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Abstract

In order to overcome limitations of conventional cancer therapy methods, immunotoxins with
the capability of target-specific action have been designed and evaluated pre-clinically, and
some of them are in clinical studies. Targeting cancer cells via antibodies specific for tumour-
associated surface proteins is a new biomedical approach that could provide the selectivity
that is lacking in conventional cancer therapy methods such as radiotherapy and
chemotherapy. A successful example of an approved immunotoxin is represented
by immunoRNases. ImmunoRNases are fusion proteins in which the toxin has been replaced
by a ribonuclease. Conjugation of RNase molecule to monoclonal antibody or antibody
fragment was shown to enhance specific cell-killing by severa: ~rders of magnitude, both in
vitro and in animal models. There are several RNases obte'nea from different mammalian
cells that are expected to be less immunogenic and system call ' toxic. In fact, RNases are pro-
toxins which become toxic only upon their internalizai,~n in target cells mediated by the
antibody moiety. The structure and large size of the cnt:pody molecules assembled with the
immunoRNases have always been a challenge 1. the application of immunoRNases as an
antitoxin. To overcome this obstacle, we hav> oiniered a new strategy for the application of
immunoRNases as a promising approc~h .or upgrading immunoRNAses with maximum
affinity and high stability in the cei' whicii can ultimately act as an effective large-scale
cancer treatment. In this review, we . troduce the optimized antibody-like molecules with
small size, approximately 10 kD, w.:icii are presumed to significantly enhance RNase activity
and be a suitable agent with t" 2 puiential for anti-cancer functionality. In addition, we also
discuss new molecular enti*ies 1.uch as monobody, anticalin, nonobody and affilin as refined
versions in the develo)meat of immunoRNases. These small molecules express their
functionality with the sui.able small size as well as with low immunogenicity in the cell, as a
part of immunoRNases.

Keywords: ImmunoRNase, Protein Scaffold, Antibody, Cancer

1. Introduction

Due to disruptive side effects of current therapeutic methods, selective cytotoxicity has
been a major objective for anti-cancer therapy, and antibody technology has led to significant
target-cell selectivity [1]. ImmunoRNases, as novel selective drugs in cancer therapy, can
target tumour cells, as these agents have exhibited efficient tendency to create a tumour-
specific chemical bond to the surface proteins of cancer cells [2, 3]. ImmunoRNase molecules

are a group of chimeric proteins that consist of a monoclonal antibody or antibody fragment
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conjugated to a cytotoxic agent like RNases [4]. Structural studies indicate that the
immunoRNases have three principal domains including: (a) a cell-binding domain that
attaches the antibody to the surface of the tumour cell; (b) a translocation domain that
transfers the toxin molecule to the cytoplasm of the targeted cell; and (c) a catalytic domain
that modulates various cellular processes like cell death [5, 6]. A combination of the three
domains of the immunoRNases enables them to selectively deliver ribonucleases, thus
replacing the use of chemotherapy. Most of the chemicals currently used for anti-tumuor
purposes trigger apoptosis by inducing DNA damage and disrupting the cell cycle. However,
immunoRNases induce cell death with no mutagenic impacts on the cell cycle [7].

More recently, small protein scaffolds have been proposc™ as ideal molecules for the
treatment of cancer and infectious diseases, mainly because 1 ey lo not possess any disulfide
bonds and rigid structure that hinder the transfer and in ernclization of immunoRNAses to
specific cancer cell receptors [8]. The first reason for nu: using full antibodies is their large
size, ranging from 50 to 150 kD, which makes interna.:72.0n to cancer cells very difficult [9].
Another major obstacle is the side effects of fi.n-iength antibodies [10]; therefore, research
has been directed at finding smaller mc:ecuies that can  substitute for the whole
immunoRNase, which can improve the ¢ ffic.acy of the existing therapies. We can produce an
optimized antibody-like molecule of .noroximately 10 kD, or even smaller in size, to improve
the permeability efficiency [11]. Tie ~hective structure is smaller in size and has lower
immunogenicity than antibodies. L. e 0 the fact that small protein scaffolds do not possess
any disulfide bonds and their structure is flexible enough for integrating into the targeted
cells, they are considered tc he & suitable replacement for a complete immunoRNase.

To our knowledge there is no other study on the application of immunoRNase with

small protein scaffolds. h. this review we will focus on human protein scaffolds.

2. Toxins

Protein toxins are characterized as highly active enzymes that have shown the potential
to destroy tumours. The toxins can be obtained from herbal, bacterial or animal sources, but
they all have a similar mechanism of action in suppressing protein translation, which is by
inducing the apoptosis signalling pathway [12]. A tumour cell is targeted explicitly by the
immunotoxin in which the toxin and antibody are linked to a specific tumour-associated
antigen. Functionally, after entering the cells, the conjugated immunotoxin will selectively
kill the tumour cells [13]. Toxicity and immunogenicity are two contributing factors that have

complicated the application of immunotoxins. Theoretically, the toxin segment of the
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immunotoxin can be replaced by a non-toxic RNase.The major drawback for the further
clinical development of therapeutic fusion animal RNases is immunogenicity, in addition to
the side effects for patients [14]. Theoretically, the toxin segment of the immunotoxins can be
replaced by a non-toxic RNase.

The original functional immunotoxins were produced from intact antibodies attached to
plant toxins like ricin, saporin, or gelonin [15]. In the second generation, bacterial toxins like
diphtheria toxin, pseudomonas exotoxin, and anthrax toxin were fused with the antibody
moiety. The bacterial toxins contribute to inhibition of protein translation by inducing ADP
ribosylation of EF2 factor, resulting in cellular apoptosis [12]. Despite the high potency of
bacterial and plant toxins, they have some problems that restric. *heir therapeutic application.
Exogenous toxins elicit an immune response that resulted in ¢ dec eased half-life. [12, 16]. To
overcome these difficulties, the endogenous RNase enzyn es 1 om human and animal sources
were conjugated with targeting fragments to produce a ne.' generation of immunoRNase with

low immunogenicity [17].

3. Immunotoxin generations

The first-generation immunoto> ‘ns were constructed by the combination of
pseudomonas exotoxin chain and a “ill-length monoclonal antibody. The antibody and the
toxin proteins were fused by disulfiue or wnioether bonds. If the whole toxin chain was used,
this immunotoxin had low speci“ic.*v, as it attached to normal cells as well as tumour cells
[12]. However, the severe hchatowxicity and immunogenicity of the toxin part of these
chimeric proteins restrictec the.. application in cancer therapy [18]. To overcome the non-
specificity of these imminotu xins, the binding domain of toxin molecules was removed. This
significantly increased the specificity of the immunotoxins, since the truncated toxin could no
longer bind to normal cells. However, the size of these proteins was still large enough to limit
their functionality for tumour penetration, especially in solid tumour cells [19]. To reduce the
specificity limitation of immunotoxins, the next generation of immunotoxins was developed
by recombinant DNA technology. In the 1990s, molecular cloning techniques were used to
produce the third generation, known as recombinant immunotoxins To date, more than 1,000
immunotoxins from the third generation have been produced [20].

Recombinant immunotoxin constructs were made from human antibody fragments
conjugated with the toxic catalytic domain [12]. Conjugated proteins target tumour cells by
selectively binding to the surface antigens that are only expressed on cancer cells (Fig. 1) [21-

23]. Using herbal or bacterial toxins in these conjugate constructs can induce severe
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immunologic responses that limit their action against tumour cell growth. To overcome these
problems, non-toxic animal proteins are proposed for conjugation with the antibodies for the

formation of the recombinant immunotoxins [22].

ImmunoRNase \‘
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Fig. 1. Mechanism of action ~f immunotoxins to induce cell death in cancer cells. Two
mechanisms of action of .. munoRNase for killing cancer cells are (a) inhibition of protein

translation, and (b) inducing apoptotic signals in mitochondria.

3.1. ImmunoRNases

The ribonuclease (RNase) enzyme family is one of the most frequently used animal
toxins. It is composed of various enzymes that are capable of cleaving the phosphodiester
bonds in mMRNA, tRNA and rRNA molecules. The RNase enzymes also contribute to several
physiological functions, including anti-tumour, antibacterial, and antiviral activities [4]. The
RNase enzymes are able to change gene expression machanisms and reprogram the
transcriptome of targeted tumour cells to terminate their translational regulation and cause cell

apoptosis. The cytotoxic activity of RNase enzymes was found to be initiated only after their
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internalization to the targeted cells by inducing cell cycle arrest and suppressing cellular
proliferation [23, 24].

ImmunoRNases are high-potency chimeric proteins that specifically target the surface
antigens on cancer cells. However, there are several limitations in using immunoRNases in
cancer treatment. For instance, due to the low expression of surface antigens on tumour cells,
non-tumour cells may also be targeted by immunoRNases. Recent efforts to identify cancer
cell-specific antigens seek the potential for designing novel immunoRNases capable of
targeting tumour cells with high specificity and lower toxicity [25, 26].

Tumour cells are specifically targeted by the immunotoxin. After entering the cells, the
conjugated part of the immunotoxin will selectively kill the tumour cells. The toxicity and
immunogenicity are two main contributing factors that alwevs I ave been considered as the
challenges of the clinical application of immunotoxins [27]. A significant problem for the
further clinical development of therapeutic fusion of the animal RNases is immunogenicity
and side effect for patients. The toxin segment of > .mmunotoxins can be replaced by a
non-toxic RNase. The target cells can be selecteu 1 y the immune moiety of an immunoRNase
(IR) when passing through the bloodstream, ‘vitn no damaging effect to cells devoid of the
targeted tumour-associated antigen [23] As soon as the immunotoxins are internalized, the
RNA degrading activity will be used, ieading to cell death. Non-toxic and non-
immunogenetic effects of IR are st er.cthened when containing both a human RNAase and
human antibody fragment. The ¢/ tuoonc RNase inhibitor (R1) can be neutralized by flooding
the cytosol with high levels ¢! IR, which result in neutralizing the RI, or by using RNases
resistant to the inhibitor [141 Aiother approach to developing more effective RNases is to
use genetic and protein eng neering. We postulated that replacing amino acids in the HP-
RNase 1 surface loop n.ight lower the interaction with Rl and improve cytotoxicity. The
surface loop is important in conformational consistency and ribonucleolytic activity and also

reduces the inhibitory effect of RIs in mammalian cytosol [28].

3.1.1. Human RNases with therapeutic potential

Several RNase enzymes like human pancreatic RNase, eosinophil derived neurotoxin,
and eosinophil cationic protein have been utilized for fusion with various targeting fragments
in order to produce new immunoRNases with low immunogenicity and toxicity to normal
cells. These RNase enzymes are able to inhibit tumourigenesis. Their toxicity and specificity

for cancer cells were significantly enhanced after conjugation with the antibodies as targeting



fragments [4, 5]. The list of reported RNase enzymes that were used in clinical studies is

shown in Table 1.

Table 1. List of the reported RNase enzymes in clinical studies with RNase-based
immunotoxins that demonstrate efficacy in different cancer types.

Targeting
ImmunoRNase Source Cancer tested ] Reference
moiety
Human pancreatic squamous cell Epidermal
pancreas _ [29]
RNasel -EGF carcinoma growth factor
Eosinophil
o ] ) ] oral and bladder Anti-TFRC
cationic protein — eosinophils ! [30]
tumours scFv
sckv
Eosinophil- ) ) breast, lurg, )
) ) Eosinophil, spleen ] Anti-TFRC
derived neurotoxin ) leukemia, 7..™ ovary [31, 32]
and liver scFv
—scFv cance.”
cr1o-,, gastric,
) ] Jepawcellular, Epidermal
Angiogenin —-EGF Tumour cells ) [33, 34]
|  pancreatic, and growth factor
e.xdometrial cancers
, mesothelioma, breast, | Anti-CXCR4
Onconase -V3 oocytes [35]
and renal cell cancers scFv
_ N _ Anti-Lewis Y
BS-RNase-scFv | bovine sei.inal iluid | lung, thyroid cancers . [36]
scFv

3.1.1.1. Human pancree*'c RNasel

The human pancreatic RNasel enzyme is expressed in pancreas and other organs. The

mechanism of physiologic action of human pancreatic RNasel is not known [29]. It has been
suggested that this enzyme is devoid of any role in tumour penetration or in any other
biological processes that may cause some unexpected side effects. The cytotoxicity of
pancreatic RNasel enzyme was increased when conjugated with antibody fragments. There
are several immunoRNases with human pancreatic RNasel developed against various
malignancies like squamous cell carcinomas [24, 30]. Over the last decade we did some
RNase family engineering with the substitution of suitable amino acids. In 2014, our group

located some amino acids with the potential to affect interaction with the inhibitor in HP-



RNase 1 structure and exposed them to replacement mutagenesis [37]. We hypothesized that
amino acid replacement in the HP-RNase 1 surface loop could significantly improve its
conformational stability and ribonucleolytic activity and decrease inhibitory activities of RIs
in cytosol of mammalian cells. By manipulating the interaction between RI and RNase 1, it
might be possible to produce other recombinant variants of HP-RNase 1 via replacing
different amino acid in a different position to degrade interaction with Rl and improve
cytotoxic activity. We hypothesised that the replacement of amino acids of HP-RNase 1 in the
surface loop could improve their conformational stability and ribonucleolytic activity and

also decrease the inhibitory activities of RIs in mammalian cytosol [37].

3.1.1.2. Eosinophil-derived neurotoxin (RNase2)

The eosinophil-derived neurotoxin (EDN), also kiow as RNase2, is expressed in
eosinophils and other organs, including the spleen and \;ver [31]. EDN exhibits some toxic
activities such as antihelminthic, antiviral and neurow Vi activities. The mechanisms behind
the identified physiological functions and enzym.ai."c activities of EDN are poorly understood.
The catalytic activity of RNase2 is significa-tly iugher than RNase3 [38, 39]. The RNase2
enzyme was conjugated with antibody frar,ments in the immunoRNA constructs and was

tested against multiple human maligrioncies, including breast, lung, leukemia and ovary [40].

3.1.1.3. Eosinophil cationic nrov.in (RNase3)

The eosinophil cat'oni protein is also known as ribonuclease 3 (RNase3). It also has
antihelminthic, antiviral «1d neurotoxic activities similar to RNase2 but with a lower catalytic
efficiency. Several studies have indicated that RNase3 has high stability in comparison with
the other RNase enzymes. Moreover, it has an anti-proliferative role for controlling the
growth of cancer cells. Having these special characteristics, RNase3 can be used as a catalytic

partner in novel immunoRNases for different human cancer therapeutic purposes [32, 41].

3.1.1.4. Angiogenin

Angiogenin, or RNase 5, is implicated in the processes of rRNASs in angiogenesis of
normal and tumour cell growth. Because of high metabolic activity in tumourogenisis, the
expression of angiogenin is normally upregulated in tumour cells [33]. This leads to

neovascularization and tumour growth. Recent studies have revealed that the over-expression

8



of angiogenin is correlated with tumour progression and aggressiveness, suggesting that
angiogenin can be used as a prognostic biomarker in various malignancies including colon,
gastric, hepatocellular, pancreatic, and endometrial cancers [42, 43]. Similar to other RNases,
angiogenin has no cytotoxic effects by itself, but when it is conjugated with an antibody and
translocated to the target cells, it can induce cellular apoptosis through hydrolyzing tRNAs
and suppressing protein translation [5].

3.1.2. Onconase

In addition to RNase enzymes obtained from human sources, there are some RNase
enzymes that are from other animal sources [5]. The onconase (=NC) or ranpirnase enzyme is
a pancreatic ribonuclease that was first derived from the ooc tes >f the northern leopard frog
[44]. ONC enzymes exhibit cytotoxic activities to huma caicer cells by degrading t-RNA
and double-stranded RNA molecules that result in death o tumour cells and/or apoptosis [35].
The ONC enzyme can be transferred into tumour ~elis through binding to cell surface
receptors. Then ONC inhibits the progression ar.u Jevelopment of tumour cells by disturbing
the transcription mechanism. The anti-cance: acuvity of ONC enzymes was investigated in
clinical trials for several human mali¢narcies like mesothelioma, breast, and renal cell
cancers [45, 46]. ONC had non-specific cywtoxic effects like spermatogenic, embryotoxic
and nephrotoxicity in cancer patie.it.. kecent studies indicate that, in combination with
standard chemotherapeutic drugs CMC can exhibit synergistic effects against human cancers.
To further overcome the side ¢*fects of ONC enzymes, the conjugation of ranpirnase with an
antibody specific for EGFF -nos iive tumours may result in better clinical outcomes with less
side effects on cancer pa ient. [45]. We published research on ONC engineering [27], and the
primary goal of this stuu / was to modify ranpirnase and to estimate engineered ranpirnase
characteristics such as cellular uptake, cytotoxicity, the ability to avoid RI, and functionality

of the protein.

3.1.3. BS-RNase

The bovine seminal RNase enzyme (BS-RNase) is the only enzyme with a quaternary
structure that contains two of the same subunits held together with two disulfide bonds. The
anti-tumour function of the BS-RNase enzyme is mediated by its enzymatic degradation of
rRNA molecules, leading to suppressing protein synthesis in cancer cells [47, 48]. The
cytoxicity of BS-RNase to the tumour cells is mainly due to the ability of this enzyme to

neutralize the activity of RI. BS-RNase shows cytotoxic activity against malignant cells in
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vitro and in vivo [48]. In addition to its anti-tumour function, the BS-RNase enzyme has anti-
spermatogenic and immunosuppressive activities. RNase enzymes may suppress tumour cell
growth and metastasis by inducing cellular apoptosis [49, 50]. We engineered a bovine
pancreatic ribonuclease (RNase A) for combination with cetuximab. To decrease RNaseA
binding to RI, six amino acids including alanine, aspartic acid, aspartic acid, alanine, arginine,
and alanine were substituted for six amino acid residues at lysine 7, arginine 39, asparagine
67, asparagine 71, glycine 88, and glutamic acid. Then the major features of engineered-
RNase A were investigated. These outcomes demonstrated that engineered-RNase A can both

preserve its structures and features and decrease binding to cytosolic RI [51].

3.1.4. Application of immunoRNases (IR) in cancer therap /

In recent years, immuno-oncological approaches “ave significantly changed cancer
therapy. Several biopharmaceuticals are currently ben.2 evaluated for the treatment of a broad
range of cancer tumours. Erb-hcAb-RNase, a "w el human IR, was constructed by fusing
compact anti-ErbB2 receptor antibody and !-P-kiNase with anti-cancer activity against the
Her2 receptor [52]. This study demonst ateu that Erb-hcAb-RNase preserves the enzymatic
activity of HP-RNase and explicitly tinds to =rbB2-positive cells with high affinity. This type
of IR acts effectively and selectivel', 1.~ =rbB2-positive tumour cells, in in vitro and in vivo
studies, and it has more anti-tumu. activity than the parental Erb-hcAb. ERB-HP-DDADD-
RNase, as the second-generat."n aiti-ErbB2 IR, is constructed by fusing erbicin (a human
ErbB2-directed scFv) with an \.ihibitor-resistant variant of RNase 1 (HPDDADD- RNase)
[53]. This IR (ERB-HPF Nas?) has the enzymatic activity of RNase 1 and the specific binding
of the parental scFv to Er.B2-positive cells.

Other results indicated that the conjugation of RNase (including wild, engineered and
HP-RNase) with the antibody to the IR can improve cytotoxicity to cancer cells [3, 52]. Our
group conjugated engineered HP-RNase 1 with trastuzumab as an IR in order to induce death
in Her2 positive cell lines [37]. A cytotoxicity dose response assay revealed that this
immunotoxin could induce death in different types of Her2 positive cell lines at an 1C50 of
250 nM. It was concluded that the engineered enzyme had evaded the cytoplasmic RI of Her2
positive cell lines [37]. The scFv of trastuzumab with HP-RNase 1 was more potent than the
trastuzumab alone due to the smart release and delivery to the three HER2 over-expressing
breast cancer cell lines and herceptin-resistant cell line. These results indicated that the

engineered scFv-Fc-HPR antibodies could be a promising human anti-cancer agent for breast
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cancer therapy [37]. We also designed a new immunotoxin based on ranpirnase [54]. We
engineered Rana pipiens RNase with 5 mutations (M23L, L45R, L49R, L55R and E91A) to
bind to the heavy chain of human anti-epidermal growth factor receptor antibody. The
molecular dynamic simulations confirmed protein stability and the ability of ranpirnase to
bind to the epidermal growth factor receptor. The immunotoxin function was assessed in
A431 cancer cells and HEK293 normal cells, and the 1Cso was estimated at 39.50 and >2559
nM, respectively. The results indicated that the immunotoxins produced in this study against
the EGFR receptor could be used as anticancer drugs [54].

A strong synergism was reported by Mikulski et al. [55] when ONC was combined with
tamoxifen, trifluoroperazine (stelazine), or lovastatin to treat g.'monary carcinoma A549 or
pancreatic adenocarcinoma ASPC-1 cells. Other studies als. revealed a synergism of ONC
with agents such as vincristine [56], interferons [57], d ffer ntiation-inducing agents [58],
tumour necrosis factor a [59], cepharanthine [60], iorizi.a radiation [61], and, in vivo, with
tamoxifen [62].

In 2006, Alfacell release. -aterim data from the company’s ongoing
Phase Illb randomized clinical trial of rar;irnase and doxorubicin for the treatment of
malignant mesothelioma [63].The first ¢ 'ter’m analysis found 105 patient deaths of the total
316 patients enrolled. The results als. indicawed that the overall median survival time was 12
months for the ranpirnase plus 70 .~rubicin treatment group and 10 months for the
doxorubicin group. The immuno’<ii2ses have been under investigation in several malignant
diseases, both in vitro and in ai:'mai models [64, 65].

Research is continuira in clinical trials on human pancreatic-type ribonuclease (QBI-
139) with toxicity for cnce - cells (Rains et al., data unpublished) to evaluate the toxicity,
tolerability, and maximui.> tolerated dose of QBI-139 in patients with advanced and refractory
solid tumours. Ontak (denileukin difitox) and lumoxiti have been approved by the Food and
Drug Administration for the treatment of cutaneous T-cell lymphoma and hairy cell leukemia,
respectively [12, 21].

3.2. Monoclonal antibody

Antibodies are highly specific proteins that are composed of three fragments, including
two identical antigen-binding sites (Fabs) and a constant region known as Fc. The variable
domains located in the light and heavy chains of Fabs are involved in specific binding to the
antigens [11, 66]. Research on the anti-tumour mechanism of the antibody proteins resulted in

the development of monoclonal antibodies (mAb) that were approved by the FDA for
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combination with other standard anti-cancer drugs [67, 68]. Various antibody-based
molecules are undergoing preclinical and clinical trials including diabodies, multispecific, and
multimodular antibodies [69, 70]. There are some limitations in the application of these
antibody-derived therapeutics because of their large size, which decreases their penetration of
the tumour cells, specifically tumours in solid tissues. Research has reduced the size of the
mADb of the smaller variable fragments (Fv) in the Fabs regions. Antibodies with the smaller
Fv regions have higher penetrating efficiency into solid tumorus than the native antibodies
[70, 71].

3.3. New human protein scaffolds

To overcome some other challenges associated with he 1irge size of mAbs, several
researchers have concentrated on the production of smali protein scaffolds (Table 2).
According to the structural properties, the small non-anuxndy scaffolds are divided into two
distinct classes -- domain sized scaffolds or peptide -eluted types [72]. To date, one of the
domain-sized scaffolds, known as Kunitz dom=u (kalbitor) was approved by the FDA for
hereditary angioedema. Domain-sized scaffol” s tnat have higher molecular weight, including
anticalins, affilins, monobodies (FN3) ar 1 a.nectins, were investigated [9, 27]. Clinical trials
have proven that small non-immcaoglobulin proteins have considerable potential as
therapeutic and diagnostic tools, mrar.'v pecause of their capacity for high specificity and
target binding affinity. For exun.>le, several non-immunoglobulins, such as cyclotides
(knottins), have been discoverc 1 in he last decade and approved for human use by the FDA.
Anticalin, as another therag~utic protein scaffold, is currently being evaluated in clinical trials

for tumour cell suppressinn.
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Table 2. Structural features, molecular properties and specific targets of selected scaffold

proteins.
Scaffold Molecular
PDB code Scaffold structure Target protein Structure weight
name
(kDa)
Hepcidin
IL-4Ro
o HGFR B-Shee_t + a-
Anticalins 4GH7 CD137/IL-17 hell_cal 20
terminus
11-23/1L-17
Fibronectin EDB
li iant
splice varian B-sheet 20
Affilins 2JDF CTLA-4
VEGF-+. op 10
PCS.70
VVECER2
FN3 My statin
(Adnectins) 1FNF [-sheet 10
=GFR/IGF-1R
|
" TNF/IL-17A
(FynomAD)
Fynomer 4AFS B-sheet 7
HER2 (FynomADb)
Kallikrein
Neutrophil
Kunitz elastase
domains 4BQD o/ 7
Plasmin
Affimer 5MN?2 VEGFR-2 a-helix + .
Tenascin B-sheets
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3.3.1. Anticalins

Anticalins, identified as ligand-binding proteins, are derived from lipocalin scaffolds
containing a non-glycosylated peptide chain. Anticalins have recently emerged as an
adaptable receptor for small molecules. These scaffolds are released in body fluids as stable
proteins that can target various epitopes on different proteins [73]. Protein scaffolds have a
smaller size than the conventional antibodies, and this property has significantly improved
their efficiency for tissue penetration by decreasing renal filtration (Fig. 2). The plasma half-
life of anticalins can be increased by integration with peptides containing proline, alanine, and
serine [73]. Anticalins have potential therapeutic application in the treatment of several
human disorders via targeting the receptors and ligand bindiry sites, or directly binding to
their ligands and inhibiting their interaction with related -ecentors. Anticalin-based drug
candidates are at the preclinical and clinical development stags. The therapeutic potential of
anticalins specific for the IL4-a receptor is currently heia investigated for the treatment of
asthma. Additionally, anti-VEGF anticalins can act as nuvel anti-cancer agents by inhibiting
angiogenesis in solid tumours [74]. It has beer si.own that fluorescent dyes and radioactive
labels can be chemically integrated with ant.~alins and applied for medical and therapeutic
purposes, including providing molecula: im-.ges that differentiate tumour and healthy tissues
[75].

Vascufar endothellum

Basement membra e

O k )(”3 i”; X@ )((ﬂ
7\ A\ 4

Capillary lumen

Non-antibody : Monoclonal
& ﬂ scaffold : 19G
|
Fast Slow
% Extravasation Extravasation FcRn
Tissue penetratlon : Tissue penetration recycling

Fig. 2. Tissue penetration by scaffolds and monoclonal antibodies. The protein scaffolds have

Tlssue

a high tissue penetration rate while monoclonal antibodies have a low tissue penetration.
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Anticalins, as next-generation biologics for immuno-oncology, respiratory, and
metabolic diseases, offer an alternative to antibodies, with promising and potentially superior
features. The first anticalin protein to enter clinical study was selected against human vascular
endothelial growth factor (VEGF-A) [76]. This anticalin protein (PRS-050) tightly binds
VEGF-A and effectively prevents receptor binding and activation [77]. When PRS-050 was
administered as a 2-h infusion at doses up to 10 mg/kg, it was well tolerated. No signs of
toxicity or immunogenicity were observed. Significant reductions in circulating matrix
metalloproteinase 2 (MMP-2) levels indicated an anti-angiogenic effect.

An anti-PCSK9 (proprotein convertase subtilisin/kexin ty2a 9), another anticalin base
fusion protein, showed convincing activity in the treatmen of metabolic diseases such as
dyslipidemia in preclinical research [78]. PCSK9 induces internalization and degradation by
binding to a LDL receptor. Blocking the binding of FCSK9 to LDL-R by using an anti-
PCSK9 antibody caused lower plasma levels of LDL cheqesterol. Consequently, patients with
atherosclerotic cardiovascular disease that receved standard statin therapy had fewer
cardiovascular events [78].

Anticalin fusion proteins also ‘an be used as multispecific agents in immuno-
oncology, particularly by addressing he ‘‘immunological synapse’’ that can form between a
cancer cell and an immune cell at t'ie . interface [76]. Immunological synapse may increase
activation of tumour-specific T ce!'s near the tumour site, thereby avoiding some of the
toxicities that are usually obsc -vea with peripheral T-cell activation in healthy tissues [78].

In order to treat recnira ury diseases, such as asthma, an IL4-Ra-targeting anticalin
protein, PRS-060, (AZD '402), is currently being developed jointly by Pieris and AstraZeneca
as an inhalable biologic. ~his anticalin drug candidate is currently in a first-in-human phase |
study in healthy volunteers, subject to clinical testing (NCT03384290, ClinicalTrials.gov).

A hepcidin-targeting anticalin fusion protein (PRS-080) was designed for the treatment
of anemia [79]. Results from a phase | study in healthy volunteers showed that a single
intravenous infusion of this protein (up to a dose of 16 mg/kg body weight) was safe and well
tolerated. The safety of PRS-080 was verfied in patients with end-stage CKD requiring
hemodialysis in a single-administration, and in a subsequent ascending-dose phase Ib study
(up to 8 mg/kg body weight). Administration of this fusion protein caused a significant
decrease in free hepcidin concentration within 1 h after infusion, with dose-proportional
increases in both level and duration of serum iron concentration, as well as subsequent

transferrin saturation [79]. In order to evaluate the safety and PK/ PD of repeated PRS-080
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administration to anemic CKD patients undergoing hemodialysis, a phase lla study was
initiated (NCT03325621, ClinicalTrials.gov). Based on clinical studies on anticalins fusion
protein and due to anticalins’ versatility with regard to fusion protein generation and/or
conjugation with drugs or radionuclides, anticalins appear to be a promising class of next-

generation biopharmaceuticals.

3.3.2. Affilins

Affilin proteins are another class of affinity proteins that have various applications in
therapy and purification. These scaffold proteins are generated from human y-fB crystallin
from the human eye lens. The y-B crystallin contains 176 am. o acids that are folded into
multiple b-sheet structures [80, 81]. These y-fB crystallin nrot:ins have stability at high
temperatures, a wide range of pH, and denaturing condit ons that suggest their potential for
therapeutic application. Recent findings reported that attacment of affilin molecules to the Fc
fragment of 1gG and also to fibronectin proteins .t are upregulated in several tumours
suggest that this affinity scaffold may be usef.u igainst various human malignancies [81].
Affilin proteins mainly express their functi»n ni both diagnostics and therapy by either
changing signal transduction or by the del’very of designed components such as drugs or
radionuclides [82].

Affilin ligands can be readily (u.2d (0 the N - or C -terminus of an antibody’s light or
heavy chain, converting it into ¢ u.~oecific format (mabfilin). For example, HER2-specific
affilin was fused C-terminally to cctuximab (an EGFR-specific monoclonal antibody). This
mabfilin was capable of bi~diny to both HER2 and EGFR simultaneously [83]. The ease of
creating multi-specific l'indhag with affilin has potential in many areas of medicine. The
application of multi-spec.fic ligands for targeting cancer cells helps to circumvent problems
such as antigen loss and tumour escape. The small molecules (8.5 kDa) make it possible to
pack multiple affilin sequences into a lentiviral system for cell surface expression, offering
greater flexibility within the limited genomic space [83]. In addition to therapeutic
applications, these scaffolds can be used to create specifically tailored binding proteins as

matrix-bound recognition tools in affinity chromatography [82].

3.3.3. Monobodies
The scaffold-based monobodies were originally derived from the human fibronectin
type 1l domain (FN3). FN3-based monobodies (also called adnectins), as one of the well-

studied fibronectin scaffolds, are composed of only one folded domain without any disulfide
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bridges. The small structure of this type of antibody increases its efficiency for distribution to
cancer cells and improves its stability in the intracellular cytosolic environment [84].
Adnectins are one of the therapeutic protein families that can bind to protein targets with high
affinity and specificity, very similar to the machanism of antibody function [85]. Adnectin
(CT-322) can suppress pancreatic cancer growth and metastasis through binding to vascular
endothelial growth factor receptor 2 (VEGFR-2) and inhibiting the VEGF-A-induced
signalling pathway [86, 87]. These scaffolds also have high tissue penetration and
thermostability, which make them well suited for therapeutic applications [26]. Due to the
high expression of fibronectin on cell surfaces, application of fibronectin scaffolds has less
immunogenicity than other scaffold proteins; however, because >f their small size, adnectins
may be excreted by the kidneys and removed from tte crculation. Therefore, their
pharmacokinetic properties need to be improved by mocarn Hrotein engineering approaches
[88, 89].

Monobodies have another application related :» adenoviruses (Ad). Ad are used as
vectors for various types of functions. Nonsper.ii: > transduction of Ad vectors into cells or
tissues after in vivo application may occur, wiich imight lead to unexpected toxicity and tissue
damage. A fiber-mutant Ad vector cor ain‘ng a monobody specific for epidermal growth
factor receptor (EGFR) or vascular e.dothehal growth factor receptor 2 (VEGFR2) in the C-
terminus of the knobless fiber proter. derived from T4 phage fibritin was developed [90].
Surface plasmon resonance (SPR) « aiysis revealed that the monobody-displaying Ad vector
specifically bound to the target: 1 mulecules and led to significant increases in cellular binding
and transduction efficiencics in e targeted cells. The results also indicated that transduction
with the monobody-disg ‘ayn g Ad vectors was significantly inhibited in the presence of the
Fc-chimera protein of ECFR and VEGFR2 [90]. Based on the results, it was concluded that
this monobody-displaying Ad vector could be a crucial resource for targeted gene therapy.

Sullivan et al. [91] designed a novel strategy for deriving mimotopes to disease-specific
serum antibodies. Anti-idiotypic monobodies were selected from a molecular library for
identification of biomarkers of autoimmune disease to allow early diagnosis and initiation of
treatment. The key feature of most autoimmune diseases is the production of autoantibodies,
so much effort has focused on characterizing the antigens reactive with these antibodies. They
evaluated this strategy by selecting a pool of serum immunoglobulins from a group of
rheumatoid arthritis patients and evaluated selected clones for multi-patient reactivity and
specificity [91]. This study indicated that use of the fibronectin scaffold to derive stable, easy

to produce molecular probes for diagnosis of autoimmune disease could be of significant
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value in improving diagnostic assays for virtually any disease that exhibits a characteristic

immune response [91].

3.3.4. Affimer

Affimers are recombinant protein binders derived from two human protease inhibitors,
stefin A and phytocystatin. Affimers can be expressed by bacterial sources, and they have
high stability under different chemical conditions [92]. The structure of affimers consists of
one o-helix and two pairs of [-sheet strands [93]. The scaffold binding sites are located
between the B-sheets pairs and are made of two variable loops ~ontaining nine amino acids
that can be replaced with other sequences. This enables affi.ners to have higher affinity and
specificity for various target proteins. Having such prcnert 2s makes affimers potentially
suitable for bio-imaging and diagnostic applications [94,. Affimer protein technology has the
potential to be applied to a variety of biological sys.cms where speed, protein stability, and
high yields are paramount. The key advantage ¢+ -1is technology is that affimer proteins can
be expressed in cells, which provides a plexforiii to assess intracellular function with the
potential for development of therapeutic targets. Tiede et al. [95] demonstrated that affimer
proteins can be generated against virious target molecules that are useful in a plethora of
biomedical applications.

The first affimer-sensor for u.~ uetection and estimation of the cancer biomarker Her4
in undiluted serum was devc'oped [96]. Electrochemical impedance spectroscopy (EIS)
results from this study demnst ated that the affimer sensor in buffer and in undiluted serum
has high sensitivity wit1 a Yroad dynamic range from 1.0pM to 100nM and a limit of
detection lower than 1.. pM both in buffer and in serum. Moreover, the affimer sensor
demonstrated excellent specificity with negligible interference from serum proteins,
suggesting resistance to non-specific binding [96]. The ability of this affimer sensor in spiked
undiluted serum suggests its potential for a new range of affimer-based sensors. The
fabricated affimer sensor can be adapted with other probes having affinities to other
biomarkers for a new range of biosensors. Another affimer-based impedimetric biosensor was
designed for the detection of FGFR3, a promising biomarker for early diagnosis of bladder
cancer [97]. Data from this study indicated that this sensor platform may not only provide an
effective tool for bladder cancer surveillance, but also pave the way for designing a new
analytical method for monitoring other protein biomarkers of disease [97]. In vitro and in vivo

studies have demonstrated that affimer proteins block the vascular endothelial growth factor-2
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receptor (VEGFR?2), a key regulator of vascular physiology including vasculogenesis, tumour
neovascularization, and angiogenesis [95]. Xie et al. [98] developed an affimer-antibody
immunological diagnosis kit for glypican-3, a serological and immunochemical marker for
hepatocellular carcinoma. This biomarker may be a promising candidate for the detection of
small and early-stage hepatocellular carcinoma. Advanced next-generation imaging,
diagnostics, and therapeutics (theranostics) are now being developed in the form of

engineered protein scaffold affimers, which are promising alternatives to antibodies (Fig. 3).
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Fig. 3. Diverse imaging, thare,eutic, and diagnostic (theranostic) applications of affimer

protein binders.

3.3.5. Centyrin

Centyrins originated from fibronectin type 11l (FN3) domains of human tenascin. The
scaffold contains seven beta-stranded sheets and connecting loops that potentially can be
engineered for binding to different proteins in order to develop therapeutic proteins [99].
Centyrins can be expressed in Escherichia coli, and they have biophysical properties that
include stability to heat and resistance to environmental pH. These properties help them to
interact with a large number of molecules that make them suitable for advanced applications
as a therapeutic scaffold. The amino acid sequence of centyrin consists of 100 residues

without any cysteine and can be used for protein fusion applications [100, 101]. Because
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centyrins are small, structurally simple, ultra-stable, and highly soluble proteins, they can be
used for the discovery of medicines with new mechanisms of action against cancer and other
devastating diseases. In addition, centyrins can be used to achieve cell-specific drug delivery
to surface receptors and can form mono, bi or multi species in order to optimize binding and
internalization of conjugated drugs such as oligonucleotides. A comprehensive engineering
experiment was completed to find the best EGFR-binding centyrin [99]. All possible single
cysteine centyrins were evaluated for expression, purification, conjugation efficiency,
retention of target binding, biophysical properties and delivery of a cytotoxic small
molecule. Twenty six of the 94 positions were identified as ideal for cysteine modification,
conjugation and drug delivery. Conjugation-tolerant positions *ere mapped onto a crystal
structure of the centyrin, providing a structural context for ixtery retation of the mutagenesis

experiment and providing a foundation for a centyrin-targe ted \'elivery platform.

3.3.6. Fynomer

Fynomers are small binding scaffold mole~u: 2s derived from the SH3 domain of human
FYN tyrosine kinase that can bind to various -arges with high affinity and specificity. These
scaffold proteins are composed of two [ -sh.ets and two exposed loops for binding to target
proteins [102]. The amino acid sequcnce of SH3 domains are very conserved from mouse to
human and, therefore, regarded to o+ "nn-immunogenic for humans. These proteins have
several properties that make thzn. auractive for fusion applications. Fynomers have no
cysteine residues and, hence, con be used for fusion purposes without any misfolding problem
[102]. Fynomers can be fuc=d t N-terminal and/or C-terminal ends of antibodies to generate
bispecific therapeutics ([-ynon Abs) with high-affinity binding domains to target proteins of
interest and enhance ac.'vity, compared to the unmodified antibody [103]. Using phage
display technology, fynomers binding to an epitope on HER2 were isolated that are different
from the epitopes recognized by trastuzumab and pertuzumab [104]. Encouraging preclinical
results indicate that the bispecific fynomer-antibody fusions have great potential for further
preclinical and clinical development, both alone and in combination with trastuzumab [104].

Fynomers were used to form bispecific fusion proteins (FynomAbs) that can
simultaneously bind HER2 on tumour cells and CD3 on T cells [105]. The bispecific
HER?2/CD3 targeting FynomAbs redirect T cells to HER2-expressing tumour cells, causing
tumour cell lysis in multiple cell lines, using only picomolar quantities. The activity was
found to be highly specific, as no lysis of cells was observed in the absence of HER2

expression. The FynomAbs also demonstrated an antibody-like pharmacokinetic profile in
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mice, which may translate into a convenient administration route without the need for
continuous infusion [105]. The fynomer 2C1 was engineered via phage display to bind the
proinflammatory cytokine interleukin-17A (IL-17A) and was able to inhibit the activity of IL-
17A in vitro with an 1C50 of 2.2 nmol/L [102]. Fynomer 2C1 was subsequently fused to the
Fc domain of a human antibody to prolong its circulation half-life. The resulting dimeric 2C1-
Fc (Fc is a dimer) exhibited >100-fold improved IC50 against IL-17A (21 pmol/L) compared
to the parent 2C1 molecule and effectively inhibited IL-17A in a mouse model of acute
inflammation [102]. The researchers subsequently engineered FynomAb COVA322, a fusion
molecule consisting of an IL-17A-binding fynomer fused to the anti-TNF antibody
adalimumab. FynomAb COVA322 was designed to simultaneou.'v inhibit the activity of both
TNF and IL-17A for treatment of rheumatoid arthritis [106]. Bisf zcific FynomAb COVA322
inhibited IL-17A and TNF with in vitro IC50 values of .21 pmol/L and 169 pmol/L,
respectively, and was effective in vivo [106]. COVA3.2 is currently being evaluated in a
phase Il clinical trial (NCT02243787). FynomADb repi 2<2.ts an attractive platform to generate
bispecific molecules and can be produced usiny tandard antibody technology for selective

Killing of tumour cells.

3.3.7. Nanobodies

Nanobodies are small proteiris rnduced from variable antigen-binding domains of
antibodies. Nanobodies are produc. vy bacteria and yeast [107]. They can bind to target
proteins with high affinity ar."!' specificity like monoclonal antibodies [108]. Due to their
highly selective binding to *arge: proteins, using nanobodies may have a lower risk for side-
effects, which make thcm articularly well-suited for developing novel therapeutics. The
nanobodies can bind to v>Il surface proteins like human epidermal growth factor receptor 2
(HER2) that have high expression in tumours. Nanobodies can regulate cancer cell growth
and apoptosis by targeting HER2 proteins that are upregulated in breast and gastric cancer
cells [109, 110]. Four nanobodies were evaluated in clinical trials for the treatment of
cardiovascular and inflammatory disorders [111, 112]. The favorable properties of nanobodies
such as high binding specificity, low toxicity and immunogenicity suggest that these affinity

proteins may be introduced as highly effective next-generation therapeutic agents [113].

4. Conclusion
Therapeutic antibodies have led to a significant number of products used in the

biopharmaceutical industry. However, from the functionality point of view, it is very
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important to improve the quality of the antibody to achieve a reasonable balance between the
apoptotic potency and the toxicity of the antibody. The RNase family, particularly
immunoRNases, is highly effective for resisting and inhibiting tumour cells. Recent efforts to
identify cancer-cell-specific antigens have been promising for designing novel
immunoRNases that are capable of targeting tumour cells with high specificity and lower
toxicity. The tumour cell is specifically targeted by the immunotoxin that is linked to both
toxin and antibody. After entering into the cells, the conjugated part of the immunotoxin will
selectively kill the tumour cells. However, the toxicity to normal cells and immunogenicity
are two challenges to the clinical application of immunoRNases. The human RNases family
segment of the immunoRNases can be replaced with a non-to:..~ engineered animal RNase.
This provides a possibility for the animal RNase to act as an entiproliferation agent when
interacting with the binding domain of the tumour cells’ sunace proteins without toxic and
immunogenetic effects on healthy cells. Such o modification can provide an
immunotherapeutic agent with higher toxicity, comy~r.d to the traditional methods using
immunotoxins. For decades, the dominant mod-ui-y for cancer chemotherapy has been small
molecules developed using the tools of orgnic medicinal chemistry. However, in recent
years, it has become clear that therapeu’‘cs Jased on biologically derived molecules such as
monoclonal antibodies can have er.>rmous benefits and advantages over small molecule
approaches. Delivery of an external iu': monoclonal antibody with RNase (immunoRNase) to
the cytosol of the tumour cells reeds more efforts and investigation. Antibodies are ideally
suited to target proteins that &> located on the outside of cells, such as receptors; however,
they are not readily taken i~to 1.2 cell (and contain disulfide bonds that are not stable inside
the cell) and so are no’ a s‘rong option for targeting proteins that carry out their normal
function intracellularly. roduction of full monoclonal antibodies as an immune part for
immunoRNase is tedious and expensive. Therefore, we suggest substituting immunoRNases
with small molecules such as monobody, affibody, anticalin, nonobody and affilin in future
investigations. This will enhance the selectivity and specificity of killing tumour cells and can

be an effective approach for cancer therapy, especially for treating solid cancers.
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