-L1 that are expressed with orthogonal fusion tags
(Tag-1 and Tag-2). It also includes two antibodies to selectively interact with these tags.
The antibody against one tag is labeled with fluorescent moiety, which serves as a donor,
while the other antibody is labeled with fluorescent moiety, which serves as an acceptor in
fluorescent resonance energy transfer (FRET). When the complex is formed and probed with
both anti-Tag-1 and anti-Tag-2 antibodies, donor and acceptor are sufficiently close, and
FRET can be detected in a time-resolved (TR) manner. Inhibitors of PD-1/PD-L1 interactions
prevent complex formation, leading to a decrease in TR FRET in a concentration-dependent
manner, as shown in Figure 2 for four representative peptide inhibitors. Initial fourfold
dilutions are exemplified by data for peptides B5.11 and B5.6 (panels A and B); examples
of the more detailed follow-up concentration dependences are shown for peptides B2.4
and B2.22 (panels C and D). The potency of the inhibitors is then characterized by IC50, a
concentration that inhibits TR FRET by 50%, allowing for a facile comparison of different
inhibitors (Figure 2E). Sequences and IC50 values for the five most active peptides are
presented in Table 1, together with the wild-type (WT) sequence of the corresponding
region of PD-L2. A table with all peptides tested, including those that showed no inhibition,
can be found in the Supplementary Materials (Supplementary Table S1).
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Figure 2. Ranking of the selected peptide inhibitors of PD-1/PD-L1 binding by in vitro TR FRET assay.
B1.1 is the first tested peptide of the series. Panels (A,B) show examples of initial fourfold dilution
data for peptides B5.11 and B5.6, respectively. Panels (C,D) present further detailed inhibition curves
for peptides B2.4 and B2.22, respectively. STD values are plotted for the data points measured in
triplicates. Representative IC50 values, covering three orders of magnitude range, are visualized in
panel (E).

Table 1. Sub-micromolar peptide inhibitors of PD-1/PD-L1 (as determined by TR FRET assay,
IC50 shown in second row). C-terminal-conserved part of the peptide series is shown with a grey
background. Charged aspartic acids of N-terminal are shown in red. Ac—acetated N-terminal;
NH2—amidated C-terminal; NL—non-standard amino acid L-Norleucine.

PDL2 [µM] Q C I I I Y G V A W D Y K Y

B5.11 0.05 Ac D V I D G A A W D Y K Y NH2
B3.15 0.13 Ac D V I V G A A W D Y K Y NH2
B5.6 0.2 Ac NL V L V I V G A A W D Y K Y NH2
B2.4 0.5 Ac R V NL V I V G A A W D Y K Y NH2
B2.22 0.7 Ac L V I V G A A W D Y K Y NH2

Notably, both the 14- and 12-mer most active peptides shared eight C-terminal amino
acid sequence GVAWDYKY, identical to one leg of a β-hairpin in WT PD-L2. Sequence
alignments of PD-L1(-L2) from multiple species show a remarkable conservation of the
WDYK motif (Figure 3). Consistent with this occurrence, all tested amino acid substitutions
in this part of the peptide strongly decreased the peptide’s ability to inhibit PD1/PD-L1
complex formation. The N-terminus in the designed peptides can be rotated freely around
the glycine in the middle (see Table 1). Therefore, the makeup of the N-terminal sequence
determines the peptide fold. Our best peptide binders follow two folds: (i) a β-hairpin-like
fold that mimics the fold of the wild-type PD-L2 hairpin and (ii) linear peptide series with
four amino acids of N-terminal pointing out of the protein–protein interface cavity.
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sp|Q9BQ51|PD1L2_HUMAN     DEGQYQCIIIYGVAWDYKYLTLKVKASYRK 125
sp|Q9WUL5|PD1L2_MOUSE     DSGQYRCLVICGAAWDYKYLTVKVKASYMR 125
tr|D4AAV6|D4AAV6_RAT      DSGQYRCLVICGAAWDYKYLTVKVKASYVR 125
tr|A4GW30|A4GW30_MACMU    DEGQYQCIIIYGVAWDYKYLTLKVKASYRK 125
tr|H2PS74|H2PS74_PONAB    DEGQYQCIIIYGVAWDYKYLTLKVKASYRK 125
tr|G3MYP3|G3MYP3_BOVIN    DAGQYRCLIIYGIAWDYKYLTLKVKASYKK 136
tr|M3WAP9|M3WAP9_FELCA    DAGQYRCLIIYRVAGDYKYLTLKVKASYKK 136

* * * *::      *** :*:**:* * :
sp|Q9EP73|PD1L1_MOUSE     DAGVYCCIISYGG -ADYKRITLKVNAPYRK 136
sp|Q9NZQ7|PD1L1_HUMAN     DAGVYRCMISYGG -ADYKRITVKVNAPYNK 135

Figure 3. Sequence alignment of the selected region from mammalian PD-L2, in comparison to
the one from PD-L1 of human and mouse origin (https://www.uniprot.org/align/clustalo-R202
40507-004057-0210-34998008-p1m, accessed on 6 May 2024): “*“ sign marks identical residues in
all compared sequences, “:” sign marks amino acids of the same type. Highly conserved residues
discussed are highlighted in cyan (and green of for a less conserved).

3.2.1. β-Hairpin-like Fold

Following the PD-L2 β-hairpin interface with PD-1, we hypothesized that it is possible
to design an optimized β-hairpin-like peptide that will force the flexible FG loop of PD-1 to
make an induced fit that will lead to increased affinity. The first challenge in testing this hy-
pothesis was to design a peptide that folds back on itself into a β-hairpin-like configuration.
The second challenge was to design a β-hairpin that can change the conformation of the FG
loop in PD-1 to enhance affinity. Our modeling shows the following binding dynamics for
such a hypothetical peptide. Upon binding, one strand of our β-hairpin gets into the cavity
of PD-1 (Figure 1B). Then, clustered hydrophobic residues of the other strand get under
the hydrophobic patch of the protein–protein interaction site, stimulating the induced fit
with the flexible loop, which now assumes the “closed” conformation (Figure 1D), thus
stabilizing binding. Our modeling revealed that optimizing these hydrophobic interactions
is an efficient path to high-affinity peptides.

Indeed, the modeling indicates that N-terminal segments of peptides B5.6, B2.4, and
B2.22 are folding back and positioning themselves under the FG loop in PD-1, inducing its
conformational changes. The sequence of B2.22, a 12-amino-acid-long peptide, is very close
to the “wild type” sequence, and we conjectured that it makes a β-hairpin similar to the
corresponding part of the PD-L2 protein. Following B2.22, the N-termini of 14 amino acids
long B5.6 and B2.4 also fold back and are positioned under the FG loop in PD-1.

Chemical shifts mapping experiments, performed by the titration of B5.6 into 15N-
labeled PD-1, supported the proposed model, as the residues V64, N66, R69, I126, I134, and
K131 in the FG loop of PD-1 showed some chemical shift perturbations induced by peptide
binding to PD-1 (see Figure 4).
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3.2.2. Linear Peptides

The peptides assume stretched or “linear” conformation when a negative charge is on
the N-terminus of the peptide–peptides B5.11 and B3.15 from Table 1. Because of the charge,
the N-terminal cannot get under the hydrophobic FG-loop, and the FG-loop cannot fold
over and induce conformational changes. Nevertheless, among linear peptides, we found
two effective inhibitors of PD1/PD-L1 complex formation, B5.11 with IC50 of 0.05 µM and
B3.15 with IC50 of 0.13 µM (Figure 5). Chemical shift mapping experiments, performed
by the titration of B3.15 into 15N-labeled PD-1, confirmed that the binding of this peptide
affects residues V64, I126, and E84, ascertaining that the C-terminus of B3.15 is in the cavity
of PD-1. The trNOE NMR experiments, run on another peptide, B5.11, allowed for us to
calculate the ensemble of B5.11 conformations in bound to PD-1. These conformations,
aligned by the WDYK motif, showed good structural alignment of the linear C-terminal part
of the peptide B5.11 (Figure 6, left side). The N-terminal region of the peptide, through the
rotation over a glycine residue, exhibits fan-out conformations without making a peptide
fold-over (Figure 6, right side). We docked this set of conformations to the PD-1 structure
determined by NMR (PDB id: 5GGS) and selected the conformation that showed the best
energy for the complex (Figure 5).
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4. Discussion

Our most active peptides from both series, β-hairpin-like and linear, share an eight
C-terminal amino acid sequence GVAWDYKY, identical to one leg a of β-hairpin in WT
PD-L2, consistent with our original hypothesis. Interestingly, some of the linear peptides,
in comparison to the hairpin-like, showed more favorable pharmacodynamic and phar-
macokinetic properties. The former could be due to large entropic contributions, while
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the latter is because of much higher water solubility. According to our modeling, the
representatives from two series interact with PD-1 in an overlapping but not totally identi-
cal mode (Figure 7), providing a wider conformational space for the design of potential
peptidomimetic or macrocyclic peptide inhibitors. The FRET data for peptides with low or
no inhibitory activity, provided in Supplementary Table S1, have their own value: they can
be used for potential AI training in future.
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5. Conclusions

Through an in-depth analysis of the available structural data reflecting the protein–
protein interface, followed by an iterative process of binding testing, we developed a series
of high-potency peptide inhibitors interfering with PD-1/PD-L1(-L2) interaction. Through
NMR experiments, we confirmed some of our original reasoning, but also found somewhat
unexpected conformations with favorable binding attributes. Our best peptide inhibitors
are 12 and 14 amino acids long and show sub-micromolar IC50 inhibitory activity in the
in vitro assay. The positioning of the peptides within the PD-1 binding site was established
by extensive modeling supported by 2D NMR studies of PD-1/peptide complexes. Our
results reflect substantial progress in the study of immune checkpoint inhibitors, providing
a scaffold for the future development of novel peptidomimetics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom14050597/s1, PDF file containing examples of NMR spectra
(Supplementary Figure S1), distance restraints (Supplementary Figure S2), and Supplementary Table
S1 with all peptides tested: Supplementary Figure S1: (A) 15N-HSQC spectra: 15N labeled PD-1
(apo shown in red) was titrated with none-labeled peptide B5.11 (1:2 ratio shown in maroon, 1:4
in mauve, 1:8 in blue) and overlayed with natural abundance spectrum of B5.11 shown in teal;
(B) Extended region of the HSQC spectra focusing on the amide peak of Val64 (apo in red) overlayed
with peptide B5.6 titration at 1:10 ratio (shown in green); (C) Extended region of the HSQC spectra
focusing on the amide peak of Val64 (apo in red) overlayed with peptide B5.11 titration (colors are
the same as in panel A); (D) 15N-HSQC (natural abundance) spectrum of peptide B5.11 is presented
along with the assignments; E) Overlay of peptide B5.11 TOCSY spectrum (shown in blue, along
with the assignments) with NOESY (shown in black) and trNOESY (shown in magenta) spectra.
Supplementary Figure S2: Distance restraints, derived from trNOE data, which were used for B5.11
peptide ensemble calculations are listed. Supplementary Table S1: All peptides, tested to inhibit
PD-1/PD-L1 binding by in vitro TR-FRET assay, and corresponding IC50 are presented. “NI“ sign
is posted when no inhibition was found with maximum concentration (*—5 or **—50 µM) tested.
PDB file containing peptide B5.6 in complex with PD-1; peptide B5.11 in complex with PD-1; and
ensemble of B5.11 peptide conformations (in bound to PD-1 state).

Author Contributions: B.K. performed the modeling, analyzed the data, and wrote the manuscript;
M.B. purified protein, ran assay-based experiments, and analyzed the data; V.G. ran and analyzed

https://www.mdpi.com/article/10.3390/biom14050597/s1
https://www.mdpi.com/article/10.3390/biom14050597/s1


Biomolecules 2024, 14, 597 9 of 11

NMR experiments and wrote the manuscript; O.V. designed and analyzed NMR experiments, per-
formed ensemble calculations, and wrote the manuscript; J.B. conceptualized and supervised the
project, acquired funding, analyzed the data, and wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All NMR software used is available freely from NMRBox server:
https://nmrbox.nmrhub.org. All raw NMR spectra collected are available from the corresponding
author upon request. NMR spectra examples are provided in the Supporting Information .pdf file.
Restraints derived from trNOE data used for B5.11 peptide ensemble calculation are provided in the
Supporting Information .pdf file. Peptide B5.6 in complex with PD-1 (PDB id: 2M2D) is provided in
the Supporting Information .pdb file. Peptide B5.11 in complex with PD-1 (PDB id: 5GGS) is provided
in the Supporting Information .pdb file. The calculated ensemble of B5.11 peptide is provided in the
Supporting Information .pdb file.

Conflicts of Interest: Author Boris Klebansky is employed by the company BioPredict Inc. Marina
Backer and Joseph Backer are employed by the company SibTech Inc. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References
1. Desnoyer, A.; Broutin, S.; Delahousse, J.; Maritaz, C.; Blondel, L.; Mir, O.; Chaput, N.; Paci, A. Pharmacokinet-ic/pharmacodynamic

relationship of therapeutic monoclonal antibodies used in oncology: Part 2, immune checkpoint inhib-itor antibodies. Eur. J.
Cancer 2020, 128, 119–128. [CrossRef] [PubMed]

2. Urwyler, P.; Earnshaw, I.; Bermudez, M.; Perucha, E.; Wu, W.; Ryan, S.; McDonald, L.; Karagiannis, S.N.; Taams, L.S.; Pow-ell, N.;
et al. Mechanisms of checkpoint inhibition-induced adverse events. Clin. Exp. Immunol. 2020, 200, 141–154. [CrossRef] [PubMed]

3. Sun, L.; Zhang, L.; Yu, J.; Zhang, Y.; Pang, X.; Ma, C.; Shen, M.; Ruan, S.; Wasan, H.S.; Qiu, S. Clinical efficacy and safety of
an-ti-PD-1/PD-L1 inhibitors for the treatment of advanced or metastatic cancer: A systematic review and meta-analysis. Sci. Rep.
2020, 10, 2083. [CrossRef] [PubMed]

4. Kalbasi, A.; Ribas, A. Tumour-intrinsic resistance to immune checkpoint blockade. Nat. Rev. Immunol. 2020, 20, 25–39. [CrossRef]
[PubMed]

5. Chames, P.; Van Regenmortel, M.; Weiss, E.; Baty, D. Therapeutic antibodies: Successes, limitations and hopes for the future. Br. J.
Pharmacol. 2009, 157, 220–233. [CrossRef] [PubMed]

6. Paci, A.; Desnoyer, A.; Delahousse, J.; Blondel, L.; Maritaz, C.; Chaput, N.; Mir, O.; Broutin, S. Pharmacokinet-ic/pharmacodynamic
relationship of therapeutic monoclonal antibodies used in oncology: Part 1, monoclonal antibodies, antibody-drug conjugates
and bispecific T-cell engagers. Eur. J. Cancer 2020, 128, 107–118. [CrossRef]

7. Arlauckas, S.P.; Garris, C.S.; Kohler, R.H.; Kitaoka, M.; Cuccarese, M.F.; Yang, K.S.; Miller, M.A.; Carlson, J.C.; Freeman, G.J.;
Anthony, R.M.; et al. In vivo imaging reveals a tumor-associated macrophage-mediated resistance pathway in anti-PD-1 therapy.
Sci. Transl. Med. 2017, 9, eaal3604. [CrossRef] [PubMed]

8. Cheng, X.; Veverka, V.; Radhakrishnan, A.; Waters, L.C.; Muskett, F.W.; Morgan, S.H.; Huo, J.; Yu, C.; Evans, E.J.; Leslie, A.J.; et al.
Structure and interactions of the human programmed cell death 1 receptor. J. Biol. Chem. 2013, 288, 11771–11785. [CrossRef]
[PubMed]

9. Zak, K.M.; Kitel, R.; Przetocka, S.; Golik, P.; Guzik, K.; Musielak, B.; Domling, A.; Dubin, G.; Holak, T.A. Structure of the Complex
of Human Programmed Death 1, PD-1, and Its Ligand PD-L1. Structure 2015, 23, 2341–2348. [CrossRef]

10. Lin, X.; Lu, X.; Luo, G.; Xiang, H. Progress in PD-1/PD-L1 pathway inhibitors: From biomacromolecules to small molecules. Eur.
J. Med. Chem. 2020, 186, 111876. [CrossRef]

11. Zak, K.M.; Grudnik, P.; Guzik, K.; Zieba, B.J.; Musielak, B.; Domling, A.; Dubin, G.; Holak, T.A. Structural basis for small molecule
targeting of the programmed death ligand 1 (PD-L1). Oncotarget 2016, 7, 30323–30335. [CrossRef] [PubMed]

12. Guzik, K.; Zak, K.M.; Grudnik, P.; Magiera, K.; Musielak, B.; Torner, R.; Skalniak, L.; Domling, A.; Dubin, G.; Holak, T.A. Small-
Molecule Inhibitors of the Programmed Cell Death-1/Programmed Death-Ligand 1 (PD-1/PD-L1) Interaction via Transiently
Induced Protein States and Dimerization of PD-L1. J. Med. Chem. 2017, 60, 5857–5867. [CrossRef] [PubMed]

13. Perry, E.; Mills, J.J.; Zhao, B.; Wang, F.; Sun, Q.; Christov, P.P.; Tarr, J.C.; Rietz, T.A.; Olejniczak, E.T.; Lee, T.; et al. Frag-ment-based
screening of programmed death ligand 1 (PD-L1). Bioorg. Med. Chem. Lett. 2019, 29, 786–790. [CrossRef] [PubMed]

14. Jiao, P.; Geng, Q.; Jin, P.; Su, G.; Teng, H.; Dong, J.; Yan, B. Small Molecules as PD-1/PD-L1 Pathway Modulators for Cancer
Immunotherapy. Curr. Pharm. Des. 2018, 24, 4911–4920. [CrossRef] [PubMed]

https://nmrbox.nmrhub.org
https://doi.org/10.1016/j.ejca.2020.01.003
https://www.ncbi.nlm.nih.gov/pubmed/32037060
https://doi.org/10.1111/cei.13421
https://www.ncbi.nlm.nih.gov/pubmed/31989585
https://doi.org/10.1038/s41598-020-58674-4
https://www.ncbi.nlm.nih.gov/pubmed/32034198
https://doi.org/10.1038/s41577-019-0218-4
https://www.ncbi.nlm.nih.gov/pubmed/31570880
https://doi.org/10.1111/j.1476-5381.2009.00190.x
https://www.ncbi.nlm.nih.gov/pubmed/19459844
https://doi.org/10.1016/j.ejca.2020.01.005
https://doi.org/10.1126/scitranslmed.aal3604
https://www.ncbi.nlm.nih.gov/pubmed/28490665
https://doi.org/10.1074/jbc.M112.448126
https://www.ncbi.nlm.nih.gov/pubmed/23417675
https://doi.org/10.1016/j.str.2015.09.010
https://doi.org/10.1016/j.ejmech.2019.111876
https://doi.org/10.18632/oncotarget.8730
https://www.ncbi.nlm.nih.gov/pubmed/27083005
https://doi.org/10.1021/acs.jmedchem.7b00293
https://www.ncbi.nlm.nih.gov/pubmed/28613862
https://doi.org/10.1016/j.bmcl.2019.01.028
https://www.ncbi.nlm.nih.gov/pubmed/30728114
https://doi.org/10.2174/1381612824666181112114958
https://www.ncbi.nlm.nih.gov/pubmed/30417781


Biomolecules 2024, 14, 597 10 of 11

15. Ganesan, A.; Ahmed, M.; Okoye, I.; Arutyunova, E.; Babu, D.; Turnbull, W.L.; Kundu, J.K.; Shields, J.; Agopsowicz, K.C.; Xu, L.;
et al. Comprehensive in vitro characterization of PD-L1 small molecule inhibitors. Sci. Rep. 2019, 9, 12392. [CrossRef] [PubMed]

16. Park, J.J.; Thi, E.P.; Carpio, V.H.; Bi, Y.; Cole, A.G.; Dorsey, B.D.; Fan, K.; Harasym, T.; Iott, C.L.; Kadhim, S.; et al. Checkpoint
inhibition through small molecule-induced internalization of programmed death-ligand 1. Nat. Commun. 2021, 12, 1222.
[CrossRef] [PubMed]

17. Koblish, H.K.; Wu, L.; Wang, L.C.S.; Liu, P.C.; Wynn, R.; Rios-Doria, J.; Spitz, S.; Liu, H.; Volgina, A.; Zolotarjova, N.; et al.
Characterization of INCB086550: A Potent and Novel Small-Molecule PD-L1 Inhibitor. Cancer Discov. 2022, 12, 1482–1499.
[CrossRef] [PubMed]

18. Miller, M.M.; Mapelli, C.; Allen, M.P.; Bowsher, M.S.; Boy, K.M.; Gillis, E.P.; Langley, D.R.; Mull, E.; Poirier, M.A.; Sanghvi, N.;
et al. Macrocyclic Inhibitors of the PD-1/pd-L1 and CD80(B7-1)/pd-L1 Protein/protein Interactions. U.S. Patent 20140294898, 2
October 2014.

19. Magiera-Mularz, K.; Skalniak, L.; Zak, K.M.; Musielak, B.; Rudzinska-Szostak, E.; Berlicki, L.; Kocik, J.; Grudnik, P.; Sala, D.;
Zarganes-Tzitzikas, T.; et al. Bioactive Macrocyclic Inhibitors of the PD-1/PD-L1 Immune Checkpoint. Angew. Chem. Int. Ed.
Engl. 2017, 56, 13732–13735. [CrossRef]

20. Maute, R.L.; Gordon, S.R.; Mayer, A.T.; McCracken, M.N.; Natarajan, A.; Ring, N.G.; Kimura, R.; Tsai, J.M.; Manglik, A.; Kruse,
A.C.; et al. Engineering high-affinity PD-1 variants for optimized immunotherapy and immuno-PET imaging. Proc. Natl. Acad.
Sci. USA 2015, 112, E6506–E6514. [CrossRef]

21. Lazar-Molnar, E.; Scandiuzzi, L.; Basu, I.; Quinn, T.; Sylvestre, E.; Palmieri, E.; Ramagopal, U.A.; Nathenson, S.G.; Guha, C.; Almo,
S.C. Structure-guided development of a high-affinity human Programmed Cell Death-1: Implications for tumor im-munotherapy.
EBioMedicine 2017, 17, 30–44. [CrossRef] [PubMed]

22. Pascolutti, R.; Sun, X.; Kao, J.; Maute, R.L.; Ring, A.M.; Bowman, G.R.; Kruse, A.C. Structure and Dynamics of PD-L1 and an
Ultra-High-Affinity PD-1 Receptor Mutant. Structure 2016, 24, 1719–1728. [CrossRef] [PubMed]

23. Tang, S.; Kim, P.S. A high-affinity human PD-1/PD-L2 complex informs avenues for small-molecule immune checkpoint drug
discovery. Proc. Natl. Acad. Sci. USA 2019, 116, 24500–24506. [CrossRef] [PubMed]

24. Zhou, K.; Lu, J.; Yin, X.; Xu, H.; Li, L.; Ma, B. Structure-based derivation and intramolecular cyclization of peptide inhibitors from
PD-1/PD-L1 complex interface as immune checkpoint blockade for breast cancer immunotherapy. Biophys. Chem. 2019, 253,
106213. [CrossRef] [PubMed]

25. Boohaker, R.J.; Sambandam, V.; Segura, I.; Miller, J.; Suto, M.; Xu, B. Rational design and development of a peptide inhibitor for
the PD-1/PD-L1 interaction. Cancer Lett. 2018, 434, 11–21. [CrossRef]

26. Jeong, W.J.; Bu, J.; Han, Y.; Drelich, A.J.; Nair, A.; Kral, P.; Hong, S. Nanoparticle Conjugation Stabilizes and Multimerizes
beta-Hairpin Peptides To Effectively Target PD-1/PD-L1 beta-Sheet-Rich Interfaces. J. Am. Chem. Soc. 2020, 142, 1832–1837.
[CrossRef] [PubMed]

27. Li, Q.; Quan, L.; Lyu, J.; He, Z.; Wang, X.; Meng, J.; Zhao, Z.; Zhu, L.; Liu, X.; Li, H. Discovery of peptide inhibitors targeting
human programmed death 1 (PD-1) receptor. Oncotarget 2016, 7, 64967–64976. [CrossRef]

28. Abbas, A.B.; Lin, B.; Liu, C.; Morshed, A.; Hu, J.; Xu, H. Design and Synthesis of A PD-1 Binding Peptide and Evaluation of Its
Anti-Tumor Activity. Int. J. Mol. Sci. 2019, 20, 572. [CrossRef]

29. Chang, H.N.; Liu, B.Y.; Qi, Y.K.; Zhou, Y.; Chen, Y.P.; Pan, K.M.; Li, W.W.; Zhou, X.M.; Ma, W.W.; Fu, C.Y.; et al. Blocking of
the PD-1/PD-L1 Interaction by a D-Peptide Antagonist for Cancer Immunotherapy. Angew. Chem. Int. Ed. Engl. 2015, 54,
11760–11764. [CrossRef]

30. Liu, H.; Zhao, Z.; Zhang, L.; Li, Y.; Jain, A.; Barve, A.; Jin, W.; Liu, Y.; Fetse, J.; Cheng, K. Discovery of low-molecular weight
anti-PD-L1 peptides for cancer immunotherapy. J. Immunother. Cancer 2019, 7, 270. [CrossRef]

31. Bojko, M.; Wegrzyn, K.; Sikorska, E.; Kocikowski, M.; Parys, M.; Battin, C.; Steinberger, P.; Kogut, M.M.; Winnicki, M.; Sieradzan,
A.K.; et al. Design, synthesis and biological evaluation of PD-1 derived peptides as inhibitors of PD-1/PD-L1 complex formation
for cancer therapy. Bioorg. Chem. 2022, 128, 106047. [CrossRef] [PubMed]

32. Duan, J.; Cui, L.; Zhao, X.; Bai, H.; Cai, S.; Wang, G.; Zhao, Z.; Zhao, J.; Chen, S.; Song, J.; et al. Use of Immunotherapy With
Pro-grammed Cell Death 1 vs. Programmed Cell Death Ligand 1 Inhibitors in Patients With Cancer: A Systematic Review and
Meta-analysis. JAMA Oncol. 2020, 6, 375–384. [CrossRef] [PubMed]

33. Brooks, B.R.; Brooks, C.L., 3rd; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30, 1545–1614. [CrossRef] [PubMed]

34. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J. GROMACS: Fast, flexible, and free. J. Comput.
Chem. 2005, 26, 1701–1718. [CrossRef] [PubMed]

35. Delaglio, F.; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: A multidimensional spectral processing system
based on UNIX pipes. J. Biomol. NMR 1995, 6, 277–293. [CrossRef] [PubMed]

36. Vranken, W.F.; Boucher, W.; Stevens, T.J.; Fogh, R.H.; Pajon, A.; Llinas, M.; Ulrich, E.L.; Markley, J.L.; Ionides, J.; Laue, E.D. The
CCPN data model for NMR Spectroscopy. Proteins 2005, 59, 687–696. [CrossRef] [PubMed]

37. Williamson, M.P. Using chemical shift perturbation to characterise ligand binding. Prog. Nucl. Magn. Reson. Spectrosc. 2013, 73,
1–16. [CrossRef] [PubMed]

38. Rieping, W.; Habeck, M.; Bardiaux, B.; Bernard, A.; Malliavin, T.E.; Nilges, M. ARIA2: Automated NOE assignment and da-ta
integration in NMR structure calculation. Bioinformatics 2007, 23, 381–382. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-019-48826-6
https://www.ncbi.nlm.nih.gov/pubmed/31455818
https://doi.org/10.1038/s41467-021-21410-1
https://www.ncbi.nlm.nih.gov/pubmed/33619272
https://doi.org/10.1158/2159-8290.CD-21-1156
https://www.ncbi.nlm.nih.gov/pubmed/35254416
https://doi.org/10.1002/anie.201707707
https://doi.org/10.1073/pnas.1519623112
https://doi.org/10.1016/j.ebiom.2017.02.004
https://www.ncbi.nlm.nih.gov/pubmed/28233730
https://doi.org/10.1016/j.str.2016.06.026
https://www.ncbi.nlm.nih.gov/pubmed/27618663
https://doi.org/10.1073/pnas.1916916116
https://www.ncbi.nlm.nih.gov/pubmed/31727844
https://doi.org/10.1016/j.bpc.2019.106213
https://www.ncbi.nlm.nih.gov/pubmed/31276987
https://doi.org/10.1016/j.canlet.2018.04.031
https://doi.org/10.1021/jacs.9b10160
https://www.ncbi.nlm.nih.gov/pubmed/31895555
https://doi.org/10.18632/oncotarget.11274
https://doi.org/10.3390/ijms20030572
https://doi.org/10.1002/anie.201506225
https://doi.org/10.1186/s40425-019-0705-y
https://doi.org/10.1016/j.bioorg.2022.106047
https://www.ncbi.nlm.nih.gov/pubmed/35963023
https://doi.org/10.1001/jamaoncol.2019.5367
https://www.ncbi.nlm.nih.gov/pubmed/31876895
https://doi.org/10.1002/jcc.21287
https://www.ncbi.nlm.nih.gov/pubmed/19444816
https://doi.org/10.1002/jcc.20291
https://www.ncbi.nlm.nih.gov/pubmed/16211538
https://doi.org/10.1007/BF00197809
https://www.ncbi.nlm.nih.gov/pubmed/8520220
https://doi.org/10.1002/prot.20449
https://www.ncbi.nlm.nih.gov/pubmed/15815974
https://doi.org/10.1016/j.pnmrs.2013.02.001
https://www.ncbi.nlm.nih.gov/pubmed/23962882
https://doi.org/10.1093/bioinformatics/btl589
https://www.ncbi.nlm.nih.gov/pubmed/17121777


Biomolecules 2024, 14, 597 11 of 11

39. Laskowski, R.A.; Rullmannn, J.A.; MacArthur, M.W.; Kaptein, R.; Thornton, J.M. AQUA and PROCHECK-NMR: Programs for
checking the quality of protein structures solved by NMR. J. Biomol. NMR 1996, 8, 477–486. [CrossRef]

40. Lin, D.Y.; Tanaka, Y.; Iwasaki, M.; Gittis, A.G.; Su, H.P.; Mikami, B.; Okazaki, T.; Honjo, T.; Minato, N.; Garboczi, D.N. The
PD-1/PD-L1 complex resembles the antigen-binding Fv domains of antibodies and T cell receptors. Proc. Natl. Acad. Sci. USA
2008, 105, 3011–3016. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF00228148
https://doi.org/10.1073/pnas.0712278105

	Introduction 
	Materials and Methods 
	Molecular Modeling and Peptide Docking 
	In Vitro Time-Resolved FRET Assay 
	NMR Experiments 

	Results 
	Modeling of Peptide PD-1 Inhibitors Based on Known PD-1/PD-L1(-L2) Interfaces 
	Design and Validation of Peptide Inhibitors 
	-Hairpin-like Fold 
	Linear Peptides 


	Discussion 
	Conclusions 
	References

