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Peptide-encoded chemical
libraries;
Clinical drugs

and prospective applications of encoding and displayed technologies, including phage display, ribosomal
display, mRNA display, yeast cell display, one-bead one-compound, DNA-encoded, peptide nucleic acid-
encoded, and new peptide-encoded technologies, and examples of preclinical and clinical translation. We

discuss the progress of novel targeted therapeutic agents, covering a spectrum from small-molecule
inhibitors and nonpeptidic macrocycles to linear, monocyclic, and bicyclic peptides, in addition to
antibodies. We also address the pending challenges and future prospects of drug discovery, including
the size of screening libraries, advantages and disadvantages of the technology, clinical translational
potential, and market space. This review is intended to establish a comprehensive high-throughput drug
discovery strategy for scientific researchers and clinical drug developers.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High-efficiency drug screening has demonstrated marked success
in identifying clinical drugs, and has become a dominant method
in both academic research and the pharmaceutical industry'.
However, traditional high-efficiency drug screening approaches
face considerable challenges, particularly concerning efficiency,
throughput, and cost—a critical triad for the drug discovery pro-
cess”. For instance, established methods such as dynamic
combinatorial chemistry™* and small-molecule microarrays™° are
dependent on biochemical assays’ °, which create significant
bottlenecks in terms of efficiency and cost-effectiveness'’. These
methods also necessitate the storage and management of vast
chemical libraries, which limits the ability to screen millions of
bioactive compounds effectively'".

In recent years, the advent of “omics” technologies has greatly
benefited drug screening by providing tools to link phenotypes
with genotypes'?, including display technologies such as phage,
ribosome, mRNA and yeast display (Fig. 1). These technologies
facilitate a physical connection between a molecule and its cor-
responding genetic information, thereby streamlining the identi-
fication process. In particular, phage display technology has
become a powerful platform for drug discovery in the life sciences
because it is easy to produce antibodies in vitro. Adalimumab, an
antibody against tumor necrosis factor alpha (TNF-«), and beli-
mumab, an antibody against B-lymphocyte stimulator, were
discovered using phage display technology; tralokinumab, an
antibody against interleukin 13 (IL-13), was discovered using
RNA display technology; and both have been approved for use.

Encoded library technologies, such as one-bead one-compound
(OBOC) libraries and DNA-encoded chemical libraries (DELs),
share similarities with display technologies by maintaining a physical
link between a target and a coded substance (Fig. 1). Compared to
display technologies that utilize biological machinery to evolve large
libraries of peptides and peptidomimetics, encoded library technol-
ogies can access a larger chemical space. Accordingly, these tech-
nologies offer significant advantages in clinical drug development.
The anti-inflammatory drug candidate GSK 2982772 is prime
example of clinical drug developed through the use of DELs. Despite
the high throughput, speed, and cost-effectiveness of DELs, they
suffer from instability and chemical incompatibility issues. Encour-
agingly, the new peptide-encoded chemical library (PEL) technology
exhibits improved chemical stability and compatibility, addressing
some of the limitations of DELs and showing substantial potential in
drug development'”.

Encoding and display technologies have considerably facili-
tated the rapid and efficient discovery of clinical drugs'®. This
review is intended to delineate the development and applications
of these technologies for the high-throughput identification of
therapeutic agents, compare their typologies, and discuss their
prospective applicability in discovering various drug types,
including small molecules, peptides, and antibodies. Additionally,
this review analyzes different drug discovery strategies, including
examples of pre-clinical and clinical translation, highlighting the
potential and challenges of these promising technologies. The goal
is to provide guidance for new drug screening efforts by eluci-
dating the advantages and drawbacks of encoding and display
technologies in the context of drug discovery.

2. Encoding and display technologies in drug discovery
2.1.  Display technology

Display technology bridges the gap between genotype and protein
phenotype, allowing the screening of target proteins and their
corresponding gene sequences from a protein display library using
the specific ligand of the target protein'>. Over the past three
decades, display selection technologies, such as phage display,
ribosome display, mRNA display, and yeast display, have under-
gone extensive advances in the field of drug discovery. This sec-
tion focuses on the principles, advantages, disadvantages, and
application domains of the aforementioned display techniques.
The characteristics of display technologies are summarized in
Table 1.

2.1.1.  Phage display

Phage display technology was pioneered by Smith in 1985 for
peptide presentation'”. Since the 1980s, the use of phage display
technology has expanded exponentially. In recognition of these
advances in the chemical revolution and the development of
biopharmaceuticals, the 2018 Nobel Prize in Chemistry was
awarded to George P. Smith and Sir Gregory P. Winter.

This efficient protein screening method involves inserting
exogenous DNA fragments into a phage coat protein-encoding
gene, resulting in a hybrid fusion protein that is expressed on the
phage surface (Fig. 2A)'>'°. Libraries of phage-displayed peptides
or proteins are thus physically linked to their encoding nucleic acid,
facilitating the selection of binding partners through iterative
rounds of in vitro panning and amplification, followed by DNA
sequencing. Phage display has evolved significantly from its initial
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+ Efficient and high throughput

- The challenge of signal-to-noise ratio when selecting
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+ Possible display long peptides with tertiary folds

+ Multiple selection options (in vitro, in vivo and ex vivo)
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+ High conversion yields for both solution-
and solid-phase synthesis
+ Efficient and accurate
- Discovering an optimal linkage between
two fragments is time-consuming and

+High chemical and biological stability than DNA
+Able to generate the library by split-mix synthesis
+Persist in live cell environments

+Afforded diverse binders for target proteins
-Unamplified by standard PCR

- Limited to peptide libraries with eukaryotic amino acids
- Difficult to generate complicated structures
- Two hosts (phage and bacterium) are needed 2015
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-Cumbersome PNA coding tag synthesis

+ Easy operation

Adalimumab (2003)
Belimumab  (2011)
Raxibacumab (2012)
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+ Low cost

reaction steps
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- Reaction purity is inversely related to
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+ No need for cellular transformation

+ Newer systems can incorporate unnatural amino acids
+ High library diversity
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+Extensive diversity of components and structures
+Not limited to natural amino acids

+Applicable to both binding and functional assays
+Inexpensive and multiple-use possible

-Small storage capacity

-Library not commercially available

-Unsuitable for complicated structure

Tralokinumab (2021)

+ Offers easy secretion and purification of displayed peptides

+ Efficient posttranslational modification machinery

+ Easier and more accurate to identify low-affinity antibodies

+ Easier to synthesize complex proteins with multiple disulfide bonds|
- Limited capacity

- Limited library diversity

- Unable displaying highly stable structures of long peptides

+High efficiency screening

+Large storage capacity

+Wide chemical space

+Low cost and easy operation

-Limited chemical compatibility

-Limited chemical stability

-Unsuitable for protein complexes, organoids, and tissue samples|

- Harsh conditions

+ Unaffected by cellular processes
+ Unnatural amino acids can incorporated in newer system| [ +High chemical stability
- Poorly stable mRNA-ribosome-protein complexes

- Low display efficiency
- Restricted to ribosome-compatible chemical reactions

+High information density

+High efficiency

-Inability to amplify peptides

-Limited detection sensitivity

-False positive due to solubility and nonspecific
peptide aggregation

-Unable to screen transcription factors or RNA

Figure 1
discovery.

concept and has become a formidable tool in drug screening'’.
Numerous phage display peptide and antibody libraries, ranging
from 10" to 10'? unique members, have been constructed'®. These
libraries have been instrumental in isolating novel ligands for
various targets and for investigating protein—protein interactions.

The direct linkage of genotype to phenotype via surface
display is particularly valuable in antibody research, drug
screening, enzyme activity assessment, protein folding and sta-
bility testing, and functional genome and proteome studies. This
technology has facilitated the discovery of various peptide and
cyclic peptide drugs'® and the production of ten commercially
available antibody medicines, with numerous others in develop-
ment. Notably, it has been used to create ligand-binding sites in
antibodies and other protein scaffolds, resulting in the US Food
and Drug Administration (FDA) approval of adalimumab, the first
human therapeutic antibody®”. Despite its successes, phage
display has limitations: antibodies may not fold effectively, library
diversity is constrained by transformation efficiency, the antibody
library capacity is finite, and managing large libraries is labor-
intensive. The largest documented libraries contain between 10°
and 10" different members”!, and the size correlates directly to
the likelihood of identifying novel binders**>>.

Encoding and display technologies for combinatorial libraries in drug discovery development timeline, pros and cons in drug

2.1.2.  Ribosome display

Although phage display has marked significant milestones in
peptide drug development, it faces limitations such as trans-
formation efficiency and laborious construction for libraries
exceeding 10° to 10'” independent members>*. These challenges
are surmountable through cell-free systems such as ribosome or
mRNA display, which enable the rapid generation of libraries with
up to 10'? to 10" potential binders™~*°.

Ribosome display was one of the initial cell-free assays for
drug discovery’®. This method involves polymerase chain
reaction (PCR) amplification of library inserts along with
flanking regions from a ligated vector for in vitro transcription
into mRNA. This mRNA is translated in vitro; however, at the
end of the mRNA, the ribosome stalls due to the absence of a
stop codon, retaining the encoded protein. The resulting
mRNA—ribosome—protein complexes are selected for affinity
for an immobilized target. Post-selection, mRNA from
dissociated ribosomes is reverse transcribed and PCR amplified
for subsequent affinity/activity evaluations through DNA
sequencing (Fig. 2B). Ribosome display benefits from being
unaffected by cellular processes such as proteolysis or potential

cell toxicity from library members®®. However, the
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Table 1  Characteristics of display technologies.
Name Principle Advantage Disadvantage Application Ref.
Phage display Inserting exogenous 1) Able to display 1) Library diversity is Peptide cyclic peptide 16,21,40
DNA fragments into a long peptides (e.g., 30 constrained by drug screening,
phage coat protein amino acids) with transformation enzyme activity
gene, resulting in a tertiary folds possible efficiency assessment, protein
hybrid fusion protein 2) Multiple selection 2) Typically limited to folding and stability
that is expressed on options (in vitro, peptide libraries with testing, functional
the phage surface in vivo and ex vivo) eukaryotic amino genome and proteome
3) Libraries are acids studies, etc.
commercially 3) Antibodies may not
available, or can be fold effectively,
generated in many unable to generate
laboratories complicated
structures
4) Two hosts (phage
and bacterium) are
needed
Ribosome display The mRNA- 1) No need for 1) Poorly stable Antibodies, antibody 16,27,40
ribosome-protein cellular mRNA -ribosome— fragments, protein
complex is formed to transformation protein complexes mutants drug
connect the genotype 2) Being unaffected 2) Only suitable for screening, etc.
and phenotype of the by cellular processes in vitro screening
target protein, and 3) Newer system can 3) Low display
DNA sequencing is incorporate unnatural efficiency
performed for amino acids
subsequent affinity/
activity assessment
mRNA display In vitro peptide 1) Robust, not require Nonspecific binding Cyclic peptide, 16,28,40
selection technology, complex stabilization between the display protein, linear
Peptides are condition system and targets peptide, etc.
covalently linked to 2) No need for resulting in false
nucleic acid tags cellular positives
(encoding mRNA) for transformation
PCR amplification 3) Newer systems can
and sequencing, and incorporate unnatural
puromycin is amino acids
covalently linked to 4) Compatibility with
the corresponding PCR-based
coding RNA sequence amplification and
for in vitro selection randomization
techniques after each
selection round
5) High library
diversity, suitable for
selecting shorter
peptide sequences and
larger proteins
Yeast display Eukaryotic protein 1) Higher antibody- 1) Lower Functional proteins, 2,16
expression system, in binding activity after transformation mutants, antigens,
which foreign the expression of trace efficiency antibodies drug

proteins encoded by
DNA libraries are
expressed on the
surface of yeast cells

amounts of antibodies
2) Easier and more
accurate to identify
low-affinity
antibodies

2) Limited capacity
and diversity of the
library

3) Unable to display
highly stable
structures of long
peptides

discovery, etc.

mRNA—ribosome—protein complexes exhibit poor stability, and
the reaction conditions are constrained, rendering ribosome
display suitable only for in vitro screening’. This technology
has been widely used in screening antibodies, antibody frag-
ments, and protein mutants

16

2.1.3.
mRNA display is an in vitro peptide selection technology that
covalently links peptides to a nucleic acid tag—the encoding
mRNA—that can be PCR-amplified and sequenced (Fig. 2C).

mRNA display

mRNA display was elegantly described in 1997 by Roberts and



3366 Yu Fan et al.
A Phage display B Ribosome display
Phagemides. s
i mRNA i ¥
‘% ‘% ‘%
mmm\\ /V\I\
abssome-mANA somplx
LRI ITTOON.
W !va vslalmn ,\J\/\ Iz an:/zl tior? - ( - (y
IRODON. SOV - S
Antibody DNA libriary Phage display library N\,\ Pr ) P
o) Library construction ‘\—/Q,Aﬁmmy screening DNA"W"/ RNA Horery Nascent
@ Library construction
Ropea or 3.5 aunds 1 omich brary ‘ |
125 Evauaton ) Wi 125 T FEvaiaton J
* e V/h ; T R
57 7 : \ 57 Y j TIR o
35 o/, = - Ml L -—
® o Z A L . [

%] s 5 7 6 s )
@ Affinity/Activity evaluation 3 Decoding Amgification

C

mRNA display
mMRNA-display libriary
AR translation
SRR Epsciien NN T e
IRRR. —"—> NN\ ———>

X AN~ QY PRIV o
NN

VAVAVAN
@ Library construction 2 Affinity screening

DNA libriary mRNA libriary

Invitro
reverse

H. Hit Evaluation

(@)
Q%%%%E§)>o

@ Affinity/Activity evaluation ® Decoding

Yeast cell display

5@5 O

,—/\ i

\Q/ ©

Yeast cell transformation

DO

‘\J/

st display library

C

DNA libriary

@ Library construction

o=

H_ Hit Evaluation

Microscope.

%] 9 8 7 6 5
@ Affinity/Activity evaluation @ Decoding

Figure 2

9 8 7
@ Affinity/Activity evaluation

L J

@ Decoding

6 5 @ Screening

Overview of the representative drug screening strategies using display technology. (A) Schematic illustration of the phage display

workflow for drug discovery. (B) Schematic illustration of the ribosome display workflow for drug discovery. (C) Schematic illustration of the
mRNA display workflow for drug discovery. (D) Schematic illustration of the yeast surface display workflow for drug discovery.

Szostak, who demonstrated that peptides could be covalently
linked to the corresponding encoding RNA sequence using pu-
romycin for in vitro selection”**. Compared to ribosome display,
mRNA display is more robust across various conditions as it does
not require complex stabilization conditions®>**°, and therefore
is not subject to unpredictable interactions with other complex
components.

mRNA display has gained popularity for selecting high-affinity
molecules from synthetic and natural libraries for drug discovery,
research on molecular interactions, and the elucidation of bio-
logical processes. The ability of this technique to incorporate
nonstandard amino acids through genetic code reprogramming has
expanded its utility. Various methodologies based on mRNA
display have emerged, but all share the principle of covalently
linking peptides to their encoding mRNA strand using puromycin
as a linker’’. Compared to phage display, mRNA display cir-
cumvents the limitations inherent to E. coli transformation by
employing in vitro transcription and translation, enabling the
preparation of significantly larger libraries (10'>—10"* unique
sequences)’’

A notable advantage of mRNA display is its compatibility with
PCR-based amplification and randomization techniques after each
selection round. Random mutagenesis via methods such as error-
prone PCR can be integrated with mRNA display™>. A further
advantage of mRNA display is that it is not limited to shorter
peptide sequences larger proteins can also be identified from
selections’**. However, one major disadvantage is nonspecific
binding between the display system and targets, resulting in false
positives—especially with highly positively charged target proteins
that can nonspecifically bind to negatively charged mRNA tags.
This problem represents a substantial challenge given that
approximately 35% of human genome-encoded proteins are
highly positively charged™”.

2.1.4. Yeast cell display

Since its inception in 1997, yeast surface display (YSD) has
emerged as a widely utilized methodology for protein engineering
and the screening of diverse libraries®®. YSD involves the pre-
sentation of foreign proteins, encoded by DNA libraries, on the
surface of yeast cells. Typically, a single yeast cell can exhibit
approximately 10° copies of a unique protein, allowing a sub-
stantial yeast population (approximately 10° cells) to represent an
entire genomic library efficiently.

First, a DNA plasmid library comprising various clones is
constructed (Fig. 2D). This plasmid mutant library is then trans-
formed into a yeast strain to create a YSD library. Various DNA
plasmid variants are presented on yeast cells, forming the YSD
library, which is subsequently subjected to selection based on
binding affinity and becomes enriched in variants exhibiting
higher affinity. Both the plasmid mutant library and each post-
selection mutant library are sequenced using next-generation
techniques to monitor the frequency changes of each variant and
to decipher the leading drug candidates. In YSD, a protein of
interest on the surface of S. cerevisiae is expressed as an N- or
C-terminal fusion to the Aga2 subunit of the yeast mating protein
a-agglutinin®®*’. The exogenous proteins are expressed in-frame
with a surface anchoring system, such as N-terminal fused an-
chor proteins (e.g., SAG1, SED1), the a-agglutinin display system
(Agalp and Aga2p), or the Flolp display system®®’. These an-
chor proteins are situated on the exterior of the cell wall, making
the foreign proteins accessible for ligand interaction. Because of
the eukaryotic expression system, complex eukaryotic proteins
can be expressed and folded in YSD, and their structure and ef-
ficiency are not affected by heterologous proteins. In comparison
to phage display libraries, YSD technology exhibits increased
antibody-binding activity even with minimal antibody expression,
facilitating the more precise identification of low-affinity
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antibodies. Nonetheless, YSD has lower transformation efficiency,
and its library capacity and diversity are constrained”. This tech-
nique is predominantly used in drug discovery to identify func-
tional proteins, mutants, antigens, and antibodies.

2.2.  Encoding technology

Encoding technology is an advanced combinatorial synthetic li-
brary technology for drug discovery that is distinct from display
technologies*'. This approach linking screening library molecules
with the corresponding encoding DNA, peptide nucleic acid
(PNA), or peptides to facilitate rapid screening. These techniques
include OBOC, DNA-encoded, PNA-encoded, and novel peptide-
encoded technologies. A systematic overview of these encoding
techniques is provided, drawing parallels with the previously
discussed display methodologies. The characteristics of the
encoding technologies are summarized in Table 2.

2.2.1. OBOC drug screening

The OBOC combinatorial library method was first introduced by
Lam et al. in 1991*%. Tt entails synthesizing millions of random
compounds so that each bead presents a singular compound. By
employing a “split-mix” synthesis procedure, it is possible to
create peptide or chemical libraries in which each bead exclu-
sively presents a single compound entity.

OBOC peptide library screening encompasses three principal
phases: the construction of the library, the isolation of positive
beads, and the sequencing of the peptides (Fig. 3A). The OBOC
peptide library is derived from standard solid-phase peptide syn-
thesis (SPPS) and employs the “split-mix” synthesis method.
During each cycle of library synthesis, the bead mixture is evenly
divided into distinct groups for individual chemical reactions.
After the reaction, the OBOC beads are thoroughly mixed for the
subsequent synthesis cycle. This process is iterated to assemble
the peptide library. The resulting libraries can be exceptionally
extensive, yielding significant diversity™’.

The fundamental aspects of the OBOC technique include the
separation of positive beads, improvement of the positive rate, and
reduction of false positives™. To identify peptide sequences,
certain chemical linkers, such as methionine, need to be added at
the initial site of the OBOC library. This allows the direct cleavage
and subsequent retrieval of peptides from the beads. Sequencing
can be accomplished through Edman microsequencing or tandem
mass spectrometry (MS), facilitating the determination of peptide
sequences®. Compared to biological libraries such as phage
display libraries, OBOC libraries boast a more inclusive range of
components and structural possibilities. OBOC permits not only
natural amino acids but also other chemical entities in the library,
such as radioisotopes, fluorescent dyes, and D-amino acids.
Additionally, specific peptide structures such as linear, branched,
and macrocyclic peptides can be integrated into the OBOC li-
brary*®. While this method affords complete chemical control over
synthesis, only libraries on the order of approximately 10*—10"
members can be reliably produced and screened.

2.2.2.  DEL drug screening strategy

DEL technology is a potent method for small-molecule discovery
that was initially proposed in the 1990s and currently enhances
OBOC libraries*'. DELs associate synthetic chemotypes (chemi-
cal compounds) with genotypes (DNA tags) by using DNA tags
solely as amplifiable identification barcodes which enables the
entire library to be synthesized, processed, and selected as a single

mixture. DEL technology comprises four principal components:
chemistry, encoding, selection, and hit decoding/data analysis
(Fig. 3B)*"*%. In 2009, GSK published seminal research on the
application of DELs in drug discovery®’. Since these pivotal
studies, DELs have undergone significant development and have
matured into an established technological platform that is now
widely adopted within the pharmaceutical industry™’.

The high encoding capacity and amplifiability of DNA mole-
cules allow the selection of DELs to be selected on a minuscule
scale (approximately 1 amol per compound), thereby overcoming
the throughput limitations inherent in traditional high-throughput
screening (HTS) methods and offering a more cost-effective and
accessible option for researchers. Moreover, DELs enable the
exploration of a broader chemical space than biological display
libraries—especially with recent developments in DEL-
compatible reactions. Compared with high-throughput biochem-
ical screens, DELs offer numerous advantages, including efficient
screening processes, easily multiplexed target and library selec-
tions, minimal resources required to evaluate an entire DEL
collection, and large library sizes. To date, three main types of
DEL have been identified: single-pharmacophore (ss-DEL), dual-
pharmacophore (ds-DEL) and trio-pharmacophore DEL (t-
DEL)**~'. Additionally, Xu et al. recently highlighted that DNA-
compatible synthesis reactions and DEL selection technology are
the driving forces behind DEL technological evolution, respon-
sible for expanding chemical space and enabling efficient hit se-
lection in DEL individually’®>. Consequently, efforts to develop
novel DNA-compatible chemical reactions and selection tech-
nologies may continue to drive the field of DEL.

2.2.3.
libraries
In 2004, Winssinger et al.>® introduced a self-assembled PNA-
encoded peptide library method, identifying PNA as a valuable
alternative to DNA for use in encoding. PNA is a DNA analog that
binds strongly to DNA, theoretically enabling PNA library
decoding via sequence-specific hybridization with organized DNA
microarrays™. PNA encoding leverages conventional SPPS,
increasing compatibility with library synthesis.

In this method, peptides were synthesized using the “split-mix”
method and then cleaved from the resin to produce a PNA-
encoded soluble peptide library. Each peptide was linked to a
PNA coding tag via a hydrophilic linker (Fig. 3C). The library was
combined with the protein of interest and exposed to a planar
oligonucleotide microarray with predetermined sequences’”.
Alternatively, the PNA-encoded soluble peptide library could be
first hybridized to oligonucleotide microarrays and then mixed
with the target protein. Decoding was achieved through direct
readout from the microarray.

PNA demonstrates greater resistance to chemical and biolog-
ical degradation than does DNA, imposing fewer constraints on
the chemistries available for constructing PNA-encoded libraries
and enabling extended persistence PNA in live-cell environ-
ments™®. However, since the peptide and PNA code are not
spatially segregated, interference from the PNA coding tag can
present problems. Moreover, a significant challenge with PNA
encoding is the inability to amplify PNA using standard nucleic
acid amplification techniques. Encouragingly, Svensen et al.
developed an innovative method for amplifying hits from a PNA-
tagged peptide library, circumventing this limitation through in-
direct DNA amplification of PNA tags, ie., PNA to DNA
decoding®’. Furthermore, PNA-encoding is notable for its

Drug screening strategy using PNA-encoded chemical
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Table 2  Characteristics of encoding technologies.
Name Principle Advantage Disadvantage Application Ref.
OBOC library Using a “split-mix” 1) Extensive libraries, Small storage Linear, branched, and 16,40,46
synthesis procedure to yielding significant capacity macrocyclic peptides,
create peptide or diversity etc.
chemical libraries, 2) Not limited to
each bead is natural amino acids
individually bound to 3) More inclusive
a single compound range of components
entity to enable and structural
screening. possibilities
4) Applicable to both
binding and
functional assays
5) Inexpensive, and
multiple use possible
DEL DELs associate 1) High efficiency 1) Incompatibility of Polypeptides and 52
synthetic chemotypes screening oligonucleotides with antibodies
(chemical 2) Large storage special chemical
compounds) with capacity reaction conditions
genotypes (DNA 3) Wide chemical 2) Loss of stored
tags), using DNA tags space information
as amplifiable 4) Low cost 3) Unstable (under
identification 5) Easy operation metal catalysis, strong
barcodes. acid or base
conditions)
4) Unsuitable for
protein complexes,
organoids, and tissue
samples
5) Unable screen
targets (transcription
factors)
PNA-encoded library PNA are used as DNA 1) Able to split-mix 1) Peptide and PNA Peptides, 16
analogues to synthesis to generate code are not spatially heterocycles,
synthesize peptides the library segregated, and glycoconjugates, etc.
using a “split-and- 2) Greater resistance interference from the
mix” approach, and to chemical and PNA coding tag can
screening is achieved biological degradation be problematic
by decoding the PNA than DNA 2) PNA cannot be
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compatibility with standard solid-phase synthesis and has been
used to generate libraries of peptides, heterocycles, and glyco-
conjugates. Various screening formats, including selection-based
and microarray-based methods, have produced specific ligands
against diverse target classes such as membrane receptors and
lectins™

2.24. PEL drug screening strategy

PELs, a novel technology proposed by Stephen L. Buchwald and
Bradley L. Pentelute in 2023, are designed to address the in-
compatibility of oligonucleotides with various chemical reaction
conditions that can lead to the loss of stored information'. This
concept is based on the idea that molecular encoding can be
achieved in any polymer with at least two distinguishable mono-
mers. Peptides, which are biopolymers, have been utilized for
target discovery as carriers of information decoded by determining
their amino acid sequences. The encoding peptide is designed
utilizing a hexadecimal encoding alphabet of nonisobaric amino
acids, resulting in high information density and chemical stability.
The sequence of the encoding peptide is optimized through the
systematic inclusion of selected amino acids to fine-tune the po-
larity and ease of sequencing, leading to high-fidelity decoding by
MS.

In this study, the identities of small molecules were encoded
within an additional peptide that was expanded in tandem with
small molecule synthesis. The encoding peptide comprised
hexadecimal coding letters consisting of nonisobaric amino acids,
ensuring high information density and chemical stability. The
optimization of the coding peptide sequences involved systematic
amino acid selection to adjust polarity and facilitate sequencing,
enabling high-fidelity decoding through MS (Fig. 3D). Peptides
offer superior chemical stability and compatibility under various
reaction conditions compared to commonly used DNA and can be
efficiently prepared via solid-phase synthesis, making them
particularly suitable for encoding small molecule synthesis. The

high purity of these conjugates contrasts sharply with the case of
DELs, where decoded hits often necessitate additional synthesis
under the original library preparation conditions to isolate the
active compound from numerous byproducts’®. Consequently, the
PEL discovery platform is characterized by chemical stability,
compatibility, efficiency, and the ability to yield diverse and pre-
viously unidentified small-molecule binding partners for target
proteins. However, some obstacles need to be overcome, as pep-
tide concentrations must be greater than 10 fmol/L to be detect-
able by MS. Additionally, unlike DNA, peptides cannot be
amplified, which limits the size of PELs. Importantly, hydropho-
bic peptide tags may present solubility challenges and the po-
tential for non-specific peptide aggregation, which can result in
false positives™”

3. Application of encoding and display technologies for
combinatorial libraries in drug discovery

3.1.  Discovery of small molecule drugs

3.1.1.  Small molecule compounds

The discovery of bioactive small-molecule ligands continues to be
a pivotal pursuit in life sciences research. Traditional methods for
discovering small molecules typically involve screening extensive
libraries of chemical compounds®. Over the past two decades,
DEL technology has emerged as a formidable approach for small-
molecule ligand discovery in both drug development and chemical
biology research. The foundational concept of DEL was first
suggested by Brenner and Lerner in 1992 and quickly imple-
mented through the efforts of Brenner and Janda as well as Gallop
et al.®". These seminal works established the core principles of
DELSs: library encoding, selection processes, and strategies for hit
decoding. For example, Cuozzo et al. utilized a single DEL
comprising 225 million compounds to identify potent small
molecule inhibitors of autotaxin; notably, their lead compound
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X-165 has advanced through investigational new drug (IND)-
enabling studies and received FDA approval for phase I clinical
trials®”. To explore the effects of stereo- and regiochemistry on
ligand identification, Favalli et al. synthesized a DEL containing
670,752 derivatives based on 2-azido-3-iodophenylpropionic
acids®’. Additionally, ssDEL have been widely used for the dis-
covery of targets such as covalent kinase inhibitors®*, heat shock
protein 70 (Hsp70)®°, fibroblast activation protein inhibitors®,
nicotinamide adenine dinucleotide (NAD™)-dependent enzyme
inhibitors®” and ribonuclease targeting chimera®®, etc.

Natural products have developed remarkable structural and
biological diversity through evolution. However, their integration
into DELs has been limited due to the complex and multistep
synthesis needed, which does not readily align with the stream-
lined processes of conventional combinatorial chemistry.
Encouragingly, Yang and Xu et al. established natural product-
enriched DELs (nDELs)*"” and employed end-product labeling
to generate isomeric clusters tagged with a single DNA marker at
varying positions, facilitating the discovery of natural product
leads. Through this approach, a novel poly (adenosine diphosphate
(ADP)-ribose) polymerase 1 (PARP1) inhibitor derived from
traditional Chinese medicine was successfully identified from an

nDEL®. In 2020, Yang and Xu et al. further reported the use of a
structurally diverse nDEL containing 160 traditional Chinese
medicines to identify a polycyclic analog of the guanidine deriv-
ative metformin that binds to and activates the insulin receptor.
More importantly, they found that this activation results in insulin-
like activity in a cell-based system’'. In 2022, Wang and Yang
et al. further expanded on this work by isolating, from an nDEL, a
small molecule that binds to TNF-«, demonstrating in vivo anti-
inflammatory effects. The identified nDEL compound, kaemp-
ferol, presents a new chemical framework for specific TNF-«
recognition and exhibits promise as a foundation for developing
TNF-« inhibitory agents’”.

The advancement of ligand discovery techniques that are
compatible with the natural conditions of cellular membranes is of
paramount importance. Li and coworkers introduced a method of
screening a DEL comprising more than 30 million compounds
against live cells expressing folate receptor (FR), carbonic anhy-
drase XII (CA-XII), and epidermal growth factor receptor
(EGFR), leading to the identification and validation of novel li-
gands for these targets (Fig. 4)’>. To denoise DEL datasets, Li and
coworkers further developed a novel machine learning (ML)-
based approach employing a maximum a posteriori estimation loss

A DEL ./\/\ _ﬁ( _ﬁa/\/\ VAVAN .
s\ L — N\, »
Purified protein Ailirbased VAVAN
target iy, e Binders
m screening Hit decoding
(PCR, sequencing)
(1) target specificity;
(2) avidy effect (higher effecive
target concentration)
™~ Increased ligand F
- affinity A
POI DNA PYAVAN Wa‘shing
A steps
tagging =\ Non-binders Euton - @ /NN
—_—> form unstable g heay
duplexes i
Live cell POllabelled vith Do ~ ?
aDNAtag Hit decoding
(PCR, DNA
Non-binders washed sequencing)
——— away from cel surface
selection of DEL N\
DNA tag guides DEL hybridization VaVaN
Toehold /\/\ \ H
sequence > N,
.,
Tag Tag ‘
Tag
Displacement . fo)
probe (DP)
POI A A Ligand (o) NH
I v identiication H2
- __ =
BP/CP duplex N OH O
Liveicel Target crosslinking @ DN fo)
Toehold POI labelled
JEEmEE ceame  maepes ssemsssaome s msmes sse displacement  with a DNA tag
/ \
| Small molecule i
; Photocrosslinker
i / or antibody Binding probe N Capture probe |
i (&P) P) i
| /NN e :
N A . ;
C D =& H1-FAM

260 - =@= H2-FAM

R 240
220 1

: z
b < 200  0.09 umoliL
g Labeled S 180 11.5umollL
£ £
g Hela cells ,8 160
w £ 140
o 8% o ° :ig ‘
DA AL NS LR I ALY H1-BP H1-BP FAM-DNA
500 1000 1500 2000 2500 -1-10-9 8 -7 6 5 4 -3 FR FR
' ' ' ' ; Hela + Hela + Hela
Post-selection sequence count FR concentration (log mol/L) &

Figure 4

Application of encoding and display technologies for combinatorial libraries in the drug discovery of small molecule compounds. (A)

The strategy of cell-based DEL selection. (B) Structures of the identified compounds. (C) Example of the selection of a 30.42-million DEL against
the folate receptor on live cells. (D) Analysis of potential inhibitors H1 and H2 through fluorescence polarization and fluorescent cell imaging.
Reproduced with permission from Ref. 72. Copyright ©2021 Springer Nature.
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function to process cell-based DEL selection data. This technique
was successfully applied to a small molecule DEL selection
dataset targeting a purified carbonic anhydrase II (CA-II) and a
cell line expressing CA-XII"*.

The use of DNA for encoding information imposes constraints
on synthesis due to the incompatibility of oligonucleotides with
certain chemical reactions, which could therefore risk the integrity
of the information. As an alternative, synthetic peptides can act as
information carriers, with their amino acid sequences revealing
the encoded data. Compared with DELs, PELs exhibit greater
reaction stability, library quality, capacity, and screening hit rates,
bridging the screening gap for targets that are challenging to bind
with DELs'*””. Recently, Rossler et al. demonstrated the de novo
discovery of small-molecule protein-binding ligands from PELs
containing tens of thousands of members by performing affinity
selection against CAIX and oncogenic protein targets such as
bromodomain-containing protein 4 and murine double minute 2
(MDM2)'?. However, despite the promising outcomes of PELs,
several challenges remain, such as the inability to amplify pep-
tides, limited detection sensitivity, and the risk of false positive
screenings due to solubility problems and nonspecific peptide
aggregation®'.

3.1.2.  Non-peptidic macrocycles

Non-peptidic macrocycles present intriguing potential as high-
affinity ligands for challenging protein targets’*. While macrocyclic
peptides generally lack cell permeability, limiting their use to
extracellular targets, non-peptidic macrocycles with suitable
physicochemical properties, can passively traverse cellular mem-
branes, thus broadening the spectrum of addressable targets. Li et al.
described the identification of specific binding partners for various
proteins using a non-peptidic macrocyclic scaffold library of over
35 million compounds, including carbonic anhydrase IX (CA-IX)
and others (Fig. 5)’. Moreover, Usanov et al. introduced second-
generation DNA-templated macrocycle libraries designed for
discovering bioactive non-peptidic macrocycles with enhanced
drug-like properties”’. Roy et al. reported a robust quality control
technique for the on-resin analysis of cyclization efficiency in
thousands of non-peptidic thioether macrocycles within a DEL’C.
Koesema detailed the solid-phase synthesis of a DEL comprising
several hundred thousand thioether-linked macrocycles designed
for scaffold diversity and improved cell permeability’”. The utility
of this library was demonstrated by the isolation of high-affinity
macrocyclic ligands for streptavidin (SA), which was used as a
model target. Overall, non-peptidic macrocycle libraries exhibit
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promise as valuable resources for probing both intracellular and
extracellular proteins, particularly those considered ‘undruggable’.

3.2. Discovery of peptide drugs

Peptide drugs represent a distinct pharmaceutical category, con-
sisting of orderly amino acid sequences typically ranging from
500 to 5000 Da in size’®. Due to their relatively large structures,
these drugs have proven more effective than small molecules in
targeting proteins that interact via extensive, relatively flat sur-
faces’”. The past decade has seen significant progress in peptide
drug development, propelled by potent and reliable encoding and
display technologies for combinatorial libraries. To date, several
peptide drug forms, including linear, monocyclic, and bicyclic

peptides, have been developed using these technologies™.

3.2.1.  Linear peptides

Endogenous and synthetic linear peptides can modulate intracel-
lular signaling without requiring modifications®'. They offer ad-
vantages over antibodies such as deeper tissue penetration,
reduced immunogenic potential, lower production costs, and
simpler quality control during synthesis®”. Gurung et al. identified
two programmed cell death ligand-1 (PD-L1)-blocking peptides
by screening a phage-displayed peptide library for selective PD-

A i) Peptide library

L1 binding on cells®’. OBOC technology has also shown prom-
ise for discovering linear peptides or peptoids. Astle et al. intro-
duced an experimental platform utilizing OBOC with microarray-
based quantitative comparisons for rapid active linear peptide hit
identification®*. Morimoto et al. reported the use of OBOC to
identify an a-helical linear peptide as an effective inhibitor of -
helix-mediated p53—MDM?2 interaction®*. Takada et al. discov-
ered a linear peptide, gramicidin A analog, by multidimensional
screening of an OBOC library®”. The OBOC technique has also
been successfully used for the rapid screening of self-assembling
peptides, such as ITSVV, ISDNL, LDFPI, and FFVDF. Notably,
OBOC was also used to screen the antifungal linear peptide
K-oLBF127%, a membrane-active peptide (Fig. 6). K-oLBF127
was found to exhibit low toxicity and to reduce the lung fungal
burden in mice infected with 10* cells of Cryptococcus neofor-
mans. In addition, Gee et al. developed a yeast-display library of
human leukocyte antigens to identify linear peptide ligands of
orphan T-cell receptors (TCRs) and identified tumor-infiltrating
lymphocyte TCRs in separate patient tumors®’. These studies
successfully demonstrated the effectiveness of the combinatorial
libraries using different encoding and display technologies for in
identifying linear peptides, including peptide inhibitors, self-
assembling peptide inhibitors, and antifungal peptides, and pep-
tide antigens.
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Application of encoding and display technologies for combinatorial libraries in linear peptide drug discovery. (A) Schematic

illustration of the sequential screening strategy for screening potent antifungal linear peptide. (B) A potent antifungal linear peptide K-oLBF127
from the OBOC combinatorial linear peptide library with the reduction in lung fungal burden. Reproduced with permission from Ref. 86.
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3.2.2.  Monocyclic peptides

Macrocyclic peptides are commonly superior to their linear
counterparts in terms of biological activity due to their confor-
mational constraints, which confer decreased entropic penalties
upon binding as well as heightened affinity, specificity, stability,
and cell permeability’*®®. In recent years, encoding and display
technologies for combinatorial libraries, such as phage display and
mRNA display have been extensively applied for high-efficiency
drug screening and affinity selection of cyclic peptide binders™.

Phage display is an especially potent technique for creating
vast genetically encoded polypeptide libraries and identifying
peptide ligands for target proteins®’. Wang et al. used a phage-
displayed monocyclic-peptide library to identify binding part-
ners for the TEV protease and histone deacetylase HDACS, and
the resulting monocyclic peptides demonstrated stronger binding
than their linear counterparts’’. In addition, Owens et al. described
an integrated phage display platform that enabled the discovery of
nonreducible genetically encoded cyclic peptides with inhibitory
functions®.

Random nonstandard peptide integrated discovery (RaPID)
mRNA display has been utilized effectively to pinpoint ligands
for various proteins. This robust technique allows the genetic
code to be reprogrammed to integrate noncanonical amino acids
into peptide libraries, generating more than one trillion macro-
cyclic peptides. For instance, McAllister and colleagues
discovered cyclic peptides with sub-nanomolar affinity for prolyl
hydroxylase isoform 2 using an mRNA library that encoded N-
chloroacetyl-p-Tyr to promote cyclization’’. Similarly, a library
containing both natural and nonnatural amino acids enabled the
identification of two cyclic peptides, «lL6R-1 and «IL6R-2,
with high affinities for the interleukin-6 receptor with the
dissociation constant (K4) values of 44 and 357 nmol/L,
respectively’’. Additionally, this method has revealed high-
affinity cyclic peptide ligands for eotaxin-1, which is a target
in treating allergic asthma and eosinophilia’. In 2022,
Johansen-Leete et al. further uncovered antiviral peptides tar-
geting the main protease of SARS-CoV-2 by RaPID mRNA
display”. The most potent inhibitor identified was a cyclic
peptide with low inhibitory concentration values against the
protease with a half maximal inhibitory concentration (ICsg) of
70 £+ 18 nmol/L and a K; of 14 £ 3 nmol/L. Despite its effec-
tiveness, mRNA display is limited by the small number of
known cyclization reactions compatible with it. Fleming et al.
demonstrated that peptides containing tyrosine and cysteine
could be rapidly cyclized by tyrosinase treatment. This method
proved to be broadly applicable to various macrocycle sizes and
scaffolds, leading to the discovery of macrocyclic ligands with
substantial inhibitory effects on melanoma-associated antigen
A4 (MAGE-A4) with substantial inhibitory effects (Fig. 7)°*.
Moreover, many monocyclic peptides have been successfully
identified by mRNA display highlighting their robustness to
chemical posttranslational modifications and their potential for
future drug development’®*> 7.

3.2.3.  Bicyclic peptides

Bicyclic peptides are increasingly recognized for their potential in
therapeutic applications due to their structural rigidity and meta-
bolic stability. They are particularly effective for binding to
complex drug targets with high affinity and specificity. Recent
advance in combinatorial library technologies have accelerated the
synthesis and screening of large bicyclic peptide libraries. By
using phage display®’, Heinis et al. successfully produced potent

thioether-linked bicyclic peptide inhibitors of human proteases
with an ICsy of 20—50 nmol/L. In previous study, Wong et al.
reported the use of bicyclic phage-displayed peptide libraries to
obtain 19b, a proteolytically stable bicyclic inhibitor NODAL, as
shown in Fig. 8 '°. Compound 19b, a promising NODAL antag-
onist, was found to have high cytotoxicity toward the TYK-nu cell
line. These discoveries underscore the versatility of encoding and
display technologies for combinatorial libraries in drug discovery.

3.3.  Discovery of antibody drugs

Phage display and YSD have been pivotal in antibody drug dis-
covery. The initial report on phage display by Smith et al. in 1985
revealed new possibilities for screening antibody binders'”.
Recent developments, such as the use of YSD for identifying
protective antimalarial antibodies and ribosome display for in vitro
selection from large DNA libraries, have further showcased the
power of these technologies. For instance, Banach et al. reported
combining precision library generation and YSD to identify highly
protective antimalarial antibodies’®. The most improved antibody,
CIS43_Varl0, contained three mutations and showed approxi-
mately sixfold greater protective potency in vivo than did CIS43.
In contrast to phage display and YSD, which require the use of
cells, ribosome display is one of the most successful cell-free
display technologies for the in vitro selection of antibodies from
large recombinant DNA libraries. Specifically, Porebski et al. re-
ported a deep screening method for antibody discovery based on
ribosome display that leverages the Illumina HiSeq platform to
screen on the order of 108 antibody—antigen interactions
(Fig. 9)°°. This method was used to identify the three anti-HER2
human single-chain antibody fragment (scFv) clones (HER20003,
HER20004 and HER20005) with the highest scores, which had
binding curves that closely matched that of ML3-9 from the af-
finity panel, with a known Ky of 1.0 nmol/L. In addition, Hanes
et al. reported the application of ribosome display to the in vitro
selection and evolution of scFvs from a large synthetic human
combinatorial antibody library against bovine insulin'®. The
above examples shows the strength of encoding and display
technologies for combinatorial libraries, such as phage display,
YSD, and ribosome display, in screening antigens and antibody
drugs.

3.4. Additional successful applications

The directed identification of drug or vaccine targets remains a
formidable challenge due to the lack of suitable genetic tools for
manipulating protozoan pathogens. Heslop and colleagues devised
an efficient approach for constructing genome-wide libraries for
YSD and introduced YSD fitness screening (YSD-FS) to pinpoint
drug targets'’'. By utilizing YSD-FS, they successfully identified
genuine interaction partners of metronidazole, a medication pre-
scribed for protozoan and bacterial infections. In addition to
protein target identification, the application of encoding and
display technologies for combinatorial libraries has also shown
promise for in vitro ribosomal synthesis and evolution. Ham-
merling et al. described a cell-free method for ribosome synthesis
and evolution (RISE) via ribosome display, enabling the selection
of active genotypes from an extensive library of ribosomal RNA
(rRNA) variants and the identification of mutant ribosomes that
were resistant to clindamycin'®%. In 1999, a yeast display tech-
nique was developed to express T-cell receptors'®. Subsequently,
Holler et al. screened a yeast display library of V-alpha CDR3
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mutants to identify higher-affinity soluble monomeric TCR vari-
ants, selecting TCR variants with affinities in the low nanomolar
range'**. Jin et al. utilized yeast display for the molecular evo-
lution of a human integrin protein and EGF, leading to the iden-
tification of protein mutants with high affinity for physiological
interactors'*>. Moreover, Zhao et al. employed YSD to express a
variety of extracellular membrane domains'*>'"’. In summary,
encoding and display technologies for combinatorial libraries have
not only facilitated drug discovery but also significantly impacted
other areas, such as protein target identification, RIES, and the
expression of active protein targets.

4. Representative marketed drugs and investigational new
drugs

Over the past two decades, encoding and display technologies for
combinatorial libraries have not only enabled the identification of
numerous active compounds currently under investigation
(Supporting Information Table S1 and Figs. S1-S9) but also led to
significant clinical advances in drug development. This section de-
scribes the discovery of two representative drugs, adalimumab and
GSK2982772, by using these technologies and provides an overview
of representative marketed drugs and INDs (Table 3).

4.1.  Adalimumab

Adalimumab was the first human monoclonal antibody identified
by phage display to be approved by the FDA in 2002 for treating

various forms of rheumatoid arthritis'®. Adalimumab has
demonstrated positive therapeutic effects in treating various dis-
eases. It was assessed in randomized, double-blind studies
involving adults with active rheumatoid arthritis'*°. The drug was
administered subcutaneously at doses ranging from 12.5 to 80 mg,
as a monotherapy or in combination with MTX or other
DMARDs. Radiographic assessment revealed significantly less
disease progression in patients receiving adalimumab than in those
receiving a placebo. Additionally, a 52-week multicenter study of
1212 patients showed that adalimumab (40 mg) was effective and
well-tolerated for treating chronic plaque psoriasis'>’. Impor-
tantly, adalimumab treatment effectively decreases the levels of
key cytokines, particularly IL-1b, and the numbers of inflamma-
tory cells, particularly CD11c™ dendritic cells, in lesional Hidra-
denitis suppurativa skin lesions'*®. In clinical trials, adalimumab
demonstrated sustained efficacy and safety, coupled with the
convenience of subcutaneous administration and flexible dosing
schedules'®. Currently, adalimumab is authorized across multiple
regions for a range of conditions, including Behcet’s syndrome,
Crohn’s disease, hidradenitis suppurativa, psoriatic arthritis, pus-
tular psoriasis, rheumatoid arthritis, spondylarthritis, ulcerative
colitis (UC), and uveitis, making it one of the best-selling anti-
body drugs'*’.

4.2. GSK2982772

DEL technology has become integral to drug discovery within
pharmaceutical and biotech companies. Currently, GSK is
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performing phase II clinical trials of several drugs, including
GSK-2982772, GSK-2256294, and GSK-3145095. Notably, GSK-
2256294 is the first small molecule identified using DEL tech-
nology that has entered clinical trials''®. To date, GSK2982772
has undergone numerous clinical trials for various diseases. Pre-
clinical studies in rats and cynomolgus monkeys indicated a pre-
dictable human blood concentration—time profile and good
solubility for oral dosing across a broad dose range. Phase I
clinical trials confirmed the safety and tolerability of
GSK2982772'?*. Subsequent phase II trials involving patients
with active UC revealed that daily administration of GSK-
2982772 was generally well tolerated, but suggested that RIPK1
might not be an effective therapeutic target in using
GSK2982772 as a monotherapy for UC'*°.

4.3.  Analysis of the global market size for drugs

Analyzing the global market size for drugs is crucial for devel-
oping successful pharmaceutical marketing strategies and
ensuring robust industry growth. Given the burgeoning signifi-
cance of DEL technology in the realm of pharmaceutical drug
discovery, it is pertinent to consider its market dimensions as an
example. The global market size for DEL was valued USD 4.25
billion in 2023 and is projected to grow at a compound annual
growth rate (CAGR) of 18.2%, reaching USD 13.7 billion by
2030'*'. Due to the concentration of headquarters of leading
manufacturers, North America leads the DEL market, followed by

Europe, the Asia-Pacific region, South America, and the Middle
East and Africa. With the largest chemical space available, DEL
platforms are ideally positioned for big data analytics and
modeling techniques enhanced by artificial intelligence (AI) and
ML.

5. Discussion and future perspectives

Over the past decade, combinatorial libraries using various
encoding and display technologies have emerged as valuable and
versatile alternatives to conventional HTS used in drug discov-
ery'*”. Both academia and industry have leveraged these libraries
to target a wide array of biomedically relevant molecules, as
detailed in the strategies outlined within this article. The important
milestones achieved by these methods—including the discovery of
promising new molecular backbones, clinical research advance-
ments, and even the commercialization of new drugs—attest to
their success. However, it is equally important to recognize the
categorical differences, application scopes, and technological
limitations of these technologies. Presenting and addressing these
factors will undoubtedly promote the development of novel
therapeutics.

5.1.  Differences between encoding and display technologies

Encoding and display technologies for combinatorial libraries
integrate phenotype and genotype screening based on affinity, yet
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they differ fundamentally in their screening principles and pro-
tocols. Display technologies usually rely on protein fusion to
screen for target affinity binding, whereas encoded libraries are
constructed by using chemical synthesis to link target proteins
with compounds for similar purposes'®’. The former is more
dependent on biochemical activity, while the difficulty of the latter
lies in the library construction. More importantly, display tech-
nology is inseparable from the central dogma of genetics. Tran-
scription and translation provide inherent advantages for target
discovery, but their use means that library size and diversity are
limited by naturally occurring amino acids. Encoding technology
is not restricted by the central dogma, and it has unique advan-
tages in the discovery of small-molecule drugs. Notably,
compared with encoding technology, the emerging PEL technol-
ogy combines SPSS with palladium-catalyzed C—N and C—C
peptide encoding to achieve high stability, high purity, and high
efficiency in screening multiple types of small molecules for
protein binding.

5.2.  Library sizes and types

The empirical screening of large, chemically diverse libraries is
fundamental for generating novel ligands, and this process neces-
sitates increased storage capacity. Library diversity ranges widely
across various technologies: phage display libraries (library size:
10'°), ribosome and mRNA display libraries (library size: 10'?),
YSD libraries (library size: 107), OBOC libraries (library size: 10%),
DELs (library size: 10°), PNA-encoded libraries (library size: 109,
and PELs (library size: 10'%)**13*_ Display technologies typically
yield random peptides, cDNAs, antibodies, etc., while encoding
technologies are focused on small molecules and macrocyclic
compounds. Display technologies translate genetic information into
peptides via the central dogma of genetics, resulting in inherently
limited diversity compared with that of encoded libraries. To
address this limitation, Passioura and Suga incorporated flexizyme
into transcription templates to produce more diverse RaPID sys-
tems'*31%°, The evolution of display technologies will rely heavily



Table 3  Representative marketed and investigational new drugs discovered by using encoding and display technologies.

Technology Manufacturer Product Target Indication Phase Ref.
Phage display Abbott Laboratories Adalimumab Antibody-dependent Ankylosing spondylitis; Approved 108
(Humira, ABT-D2E7) cell cytotoxicity; Behcet’s syndrome; Crohn’s
Immunosuppressants; disease; Hidradenitis
Tumour necrosis suppurativa;
factor alpha (TNF-a) Juvenile rheumatoid arthritis;
inhibitors Plaque psoriasis;
Psoriatic arthritis; Pustular
psoriasis; Rheumatoid
arthritis; Spondylarthritis;
Ulcerative colitis;
Uveitis
GlaxoSmithKline Belimumab (Benlysta, B cell activating Lupus nephritis; Systemic 1) Approved 109
GSK1550188) factor (BlyS) lupus erythematosus; 2) Phase 111
inhibitors Anti-neutrophil cytoplasmic 3) Phase II/IIT
antibody-associated 4) Phase 11
vasculitis;
Myositis;
Membranous
glomerulonephritis; Multiple
sclerosis; Myasthenia gravis;
Renal transplant rejection;
Systemic scleroderma
GlaxoSmithKline Raxibacumab Anthrax toxin Anthrax Approved 110
(Abthrax, PAmADb) inhibitors
Ablynx Caplacizumab Platelet aggregation Thrombotic Approved NCT05785468
(Cablivi, ALX-0081) inhibitors; Von thrombocytopenic purpura
Willebrand factor
(vWF) inhibitors
Cubist Ecallantide (Kalbitor, Plasma kallikrein Hereditary angioedema Approved NCT01059526

Pharmaceuticals;
Dyax; Fovea
Pharmaceuticals;
Neopharm Ltd.;
Takeda
Genentech

CB-500, DX-88, FOV
2302)

Ranibizumab
(Lucentis, RG-6321)

inhibitors

Vascular endothelial
growth factor A
(VEGF-A) inhibitors

Choroidal neovascularisation;
Degenerative myopia;
Diabetic macular oedema;
Diabetic retinopathy; Retinal
oedema; Retinopathy of
prematurity; Wet age-related
macular degeneration;
Polypoidal choroidal
vasculopathy

1) Approved
2) Phase I/I

111

(continued on next page)
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Table 3 (continued)

Manufacturer Product Target Indication Phase Ref.
Eli Lilly and Ramucirumab Vascular endothelial Colorectal cancer; Gastric 1) Approved NCT03520946;
Company (Cyramza, IMC- growth factor cancer; Liver cancer; Non- 2) Phase III NCT02314117;
1121B) receptor-2 (VEGFR?2) small cell lung cancer; 3) Phase II NCT02520141;
antagonists Oesophageal cancer; 4) Phase /I NCT05980000
Urogenital cancer;
Biliary cancer; Carcinoid
tumour; Solid tumours;
Synovial sarcoma;
Head and neck cancer;
Pancreatic cancer; Soft tissue
sarcoma
Eli Lilly and Necitumumab Epidermal growth Non-small cell lung cancer; 1) Approved NCT04285671;
Company (Portrazza, IMC- factor (EGFR) Solid tumours 2) Phase 11 NCT01624467
11F8, LY 3012211) inhibitors
Amgen; Dyax; Oak Lanadelumab Plasma kallikrein Hereditary angioedema; 1) Approved NCT04070326;
Hill Bio; Takeda; (Takhzyro, DX-2930) inhibitors COVID 2019 infections; 2) Phase III NCT04422509;
UCB COVID-19 pneumonia; 3) Phase I NCT04460105
Diabetic macular oedema
Amgen; Kirin-Amgen Romiplostim (Nplate, Thrombopoietin Idiopathic thrombocytopenic 1) Approved NCT02760251;
AMG-531, receptor agonists purpura; 2) Registered NCTO03957694;
Romiplate) Acute radiation syndrome; 3) Phase III NCT03937154;
Aplastic anaemia; 4) Phase I/II NCT04350164;
Thrombocytopenia NCT02279173
Myelodysplastic syndromes
AstraZeneca Moxetumomab Apoptosis stimulants; Hairy cell leukaemia I NCT01829711
Pasudotox (Lumoxiti, Peptide elongation
CAT-8015) factor 2 inhibitors
Cambridge Antibody Mapatumumab (HGS- Apoptosis stimulants; Cervical cancer Phase I/II NCT01088347
Technology/Human ETR1, HGS-1012) TNF related apoptosis
Genome Sciences inducing ligand
stimulants; TRAIL
receptor 1 (TRAIL-
R1) agonists
Arana Therapeutics; Placulumab (ART- TNF-« inhibitors Inflammation; Psoriasis; I 112
Teva Pharmaceutical 621, CEP-37247, PN- Rheumatoid arthritis
Industries 0621)
Genzyme/Sanofi- Fresolimumab (GC- Transforming growth Fibrosis; Malignant I 112
Aventis 1008) factor beta (TGF-3) melanoma; Osteogenesis
Baylor College of inhibitors imperfecta; Pulmonary
Medicine; Sanofi fibrosis; Renal cancer
Amgen AMG-386 Angiogenesis Anti-angiogenic I 112
inhibitors; Solid tumours
Angiopoietin-1
inhibitors;

Angiopoietin-2
inhibitors; TIE 2
receptor antagonists
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RNA display

DEL technology

LEO Pharma;
Karolinska University
Hospital;
MedImmune
GlaxoSmithKline

GlaxoSmithKline

GlaxoSmithKline

HitGen

HitGen

X-Chem, Inc.

Tralokinumab
(Adtralza, CAT-354)

GSK-2256294

GSK-2982772

GSK-3145095

HG146

HG381

X-165

Interleukin 13 (IL-13)
inhibitors

soluble epoxide
hydrolase (SEH)
inhibitors

RIPKI protein
inhibitors (RIP1)

RIPKI protein
inhibitors (RIP1)
Histone deacetylase
inhibitors (HDACI/
Iib)

MPYS protein
stimulants
Autotaxin

Atopic dermatitis;
Alopecia areata

Chronic obstructive
pulmonary disease (COPD);
Aneurysmal subarachnoid
hemorrhage;

3) Obese or pre-diabetic
patients with impaired insulin
sensitivity

1) Rheumatoid arthritis;

2) Ulcerative colitis;

3) Severe psoriasis;

4) Plaque psoriasis;

5) Moderate psoriasis;

6) Autoimmune diseases;
7) Inflammatory bowel
diseases

Solid tumours

Lymphoma; Multiple
myeloma; Solid tumours

Solid tumours

Idiopathic Pulmonary
Fibrosis

1) Approved
2) Phase 11

1) phase II
2) phase II
3) phase II

1) Phase 11
2) Phase 11
3) Phase 11
4) Phase II
5) Phase 1
6) Phase I
7) Phase 1

Phase /I

Phase I

Phase 1

Phase 1

113,114

115—119

120—122

123,124

NCT04977167

NCT04998422

62
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on improved screening methods, the construction of library vectors,
and the optimization of display scaffolds. The evaluation of encoded
combinatorial libraries will further benefit from the continual
advancement of DNA sequencing methods, providing longer read
lengths and increased throughput. However, encoding technologies
depend on synthetic compound libraries where purity and content
pose significant screening challenges.

5.3.  Screening technology matrices and prospects

Display technologies have gradually developed into a set of pro-
cedures ranging from in vivo (phage) and in vitro (ribosome,
mRNA) screening to cell (yeast) screening methods. In vitro se-
lection avoids the transformation efficiency limitations involved in
introducing the original library into phages or cells. Nevertheless,
the affinity and specificity for the target are reduced, and the
screening efficiency is reduced accordingly. Newly developed
encoding technologies, from the use of solution and immobilized
proteins to screening in living cells, are designed to pursue a more
physiologically relevant protein activity state and thereby increase
the success rate of screening’>'?’. With phage display technology
and encoding technology promising to obtain a significant market
share in drug discovery worldwide, these combined efforts will
likely continue to drive applications of both encoded libraries and
display libraries across clinical proteomics and drug discovery.

5.4. Al-based drug encoding technology for drug discovery

Recent advancements in Al techniques have significantly trans-
formed their application in drug discovery, diverging greatly from
traditional wet laboratory testing. Coupled with the advent of
accessible data resources, Al methodologies are reshaping the
drug discovery landscape. In the decoding process, display and
encoding technologies involve the PCR amplification and analysis
of DNA sequences for the accurate analysis of target small mol-
ecules or macromolecules. However, this process is cumbersome
due to the large amount of library content. By incorporating Al
technology and algorithms, the decoding cycles of biological
technologies can be shortened, presenting new opportunities in
drug screening.

Except for the direct binding and encoding by DNA and
peptides, compounds are also encoded based on their sub-
structures, such as the number of rings, functional groups, sub-
stituent atoms, and atom-centred fragments, utilizing encoding
systems like the Simplified Molecular-Input Line-Entry System
(SMILES) and the International Chemical Identifier (InChl). This
encoding approach, particularly with the assistance of Al in recent
decades, has made significant strides'*®. For instance, in the dis-
covery of natural drugs, the integration of omics data—including
genomic, transcriptomic, proteomic, metabolomic, and epi-
genomic data—may expedite the identification of natural products
in medicinal plants'*’. Furthermore, AI's capability to predict
drug-target structures narrows the scope of screening and en-
hances efficiency. Crucially, predictions regarding drug toxicity,
bioactivity, and physicochemical properties by using zero-
dimensional (0D)—three-dimensional (3D) descriptor encoding
are instrumental in advancing the discovery of bioactive drugs and
their pharmaceutical analysis'*’. In short, Al technology has
proven invaluable in efficiently screening active substances by
encoding approach'*'.

5.5.  Prospects for clinical application

Display technologies have been under development for nearly 40
years since 1985. On this basis, ten class-one innovative antibody
drugs, including adalimumab, belimumab and raxibacumab, have
been approved by the FDA and have quickly obtained a substantial
market share because of their high in vivo compatibility and
excellent therapeutic effects. Display technology has great ad-
vantages in the discovery of antibody drugs. Moreover, it has been
30 years since encoding technology was proposed in 1992. In
recent years, 10 small-molecule drugs discovered based on this
technology have entered phase I/II clinical trials. Encoded li-
braries have great potential in the research and development of
small-molecule clinical drugs, greatly shortening the research and
development cycle.

5.6.  Limitations of encoding and display technologies for
combinatorial libraries

Similar to display libraries, encoded chemical libraries use affinity
selection without an activity assay, which can result in false
positives—binders that are not functionally active—thus reducing
the precision of screening'*’. Notably, affinity and druggability
are not always correlated; compounds with optimal affinity or
activity often require structural modifications to increase their
clinical suitability'*’. Intermediate-affinity antibodies have shown
promise in CAR-T-cell development'**, as lower binding affinities
can increase tumor penetration. At present, drug screening may
also take a molecule with weaker affinity or activity over a
molecule with stronger binding as the primary reference molecule
for the next step of research. In this process, it is also important to
consider other facets of druggability, such as solubility and fat
solubility. Therefore, a clinical candidate often requires necessary
medicinal chemistry optimization after affinity selection by using
encoding and display technologies for combinatorial libraries.

6. Conclusions

Encoding and display technologies for combinatorial libraries
are pivotal tools for drug discovery and exhibit considerable
potential for identifying hits and expanding leads. This review
has elucidated the developmental trajectories, principles,
methods of construction, scopes of application, and strengths
and weaknesses of encoding and display technologies. We also
highlighted the successful application of encoding and display
technologies for combinatorial libraries in the discovery of
multiple drug types, including small-molecule compounds,
nonpeptidic macrocycles, linear peptides, monocyclic peptides,
bicyclic peptides, and antibody drugs. Based on the increasing
impact of these technologies on the drug discovery process in
academia and the pharmaceutical industry, we have summarized
the clinical drugs discovered to date and presented a forecast of
the market potential of these technologies in global R&D. Af-
finity alone is not the sole determinant for successful drug dis-
covery through these libraries; rather, an appropriate affinity/
activity balance is crucial for druggability. Ongoing advances in
Al and DNA sequencing are poised to revitalize drug discovery
methodologies. In the future, it is anticipated that encoding and
display technologies for combinatorial libraries will contribute
significantly to clinical and market advancement across various
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therapeutic areas, diagnostics, industrial processes, nanotech-
nology, and beyond.
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