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Programmed cell death protein 1 (PD-1) and programmed cell death
ligand 1 (PD-L1) are key targets for cancer therapy. Here, we use
automated fast-flow peptide synthesis (AFPS) to rapidly produce
these challenging p-sheet-rich proteins in their active forms follow-
ing oxidative refolding protocols. The methods presented here
provide rapid access to synthetic, air-stable mutants of PD-1 and
PD-L1 in which L-methionine residues are substituted with L-
norleucine, potentially enabling investigation of post-translational
modifications and mirror-image analogs for drug discovery.

The programmed cell death protein 1 (PD-1) and programmed
cell death ligand 1 (PD-L1) are the essential components of the
PD-1/PD-L1 immune regulatory checkpoint pathway.' PD-1 is
located on the surface of T cells and B cells, whereas PD-L1 is
expressed in a variety of cells and tissues. When T cell receptors
(TCRs) engage with antigen presenting cells through the major
histocompatibility complex (MHC), the PD-1/PD-L1 interaction
functions as an immune checkpoint inhibiting T cell activation
and maintaining self-tolerance.> Cancer cells overexpressing
PD-L1 can hijack this pathway and effectively escape immune
surveillance by suppressing the action of T cells.
Immunotherapies directed at inhibiting the PD-1/PD-L1
pathway have significantly advanced cancer treatment modal-
ities over the past decade.>® Monoclonal antibodies (mAbs)
blocking PD-1, or its ligand PD-L1, disrupt the immunosup-
pressive PD-1/PD-L1 pathway restoring T cell response against
the tumor.* Despite the success of mAbs as immune checkpoint
inhibitors, there is a lack of alternative therapeutic strategies
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that overcome the typical disadvantages of mAbs such as high
cost, no oral bioavailability, immune-related adverse effects,
and limited solid-tumor tissue penetration.>® Peptide thera-
peutics have the potential to overcome some of these limita-
tions while preserving target affinity and specificity.” Mirror-
image phage display techniques facilitate the discovery of
p-peptides, which offer greater stability and reduced immuno-
genicity compared to their L-peptide counterparts.® ™" Currently,
the only method to produce p-proteins is through chemical
synthesis. Developing a rapid and reliable method for synthesiz-
ing mirror-image PD-1 and PD-L1 could unlock the discovery of p-
peptide immune checkpoint inhibitors. Furthermore, chemical
synthesis of glycosylated isoforms of PD-1 could provide a deeper
understanding of N-glycosylation, its impact on binding to PD-L1
and its recognition by anti PD-1 mAbs."”'* The methodologies
developed thus far for the chemical synthesis of PD-1 and PD-L1
rely on a combination of solid phase peptide synthesis (SPPS) of
peptide fragments and multiple native chemical ligation (NCL)
reactions.’”"® In some cases, the use of specific temporary
protecting groups designed to inhibit aggregation was necessary
to purify intermediates."* The use of permanent cationic tags (ie.,
Args tag) was in some cases required'® to enhance solubility.

In this work, we utilized the automated fast-flow peptide
synthesis (AFPS)®'®'° technology established in our laboratory
to rapidly access synthetic PD-1 and PD-L1 ectodomains. The
two synthetic proteins were synthesized in a single-shot man-
ner, ie., a single continuous stepwise synthesis on the solid
support, thus bypassing the use of NCL or solubilizing tags.
Oxidative refolding protocols were utilized to obtain PD-1 and
PD-L1 in their active form as verified by biochemical assays.

The key interaction between human PD-1 and PD-L1 occurs
through their immunoglobulin V (IgV)-like domains in a 1:1
complex (Fig. 1A).>° We selected for synthesis residues 33-150
of human PD-1 and residues 18-133 of human PD-L1, both
corresponding to the IgV-like domains stabilized by one dis-
ulfide bond each. FDA-approved mAbs target diverse locations
on the surface of PD-1 and PD-L1 IgV-like domains, making
these fragments ideal targets for chemical synthesis.>"*>
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Fig. 1 AFPS enables rapid access to synthetic PD-1 and PD-L1. (A) The PD-1/PD-L1 complex (pdb 4ZQK) (left). Amino acid sequence of PD-1 (Uniprot ID
Q15116, residues 33-150) and PD-L1 (Uniprot ID QINZQ7, residues 18-133) (right). The Cys residues involved in disulfide linkages are highlighted in red.
All proteins were synthesized as C-terminal amide and with a biotin-PEG;, handle at the C-terminus. (B) Analytical HPLC trace of purified PD-1 (left). Mass
spectrum of purified PD-1 (middle). Deconvoluted MS of purified PD-1 (right). (C) Analytical HPLC trace of purified PD-L1 (left). Mass spectrum of purified
PD-L1 (middle). Deconvoluted MS of purified PD-L1 (right). For more details see Section S3 of the ESI.{

The chemical synthesis of PD-1 and PD-L1 is challenging
due to solubility issues of the final product or the intermediate
peptide fragments required for NCL.'*"® Current methodolo-
gies to chemically synthesize PD-1 involve the use of multiple
NCL steps, desulfurization, protecting group removal, and
require the use of specific solubilizing tags to facilitate HPLC
purifications.'® The reported chemical synthesis of PD-L1 relied
on a convergent strategy using 4 peptide fragments condensed
using NCLs followed by desulfurization and acetamidomethyl
(Acm) removal.'® Furthermore, the use of an Args tag was
essential to enable sufficient solubility of the final product.

We hypothesized that the AFPS technology available in our
laboratory could streamline the access to these proteins in a
single-shot format. The high temperature used throughout the
synthesis could prevent on-resin aggregation and the single
continuous stepwise synthesis process obviates the need for
isolation and handling of aggregation-prone peptide frag-
ments. In order to enable surface immobilization using
streptavidin-coated beads, we installed a biotin-PEG,, handle
at the C-termini of the synthetic proteins. The PEG;, linker
enables sufficient spacing between the protein chain and the
resin surface and is installed at the C-terminus to prevent any
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interference with ligand binding at the PD-1/PD-L1 interface
(Fig. S2, ESIf).® We synthesized PD-1 and PD-L1 IgV-like
domains by AFPS and purified them using preparative HPLC,
obtaining them in 1% and 3% isolated yield, respectively
(Fig. 1B and C, see Section S3 of the ESIf). All methionine
residues were mutated to r-norleucine (i-Nle) to prevent
methionine oxidation during handling and refolding. We also
introduced a C93S mutation on PD-1 to aid protein stability as
previously reported.’® Aspartimide formation was minimized
using formic acid as an additive to the piperidine deprotection
solution as previously reported.*®

Refolding of PD-1 and PD-L1 was carried out using oxidative
refolding protocols.”® Purified synthetic PD-1 was dissolved in a
denaturing buffer (typically 6 M Gdn-HCl, 100 mM TRIS-HCl,
pH 8.0), diluted in a redox refolding buffer (containing cysteine
and cystine), and then dialyzed against a TRIS buffer prior to
purification using size exclusion chromatography (SEC)
(Fig. 24, top). In the case of PD-L1, we adopted a slow dialysis
refolding protocol allowing reduced aggregate formation when
compared to dilution refolding (Fig. S8, ESIt). The optimized
protocol for PD-L1 refolding involved dissolving the purified
protein in a denaturing buffer and then subjecting it to a

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Oxidative refolding yields active forms of synthetic PD-1 and PD-L1. (A) Refolding protocols used for synthetic PD-1 and PD-L1. (B) SDS-PAGE of
synthetic PD-1 and PD-L1. Molecular weight is expressed in kDa. (C) Mass-to-charge spectrum of refolded PD-1 and PD-L1. See Section 4.2 of the ESL{
(D) Analytical SEC of refolded PD-1 and PD-L1 superimposed to a molecular weight standard (Superdex 75 increase 5/150 GL, flow rate 0.25 mL min™%,
running buffer: 50 mM HEPES, 150 mM NaCl, pH 7.5). Molecular weight is expressed in kDa. (E) BLI assay of synthetic PD-1 with recombinant PD-L1 (left)
and synthetic PD-L1 with Atezolizumab (anti-PD-L1) (right). Synthetic PD-1 and PD-L1 are functionalized with a PEG3,-biotin handle for immobilization
on the surface of the BLI sensor tip. Concentrations refer to the recombinant protein. Further details are reported in Section S4.3 of the ESI.{

two-step dialysis involving a redox buffer (containing GSH and
GSSG) (Fig. 2A, bottom). Final SEC purification afforded folded
PD-L1. We confirmed the purity of isolated refolded PD-1 and
PD-L1 using SDS-PAGE (Fig. 2B) and analytical HPLC, in which
a distinct change in retention time was observed upon for-
mation of the disulfide bond (Fig. S4 and S9, ESIf). Upon
folding, a distinct change in the mass envelope was observed
for both PD-1 and PD-L1 (Fig. 2C) which was accompanied by a
loss of 2 Da in the deconvoluted mass spectrum matching with
the expected formation of a disulfide bond (see Fig. S7 and S12,
ESIT). Importantly, analytical SEC confirmed that both PD-1
and PD-L1 were isolated as monomeric forms (Fig. 2D).
Refolded synthetic PD-1 and PD-L1 were characterized with
biophysical binding assays to confirm their bioactive conforma-
tion. First, to validate synthetic refolded PD-1 we investigated its
binding affinity to recombinant PD-L1 protein. We performed a
biolayer interferometry (BLI) assay by immobilizing biotinylated
synthetic PD-1 on the surface of a sensor tip coated with strepta-
vidin and then determining the apparent dissociation constant
(Kp) with recombinant PD-L1 (Fig. 2E, left and Fig. S14, ESIY).
In the BLI assay, we observed rapid association and dissociation
events, which reached equilibrium within few seconds (Fig. 2E,

This journal is © The Royal Society of Chemistry 2025

left). This observation is in line with previous reports on the
binding kinetics of the PD-1/PD-L1 complex.>® We calculated a Ky,
value of 3.2 uM from the BLI assay using steady-state analysis
which is comparable to previously reported values (Kp ~ 8 UM,
determined using a surface plasmon resonance assay).”*>*
Second, we analyzed the ability of synthetic refolded PD-L1 to
bind recombinant PD-1 protein using a BLI assay. We immobi-
lized the synthetic biotinylated PD-L1 on the sensor tip and
assayed it against varying concentrations of recombinant PD-1.
As observed in the previous BLI assay, the binding between
synthetic PD-L1 and recombinant PD-1 displayed rapid associa-
tion and dissociation kinetics and we derived a Ky of 11.0 pM
using steady-state analysis (Fig. S15 and S16, ESIt). The slight
difference between the two measured binding affinities could be a
result of N-glycosylation of recombinant PD-1 used for the assay.
PD-1 N-glycosylation has been reported to have a regulatory
function in the PD-1/PD-L1 pathway'**® and interferes with
binding of clinical mAbs.>*?” To further validate the function of
synthetic PD-L1 we performed a BLI assay to assess binding of
synthetic PD-L1 to Atezolizumab, an anti-PD-L1 mAb (Fig. 2E,
right). Dissociation kinetics of Atezolizumab with immobilized
synthetic PD-L1 were significantly slower compared to PD-1
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binding (Fig. 2E and Fig. S17, ESIt). The dissociation constant for
the synthetic PD-L1/Atezolizumab complex was measured to be in
the picomolar range using binding curve fit analysis. However, the
Kp could not be accurately determined due to the antibody slow
offrate posing challenges in the determination of the kuy
constant.”"?® Crystal structure data indicate that the epitope of
Atezolizumab on PD-L1 overlaps with that of its natural binding
partner PD-1.>' Thus, Atezolizumab binding to synthetic PD-L1
supports the conclusion that the synthetic protein is folded in an
active conformation.

In summary, we have developed a rapid synthetic approach,
using AFPS, to access two key immune-checkpoint receptors PD-
1 (14.2 kDa) and PD-L1 (14.2 kDa) in their active conformations.
The single-shot format of the synthesis bypassed the need for
multiple chemical ligation steps and the use of solubilizing tags.
Oxidative refolding protocols gave access to PD-1 and PD-L1 in
their biologically active form as validated with biochemical
binding assays. The protocols developed here can be applied
to the production of PD-1 and PD-L1 in their mirror-image form
for use in screening campaigns aimed at discovering p-peptide
inhibitors such as mirror-image phage display.>™' Inhibitors
based on p-peptides could provide an alternative strategy to
block the PD-1/PD-L1 pathway, exhibiting lower production cost
compared to mAbs, longer in vivo half-lives and reduced immu-
nogenicity relative to r-peptides.® Furthermore, rapid access to
synthetic immune checkpoint proteins facilitates the prepara-
tion of N-glycosylated isoforms for further study.
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