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Although antibodies are well developed and widely used in cancer therapy and diagnostic fields, some
defects remain, such as poor tissue penetration, long in vivo metabolic retention, potential cytotoxicity,
patent limitation, and high production cost. These issues have led scientists to explore and develop
novel antibody alternatives. Protein scaffolds are small monomeric proteins with stable tertiary structures
and mutable residues, which emerged in the 1990s. By combining robust gene engineering and phage
display techniques, libraries with sufficient diversity could be established for target binding scaffold
selection. Given the properties of small size, high affinity, and excellent specificity and stability, protein
scaffolds have been applied in basic research, and preclinical and clinical fields over the past two
decades. To date, more than 20 types of protein scaffolds have been developed, with the most
frequently used being affibody, adnectin, ANTICALIN®, DARPins, and knottin. In this review, we focus on
the protein scaffold applications in cancer therapy and diagnosis in the last 5 years, and discuss the pros
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Introduction

Cancer is a severe disease that threatens human health. Traditional
cancer treatments were designed as one-size-fits-all approaches;
however, not all patients benefited from the same method owing to
inter- and intra-tumor heterogeneity between individuals." To deal
with these issues, precision medicine using multi-omics informa-
tion analyses has been proposed to identify the crucial tumor
markers for classifying patients and tailoring precisely targeted
treatments.”™

Monoclonal antibodies against tumor markers are the most
widely investigated targeting elements for precise cancer diag-
nosis and treatment.>® Generally, antibodies are large size
proteins, which comprise two pairs of heavy and light chains
that form a stable Y-shape structure via disulfide bond linking.
Antibodies can recognize biomarkers on cell surfaces, thereby
activating immune responses or suppressing protumoral bio-
logical activities.””® However, several defects deter the further
application of antibodies. For instance, the large molecular
weight leads to poor tissue penetration for solid tumors, and
hinders the binding of inside antigenic epitopes and the
internalization of antibody-conjugated drugs.” Posttranslational
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and cons, and strategies of optimization and design.

modifications are indispensable in facilitating the production of
antibodies with complete functionality; however, these require the
use of a high-cost and time-consuming eukaryotic expression
system, which limits the large-scale production and access to most
patients.'® Moreover, it may be difficult to introduce free residues
and chemical linkers for further drug conjugation. In addition, in
some situations, the antibody constant fragment (Fc) might incur
immune-related cytotoxicity, resulting in damage to normal tissues
and organs."" While truncated antibodies such as antigen-binding
fragments (Fab/scFvs) and alpaca nanobodies have been developed
to remedy the shortcomings of full-size antibodies, some defects
remained, such as lower avidity after modification and the
requirement of humanization processing for reducing immuno-
genicity.”>"

Hence, urgent demands for addressing these limitations
have motivated scientists to explore novel antibody alternatives.
Based on the discoveries of small molecule proteins with
binding function and the gradual development of biotechnology,
it is feasible to confer targeting ability to small size proteins
by mutating the variable region.'* Technically, a protein scaffold
(Fig. 1)t is a small single-domain molecule (1-20 kDa),

T Crystal structures for the protein scaffolds shown in Fig. 1 were obtained from
the PDB (https://www.rcsb.org/): (A) affibody (PDB ID: 3MZW);>*” (B) ANTICALIN®
(PDB ID: 4GH7);**® (C) adnectin or Monobody (PDB ID: 1TTG);**° (D) Knottin
(PDB ID: 2IT7);*'® (E) designed ankyrin repeat proteins (PDB ID: 1MJo0);*"*
(F) nanofitin or affitin (PDB ID: 4CJ2);*'* (G) centyrins (PDB ID: 5L2H);*"?
(H) Kunitz (PDB ID: 1KTH);*"* (1) affimer (PDB ID: 1NB5);*"* (J) avimer (PDB ID: 1A]]);*'®
(K) affilin based on the ubiquitin (PDB ID: 1UBI);*'” and (L) affilin based on the
y-B-crystalin (PDB ID: 2JDG).**®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of proteins scaffolds. Notes: cartoon-illustrations are generated using PyMol, B-sheets are shown in green, a-helix structures are
displayed in yellow and disulfide bonds are colored in red. (A) Affibody (PDB ID:3MZW); (B) ANTICALIN® (PDB ID: 4GH7); (C) adnectin or monobody (PDB
ID: 1TTQ); (D) Knottin (PDB ID: 2IT7); (E) designed ankyrin repeat proteins (PDB ID: 1MJ0); (F) Nanofitin or Affitin (PDB ID: 4CJ2); (G) centyrins (PDB ID:
5L2H); (H) Kunitz (PDB ID: 1KTH); (1) affimer (PDB ID: 1INB5); (J) avimer (PDB I1D:1AJJ); (K) Affilin based on the ubiquitin (PDB ID:1UBI); and (L) affilin based

on the y-B-crystalin (PDB ID: 2JDG).

composed of two parts, which are analogous to antibodies. The
first component is the constant region, which comprises a
couple of o-helixes or beta-sheets constituting a rigid tertiary
structure, while the second is the variable region, which is
formed by a few exposed loops or several residues in the rigid
secondary structures. The constant regions sustain inherent
conformational stability of protein scaffolds, and variable sites
provide a specific binding capability to various target molecules
via structural ligand-receptor pairing or chemical forces.
Generally, 10-20 amino acid residues in the protruded loops
or rigid structures can be randomized to obtain novel affinity
molecules. Protein scaffolds often lack disulfide bonds and
require no translational modifications, allowing production
using cost-effective prokaryotic expression systems. Furthermore,
unnatural and free residues can be introduced into protein
scaffolds via chemical synthesis for drug or diagnostic reagent
conjugation. Small protein scaffolds are usually soluble with good
physicochemical stability which favors their in vivo application.”®

© 2022 The Author(s). Published by the Royal Society of Chemistry

Despite the many advantages of protein scaffolds, they are more
suitable for short-term cancer imaging, not therapy. Table 1
summarizes the major properties and developed targets of
protein scaffolds.

Conjugation strategies for protein
scaffolds

Conjugating proteins with diagnostic or therapeutic com-
pounds is necessary for functional probes or nanomedicine
preparation.'®"”

Generally, there are four ways to realize bioconjugation.
Cysteine-based conjugation uses the thiol group within free
cysteine to react with maleimide or iodoacetamide-modified
compounds and form stable covalent bonds."'® Besides, reporters
or drugs can be directly conjugated to the disulfide bonds using
next-generation maleimides."® Lysine-based conjugation is built

RSC Chem. Biol., 2022, 3, 830-847 | 831
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Table 1 The overview of protein scaffolds properties and molecular targets
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Protein
scaffolds

Parental protein

Molecular
size (kDa)

Affinity
(Ka)

Structural
feature

Targets

Affibody

ANTICALIN®

Adnecin/
monobody

DARPins

Knottin

Kunitz

Affimer

Nanofitin/
affitin

Avimer
Centyrins

Affilin

ADAPT

832 |

B-domain of staphylococcal
protein A

Lipocalin

6.5

18-20

10th type III domain of human 10

fibronectin

Human ankyrin repeat proteins 14-21

Cystine kont from agatoxin,
chlorotoxin, EETI, kalata B1,
MCOTI-I/II, SOTI, AgRP

Serine protease inhibitor from
BPTI/APPI/ TFPIL

Human stefin A protease
inhibitor

DNA binding protein Sac7d

A-domain of cell membrane
receptors (LRP,VLDLR)

Fn III domain human tenascin
C

Human y-B-crystallin
Ubiquitin

Albumin-binding domain
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o-Helix

p-Barrel and
terminal
a-helix

B-Sandwich

o-Helix and
B-turn

B-Strands and
3 S-S formed
macrocycle

a-Helix, B-sheet
and 3 S-S

a-Helix,
B-strands

B-Barrel capped
with an o-helix

B-Strands and
3 S-S
B-Sheet

B-Sheet
o/f

a-Helix

RSV-G protein, Taq DNA polymerase, human factor VIII,
human IgA, Staphylococcal protein A domain, apolipo-
protein A1, CD28, GP120, transferrin, CD25, c-Jun, H-Ras,
Raf-1, VEGFR, HER2, murine 1gG1, insulin, IAPP, IL-6,
Tau, IGF1R, AP, TNF-q, IL-17, VEGFR-2, LOV, HER3, C5,
CAIX, PDGFRp, PD-L1, FcRn, HPV16 E7, EGFR, CTX-M15,
CD276, EBV-LMP-2, fibrinogen, IgE, IgM, IL-1, IL-8, HAS,
transthyretin

Fluorescein, digoxigenin, hemoglobin, nonsymmetric
phthalic acid ester, CTLA-4-Fc, estradiol-2, MET, hepci-
din, VEGF-A, fibronectin extra-domain B, CD137, IL4Ra,
PSMA, AP peptide, VEGFR-3, monosaccharide, HSP70,
PCSK9, petrobactin, colchicine, CD98, IL-17, IL-23
Ubiquitin, estrogen receptor a, leptin, TNF-o, avfB3
integrin, c-Src, VEGFR-2, hen egg-white lysozyme, MBP,
hSUMO4, phosphor-IxBa, SARS-N protein, Abl kinase
SH2 domain, EGFR, IGF-1R, IL-6, Fyn-SH3 domain,
human IgG, Pak1 kinase, IL-23, Erk-2 CD domain, SHP2
SH2 domains, GFP, PCSK9, hEphA2, B-galactosidase,
CDC34, COPS5, MAP2KS5, SF3A1, USP11, human preg-
nane X receptor, KEAP1, GPR56, myostatin, H-Ras, CD4,
C258S, methyltransferase, mesothelin, Candida rugosa
lipase 1, MAPK, WDR5, PD-L1, gp41, glypican-3, VEGFR2,
CD80, oncoprotein aurora A kinase, SET, Ber-Abl p210,
MLKL N-terminal domain

MBP, JNK2 kinase, NIa(pro) proteinase, AcrB, Na' citrate
symporter, caspase-2, apo Plk-1, CD4, TNF-o, EGFR,
HER2, HER4, human IgG-Fc, IgE, neurotensin receptor 1,
FceRIo, EpCAM, NEMO-CC2-LZ, BCL-2, adenoviruses
fiber protein knob domain, MsbA, JNK, LmrCD, tubulin,
ERK2, BCL-W, VEGF-A, caspase-3, gp120, antigen FVIII,
PDGF-BB, BCL-XL, caspase-7, human telomere quad-
ruplex, AB, GFP, IL-4, CDCP1, lamin A/C, CD23, tubulin,
MCL-1, IL-13, ribosomal protein S6 kinase 2, FccRIIB,
K-Ras, cathepsin B, HSA, GluA4, CD105, NKp46, TNFR2,
mTFP1, MET, EpoR, TcdB, ESAT-6, listeriolysin O, CD8,
HER3, VEGF, HGF, CD137, CD40, fibroblast activation
protein, Wnt enhanceosome ChiLS, CD8, KRAS

Matrix metalloproteinase-2, thrombopoietin, FMDV-3C
protease, VEGF-A, human thrombopoietin receptor,
B-tryptase, NS2B-NS3 protease, MC4R, CXCR4,
neuropilin-1, neuropilin-2, human matriptase-1, Hdm2/X,
CTLA-4, BCR-ABL, a-synuclein, thrombospondin-1, SET
protein, factor XIIa, angiotensin, IL-10, ebvIL-10, human
fibronectin ED-B domain, avf33, avp5, a5p1, o(IIb)(3),
a9P1,04B1, avP6 integrin

Human plasma kallikrein, mesotrypsin, KLK-related
peptidase 6, factor VIIa (TF-FVIIa), factor X (FXa),
thrombin, IL-6R, human plasmin, neutrophil elastase,
matriptase-2, Rho-GTPases, uPA receptor

CDK2,Src-Homology 2 (SH2) domains, CRP, SUMO,
VEGFR2, HER4, AGR2, TRPV1 ion channel, PEDF,
tenascin C, GFP, osteonectin, HTV-derived protein UL49,
NS1 protein, tubulin, Myc, CDK4, PI-3K-P85 subunit,
PD-L1 and LAG-3

Human IgG, EGFR, GFP, PulD protein, hrEpCAM,
chicken egg lysozyme, staphylococcal protein A,
thermophilic CelD

IL-6, endocrine hormone FGF21, MET, human type II
collagen, BAFF

C-MET, FcyRIIB, murine IL-17A EGFR, S. aureus
leukocidins, rat TNFo

HER2, human IgG-Fc, EGFR, fibronectin ED-B domain,
human proNGF protein, human papillomavirus E7
protein, estradiol/testosterone

HER2, HER3, IL-23, IL-17, hIFNy, TNF-o.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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upon the good nucleophilicity of the reactive amine side chain
from the solvent-accessible lysine. Normally, N-hydroxysuccin-
imidyl (NHS)- or sulfo-NHS ester-modified compounds react
with the amine group of lysines to produce amide or amidine
bonds,*® and unnatural amino acid (UAA)-based biorthogonal
reaction and enzymatic conjugation are also feasible.*"** For
instance, 5-hydroxytryptophan (5 HTP) can be incorporated
into specific sites of proteins via tryptophanyl-tRNA synthetase,
following which compounds carrying aromatic diazonium
groups quickly interact with 5 HTP via the azo-coupling reaction
and realize conjugation.”® Cycloaddition-conjugation using
t-azidohomoalanine (Aha) has replaced the r-methionine of the
protein in methionine-auxotrophic E. coli strains to generate
stable triazole groups via azide amino acid reacting with the
alkyne or dibenzocyclooctyne of payloads.*® Photocrosslinking
conjugation replaces the stop codon of protein with benzoyl-
phenylalanine (BPA), while compounds with photoreactive
antibody-binding domains (pAbBDs) can be conjugated with
the BPA group under ultraviolet irradiation.>® The enzymatic
conjugation strategies take advantage of enzymes that selec-
tively recognize and catalyze the protein-tag and compound inter-
action. Enzyme-recognition tag combinations, such as sortaseA-
LPXTG tag, trypsiligase-YRH tag, N-myristoyltransferase-(M)
GXXXS/TXXX tag, tubulin tyrosine ligase-tub tag, lipoic acid
ligase-LAP tag, farnesyltransferase-C-terminal CaaX tag, and
transglutaminase-glutamine-lysine, have also been applied
for enzymatic conjugation.>®

To date, cysteine-based conjugation remains the universal
site-specific conjugation method for most protein scaffolds that
have no cysteine, including affibody, centyrin, DARPins, and
ADPTA. However, for cysteine-rich scaffolds such as knottin,
kuntiz, ANTICALIN®, and avimer, thioether bond-based con-
jugation may result in inhomogeneous conjugates and disulfide
scrambling of scaffolds without a proper re-oxidation environment.
UAA and enzymatic catalysis are more appropriate conjugation
approaches for disulfide bond-based scaffolds. Via the incorpora-
tion of an azide residue or a polypeptide-tag into the N-terminus,
protein scaffolds can easily realize site-specific conjugation and
produce homogeneous conjugates with little impact on the affinity
and original structure. However, recognition tag sequence intro-
duction and the slow reaction of cycloaddition-conjugation may
be inevitable.

Affibody

The B domain of Staphylococcal protein A is the parental
scaffold of the affibody (ABY) protein scaffold originally respon-
sible for Fc binding of immunoglobulin G.>” The B-domain
contains 58 amino acid residues (6.5 kDa), constituting a three
o-helix bundle motif without disulfide bonds. The B-domain
was then artificially synthesized and denoted as the Z domain
or affibody, which was used to construct a combinatorial library
by randomizing 13 soluble surface residues located in the first
two helixes.”® In theory, a specific affibody against any given
target can be selected via an affibody-display phage library.
As the third helix contributes to the structural integrity of
the affibody but not binding function, a 2-helix affibody was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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developed. Compensating stability with disulfide bridges or site
mutation offered advantages including a smaller size, quicker
clearance, and lower imaging background.>® A homodimeric
affibody ZAB; has also been used against amyloid peptides to
screen the aggregation inhibitor for Tau protein.*® The Swedish
company “Affibody AB,” founded in 1998, has explored affibo-
dies and owns almost 300 patents.*' Affibodies modified with
imaging contrast agents, fluorescent labels, chemical drugs,
and radiolabels have been applied in therapeutic and diagnos-
tic cancer research.’>*

The anti-HER2 (human epidermal growth factor receptor 2)
affibody is the most intensively investigated affibody thus far,
with ABY-002(Zygro.342) being the first to be applied in clinical
computed tomography (CT) imaging for patients with breast
cancer.>* However, owing to its partial high hepatic accumula-
tion, ABY-002 was optimized to improve its specificity, stability,
and hydrophilicity to produce ABY-025. A clinical phase II study
of ®®Ga-ABY-025 and '"'In-ABY-025 demonstrated rapid accu-
mulation in the tumor site within 1 h and showed clearance
from the kidneys. The imaging results provided the metastatic
details of HER2-positive primary tumors for several patients
(NCT01858116, NCT01216033) (Fig. 2).1*° A recently reported
second generation HER2 affibody, Zygrz.41071, replaced the
-NDA- with an -SES- sequence at the C-terminal. Single photon
emission computed tomography (SPECT) imaging of the
[**™Tc]Te-Zypro:a1071 tracer showed a significantly lower renal
uptake by 25-30 fold (5.9 & 2.1% ID g~ ), as well as a tumor-to-
blood ratio of 363 + 84 in SKOV-3 xenografts in contrast to
[**™Tc]Tc-ZHER,.5305 (renal uptake and tumor to blood ratios
are 183.8 & 27.3% ID g " and 121 + 24, respectively).*® Given
the precise quantification for HER2 expression and no obvious
systemic side effects, it was favorable to adjust therapeutic
schemes and monitor tumor progress.’’° More recently, a
positron emission tomography (PET) imaging study performed
in patients with advanced gastric cancer with low dose **Ga-
NOTA-MALM-Zygr2.34> Showed a 3-fold higher lesion uptake
compared with the HER2-negative group (SUVmax 10.5 £+ 12.5
vs. 3.5 = 1.7, p = 0.005) 2 h post-injection, without interference
from simultaneous HER?2 therapy.*® Another bivalent affibody,
ABY-027, was generated by fusing ABY-025 with an albumin-
binding domain to improve the retention time and Kkinetic
profile. Nevertheless, tumor tolerance to the HER2 targeted
treatments may occur as a result of upregulation of HER3
(human epidermal growth factor receptor 3) receptors. **Zr-DFO-
Zrra:s608 Nas been used to track the expression of HER3 after heat
shock protein 90 kDa (Hsp90) inhibitor-AUY922 treatment.

I Fig. 2 is reproduced from ref. 35, annotation for HER2 positive or negative and
different tracers used in each group has been added to the top and bottom of the
cited figure (CC BY-NC link (https:/creativecommons.org/licenses/by-nc/4.0/));
Fig. 3 is reproduced from ref. 75, the missing background part of the bottom right
corner was filled without any information interference to the original picture (CC
BY link (https://creativecommons.org/licenses/by/4.0/)); Fig. 4 is reproduced from
ref. 100 (CC BY link (http://creativecommons.org/licenses/by/4.0/)); Fig. 5 is
reproduced from ref. 123 (CC BY link (http://creativecommons.org/licenses/by/
4.0/)); and Fig. 6 is reproduced from ref. 147 (CC BY link (http://creativecommons.
org/licenses/by/4.0/)).
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Fig. 2 HER2-specific-affibody imaging in the clinical trial. Notes: PET imaging of HER2-negative patients (A) and HER2-positive patient (B) with ¥F-FDG
(A1, B1) and ®8Ga-ABY-025 (A2, B2); standard uptake value (SUV) is normalized to 10 for all images; darker colors indicate higher uptake. Specific uptake
and high contrast image is shown with 8Ga-ABY-025 compared to ®F-FDG-PET image. Adapted from ref. 35. Abbreviations: HER2, human epidermal
growth factor receptor 2; ABY, affibody; SUV, standard uptake value; PET, positron emission tomography; and FDG, fluorodeoxyglucose.

The results demonstrated favorable HER3 quantification by PET
imaging, making it possible to evaluate and predict HER2-
targeted therapy efficacy.”’ Moreover, the optimized HER3-
specific probe [*’Co] Co-(HE)3-Zyprs-DOTA significantly
improved imaging contrast and prolonged tumor retention
for up to 24 h in BxPC-3 xenografts via SPECT imaging.*>
Another epidermal growth factor receptor (EGFR)-binding
affibody ABY-029 (Zoz115.cys), labeled with an NIR (near-
infrared ray) dye (IRDye®™ 800CW), provided an excellent
in vivo imaging effect for glioma in nude mice. Meanwhile,
early phase I studies of ABY-029 for gliomas, sarcomas, and
head and neck cancers had completed (NCT02901925,
NCT03282461, NCT03154411).***® Detecting the insulin-like
growth factor 1 receptor (IGF-1R) expression level is essential
for assessing therapeutic efficacy and prognosis. To overcome
the non-specific accumulation of the first anti-IGF-1R affibody
imaging probe '"'In-DOTA-Z;r1r.4551, @ novel IGF-1R-specific
affibody Zigr.1r.4:40 1abeled ®*Cu was used. The results showed
significantly reduced non-specificity, low background imaging
interference, and the majority being excreted from the kidneys
and urinary systems in a glioma mice model.*” Volunteers
were recruited for tumor PET imaging with °®*Ga-NODAGA-
Z1Gr-1r:4:40 (NCT02916394). The radiolabeled tracer 18F-NOTA-
Zpp1a 1 specific for programmed death-ligand 1 (PD-L1)
exhibited high specificity to PD-L1, quick clearance, and good
imaging contrast for mixed tumor-bearing mice via PET
imaging, which is consistent with the results of immunohis-
tochemistry; therefore, this tracer may have potential for use
in clinical PD-L1 detection.*® Recently, Zcarx.2 and Zcarx.a
affibody molecules were screened against a prognostic tumor
marker, carbonic anhydrase IX (CAIX). The radionuclide imag-
ing probes **™Tc-(HE)3-Zcarx.2 and "’ I-Z¢arx.4 Were evaluated
in a mouse model, and demonstrated a high tumor tissue
intake and a favorable tumor-blood ratio for clearly delineat-
ing the tumor.*® Additionally, the biomarker B7-H3 (CD276),

834 | RSC Chem. Biol., 2022, 3, 830-847

which is highly expressed in breast cancer, was combined with
indocyanine green (ICG) and microbubbles (MB) to generate
ABYg;.153-ICG and MBapy.p;.53 for photoacoustic imaging,
which demonstrated enhanced contrast signal and deep ima-
ging effects in a mammary tumor model.>**

Although no affibodies have been tested for cancer therapy
in the clinic alone, many ongoing preclinical cancer studies for
drug delivery or theranostics combined with affibodies have
achieved promising results. For instance, the (Zyggr2.2801)2-ABD-
MC-DM1 conjugates efficiently delivered the cytotoxic maytan-
sine to HER2 over-expressed tumor tissue and demonstrated
high uptake rates and potent ablation efficacy, which prolonged
the survival time of mice.’> A triple-modal (MRI/MSOT/CT)
theranostic platform was built with Au-Fe,C Janus nano-
particles and Zyggry.342, Which achieved deeper penetration
and selective accumulation in mice tumor tissues, thus con-
ferring high contrast imaging and efficient tumor ablation via
photothermal therapy.>® Furthermore, NIR-830-Zgr2:342-JONP-
Cisplatin theranostic nanoparticles exhibited substantial inhi-
bition of primary and peritoneal metastatic tumors in an
ovarian cancer mouse model, highlighting their potential to
solve the defects of traditional debulking surgery.>* TAM-HER3,
a bivalent HER3-specific affibody, drastically suppressed
heregulin-induced phosphorylation, effectively blocked recep-
tors in HER3-positive tumor, and presented equal therapeutic
efficacy and safety compared to seribantumab.> Besides, to
overcome off-target effects triggered by nanoparticle cytotoxi-
city, a bioactivatable GSH-responsive nanogel decorated with
anti-EGFR affibody was shown to specifically accumulate and
internalize in the tumor tissue, ultimately realizing controllable
photosensitizer release under a low GSH concentration intratu-
mor environment for photodynamic therapy.>® Liposome-coated
doxorubicin coupled with Zggrr.100; also provided a safe drug
delivery platform with low cytotoxicity and improved antitumor
efficacy.”” Moreover, Zppgrrp affibody was fused to the N-terminus

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of mouse TNFa and conjugated with doxorubicin; it efficiently
permeated the pericytes of PDGFR (platelet-derived growth factor
receptor B) positive tumors and accumulated in the tumor lesion.
This method of drug delivery showed desirable antitumor efficacy
and tumor vessel reshape, potentially due to the reduced secretion
of VEGF and increased level of intercellular cell adhesion
molecule-1.°® The Zppgrrg-IR700 probe has also been used for
photodynamic therapy for colorectal cancer.” Zypviery i the
recently discovered affibody specific to HPV16 positive tumors;
combined with exotoxin A, Zypy1eg; affitoxin384 exhibited signifi-
cant tumor ablation in a cervical cancer mice model.*’
More recently, an affibody against the latent membrane protein
2 (LMP-2) associated with Epstein-Barr virus-induced tumors was
fused with exotoxin for toxin delivery. Zgpyrmp-2140-Z142X affitoxin
showed potent cytotoxicity and favorable antitumor efficacy in
LMP-2-expressed xenograft mice.®!

ANTICALIN®

ANTICALIN® scaffolds are a class of affinity molecules engi-
neered from small extracellular proteins, lipocalins, which
recognize small hydrophobic molecules and cell surface recep-
tors for transportation, mediating the immune response, or
allergens and hormones.®” Cup-shaped lipocalins consist of
eight antiparallel B-strands, forming a B-barrel rigid frame-
work, a single a-helix linked to the c-terminal, and four variable
loops exposed on the surface, which constitute the binding
pocket. The sequence and length diversity of loops provide the
possibility for engineering new affinity ligands, the so-called
anticalins.®® The first reported ANTICALIN® was based on the
butterfly-derived bilin-binding protein (BBP), which was
reshaped to combine fluorescein.®® To improve the safety and
decrease the immunogenicity for human disease study, tear
lipocalin (Tcl/Lenl) and the neutrophil-gelatinase associated
lipocalin (NGAL/Lcn2), with high compatibility and flexibility,
were applied to construct human ANTICALIN® libraries.®®
The “Pieris” company, which has nine ongoing ANTICALIN®
projects, has committed to realizing their commercialization
since 2001, and many anticalins have also been reported in
preclinical research.®®"®® However, only a few anticalins that are
specific to biomarkers, including MET, HSP70, VEGF-A, VEGFR-
3, PSMA, CD137, CD98, and ED-B, have been investigated for
detecting or treating cancer.

An early study of PET tracer **Zr-PRS-110 for MET (hepato-
cyte growth factor receptor) imaging showed specific and low
background imaging effects in the MET-expressing tumor
models, which demonstrated the feasibility of ANTICALIN®
as a targeting moiety for in vivo diagnosis.®® Anticalins (N7A,
N7E, and N9B) against fibronectin ED-B (extra domain B),
which is uniquely expressed in neogenic blood vessels, labeled
with a y-emitter *>’I, presented high specificity and affinity to
over-vascularized glioblastoma multiforme, as verified by histo-
chemistry and in vitro autoradiography.” Later, a ketone group
was introduced into ANTICALIN® N7A for conjugation with Alexa
488, which realized safe ED-B detection at the cellular level and
demonstrated its potential as an in vivo imaging probe.”' Mean-
while, prostate-specific membrane antigen (PSMA) and vascular

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

endothelial growth factor receptor-3 (VEGFR-3)-specific anticalins
combined with immunofluorescence staining were shown to
exhibit high binding affinity and selectivity to PSMA- and
VEGFR-3-positive cells, demonstrating the potential of these
anticalins for further in vivo imaging and therapy studies of
solid tumor.”>”® The 70 kDa heat-shocking protein (HSP70) is
commonly expressed in primary and metastatic tumors and is
commonly upregulated after radiochemotherapy treatment.
HSP70 PET imaging with the %°Zr-labeled HSP70-binding
ANTICALIN® BBG10C/I revealed deep tissue penetration and
selective enrichment in mouse tumor sites. Moreover, strong
in vitro tumor inhibition was realized by conjugating BBG10C/I
with the toxin gelonin.”* The latest published ANTICALIN®
P3D11, which targets a malignant tumor marker, human
CD98hc ectodomain (hCD98hcED), was examined in the first
CD98 in vivo imaging study by labeling with ®*Zr and PASylation
modification. The PET imaging performance was investigated
in a prostate carcinoma xenograft-bearing mouse model and
showed picomolar affinity, high tumor lesion accumulation
(8.6 + 1.1% ID g '), and a good tumor-to-blood ratio of
11.8 (Fig. 3).7>7°

The most widely studied ANTICALIN® for cancer treatment
is PRS-343 against a crucial costimulatory immune receptor
4-1BB/CD137, which plays a critical role in mediating the
immune response and is typically expressed on tumor-infiltrating
lymphocytes.”” To safely activate T cells and reduce damage to the
peripheral tissue of the tumor, the anti-HER2 monoclonal anti-
body trastuzumab was fused to the 4-1BB-specific ANTICALIN®;
this dual-targeting fusion protein selectively accumulated in the
tumor tissues and site-specifically activated tumor-localized T
cells to achieve excellent tumor regression efficacy in a SKOV3
mouse model. The peripheral toxicity and pharmacological profile

Fig. 3 In vivo PET study of CD98hc-binding ANTICALIN® tracer. Notes:
prostate cancer xenografts mice were injected intravenously with ANTIC-
ALIN® probes D11vs-PAS200-Dfo 89Zr; PET imaging data are acquired at
24 h, 48 h, and 72 h post-injection. Strong imaging signal is shown at 24 h
(arrowhead) and gradually reduced at 48 h and 72 h; * indicated joints.
Adapted from ref. 75. Abbreviation: |, liver; k, kidneys; and bl, bladder.
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of PRS-343 have been verified in cynomolgus monkeys and in a
mouse toxicology model.”® A phase 1 trial of PRS-343 for patients
with advanced HER2-positive tumors has been completed, and
phase 1I studies of the combination with tucatinib, ramuci-
rumab, and paclitaxel are currently recruiting (NCT03330561,
NCT05190445).”°"% Meanwhile, PRS-342 consisting of a-Glypican
3 antibodies fused to 4-1BB-specific ANTICALIN® also showed
strong suppression of tumor growth and activation of T cells in a
hepatocellular carcinoma mouse model.*> Moreover, the 4-1BB-
specific ANTICALIN® combined with PD-L1 inhibitor (atezolizu-
mab) achieved excellent co-stimulation efficacy for immune
system activation in the tumor microenvironment and success-
fully ablated tumor cells in a mouse model. A phase II trial
(NCT05159388) for combination therapy of this fusion protein
(also called PRS-344) is currently recruiting. Additionally, the
phase I study (NCT01141257) of ANTICALIN® PRS-050-PEG40
(Angiocal) against VEGF-A was completed in 2013. Clinical data
have shown safety and efficient inhibition of angiogenesis by
reducing MMP-2 in patients with advanced solid tumors.** Later,
PEGylated PRS-050 was evaluated in A673 sarcoma xenografts,
and was shown to strongly block vascular permeability and reduce
microvessel density to inhibit tumor growth. This compound
provided favorable safety with no side effects of platelet aggrega-
tion and thrombosis resulting from bevacizumab therapy.®®

Adnectin/monobody

Fibronectins are a type of macro-glycoprotein that widely exist
in animals and are responsible for intercellular communication
and constitute the extracellular matrix. One of the major
components of human fibronectins is the tenth fibronectin
type 3 domain (°FN3), a subfamily of immunoglobulin super-
family composed of seven B-strands, which forms a -sandwich
framework connected by six loops, three of which are
variable.*® As their structural features resemble those of the
variable heavy chains of antibodies, '°FN3 was engineered as a
novel protein binder, termed monobody (10 kDa).®” The first
devised '°FN3 scaffold against ubiquitin was generated by
mutating residues in the BC and FG loops, while the DE loop
was introduced later for screening the TNF-o binding ligand.®®
The commercialized monobody was named Trinectin by the
“Adnexus” company, which was then acquired by ‘Bristol-
Myers Squibb” and renamed Adnectin in 2007.%° A conven-
tional loop-based adnectin library was designed by randomiz-
ing residues within the BC, DE, and FG loops of '°FN3. Later,
side-and-loop-based libraries were constructed by reshaping
the second CD-FG f-sheets, which formed a concave binding
pocket suitable for convex receptor epitopes, such as globular
macromolecules.”® Currently, more than 50 adnectin molecules
have been selected and used in biological or medical research.’"*>

Anti-vascular endothelial growth factor receptor 2 (VEGFR2)
adnectin CT-322/BMS-844203/FN3ygcrro is the first one to enter
the clinic trial, showing a good pharmacokinetic profile and
safety (NCT00374179).>® Functionalizing with molecularly targeted
MB generated an ultrasound imaging probe, MB-FN3yggrr2, Which
showed high affinity, selective accumulation, and strong ultra-
sound signal in a breast cancer mouse model.”* Another adnectin
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E1 against human EphA2, which is aberrantly expressed in diverse
cancers, was used in an in vivo imaging study of the fluorescent
probe E1-Rluc8 and a radiolabeled tracer ®*Cu-NOTA-E1 in a
subcutaneous prostate tumor model, with results showing a strong
signal, selective accumulation, and rapid clearance.”® So far, two
anti-PD-L1 adnectins, FN3hPD-L1-01 and BMS-986192, have been
investigated for PD-L1 imaging, and the latter has shown good
results in the clinic. *'Cu-FN3hPD-L1 exhibited high specificity and
a tumor-to-muscle ratio of 13 after 4 h in mice for PD-L1 expression
quantification.””*® Moreover, the PET imaging probe '*F-BMS-
986192 showed picomolar binding affinity, spleen accumulation,
and rapid clearance from the kidneys and bladder in healthy
cynomolgus monkey, and favorable dosimetry results provided
an estimated safe dose for human use of 2.20 x 10" mSv/MBq.
The in vivo study of "*F-BMS-986192 in HT-29 and 1.2987 xenograft
models presented peak radioactivity of tumor tissue 25 min post-
injection and low background imaging for PD-L1 expression
evaluation.’® Human study of PD-L1 whole body quantification
for patients with terminal non-small cell lung cancer (NSCLC)
was completed with 'F-BMS-986192, which exhibited safe
pharmacokinetic performance and accurately detected the het-
erogeneity of PD-L1 distribution between individuals and
diverse tumor lesions compared to the results of conventional
biopsies. A phase I study on '*F-BMS-986192 PET imaging in
patients with oral cavity squamous cell carcinoma is ongoing
(NCT03843515) (Fig. 4)."°*'°" A PD-L1 PET imaging pilot study
(NCT03520634) also demonstrated that '*F-BMS-986192 pro-
vided a baseline uptake for predicting the lesion volume reces-
sion effect after immune checkpoint inhibitor treatments.**>
In terms of cancer therapy, a phase I trial of CT-322
demonstrated significant blocking of VEGFR2 receptors and

L s
Kidney, Kidney
& Y,

Bladder
18F.BMS-986192 PET

Bladder
18F-FDG PET

Fig. 4 PD-L1-targeting adnectin probes for clinical PET imaging. Notes: a
patient with advanced NSCLC (PD-L1 expression >50%) was administered
with 18F-FDG PET (left) and *®F-BMS-986192 adnectin PET tracer (right);
compared to the FDG tracer, the PET image of adnectin showed high
tumor-to-background contrast and heterogeneous uptake at tumor sites.
Adapted from ref. 100. Abbreviations: NSCLC, non-small-cell lung carci-
noma; and PD-L1, programmed death-ligand 1.
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efficient inhibition of angiogenesis and metastasis in solid
tumors, although it failed to treat recurrent glioblastoma in a
phase II study.'®® Later, CT-322 modified by PASylation demon-
strated a significant boost in bioactivity, pharmacokinetic
properties, and half-life extension in a mouse model than
PEGylation, thus providing a safe and effective drug delivery
system for further clinical study.'®* EGFR-specific adnectin-E3
has also been used to engineer a new chimeric antigen receptor
T cell system; this adnectin-based CAR-T, which showed lower
immunogenicity and improved selectivity and safety, offered
equivalent tumor ablation efficacy in an immunodeficient NSG
mouse model in contrast with the conventional scFv-based CAR
system.'® Another adnectin, Mb(S4), against WDR5 (necessary
for the mixed-lineage leukemia 1 [MLL1] methylation), was
genetically encoded with a TMP-inducible expression system as an
inhibitor for WDR5-MLL1 interaction, and functioned to reduce
methyltransferase activity, downregulate MLL1 relative gene expres-
sion, and extend survival in the MLL-AF9 leukemia model.'®® The
RAS binding adnectin NS1 could intervene in the a4-05 subunit
interface to inhibit RAS activation, and combined with a doxycycline-
inducible expression system, presented a good antitumor effect in a
mouse model."”” Glypican-3-specific adnectin A1 conjugated with
the microtube inhibitor tubulysin showed effective tumor regression
in Hep3B xenografts, which persisted for 2 weeks.' More recently, a
mesothelin-binding adnectin was reported with the ability to induce
apoptosis and, combined with mitomycin C, showed a strong tumor
inhibition efficacy in A431 cells.'”

Designed ankyrin repeat proteins (DARPins)

Ankyrin repeat (AR) proteins with helix-loop-helix conforma-
tions are present in virtually all phyla and are exclusively
involved in mediating protein—protein interactions, including
transcription, ion transportation, and cell cycle modulation.™*°
Crystal structure and consensus sequence analyses of the
ankyrin motif revealed that the conserved hydrophobic core of
the o-helix constituted rigid elements, while the less conserved
loop region of solvent-accessible surface contributed to mole-
cular recognition, which forms the basis of the protein binder
design."' DARPin scaffolds comprise 2-3 human AR motifs
flanked by capping repeats at both the N- and C-terminals, which
protect them from aggregation during the folding process. Each
AR unit (33 amino acids) is composed of two antiparallel o-helices
with a loop and a B-turn extended from each end for binding to
the next AR, and 6-7 residues within each repeat are available for
randomization."”> Based on the consensus design strategy, a
biopharmaceutical company called “Molecular Partners AG”
founded in 2004 has developed new DARPin molecules as anti-
body alternatives for clinical translation.'™® Moreover, a loop-
DARPin library was constructed by introducing the CDR-H3
domain of antibodies to solve the limitations of traditional
DARPins, including the less convex and somewhat rigid binding
surface."* Until now, more than 60 DARPin molecules have been
reported, and owing to their small size (14-18 kDa), physicochem-
ical stability, and ease for producing multivalent or multispecific
targeting elements, DARPins have become attractive for diagnos-
tic and therapeutic applications.****
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The Cy5.5-labeled DARPin 8h6 was the first reported
DARPin-based fluorescent probe for in vivo imaging study. This
probe is specific for cathepsin B, which is overexpressed in the
tumor microenvironment, and shows a strong long-term signal
ratio up to 72 h in a breast cancer model, despite partial liver
accumulation."” Moreover, HER2-specific DARPins G3, 9_29
labeled with fluorescein and a radionuclide, respectively, exhib-
ited a good tumor-tissue ratio and high contrast SPECT imag-
ing effect in a HER2-positive malignant tumor model.
Moreover, the superparamagnetic nanoparticle probe SPIO-
G3-5MF and upconversion nanoparticle UCNP-PMAO-DARPin-
9_29 were effective in diagnosing SKBR-3 xenograft tumor
models, with selective accumulation and long-term
retention.”*®'*® Furthermore, DARPin G3 was genetically dis-
played on the surface of exosomes and radiolabeled with *°™Tc
to take advantage of the DARPin specificity and the homing
ability of exosomes. Planar imaging has shown that these
probes rapidly accumulated in breast cancer, with a high
contrast signal detected for visualizing tumor lesions."®® The
phase I SPECT imaging study in patients with primary breast
cancer (NCT04277338) proved that the ’mTec-(HE);-G3 tracer
had good tolerability, biodistribution, and ability to discern
HER2 positive or negative tumor."”* Moreover, the newly
reported imaging probe '>°I-PIB-H6-Ecl selectively binds to
the biomarker EpCAM (epithelial cell adhesion molecules) with
picomolar affinity based on the DARPin molecule Ecl. In an
in vivo xenograft mouse model, this probe demonstrated lower
non-specific accumulation and favorable tumor-to-organ ratios
for tumor imaging (Fig. 5)."*>"**

MP0250 DARPin against HGF, VEGF-A, and human serum
albumin is the first tri-specific DARPin. A clinical phase II
program (NCT02194426) demonstrated the good tolerability

Fig. 5 In vivo SPECT imaging of EpCAM-specific DARPins probes. Notes:
OVCAR-3 (A) and SKOV-3(B) xenografts models; mice are injected with the
DARPin probe [*2°]] I-PIB-Ecl and imaged at 6 hours post-injection. High
contrast tumor imaging and mainly cleared through the kidneys has
shown. Adapted from ref. 123. Abbreviations: SPECT, Single-photon emis-
sion computed tomography; EpCAM, epithelial cell adhesion molecules;
DARPIns, designed ankyrin repeat proteins; K, kidneys; and T, tumors.
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and pharmacokinetic properties of MP0250 in patients with
advanced solid tumors, in which 14 patients showed slight
tumor shrinkage.'**'*® Moreover, MP0250 has completed
another phase II trial for patients with multiple myeloma with
the combinational therapy of bortezomib and dexamethasone
(NCT03136653).">""?8

More recently, a MET antagonist of DARPins was shown to
tightly bind two epitopes of the extracellular domain of MET
and efficiently block MET-dependent signaling pathway activa-
tion and inhibit proliferation in gastric carcinoma cells."*’
Moreover, the EGFR-specific DARPin-E01 fused with the TPD
prodomain avoided EGFR-ligand shedding by inhibiting
A-disintegrin and metalloproteinase. The fusion protein E01-
GS-TPD potently blocked EGFR receptors and reduced their
kinase activity, showing significant inhibition of tumor cell
proliferation and migration in vitro.'*® Another study geneti-
cally modified oncolytic measles virus with EGFR-binding
DARPins E.01 and MMPA1 activated by tumor-associated
MMPs. The bi-specific engineered virus MV-MMPA1-E.01 dis-
played reduced off-target effects and demonstrated favorable
therapeutic efficacy in GBM xenograft models."*! HER2-specific
DARPins have also been broadly studied for cancer treatment.
For instance, the hybrid upconversion nanoparticles, UCNP-R-T,
composed of radionuclide °°Y and exotoxin A, and anti-HER2
DARPin-PE40 generated nanotheranostic regents achieved
background-free imaging and effective tumor ablation in a
breast cancer mouse model."** Patients with HER2-positive solid
tumors were recruited for a phase I study with the HER2-binding
DARPin drug MP0274 (NCT03084926).

EpCAM, EGFR, and HER2-targeting DARPins used to engi-
neer monospecific and multispecific CAR-T cells showed desir-
able antitumor efficacy equivalent to scFv-based CAR-T cells,
and the multispecific CAT-T cells reduced antigen escape and
enhanced synergistic effect of immunotherapy in different NSG
mouse xenograft models."**'** The DARPin molecules TREG005
and TREGO06 serve as agonists to TNFR2 (CD120b) of tumor-
infiltrating T cells, and have been shown to strongly activate the
NF-kB signaling pathway in vitro, and facilitate CD8" T cell
infiltration into tumor tissue and enhance IFN-y expression in
an in vivo model."** MP0310 (AMG506) and MP0317 are bispecific
DARPiIn scaffolds against 4-IBB (CD137) and CD40, respectively,
and have been combined with the fibroblast activation protein to
activate the tumor-localized immune response in an actively
recruiting phase I study (NCT04049903, NCT05098405).

Knottin

Knottin molecules are a subclass of the cystine-knot mini-
protein family, which broadly exists in many plants, animals,
and fungi in the form of inhibitors that play essential roles in
mediating signaling transduction, channel blocking, and pro-
teolysis inhibition."*®*3” The knottin scaffold consists of three
antiparallel B-strands and three disulfide bonds (I-IV, II-V, and
III-VI) with several exposed variable loops; generally, the third
disulfide bond threads through a macrocycle, which was con-
stituted by the first two disulfide bonds and then formed a
constrained knot structure. This rigid knot fold confers its
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excellent structural stability to temperature, proteolysis, and
chemical denaturation; besides, good sequence tolerance has
been shown given that the sequence identity of the knottin
motif is very low, excluding the six cysteines.'*® It is worth
noting that the knottin molecule can be produced in microbes,
despite the existence of disulfide bonds. Aside from the above
advantages, small size knottin scaffolds (<4 kDa) also show
good pharmacological properties, targeting specificity and non-
immunogenicity. Knottin scaffolds were engineered as new
protein binders for devising targeting imaging probes and drug
delivery systems."**'*® Knottin scaffolds are being explored
by several companies, including “Jazz,” “Ironwood,” ‘“Cyclo-
genix,” and ‘“‘AstraZeneca,” and some FDA-approved knottin-
drugs like “Ziconotide”” and “Linaclotide”” have been marketed
although not for cancer."*'** Currently, most reported knottin
scaffolds originate from animals and plants, and a few have
been used to construct knottin display libraries. While grafting
with known binding motifs as agonists or antagonists is more
prevalent, partial mainstream knottin scaffolds have also been
reported.

The most commonly investigated knottin scaffold for tumor
imaging and therapy is integrin-targeting integrin ov6 binding
knottin (R01-MG) labeled with the contrast agent A740. This
scaffold has been used for photoacoustic and fluorescence
imaging in A431 xenograft mice, in which maximal signal
and significant contrast enhancement were observed in tumor
tissues after 1 h, demonstrating rapid localization and good
imaging effect.'*® R01-MG-IRDye800 has also been evaluated
in subcutaneous and orthotopic tumor models, with results
showing a higher tumor-to-background ratio of 2.5-2.7.
Furthermore, a strong contrast fluorescent signal under 750 nm
laser exposure for 30 min proved its ability for imaging-guidance
surgery and potential for further clinical application."*® More
recently, three PET tracers based on R01-MG, [*FJFDG and
['*F]FP-R01-MG-F2, and [**Ga]NODAGA-R01-MG have been eval-
uated in patients with pancreatic, lung, or cervical cancer and
healthy volunteers, which demonstrated their safety, selective and
quick accumulation in tumor tissues, and low background inter-
ference imaging for cancer diagnosis (NCT02683824) (Fig. 6)."*”
Another knottin scaffold (MC-FN-010) against the extra domain B
of human fibronectin, which is associated with tumor angiogen-
esis, conjugated to Alexa Fluor 680, presented a significant uptake
and favorable imaging capacity in glioblastoma mouse models."*®

EETI-2.5F knottin against integrin receptors (avp3, avf5,
and o5P1) was dimerized through oxime-conjugation, the
dimer 2.5_AO reached a 150-fold binding affinity improvement
compared to the monomer and more effectively inhibited
glioblastoma and breast cancer cell proliferation and migration
in vitro compared to clinical cilengitide."*® EETI-2.5F modifica-
tion helps the cell cycle inhibitor gemcitabine to evade its
resistance in pancreatic cancer cells, and the drug conjugate
was efficiently released intracellularly, which achieved potent
suppression of tumor growth in vitro and demonstrated its
potential for targeted drug delivery.">® EETI-2.5F combining
with the tubulin inhibitor MMAF, EETI-2.5F-Fc-MMAF, efficiently
suppressed tumors and extended the mice’s survival time in the
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Fig. 6 avp6-Targeting Knottin tracer of PET/CT imaging in the clinical
trial. Notes: a cervical cancer patient was administered with Knottin probe
68Ga-NODAGA-R0O1-MG; cervical tumor pointed by the cyan arrowhead
and SUVean reached 4.79 + 0.37. Adapted from ref. 147. Abbreviations: Lv,
liver; Sp, spleen; Bl bladder; Kd, kidneys; Si, small intestine; and St, stomach.

U-87 MG xenograft model when administered at 10 mg kg™ twice
a month."®" Furthermore, the oncolytic measles virus (MV) modi-
fied with EETI-2.5F was intravenously injected into a glioblastoma
mouse model and showed excellent antitumor efficacy." Addi-
tionally, another natural knottin molecule, chlorotoxin/CTX, iso-
lated from scorpion venom, can permeate through the blood-
brain barrier easily and specifically accumulate in neuroectoder-
mal tumors."*® Ribosome inhibitor gelonin fused with chlorotoxin
significantly suppressed the translation process in U-87 MG cells,
with lower toxicity and strongly ablated tumor tissue performance
in the U-87 MG xenograft mice."* The PET tracer '®F-FP-chloro-
toxin is rapidly taken up by the MMP-2 expressed glioma at 90 min
post-injection and showed a high contrast imaging effect."”
Chlorotoxin-ICG, also called BLZ-100/tozuleristide, was tested in
spontaneous canine tumors, and exhibited a 20-fold tumor-to-
tissue contrast for intraoperative imaging.'>® Medulloblastoma
imaging with BLZ-100 enhanced signal contrast between the tumor
core and margins for clear tumor delineation.">” A phase I trial of
BLZ-100 for recurrent gliomas has shown safe dose tolerability up
to 30 mg in humans, while further phase II/III trials are ongoing
(NCT02234297, NCT03579602)."%®

Other scaffolds

In addition to the scaffolds described above, some other less
developed or emerging scaffolds have been reported for cancer
research.
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Kunitz

The kunitz scaffold (~7 kDa) was engineered from protease
inhibitors with a rigid o-helix and B-sheet folds that are
structurally constrained by three disulfide bonds." The “Shire
(Dyax)” company has explored kunitz molecules for commer-
cialization."® A few Kunitz-type scaffolds, angiopep-2 (ANG) for
glioblastoma imaging, Amblyomin-X for tumor inhibition via
regulating Rho-GTPases and uPAR signaling, and APPI-4M
blocking the invasion of KLK6-dependent breast cancer
in vitro, were reported.'®*%?

Affimer. Another scaffold, affimer (~14 kDa), derives from
the human stefin A protease inhibitors with an a-helix over four
antiparallel B-sheets and two-variable loops.'®® Affimer scaffolds
are currently being developed by “Avacta Life Sciences”.'®*
Recently, HER4 binding affimer 5 conjugated with CF640R-
maleimide fluorescent dyes have been tested for imaging of
MCEF?7 cells in vitro. The VEGFR2-specific affimer B8 and A9 were
labelled with biotin as probes and presented higher sensitivity in
histochemical staining assay compared to the commercial
VEGFR2 antibody."®>'%¢

Nanofitin. The nanofitin scaffold (7 kDa), also called affitin,
originated from the DNA binding protein Sac7d family and was
first commercialized by the “Affilogic” company.'®”'°® Engi-
neered EGFR-specific nanofitin B10 has been used to generate
the radiolabeled probe '®F-FBEM-Cys-B10, which provided
excellent imaging results in the A431 tumor model."®’

Avimer. An avimer scaffold based on the A-domain of diverse
membrane receptors is another antibody memetic that has
been explored by the “Amgen” company.'”®'”! Recently, a
previously reported C426 avimer scaffold has been designed
as a novel C-MET reporter by introducing a glys-cys sequence at
the c-terminal. Although the computational model and ELISA
showed good traceability, further in vivo study is needed.'”

Centyrins. Centyrins are derived from the Fn3 domains of
the tenascin scaffold, and the “Janseen” company is currently
exploring the commercialization of centryins.'”? The EGFR-
specific centyrin 83y2 conjugated with the tubulin inhibitor
MMAF exhibited potent cytotoxicity in NCI-H1573 cells.
Simultaneously, 83v2 labeled with the NIR dye S0456 localized
at the tumor lesion after 4 h, and showed a long retention time
beyond 24 h, with a high contrast imaging effect observed in
xenograft mice.'”**7”>

Affilin. Ubiquitin molecules (~76 amino acids) comprising
an o/ secondary structure and molecular recognition function
were engineered as affilin scaffolds and are currently being
explored by the “Scil Proteins” company.'”®'”” Moreover, HER2
and EGFR binding affilins fused to the anti-EGFR monoclonal
antibody cetuximab have been shown to achieve bi-specificity
and strong inhibition of cancer cell proliferation in vitro.'”®

ADAPT. The albumin-binding domain with good solubility
generally extends the half-life of drugs or probes. Based on the
interaction energy calculation, 11 variable residues on the
surface were identified by alanine scanning, which were then
engineered to albumin-binding domain-derived affinity protein
(ADAPT)."”® An ADAPTS scaffold specific to HER2 was labeled
with a radionuclide and showed high contrast imaging in vivo
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and better delineation for small metastases. Besides, ADAPT6
conjugated with exotoxin A (ETA) demonstrated excellent effi-
cacy as a cancer therapeutic in a preclinical study.'®°"'%

Design of protein scaffolds

Although protein scaffolds have acquired promising achieve-
ments in different application fields, it remains vital to devise
or discover novel scaffold molecules considering the limitations
of the protein scaffolds, such as patent monopoly, short half-life,
immunogenicity, and less accessibility to the flat area of targets.
One should keep in mind that a suitable candidate scaffold
should possess a compact structure with a rigid core and good
tolerance to residue substitution or engraftment without losing
its structural integrity and stability.

Ligand mimicking is a mainstream design method, which
requires engrafting known binding motifs onto scaffolds and
reshaping scaffolds derived from a protein data bank (PDB) or
in silico. Ligand mimicking consists of several parts: binding
motif analysis, rational scaffold selection, computer simulation
motif grafting, molecular docking, and further optimization of
folding efficiency stability, and solubility.'®*

The motif sequence is based on the analysis of the ligand-
receptor co-crystallization structure; normally, a consecutive
sequence containing binding site is preferred. The flexible
motifs are well accepted by most scaffolds; in contrast, one
should consider whether the scaffold’s conformational folding
path matches with rigid motifs.'®* Searching scaffolds from the
PDB databases or de novo design library, and comparing
similarity via PDBeFold or DALI is a good option; meanwhile,
small protein inhibitors also require attention, such as typical
kunitz, affimer, and knottin scaffolds.'® It should be noted
that some de novo scaffolds may be difficult to be expressed in
E. coli due to their evolutionary preference inconsistence.'®®
Combining with molecular modeling (Rosetta) and thermo-
dynamic simulation calculation, it is possible to produce
rational motif-scaffold structures. Moreover, solubility and
folding efficacy could be optimized by replacing soluble resi-
dues and employing the fold-from-loops strategy.'®”'*® Candi-
date structures with high-affinity rates after multiple molecular
docking comparisons are suitable for further expression and
surface plasmon resonance (SPR) to verify their actual effects.
Sometimes, low stability may affect correct folding, and it is
worth trying to introduce disulfide-bridges with appropriate
distances to improve the overall stability of the scaffolds.'®*

Tetsuya’s group grafted two CD25-binding residues GGGV-D
of daclizumab and YGY-RS-Y of basiliximab onto a zinc-finger
peptide scaffold to construct a small antibody mimetic library,
three CD25-binding ligands with 30 nM affinity were success-
fully selected.'® Cassie’s group designed PD-1 agonist by
inserting three binding motifs “WDYKY”’, “ADYKR”, “WDYKR”
into 34840 de novo-designed scaffolds, after Rosetta, fold-from-
loopsm, flow cytometry sorting and affinity maturation pro-
cessed, an agonist PD-MP1 were selected, monomeric PD-MP1
showed 6 pM affinity to mouse PD-1, and trimeric PD-MP1
strongly inhibited murine T cell activation in vitro."*® A helix-
kinked-helix motif of PfEMP1 molecules which forms core
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binding site of endothelial protein C receptor was integrated
to a three-helical bundle scaffold as a vaccine immunogen, the
final binder could elicit antibodies, although not as effective as
the whole CIDRalphal domain.*®*

Another approach scaffold reshaping is commonly involved
in scaffold selection, solvent-accessible surface area calculation,
stability evaluation, library construction, and binder panning
verification.

First, existing scaffolds can be screened from the PDB by
setting different criteria, such as the size range, human or
microbe derived, cysteine-free or not, high-resolution, solubility
(based on literature data), nontoxicity, and the number of
loops, B-sheets or a-helices. The filtered results can be further
refined by similarity alignments. Based on the FoldX platform,
it is possible to calculate the energy difference of mutated
surface residues to select diversified sites. Often loops with
no specified structures tend to present a high solvent-accessible
surface area that is suitable for randomization.'®" Next, stability
assessment can be achieved via the Eris platform, disulfide-
bridge, or other slat-bridge introductions, and should be consi-
dered in some cases.'®” Ideally, the diversified residues should be
close in sequential and structural space, and libraries with good
diversity require at least ten randomized sites in theory. Finally, it
is possible to select designed scaffold binders against targets via
experiments to evaluate their performance.'®*'*

Hackel’s group searched ideal scaffolds from the PDB that
conform to a series of criteria, 259 candidates were further
evaluated via solvent accessible surface area calculation and
destabilization after randomization; the T7 phage gene 2 pro-
tein (Gp2) with best rates was selected for library construction.
Gp2 binder GaEGFR, , ; (18 & 8 nM) and GP2-PDL1y, (3-13 nM)
against EGFR and PD-L1 were screened.'®*'®® Schneider’s
group screened scaffold candidates from the PDB databases,
after sequence alignment, in silico saturation mutagenesis,
structural evaluation, the 4PSF scaffold was finally selected
to build the ProBi library, ProBi binder against human inter-
leukin-10 with nanomolar affinity was screened.'*

To sum up, with the development of various technologies,
such as computer-aided design, protein prediction (Alphafold,
Rosetta), molecular docking, molecular dynamics simulation,
crystallographic structural analysis, deep sequencing, and
learning, designing novel protein scaffolds will be easier and
more feasible.

Conclusions

Protein scaffolds as antibody alternatives have been widely
investigated for cancer diagnosis and therapy in preclinical
and clinical studies over the past two decades.

In comparison, some outstanding advantages of protein
scaffolds are irreplaceable, except for the high affinity and
specificity. For example, the smaller molecular size (<20 kDa)
facilitates tissue infiltration and deeper tumor lesion pene-
tration.'®® Protein scaffolds with small steric obstacles can easily
access hidden epitopes located in the deep groove of some

© 2022 The Author(s). Published by the Royal Society of Chemistry
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undruggable targets, such as Ras and Myc, which is impossible
to approach using conventional antibodies.'®”* Moreover, the
favorable physicochemical stability of scaffold binders is also
appealing; generally, they can refold to their original structure
after experiencing extreme temperature changes over 60 °C or
following a broad range pH change (2.5-11). Some of them, such
as knottin scaffolds, are able to withstand even higher tempera-
tures (over 100 °C), making efficient coupling and photothermal
reaction possible.” Besides, the knottin scaffolds also show
fantastic stability after being exposed to protease from the gastro-
intestinal tract, which demonstrates their potential for oral
administration.”®® No apparent affinity loss of protein scaffolds
was found after modification with fluorescent dyes, radionuclides,
and drugs compared to the antibody conjugates.”®* In addition,
small scaffolds of <200 amino acids, library reshaping, site-
directed mutation, and specific residue introduction are easier
than antibodies via gene engineering. Meanwhile, considerable
and homogeneous modified products can be well controlled by
introducing cysteine residues or azide groups to provide a single
coupling site.>°" Most importantly, protein scaffolds can be mass-
produced via the prokaryotic expression system are more cost-
effective and affordable for research and patients in the future.

Challenges

Despite some protein scaffolds showing promising perfor-
mance in different fields, few can realize successful clinical
translation for cancer imaging or therapy, partially due to their
short half-life, immunogenicity, somewhat unspecific bio-
distribution, or other less good clinical effects during long-
term different dose administration.

Small size scaffolds with a short half-life generally accelerate
the extravasation rate, are rapidly cleared from the circulating
blood system, and impair the tissue penetration efficacy. There-
fore, strategies of retention time extension, such as PEGylation,
PASylation, fusing with Fc fragments, or albumin-binding
domain, should be considered.*> Furthermore, immunogeni-
city resulting from non-human-derived scaffolds must also be
resolved. Previous studies have demonstrated that constant
region residue substitution (N23T, S33K, and N43E) of the
HER?2 affibody dramatically lowers the interaction with Ig and
IgM, while some other residue replacements (D364, D378,
E47A) have been shown to reduce the HER2 binding activity or
thermostability.”®® Additionally, the randomized residue (Q32)
of the affibody scaffold was directly involved in both the Fc and
the Vi3 interaction; by systematically comparing the relation-
ship between Q32 amino acid usage frequencies and the actual
immunogenicity effect, it is possible to find the least immuno-
genic residues for this position. Biodistribution is another
shortcoming; except in the metabolic organs, liver and kidneys,
some scaffolds may cause unspecific accumulation, which
results in a high imaging background or cytotoxicity, along
with an increased residency time and dose. According to
previous studies, hydrophilicity and charges seem to be the
crux for biodistribution.>*>*® By replacing hydrophilic amino
acids, the Zygro.34 affibody (A42S, A46S, A54S) showed signifi-
cantly improved hydrophilicity, reduced renal retention by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nearly threefold, and lowered the hepatic uptake. Zyggo.vo
(N52S, D53E, A54S) also lowered the renal uptake by 25- to
30-fold compared to the original affibody.?*>°

Prospects

Overall, protein scaffolds are promising alternatives with many
favorable properties superior to antibodies. Besides, protein
scaffolds have been widely applied not only in cancer imaging
and therapy but also in basic research, such as detection and
elimination of microbes, intracellular delivery, blocking of the
signal pathway, crystallization analysis, and in vitro detecting
probes. With the development of computer simulation, mole-
cular docking, and experimental technologies, the inherent
flaws of scaffold molecules are expected to be gradually
reduced, and safer, more effective, and affordable novel scaf-
folds will emerge. We expect that protein scaffolds will provide
us with more options for cancer diagnosis and therapy in the
future.
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