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Abstract—Extensive application of technologies like phage display in screening peptide and protein combinatorial libraries
has not only facilitated creation of new recombinant antibodies but has also significantly enriched repertoire of the protein
binders that have polypeptide scaffolds without homology to immunoglobulins. These innovative synthetic binding protein
(SBP) platforms have grown in number and now encompass monobodies/adnectins, DARPins, lipocalins/anticalins, and
a variety of miniproteins such as affibodies and knottins, among others. They serve as versatile modules for developing
complex affinity tools that hold promise in both diagnostic and therapeutic settings. An optimal scaffold typically has low
molecular weight, minimal immunogenicity, and demonstrates resistance against various challenging conditions, including
proteolysis — making it potentially suitable for peroral administration. Retaining functionality under reducing intracellular
milieu is also advantageous. However, paramount to its functionality is the scaffold’s ability to tolerate mutations across
numerous positions, allowing for the formation of a sufficiently large target binding region. This is achieved through the
library construction, screening, and subsequent expression in an appropriate system. Scaffolds that exhibit high thermo-
dynamic stability are especially coveted by the developers of new SBPs. These are steadily making their way into clinical
settings, notably as antagonists of oncoproteins in signaling pathways. This review surveys the diverse landscape of SBPs,
placing particular emphasis on the inhibitors targeting the oncoprotein KRAS, and highlights groundbreaking opportuni-
ties for SBPs in oncology.
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INTRODUCTION

Transformation of a normal cell into a cancerous
one involves several molecular events, including activa-
tion of oncogenes — cither directly or indirectly — and/
or loss of the tumor suppressor functions. These events
occur in parallel with modifications in the regulation of
gene expression leading to enhanced cell proliferation,

replicative immortality, and reduced sensitivity to an-
ti-tumor defense. In the pursuit of potent therapeutic
solutions, a substantial assortment of targeted drugs has
been developed. Predominantly, these drugs are of two
types: monoclonal antibodies, which primarily serve as
receptor blockers on tumor cells, and small molecules
that predominantly inhibit protein Kinases vital for the
growth and invasiveness of cancer cells. Research in the

Abbreviations: CDR, complementarity-determining regions; OV, oncolytic viruses; SBP, synthetic binding protein.
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field of antibodies conjugated with toxic inhibitors, as
well as precise guiding of the cellular and viral antitu-
mor agents is currently one of the most promising areas
of modern molecular oncology. Challenges in the cancer
treatment arise mainly from the tumor adaptive resis-
tance, caused by molecular processes that bolster their
aggressiveness. Genetic diversity of tumor cells often
renders many drugs ineffective as they cannot target the
entirety of the tumor cell population. The more selective
an inhibitor is, the swifter resistance to it emerges due to
the high mutation rate and epigenetic plasticity of cancer
cells. Consequently, the potent drugs of the future might
not be highly specific. Instead, they should address a
broader category of interrelated target molecules, indicat-
ing a need for increasingly intricate therapeutic strategies.

In this review, we focus on oncological applications
of the synthetic binding proteins (SBPs, also called mi-
metics or inaccurately referred to as antibody mimics).
These SBPs include non-immunoglobulin scaffolds,
with the term “scaffold” denoting a single-domain poly-
peptide with a typical molecular mass between 4-20 kDa.
We also discuss the challenges of their development and
production, a significant hurdle to their broader adop-
tion in both scientific and medical areas, especially con-
sidering that a decade has already passed since the publi-
cation of the seminal review [1].

ADVANTAGES AND LIMITATIONS
OF ANTIBODIES

Immunoglobulins stand out as the most multi-
faceted and diverse binding proteins in humans; their
antigen-binding sites consist of six loops connecting
[-strands in the variable domains of the light and heavy
chains. At present, traditional antibodies are the mainstay
among the protein drugs used both as tools in basic re-
search and applied therapeutic targeting. It is crucial to
balance pros and cons of immunoglobulins. Their preem-
inence stems from the several traits: their natural origins
as major plasma proteins, their high affinity and specific-
ity to chosen targets, established methods for large-scale
production, availability of straightforward conjugation
procedures, etc. Notable advancements have been made
with camel and llama antibodies, as they maintain many
properties even without light chains, which permits their
intracellular applications under the name of nanobodies.
Nonetheless, these still fall short when compared to nu-
merous other SBPs based on alternative scaffolds, which
are selected to precisely target intracellular oncoproteins,
including some previously deemed “undruggable”, like
certain GTPases. It is worth noting that while monoclo-
nal antibodies have shown profound efficacy against the
tumor cells and specificity to their targets in comparison
with the low molecular weight chemical inhibitors, their
substantial size (around 150 kDa) limits their potential
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in targeting intracellular proteins. Other disadvantages
of antibodies restricting their application in several con-
texts include high production costs, presence of disulfide
bridges complicating their use in intracellular reducing
environments and their suitability in such procedures as
tumor imaging or radioimmunotherapy due to their large
size, slow blood clearance, and prolonged retention in
non-tumor tissues. Reducing size could provide a number
of advantages, such as increased accessibility to sterically
hindered epitopes. Other enhancements, such as reduc-
ing hydrophobicity, reducing aggregation, and increasing
stability of the scaffold irrespective of its redox potential,
are also crucial. Therefore, there is an immediate need to
engineer both protein and non-protein antibody analogs
that retain high affinity but come with the advantages
of reduced size, easier synthesis, and enhanced stability
both inside and outside the cell.

GENERAL INFORMATION ON THE DIVERSITY
OF NON-IMMUNOGLOBULIN SYNTHETIC
BINDING PROTEINS

One must recognize the inevitable trade-offs when
optimizing various properties. For instance, boosting af-
finity might require sacrificing other crucial parameters
like specificity and often stability [2]. Such trade-offs
have been especially well documented for antibodies [3].
Indeed, all monoclonal antibodies are inherently poly-
specific, capable of binding to epitopes with significantly
different geometries [4, 5]. When discussing alternative
SBP scaffolds, understanding these trade-offs becomes
crucial.

Occasionally, it is feasible to both anticipate and
propose ways to enhance SBP properties. For instance,
many SBPs have a high number of lysine and arginine
residues. With antibodies, abundance of these resi-
dues worsens their properties [6]. Analogously, for the
intracellular SBP applications, there is a likelihood of
non-specific binding to nucleic acids. One might even
consider whether it may be beneficial to reduce complex-
ity of interactions by minimizing both the size of molec-
ular scaffold and the size of interaction surface. Ideally,
SBPs should be good building blocks for combinatorial
approaches in the creation of multifunctional molecules.
A number of excellent reviews on alternative SBP scaf-
folds can be recommended. It is worth mentioning only
the most recent ones from the last four years covering:
promising therapeutic SBPs [7], SBPs in developmental
biology [8], SBPs for toxin neutralization [9], SBPs for
pull-out followed by mass spectrometric analysis of the
therapeutically important proteins and biomarkers [10].
The main aim of our review is to explore the develop-
ment of diverse SBPs for oncological applications.

Search for the new variants of SBPs typically starts
with the randomized library construction, moves to
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Fig. 1. Three-dimensional folds of SBP polypeptide chains in complex with their targets. a) Monobody (green) against fluoride channel (grey),
6BQO; b) DARPIn (grey) against MTFP1 protein (green), 6FP7; ¢) lipocalin (grey) against carboxymethylcobactin (green), 1X8U; d) ZHER?2 affi-
body (green) against HER2 protein (grey), 3MZW; e) crystallin affilin, 2JDG; f) monobody (green) against MLKL (grey), 7JXU; g) DARPin (green)
against caspase 7 (grey), 4LSZ; h) monobody (green) against fluoride channel (grey), 6B2B.

selection and clone analysis, and culminates in ratio-
nal design. A robust SBP scaffold should tolerate sub-
stantial variation of the residues forming binding site
of its target. Existing platforms (Fig. 1) can logically be
grouped based on their binding surface formation into
two groups: helix-chain type (DARPins, miniproteins
including affibodies, affilins and others) and loop type
(monobodies, anticalins, avimers, knottins, atrimers,
fynomers and others, including also immunoglobulins).
This distinction is very important because in the first
type, residues with side chains exposed outwards are
randomized to create libraries of new variants, whereas
in the second type the scaffold itself is most often un-
affected, but the loops may experience significant vari-
ations, even in their lengths. Apparently, except for the
cyclic miniproteins, the N- and C-termini are free in all
variants, allowing fusion with other sequences. To date,
the elements like intrinsically disordered proteins [11]
and, less commonly, PDZ domain [12] remain underex-
plored, as the primary requirement for good scaffolds is
thermodynamic stability. Given the popularity of mono-
bodies, DARPins, anticalins, and affibodies [13, 14],

they warrant individual consideration. Other scaffolds
are briefly touched upon here, noting that attempts to
innovate using a novel scaffold might occasionally reach
a deadlock, as evidenced by tendamistat [15].
Miniproteins are conventionally defined as proteins
with masses significantly less than 10 kDa (closely as-
sociated and extremely popular affibodies are discussed
separately). The characteristic small size of miniproteins
also facilitates their chemical synthesis for preparative
production; their diversity has been covered in a spe-
cial review [16]. Here we should mention a prototypical
example of miniproteins, the knottins [17]. Their size
starts from 14 amino acid residues (a.a.), usually span-
ning around 30 a.a., and they are commonly stabilized
by numerous disulfide bonds. Knottins possess antipar-
allel B-strands connected by loops of varying lengths,
6 cysteine residues are linked by three disulfide bonds.
This composition offers remarkable stability even un-
der harsh acidic or alkaline conditions. Avimers provide
proof that the stable miniproteins, unlike nanophitins,
affibodies, etc., can also originate from the human pro-
tein domains (LRP — VLDLR, etc.) of 35-a.a. length,
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in which 12 a.a. are conserved and also contain six disul-
fides [18]. Adhyron affimers originate from the consen-
sus sequence of cystatin and stefin: such disulfide bond-
free SBPs consisting of one a-helix and four [3-strands
with two variable loops display impressive thermal sta-
bility (Tw around 101°C) [19, 20]. Among other applica-
tions, they are considered as affinity tools for diagnosing
carcinoembryonic antigen levels [21]. The Kunitz do-
main contains approximately 60 a.a. with three disulfide
bonds and three loops suitable for randomization and
variation, and its usefulness is supported by successful
clinical applications of the kallikrein inhibitor, Kalbi-
tor. Recent developments using this domain include the
soybean trypsin inhibitor gastrobody tolerating pH 2 [22]
and its sunflower homologue [23]. Diversity of the pro-
tease inhibitors with Kunitz domain among human
proteins is quite high. For example, such domain from
the amyloid precursor protein inhibitor (APPI) could
be a good platform, three mutations are sufficient for
transformation into an excellent inhibitor of mesotryp-
sin (K; about 89 pM) [23], or into a proteolysis-resistant
inhibitor of kallikrein-related peptidase 6 (KLK6) with
K; of about 160 pM and lifetime in the organism about
10 days [24, 25]. Potential of some developments like
SPINK?2 [26] or proteins from snake venoms [27] is cur-
rently difficult to foresee.

Antibodies of a non-immunoglobulin nature from
jawless fish lay the groundwork for a modular scaffold of
the so-called repebodies |28], demonstrating high level
of expression in bacteria, thermodynamic stability, in-
cluding under pH changes, and ability to inhibit the
VEGEFR type target in vivo [29].

The SH2/SH3 domains, which are widespread
among the non-receptor tyrosine kinases of the Src fam-
ily, are vital for cell cycle regulation. They have around
100 a.a. in their composition organized into a globule
with a central 3-sheet encircled by two a-helices with two
loops that can be randomized. Fynomers, the most know
representatives of this class, are derived from the tyrosine
kinase Fyn [30], are cysteine free, stand out for their solu-
ble expression in bacteria, commendable stability without
significant aggregation (T, ~ 70°C), while high degree of
conservation suggests low immunogenicity [31].

In terms of stability, proteins and peptides from hy-
perthermophilic and hyperacidophilic microorganisms
are of undoubted interest. Representatives of the so-
called OB-domain originating from the DNA-binding
polypeptides Sac7d and Sso7d of archaea of the genera
Sulfolobus, Acidanus, Pyrobaculum, etc. under the names
nanophytins and affitins have been significantly devel-
oped. Structurally, they comprise a short cylinder of five
[-strands capped by an a-helix; they are remarkable for
their good soluble expression in E. coli and high stability
(up to 74°C in the pH range 0-12) [32-35].

The intracellular protein glutathione transferase,
notable for its solubility, can be transformed into a uni-
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versal scaffold glubody [36], but its development has
been limited.

Affilins, originating either from the dimerized ubiqg-
uitin or y-B-crystallin, exemplify the challenges in re-
purposing excellent natural proteins as SBP scaffolds
(with a mass of about 20 kDa). While affilins boast im-
pressive solubility and stability, their potential random-
ization sites are limited, making modification challeng-
ing: indeed, affilins are highly soluble and very stable (in
8 M urea, up to 75°C, pH range 1 to 9) due to their com-
pact stacking (for example, the 76-a.a. long ubiquitin has
3.5 a-helixes and five B-strands). However, only 6 a.a.
with chains exposed outward from the [-structure side
that form a binding region can be used for randomiza-
tion, introduction of variable loops significantly impairs
the above advantages, and additional efforts are required
to reduce rigidity of the secondary structure [37].

Continued exploration of novel scaffolds from hu-
man proteins, using refined screening methods with
carefully formulated criteria for systematic screening
from the database of three-dimensional structures (mo-
lecular mass in the range 10-25 kDa, monomer, presence
of a structure with sufficiently high resolution (<3.0 A),
production in E. coli) followed by manual selection ac-
cording to the additional criteria (different from the
previously published protein scaffolds; low number of
cysteine residues and disulfide bonds; no evidence of
high toxicity and/or immunogenicity, no ligands or co-
factors; high solubility, easy purification) yielded a new
scaffold named ProBi (Protein Binder). It contains two
surface-exposed sites suitable for randomization demon-
strated by successful selection of variants binding to
human interleukin-10 [38]. Given the large number of
predicted structures, such methodologies could become
even more fruitful.

Further development of the de novo design methods
will inevitably be increasingly productive. For example,
it has been shown for the loop-helix-loop and loop-
helix-loop-coil-loop elements (LUCS) that even such
simple module can generate entire families of proteins
with customizable geometries including both natural and
previously unknown sequences [39]. A good example is
the scaffold Alphabody (with molecular mass of about
10 kDa, designed on the principle of triple helix con-
nected by linkers rich in glycine residues, homologues of
which do not exist in nature) that recently has been in-
troduced as a potential therapeutic candidate [40].

MONOBODIES-ADNECTINS AND OTHER
SYNTHETIC BINDING PROTEINS
BASED ON THE FIBRONECTIN DOMAIN

The results of pioneering research on monobod-
ies/adnectins were published in 2008 [41], 2011 [42],
and 2013 [43]. By 2012, the potential of monobodies
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in oncology began to be rigorously assessed, as detailed
in the review [1]. Gradual improvements in understand-
ing of the problems of their practical use [44, 45] have
propelled at least two monobodies into clinical trials [7].

Monobodies that originate from the tenth domain of
fibronectin 3 (FBN3) were denoted, therefore, as 10Fn3.
Initially, several different domains were compared and
any of them could be used (pronectins originate from
the domain 14 of fibronectin 3). The tenth domain was
favored due to its unmatched stability among the hu-
man FN3 repeat domains boasting a mean denaturation
point (T.) of 84°C [41]. It also exhibited tolerance to
mutations across three exposed surface loops. Thus, a
monobody is a simple structure like a small 3-sandwich
of seven [3-strands tolerating randomization and elonga-
tion of two or three surface-exposed loops. Remarkably,
melting point of the scaffold is around 80°C, even in the
absence of disulfide bonds [46]. Since cysteine residues
are absent, stability of the monobody is weakly depen-
dent on the redox potential, eliminating the possibility of
disulfide-mediated aggregation in the intracellular envi-
ronment. The traditional target of fibronectin is integrins,
and interaction of FIN3 with its target is facilitated by the
loop flexibility and (3-sheet dynamics to ensure optimal
binding conformation to the target protein, in contrast
to the rigidity of antibody B-sheets stemming from the
internal disulfide bonds between heavy and light chains
[30, 31]. Advantages of monobodies explain their use in
diverse scientific applications: Kiikenshoner et al. report-
ed the use of monobodies as protein blockers, modulation
of allosteric sites, and crystal chaperones [47]. Intracellu-
lar stability of monobodies has also been used for intra-
cellular studies of the structure and function of proteins,
where monobodies fused to the fluorescent protein (here
called intrabodies against the endogenous neuronal pro-
teins) have allowed visualization of the excitatory and
inhibitory synapses in living neurons [48].

High stability of monobodies was further improved
in the ultra-stable scaffold FN3con [49] also created by
the consensus design (using 2123 sequence alignments);
it is even suitable for grafting loops from other monobod-
ies [50, 51]. It should be noted, however, that high stability
may not always be desirable for therapeutic applications.

LIPOCALINS-ANTICALINS

Aesthetically, these are, probably, the most attrac-
tive scaffolds as they form an elegant bowl similar to
flower calyx [52, 53] with central eight-strand antipar-
allel B-cylinder and lateral a-helix. The ligand binding
pocket is formed by four loops that connect the 3-strands
protruding from the open end of the (3-barrel, and these
four loops can be used for variation. Typical anticalins
comprise around 188 amino acid residues and at least one
N-glycan with molecular mass of about 21-24 kDa and
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isoelectric points of approximately 7.1. Thus, the lipo-
calin/anticalin libraries have four structurally hypervari-
able loops atop of a highly conserved 3-barrel. Although
the lipocalin/anticalin is not a small peptide, it proved to
be suitable for phage display. Moreover, they show good
bacterial expression in terms of solubility in the form
of monomers [54]. Using targeted random mutagene-
sis combined with molecular selection techniques, it is
possible to change the shape of this loop region, creating
pockets for tight binding of various ligands, from small
molecules, peptides, to proteins. Origin of the scaffold
from the naturally secreted and highly soluble human
protein makes it particularly appealing. Lipocalin-2
(also known as LCN2, NGAL, oncogene 24p3, sidero-
calin secreted by neutrophils) is able to actively bind iron
simultaneously with catecholate thus arresting bacterial
growth. Its homologue is prealbumin from tear fluid,
which is also an antibacterial agent due to its ability of
iron sequestration. Unfortunately, this same property is
exploited by some tumors, for example, in the process of
metastasis to cerebrospinal fluid [55], and enhances ag-
gressiveness of breast cancer [56] (reviewed in more de-
tail in [57, 58]). However, on the other hand, expression
of lipocalin-2 as a transgene can significantly enhance
the action of oncolytic adenoviruses in some tumor
models, such as pancreatic adenocarcinoma, and col-
orectal cancer cell lines [59, 60]; moreover, its expres-
sion is reduced in gastric cancer [61]. Given these diverse
roles, therapeutic use of lipocalins demands meticulous
examination, especially since they may influence can-
cer progression and correlate with cognitive impairment
in some patients [62].

DARPINS

DARPins resemble an elegant comb; they exemplify
an extremely successful development of an artificial scaf-
fold based on ankyrin repeats. This design showcases ef-
ficacy of the consensus method in protein design, where
consensus is derived from multiple alignments of the
related sequences (unfortunately, although promising,
this approach often does not yield successful results).
In the human proteins, this repeat is common among
the adaptor intracellular proteins and contains about
33 a.a. with two a-helices and one [3-strand, hydrophilic
side-exposed residues, and hydrophobic interior. A typi-
cal DARPin contains two or four repeats flanked by two
capping repeats, thus giving a mass of about 14-21 kDa
(denaturation temperature also therefore varies wide-
ly from 60 to 95°C). It should be pointed out that, in
comparison with most of the SBPs mentioned here,
DARPins present a more expansive binding surface area.
This facilitates randomization of a considerable number
of exposed residues. Presently, at least two DARPins are
in the pipeline for clinical trials [7].
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Fig. 2. Selection of synthetic binding proteins by cellular, phage, or mRNA display. Systems for expressing SBPs on the surface of a virus (a, most
commonly bacteriophage), cell (b, most commonly yeast), or as nascent polypeptide chains synthesized but not dissociated from ribosomes (c, due
to puromycin linker) allow screening of SBP libraries quite rapidly and efficiently, e.g., using targets immobilized on a solid phase. Typically, about
three rounds of library selection and amplification are required before individual clones can be analyzed. Draft prepared with biorender.com.

AFFIBODIES

For applications where the minimized molecular
weight of an SBP is paramount, affibodies derived from
the B domain of the IgG-binding site of S. aureus pro-
tein A have frequently emerged as the preferred choice
among the various scaffolds. In their design, a small
number of mutations have been shown to be sufficient
to increase stability and loss of antibody binding ability.
The three a-helices lacking cysteine residues are linked
together forming a scaffold weighing approximately
6 kDa, where the exposed residues of a-helices 1 and 2
can be randomized.

It has now been possible to develop affibodies
against many tumor-associated targets, and it is their
compact size that is especially beneficial for diagnostic
purposes using radioisotope-labelled affibodies. None-
theless, it is important to note that the size advantage of
an affibody diminishes, when it is fused with a partner
protein (e.g., a toxin), and thus compactness becomes
relatively less significant compared to other scaffolds.
The same is true for bispecific affibodies [63].

PRINCIPLES OF CREATING
AND SCREENING OF LARGE LIBRARIES
OF SYNTHETIC BINDING PROTEINS

Fundamentally, the main methods for screening
SBP libraries can be divided into cellular display (pre-
dominantly yeast), viral display (most commonly phage
display, on the surface of the phages using the pVIII

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

protein of the filamentous bacteriophage fd/M13), and
entirely in vitro methods like RNA display (an improved
version of ribosomal display). While phage display has
proven to be effective for monobodies [41, 64], and is
also suitable for many other SBPs including repebod-
ies [29], current limitations of the real phage libraries,
which are described in the excellent review [65] are sig-
nificant. The fundamental approach to utilizing such
SBP libraries is illustrated in Fig. 2.

Problems with production of synthetic binding pro-
teins. Quite often rather interesting projects with recom-
binant proteins are set aside due to their poor stability
and, consequently, low expression. This is an issue that
antibodies seldom face.

Monobodies are often very successfully produced in
E. coli. Couple of examples could be mentioned: mono-
bodies for which the authors use the term intrabodies
[66, 67], and also monobodies described in the recent
work [68]. Interestingly, it was also observed during
analysis of a number of random clones that although
monobodies are usually produced in satisfactory to com-
mendable levels (4-20 mg/liter culture), their stability
and solubility do not correlate with overall expression
levels [69], i.e., a substantial fraction of clones yields a
significant amount of aggregated protein.

Since the efficiency of monobodies and other
non-immunoglobulin scaffolds often lags behind the
antibodies, there are emerging strategies to enhance per-
formance of monobodies, such as through cross-linking
with a particular focus on disulfide bonds [70].

Not every scaffold can tolerate mutations of the
variable part, and this often leads to destabilization
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of the entire protein structure. Inconsistent success with
heterologous expression points to inherent limitations
in some scaffolds. However, there are recent examples of
partial successes, e.g., an avimeric A-domain consisting
of 35 a.a. with 12 conserved a.a. including six disulfides,
despite such a small size has been produced in FE. coli,
and the required S-S bonds were formed by exposure
to air, yielding a product of about 4 kDa with excellent
stability.

It is possible to significantly change specificity of
the high-affinity natural binding protein, which has been
clearly demonstrated by the example of avidin trans-
formed into the steroid-binding protein [71] and further
development of the so-called antidines [72].

Grafting should be considered as a promising but
not always fruitful strategy. There are numerous success-
ful instances where binding loops from the effective an-
tibodies have been grafted onto different proteins, such
as green fluorescent proteins, to produce a new affini-
ty tool that can bind a target [73, 74]. Such innovations
typically pave the way for exciting, albeit non-thera-
peutic, applications like creating fluorescent sensors
for proteins critical to oncogenesis, like MDM?2 [75].
Notably, while grafting can occasionally eliminate sta-
bility reduction after selection, directed evolution tar-
geting VEGFR?2 resulted in the reduced thermostability
and unchecked oligomerization. However, when loops
were grafted onto the FN3Con monobody, an ultra-
stable scaffold, the resultant construct (FN3Con-anti-
VEGFR?2) retained activity even after 2 years of storage
at 36°C [51].

Problems of pharmacodynamics and pharmacokinet-
ics of synthetic binding proteins. It should be noted that
all small SBPs described here are easily excreted through
kidneys, so the standard approaches of increasing total
molecular weight, such as PEGylation, as well as intro-
duction of the albumin-binding domain are used to pro-
long the circulation time [76]. A prevalent challenge with
many other biologics introduced into the bloodstream
is their excessive accumulation in the liver. It should be
noted that accumulation and persistence of the targeted
therapeutic drug in a tumor is influenced by a myriad of
factors. These include the drug’s affinity for the target,
molecular weight, half-life, propensity for extravasation,
and more. DARPins, with their larger size, often have
problems with adequate penetration even into the cul-
tured spheroids [77].

On the contrary, tracers that clear faster from the
non-target tissues have diagnostic advantages. They fa-
cilitate more accurate assessment of signals from vari-
ous tissues, providing patients with quicker diagnoses,
and allowing for a prompter commencement of an-
ti-cancer treatments. For such diagnostic applications,
the ideal choice would be smaller proteins that be-
come visible in the target tissues within 4 hours post-
administration
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NEW APPROACHES TO IMPROVE
SYNTHETIC BINDING PROTEINS
FOR ONCOLOGY APPLICATIONS

Conjugation and chimerization. SBPs based on al-
ternative scaffolds are increasingly regarded as promis-
ing modules for constructing multivalent affinity tools
(review [78]). There are documented successes in con-
jugating these SBPs with small molecular weight drugs
and toxins. Shipunova and Deyev provided an insight-
ful review on the SBP conjugates with liposomes and
nanoparticles [79]. Notably, they highlight the stud-
ies where the single-layer liposomes, sized between
80-90 nm in diameter and containing components like
cytochrome ¢, fluorescent mCherry, and highly toxic
exotoxin A from Pseudomonas aeruginosa with DARPin
against HER2 specifically stain and kill the HER2*
cells [80]. Although trastuzumab has shown efficacy
in the HER2-positive breast cancer therapies, specific
antibodies typically fall short in treatment of solid tu-
mors. This emphasizes significance of the developing
protein-drug conjugates, especially given that the cyto-
toxic drugs can denature protein structures. This is im-
portant in the case of cytotoxic drugs that can denature
protein structures, conjugation of small proteins needs
to be tightly controlled in order to prevent aggregation.
This important feature is crucial because most cytotoxic
drugs are hydrophobic and can induce an uncontrolled
aggregation of antibodies and other proteins used for
conjugation.

Affitoxin (successfully produced in E. coli), consist-
ing of a shortened diphtheria toxin and an anti-HER3
affibodies [81] coupled to the cytotoxic tubulin po-
lymerization inhibitor DM1 exhibited strong cytotox-
ic effects on the BxPC-3 pancreatic carcinoma cells
(ICsy 7 nM) [76]. Advantage of monobodies is absence
of cysteines, which permits introduction of one cysteine
residue specifically intended for conjugation with small
molecular weight drugs [82]. Conjugates of DARPin
or recombinant antibody (scFvFc) against EGFR with
monomethylauristatin E as a toxin showed subnanomo-
lar cytotoxicity against the A431 human lung squamous
cell carcinoma A431 cells in vitro but no specific anti-tu-
mor activity in the mouse xenografts. The most inter-
esting result was the comparison of penetration depths
into cell spheroids: the monomer DARPin was superior
over both antibody and divalent DARPin, whereas the
DARPin-Fc was the least successful in this respect [83].

Extracellular delivery of synthetic binding proteins
for cancer diagnosis, theranostics, and therapy. Bind-
ing of SBPs to the cell surface markers for the purposes
of tumor growth diagnosis, therapy, or theranostics is at
the forefront of the fight against cancer. Radioisotope
imaging is covered in special reviews on antibodies and
non-immunoglobulin scaffolds in [84, 85], a broad cov-
erage of specific molecular tools can be found in [86, 87],
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and excellent reviews focused on tumor theranostics
[79, 88] can be also recommended. We would like to high-
light a valuable and very rare comparative work in which
efficiency of binding of the full-length IgG, DARPin,
and affibody covalently bound with the magnetic fluores-
cent nanoparticles directed against HER2 was examined.
The affibody demonstrated superior specificity and selec-
tivity for labeling cancer cells using nanoparticles [89].

VEGF and VEGFR2. When considering primary
molecular targets for diagnostic and therapeutic agent
development, the anti-angiogenic agents, such as re-
pebodies targeting VEGF should be mentioned [29].
While VEGF is a secreted protein and not directly a tu-
mor marker, its receptor, VEGFR2, serves as a prime
target. For instance, the CT-322 monobody against
VEGFR2 [90] advanced successfully through the phase I
clinical trials for pancreatic cancer [51].

HER2 is an archetypal marker for numerous breast
cancers, it has been the focal point for much develop-
mental research, largely due to the success of trastu-
zumab and its SBP-based analogs (some of the works
are mentioned above). Toxic DARPins targeting HER2,
when conjugated with gold mini-nanorods, selective-
ly accumulate in the HER2-positive xenograft tumors
in mice. This accumulation promotes significant tu-
mor reduction following photodynamic therapy [80].
The ®Ga-labelled affibody molecules allow accurate and
specific measurement of HER2 expression in the breast
cancer metastases via PET imaging [91].

EGFR. For EGFR, the radiolabeled affibodies are
particularly valuable in theranostics [92]. Success of this
theranostics approach is supported by the example of
affiFAP, which consists of an affibody against EGFR
and a fluorogene activating protein. This compact mo-
lecular recognition reagent can activate fluorescence
upon binding, allowing tumor imaging with low levels
of non-specific tissue staining [93]. Centyrines (from
10 kDa tenascin) and repebodies have performed well
as a dye conjugate in the intraoperative fluorescence di-
agnosis of tumors overexpressing EGFR [94]. There is
also an excellent work on therapeutic affibodies, where
an anti-EGFR affibody was conjugated with IR700 for
photodynamic therapy, reactive oxygen species (ROS)
generated under IR irradiation induced immunogenic
cell death (ICD) with subsequent dendritic cell matura-
tion and in vivo therapeutic response was observed in the
brain tumors shortly after IR irradiation [95].

Ecto-CRT (calreticulin that is exposed outside the
cell surface) plays an important role in phagocytic clear-
ance of apoptotic cells during immunotherapy. Two pep-
tides (KLGFFKR from integrin-a and GQPMYGQPMY
from Hep-I) specifically bind ecto-CRT during ICD
induction. Monobodies grafted with both sequences
showed good binding to ecto-CRT, effectively detecting
pre-apoptotic cells upon treatment with doxorubicin but
not gemcitabine, which does not induce ICD. Moreover,

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

1239

by using the CRT-specific monobodies, it is possible
to detect induction of ecto-CRT in the cancer cells in
response to drug exposure [66].

Using phage display to screen combinatorial librar-
ies of knottins, researchers discovered the EDB-specific
SBPs. These binding proteins were effective in marking
EDB* cells, which possess a tumor-specific fibronec-
tin domain. Remarkably, they demonstrated this ability
within the picomolar range when tested on the tissue
sections from human glioblastoma U-87 MG mouse
xenografts [96].

Synergies observed when two or more SBPs are
used [97] are well illustrated by the example of the af-
fitoxin consisting of a shortened form of diphtheria
toxin and HER3-binding domains of an affibody [81],
and also by a similar example with two DARPins [98].
The conjugates of Pseudomonas bacillus exotoxin A
and barnase with DARPins were used in the mouse
model of mammary carcinoma: in this case, the anti-
HER2- or anti-EpCAM monotherapy was ineffective in
contrast to the simultaneous action against HER2 and
EpCAM [99]. Similar examples of strong enhancement
of the SBP action on tumor cells have been reported
in other studies [100, 101].

Oncolytic viruses (OVs). In the realm of oncolytic
viruses (OVs), SBPs present an intriguing prospect for
targeted therapy. They can be embedded into the OV
capsid surface more effortlessly than traditional anti-
bodies. There is a palpable optimism in the published
data; for instance, the measles vaccine virus MeV was
engineered to carry a DARPIn targeting EGFR. Intrigu-
ingly, this configuration prompted activation by the
tumor-linked matrix metalloproteases upon binding.
Such a dual-targeted OV replicated in the EGFR"/
MMP* tumor cells but was safe for healthy cells (EGFR™"
human keratinocytes). This virus destroyed glioblastoma
cells and others [102]. Knottins were also used in a sim-
ilar way; for example, CKP (cystine knot protein, binding
avB3, avp5, and a5p1 integrins with nanomolar affini-
ty); in this case the constructed OV (called MV-CKPint)
infected, replicated in, and killed human glioblastoma,
medulloblastoma, diffuse intrinsic pontine glioma, and
melanoma cells in vitro. When administered intrave-
nously, this OV was better able to reach glioblastoma
cells, causing cytopathic effects similar to those of intra-
tumoral virus injection [103].

Delivery of the replication-deficient viruses such as
adeno-associated viruses (AAVs) used for vector-based
cancer gene therapy can also be successfully enhanced
by SBP, for example, by exposing the HER2-specific
DARPin on the surface of AAVs [104].

Cell-based therapies. Similarly, SBPs can also be
used to amplify cellular anti-tumor therapies based,
for example on T-cells with chimeric antigen receptors
(CAR-T) [105]. Here we should specifically mention the
recent success of a large team of mainly Russian authors
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a AFFIBODIES
Protein A S.aureus
ZHER2-AFFIBODY

b

ANK2

DARPINS
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DNKENKEQONAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPK
DNKFNKEMRNAYWEIALLPNLNNQOKRAFIRSLYDDPSQSANLLAEAKKLNDAQAPK

DSNASFLRAARAGNL.DKVVEYTLKGGTDINTCNONGLNALHLAAKEGHVGTLVOELLGRGSSVDSAT - —————————=——— KKGNTAL

LOOPDARPIN DLGKKLLEAAWOGODDEVRILMANGADVNAQDKFGTTPLHLAADMGHLEIVEVLLKTGADVNAAATGHYFQPYFSHSVSYFGETPL

ANK2

HIASLAGQAEVVKVLVKEGAN INAQSONGETPLYMAAQENHIDVVKY LLENGANQSTATEDGETPLAVALQOGHNQAVAILL

LOOPDARPIN HLAAEMGHLEIVEVLLKAGADVNAFADLGHT PLHLAAQWGHLEIVEVLLKHGADVNAQDKFGKTPFDLAIDNGNEDIAEVL

c MONOBODIES

FN VSDVPRDLEVVAATPTSLLISWDAPAVTVRYYRITYGETGG-NSPVQEFTVPGSKSTAT ISGLKPGVDYTITVYAVTGRGDSP-ASSKPISINYRT
NS1 VSSVPTKLEVVAATPTSLLISWDAPAVTVDYYVITYGETGG-NSPVQKFEVPGSKSTAT ISGLKPGVDYTITVYAWGWHGQVYYYMGSPISINYRT

12VC1

VSSVPTELEVVAATPTSLLISWDAPAVTVFFYVITYGETGHGVGAFQAFKVPGSRSTATISGLEPGVDYTITVYARGYSKQGP-YKPSPISINYRT

Fig. 3. Amino acid sequences of some SBPs aligned with their precursors. Identical amino acid residues are shown in grey, unique tyrosine
and tryptophan residues in SBPs are shown in bold. a) Affibodies: alignment of an anti-HER?2 affibody with the homologous region of S. aureus
protein A sequence; b) DARPins: alignment a loopDARPin-type DARPin with the homologous region of human ankyrin (ANK2); ¢) alignment
of monobodies (NS1 against Ras and 12VC1 against KRAS with G12V mutation) with the homologous region of the human fibronectin (FN).

who improved CAR-T due to the high affinity of the
bacterial toxin—antitoxin—barnase—barstar complex,
where they used the DARPin-barnase conjugates to di-
rect CAR T cells to solid tumors to kill the HER2* carci-
noma cells in vivo [106].

SYNTHETIC BINDING PROTEINS
AGAINST INTRACELLULAR CANCER TARGETS

Inhibitors of interactions with MDM2. The product
of p53 gene is one of the most important human onco-
suppressors, restraining uncontrolled cancer cell divi-
sion [107]. In tumors, p53 is often mutated or degraded
at the protein level, largely due to the action of ubiquitin
ligase MDM2, which in turn also undergoes post-trans-
lational modifications [108]. While there exists a number
of low molecular weight inhibitors designed to disrupt
the p53 and MDM2 interaction [109, 110], clinical tri-
als for these inhibitors have yet to yield positive results.
There have also been quite a few affinity tools, such as
monobodies against the N-terminal domain of MDM?2/X
and against the a-helix present in the N-terminal transac-
tivation domain of p53 [111], have demonstrated prom-
ising in vitro activity. However, these results have not yet
been translated into in vivo success in clinical settings.

Attack on KRAS. GTPases of the Ras family, with
KRAS being particularly noteworthy, are often mutated
in a plethora of cancers. For instance, over half of the
pancreatic ductal adenocarcinoma cells have KRAS mu-
tations such as G12D, G12C, G12R, or G12V. These en-
zymes contain a pocket that is able to bind GTP and GDP
with picomolar affinity, triggering intracellular signaling
pathways that enhance cell proliferation. Since GTP and
GDP are present at millimolar concentrations in the cell,
any external small-molecule inhibitors face extremely
stiff competition. The rest of the surface of the Ras pro-
tein is relatively flat, lacking any pronounced pockets for
high-affinity interactions with small molecules.

In a remarkable discovery, the NS1 monobody was
identified as an allosteric inhibitor of the Ras-mediated

signaling. Surprisingly, NS1 binds to the surface that dif-
fers from the binding surfaces of other effector molecules
that bind to Ras proteins. The mode of action of NS1
does not disrupt the Ras-Raf kinase interaction, but
it inhibits Ras dimerization, which further inhibits Raf
dimerization, leading to inhibition of the Ras-mediated
signaling in its entirety [112]. Monobodies against the
KRAS G12V mutant were first described as “Raslns”
(or intrabodies). These monobodies are selective for the
active state of Ras. At the same time, these monobod-
ies bind both H- and K-Ras mutants in complex with
GTP [67]. In this case, production in E. coli was suc-
cessful. Recent progress in the development of mono-
bodies against KRAS mutants has been substantial, for
instance, the 12VC1 monobody (Fig. 3 and Table S1 in
the Online Resource 1) recognizes the active state of
KRAS with G12V and G12C mutations [113]; the R15
monobody reacts with all apo-Ras isoforms (those not
bound to GTP or GDP), displaying a particular affinity
for KRAS (G15C) in vivo [114]. Another promising can-
didate is the pan-Ras monobody JAM20, which binds to
Ras independent on their GTP/GDP association [115].

The DARPin K27 predominantly interacts with the
inactive form of Ras-GDP with K4 of 4 nM. Intracellu-
lar expression of K27 significantly reduces Ras activity,
inhibits downstream signaling, particularly it reduces the
level of phosphorylated ERK, and hampers growth of
the HCT116 cells in soft agar [116]. Certain DARPins,
which specifically inhibit the KRAS isoform by bind-
ing to the allosteric site spanning the region around the
KRAS-specific histidine residue 95, specifically inhibit
the KRAS/effector interaction, and signaling pathways
dependent on it in the cancer cells [117].

The Ras-binding miniproteins, functioning as di-
mers, associate with the effector domain of Ras. In the
specific Ras point mutants, these miniproteins stabilize
the protein in an “open” conformation. The aPP mini-
protein binds to the N-terminal type II polyproline helix
linked by a short loop to the C-terminal a-helix, which is
stabilized by the hydrophobic interactions. Notably, this
miniprotein can be efficiently produced in E. coli [118].
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Fig. 4. Destruction of intracellular targets by SBPs fused to E3 ubiqui-
tin ligases. Upon binding of an SBP to its target, ubiquitin-ligase activ-
ity promotes polyubiquitination of the target followed by degradation
by proteasome. Draft created with biorender.com.

Conformationally selective SBPs tailored for the
mutant KRAS have also been designed based on Repe-
bodies, which effectively block interaction between the
active KRAS and the Ras-binding domain of BRAF,
thereby inhibiting the KRAS-driven signaling [119].

The concept of forced degradation of intracellular
protein targets using binding elements has attracted sig-
nificant attention. In particular, monobodies can be
engineered to degrade specific protein targets by selec-
tively directing a degradation signal to an endogenous
protein. This is accomplished either through conju-
gation or fusion with the E3 ubiquitin ligases (Fig. 4).
The most popular ligases are MDM2 or oncoprotein sup-
pressor VHL (Von-Hippel—Lindau). The strategy opens
doors to myriad developmental opportunities, consid-
ering presence of approximately 600 distinct E3 ligases
in the human cells. Notably, of all the SBPs, the fusion
constructs of monobodies with E3 ligases seem to be
the most promising [120, 121]. The challenges of deliv-
ery could be resolved using multiple potential solutions.
A chimeric bacterial toxin consisting of a subunit of the
shigatoxin B homologue (Stx2B) and translocation do-
main of the P. aeruginosa exotoxin A (ETA-II) fused to
VHL and a monobody against endogenous tyrosine Kki-
nases could be mentioned as an example [120].

Synthetic binding proteins as transgenes of oncolytic
viruses. Expression of the lipocalin-2 transgene can sig-
nificantly enhance the action of oncolytic adenoviruses
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in some tumor models such as pancreatic adenocarci-
noma and colorectal cancer cell lines [59, 60]. Clearly,
OVs should be armed with the sequences that encode
MDM2, VHL, or other ubiquitin ligase fusion proteins
with monobodies against KRAS mutants and other can-
cer targets.

NEW DIRECTIONS FOR THE DEVELOPMENT
OF SYNTHETIC BINDING PROTEINS
FOR ONCOLOGY

Modular approach in the SBP design proves to be
highly effective. In the case of miniproteins, solid-phase
peptide synthesis is possible opening doors to a vast array
of modifications including novel cross-links, structure
of which may play a special role, as demonstrated with
the successful example of knottin (33 a.a. polypeptide
from the trypsin inhibitor from plant Ecballium elat-
erium that interacts to the avf3, avf5, and o531 in-
tegrins) dimerization [122], where a dimer of knottin
helps to increase sensitivity of pancreatic cancer cells to
gemcitabine.

There are various methods used for protein liga-
tion, and it is best to refer the reader to the reviews that
describe in detail pros and cons of the diverse methods
like dockerin—cohesin interaction, SpyTag-SpyCatcher
specific transglutaminase reaction system, sortase-me-
diated ligation and others [123], as well as formation of
aldehyde groups on the protein surface by formyl gly-
cine generating enzyme [124]. However, it is important
to note that the use of cross-links should be expanded
considering, for example, discovery of the lysine-cyste-
ine bridges sensitive to redox potential (NOS and sulfur-
oxygen-nitrogen-oxygen-sulfur, SONOS bridges) [125].

Catalytic synthetic binding proteins. Here we should
mention catalytic antibodies, especially those with pro-
teolytic activities. Such molecules could offer a dual ad-
vantage — binding to and subsequently degrading their
targets without relying on the proteasome. Moreover,
such SBPs would have to be extremely site-specific and
personalized, potentially outperforming traditional pro-
teases. So far, success in the development of proteolytic
antibodies has been limited, because the already devel-
oped enzymatically active antibodies exhibit good K,
but modest V.. However, it should be noted that future
might bring innovations, and the non-immunoglobu-
lin SBPs appear to be more promising candidates, since
they may not share the aforementioned constraints like
scaffold stiffness. Efforts continue, with some based on
nanobodies: for example, a minimized L-asparaginase
based on the nanobody with L-asparaginase amidohy-
drolase activity (this enzyme has been successfully used
to treat acute lymphoblastic leukemia for over 50 years)
was designed that successfully targeted the CD19-ex-
pressing cells [126].
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Non-canonical amino acid residues in the synthetic
binding proteins. It is clear that variability of the binding
pockets in immunoglobulins or in the alternative SBPs
seems to be nearing its natural chemical limits, although
in a model system a quasi-specific binding can be achieved
even with a quaternary [127, 128] or even a binary code in
the complementarity-determining regions (CDR) of an-
tibodies, for example with only two amino acid residues,
namely tyrosine and serine like YXS [129]. High tyrosine
content (see Fig. 2, this is shown affibody, and monobody
but not DARPin) in many of these binding sequences
[127] favor high affinity, but it is reasonable to assume that
the appearance of oligotyrosine sites may reduce specific-
ity to its target. Additionally, antibodies with non-specific,
self-reactive properties tend to be rich in arginine and ly-
sine [128], whereas pH-dependent ones are rich in histi-
dine [130]. It is obvious from general considerations and
also has been shown experimentally that 20 amino acid
libraries surpass the 4 amino acid libraries [131], accord-
ingly, further increase in diversity should also improve the
properties of SBPs. This prompts the question: for how
long should we limit ourselves to the traditional genetic
code and its modest set of 20 basic amino acids? Recent
advances in ribosomal synthesis involving non-canonical
residues provide intriguing avenues to explore. Chemical
(including enzyme-catalyzed) modification of binding
pockets is feasible, but it is usually problematic in terms of
desired (close to 100%) yield and specificity. Incorporating
non-canonical amino acids in the regions such as CDRs,
especially when they are well-tolerated, appears promising.
Recent studies have integrated the yeast display screening
with non-canonical amino acids to further assess proteins
with “chemically extended” functions [124].

CONCLUSION

In the macroscopic world, crafting specific hooks
tailored for individual fish species, adapting designs to the
unique features of each mouth, is an intricate endeavor.
It is even more incredible how much progress has been
made in the development of various affinity reagents
based on both Nature’s innovations and human ingenu-
ity. It is also important to continue investigation of the
well-known proteins such as immunoglobulins as has been
demonstrated by the recent discovery of an unusual struc-
ture in the CDR of the bovine immunoglobulin [132] —
a ‘stalk and knob’ elongation. Existence of such structure
in nature could be very helpful for designing the SBPs
based on non-immunoglobulin platforms. This paves the
way for introducing extended loops, reminiscent of the
earlier efforts to develop the so-called loopDARPins [133].
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