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Abstract

Background and purpose: The lack of a new effective treatment for small cell lung cancer (SCLC) is an
unresolved problem. Due to the new identification of delta-like ligand 3 (DLL3) and its high expression in
SCLC patients, the use of DLL3 in target therapy can be effective. The use of bacterial toxins belonging to
the ADP-ribosyl transferase toxins family and human enzymes to remove cancerous cells has been effective
in the structure of immunotoxins. In this study, single-chain fragment variable of rovalpituzumab antibody
fused to granzyme B (Rova-GrB) and PItA of typhoid toxin (Rova-Typh) as immunotoxins were designed, and
bioinformatics analysis was done.

Experimental approach: In silico analysis including the physicochemical properties, evaluation of the
secondary and tertiary structure, refinement and validation of 3D models, and docking were performed.
Immunotoxin genes were cloned and expressed in the Escherichia coli BL21 (DE3) host, purified,
subsequently confirmed by western blotting and their secondary structure was evaluated by the circular
dichroism method.

Findings/Results: The bioinformatics analysis showed that Rova-GrB and Rova-Typh had hydrophilic
properties, their codon optimization parameters were standard, validation parameters were improved after
immunotoxin refinement, and docking analysis showed that the binding domain of immunotoxins could bind
the N-terminal region of DLL3. immunotoxins had high expression and after purification under denaturing
condition by Ni-NTA column, the immunotoxins were dialyzed against PBS buffer.

Conclusion and implications: The immunotoxins had the right structure and can be produced in a prokaryotic
host. The recombinant immunotoxins against DLL3 can be promising therapeutic agents for SCLC cancer.

Keywords: DLL3; In silico design; Rovalpituzumab; SCLC.

INTRODUCTION

Lung cancer has the most mortality rate
according to the Globocan 2018 and 2020
report (1). To date, conventional small cell lung
cancer (SCLC) treatments such as surgery,
chemotherapy, and radiotherapy have had
moderate therapeutic effects, but most SCLC
patients relapse and rarely survive more than
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two years. Drug resistance and high genetic
variation in SCLC patients are the main factors
in the lack of approved treatment (2). Despite
common cancer treatments, recurrence of
SCLC is a challenge and no one has yet been
able to prevent a recurrence of SCLC (3).

Access this article online

Website: http://rps.mut.ac.ir

DOI: 10.4103/1735-5362.350243




Considering  the  disadvantages  of
conventional therapies, complementary
therapies such as molecular targeting therapy,
anti-angiogenesis therapy, immunotherapy,
apoptosis  regulation, signal transduction
therapy, and nucleic acid-based therapy have
attracted the interest of researchers (4,5).

Immunotoxin therapy is an anticancer drug
that kills cancer cells. Immunotoxins are
therapeutic agents that contain a targeting
segment present on cancer cells and a cytotoxic
agent like bacterial, fungal, and plant toxins or
cytotoxic enzymes (6). The most important
feature of an immunotoxin is that it can
specifically kill cancer cells while normal cells
remain intact. Immunotoxins can bind to the
cancerous cells, internalized, and kill them by
the toxic active segment (7,8). Till now, the
denileukin  diftitox,  tagraxofusp, and
moxetumomab pasudotox have been approved
by the US Food and Drug Administration (9).

To design an effective immunotoxin, instead
of using the whole antibody or toxin, the
smallest binding, and catalytic domains as
much as possible should be used. In other
words, the parts that do not play a role in
binding and catalytic activity can be removed
(10). In the design of an immunotoxin, the
selection of specific biomarkers is a key
factor to differentiate cancer cells from normal
cells (11).

Delta-like ligand 3 (DLL3) is known as a
new biomarker in SCLC, which is expressed
80% in SCLC while not seen in normal lung
cells (12). DLL3 is an inhibitory ligand
belonging to the notch signaling pathway.
DLLS3 inhibits the Notch signaling pathway in
SCLC and other neuroendocrine tumors, which
in turn inhibits apoptosis and promotes tumor
growth, migration, and invasion (13).

After DLL3 binding to the Notch receptor,
the Notch intracellular domain enters the
nucleus and binds to the CSL complex
(C promoter-binding factor 1/suppressor of
hairless, and longevity-assurance gene-1), acts
as the transcription factor for downstream genes
including the hairy and enhancer of split (HES)
family genes and the HES related with a YRPW
motif (HEY) family genes. Notch signaling is
inhibited by DLL3 at the cell surface, Golgi
apparatus, and in the nucleus of tumor cells.
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Notch activates skip2, HES1, pre-Ta, cyclin D,
and cyclin-dependent kinases to increase tumor
cell proliferation and protect tumor cells from
apoptosis (14-16).

Rovalpituzumab tesirine (Rova-T) is the first
antibody-drug conjugate to be used specifically
to bind to DLL3 in patients with SCLC and
shows antitumor effects in recurrent SCLC and
is well-tolerated (17). The bispecific T cell
engager immuno-oncology therapy (BiTE)
includes anti-DLL3 and CD3 antibodies. BiTE
cause T cell activation, cytokine production,
and shifts T cells to remove DLL3-expressing
cells (18). AMG 119 (another example of
targeting DLL3) contains a cytotoxic T cell
that, by making genetic changes, causes the
expression of a transmembrane chimeric
antigen receptor on its surface. Subsequently,
AMG 119 can bind to DLL3 and inhibit the
growth of tumor cells (19).

In the cytotoxic part of immunotoxins,
usually bacterial and plant toxins are used.
Exotoxin A from Pseudomonas aeruginosa and
Diphtheria toxin is the most common bacterial
toxins in the structure of immunotoxins. These
toxins can do the ADP-ribosylation of
elongation factor-2 using NAD" and inhibit
protein synthesis (20).

Among the toxins in the ADP-ribosyl
transferase toxins family, typhoid toxin is
known as a toxin that has two catalytic
components. Typhoid toxin has an A2B5 novel
structure, with two catalytic domains (A2) and
pentamer domains (B5), which have the role of
binding to the receptor. PItB is a pentameric
binding domain that has hydrophobic binding
to PItA with an ADP-ribosyl transferase
activity. The second catalytic subunit of
typhoid toxin is CdtB, which has nuclease
activity and stops the cell cycle. (21-23). PItA
catalyzes the ADP-ribosylation of o subunits of
the heterotrimeric Gi/o protein family and
inhibits the G proteins from connecting with
their cognate G protein-coupled receptors.
ADP-ribosylation of the o subunit of
heterotrimeric Gi/o proteins (Gai/o) stops the a
subunits into an inactive state (GDP-bound
form), subsequently the adenylate cyclase
enzyme is not stopped. This modification of
Gai/o proteins causes the increase of cAMP and
disrupts cellular signaling pathways (24,25).
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Despite  the  promising results of
immunotoxins in killing tumor cells, due to the
immunogenicity of the toxic domain and the
non-specific toxicity, that causes vascular leak
syndrome, the use of immunotoxins has been
challenged. Recently, in order to solve this
problem, the use of an endogenous proteins of
humans, like RNase and granzyme has been
considered. There are 5 types of granzyme in
humans, of which granzyme B is the most
potent. The granzyme B is a serine protease (32
kDa) is produced by cytotoxic T lymphocytes
and natural killer cells. Granzyme cleaves
several substrates like procaspases, caspase,
and Bid protein substrates, which leads to the
induction of apoptosis (26). In this study, we
designed two immunotoxins against DLL3.
Bioinformatics analysis, expression,
purification, and structural analysis will also be
examined. The first immunotoxin contains a
single-chain variable fragment rovalpituzumab
antibody (scFv-Rova) that binds to the
granzyme B which is named Rova-GrB. The
second immunotoxin including the scFv-Rova
that connected to the PItA of typhoid toxin
which is called Rova-Typh. The aim of the
research was to design and produce two
immunotoxins, one based on bacterial toxins
and the other based on human enzymes. After
evaluation of immunotoxins in terms of
Physico-chemical properties, stability of
mRNA structure, the secondary and tertiary
structure, solubility rate, the number of
disordered regions, the interaction between
ligand and receptor, the convenience of
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expression and purification of immunotoxins,
one of these two immunotoxins was selected to
continue cytotoxicity assay and apoptosis.

MATERIALSAND METHODS

Bioinformatics structural analysis
I mmunotoxins design

Each immunotoxin consists of three parts,
binding, translocation, and a catalytic domain.
In the binding domain, the amino acid sequence
of an scFv of rovalpituzumab antibody was
extracted from the US 9770518B1 patent (27).
The (GaS)3 linker is placed between the light
and heavy chains of the antibody. Also, the
ASGGPE linker is located between the binding
and the translocation domains. The
translocation domain contains the amino acids
278 to 429 of exotoxin A Pseudomonas
aeruginosa P11439 UniProt accession number
(minus amino acids 390-405 of domain Ib). The
catalytic domain of the first immunotoxin is
human granzyme B P10144 UniProt accession
number and the second immunotoxin is a PItA
subunit of typhoid toxin AOA286LNUS
UniProt accession number. To purify the
immunotoxins, His-taq sequences were used at
the 5’ end of structures. The stop codon
sequence (TAA) was placed at the 3’ end of the
structure after the His-taq sequences. The
BamHI, EcoRI, HindIll, and Xhol were used
based on the restriction enzymes map in the
pET-28a expression vector ( Thermo Scientific,
USA). The construct of immunotoxins and
restriction sites is shown in Fig. 1.
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Fig. 1. Schematic representation of immunotoxins named (a) Rova-GrB and (b) Rova-Typh. Rova, Rovalpituzumab;
Typh, typhoid; GrB, granzyme B. Rova, Rovalpituzumab; Typh, typhoid; GrB, granzyme B.
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The codon usage of both immunotoxin
genes was set according to the codon
bias of Escherichia coli. The structure’s
properties such as rare codon analysis,
codon used distribution, and GC
content was confirmed by GenScript online
server (https://www.genscript.com/tools).
The immunotoxins construct was analyzed
in terms of Physico-chemical properties
by Expasy’s ProtParam server (http:/
web.expasy.org/protparam/).

In the end, constructs were synthesized by
ShineGene Molecular Biotech (Shanghai,
China) into pET28a cloning vector. The parts of
the two immunotoxins are listed in Fig. 1.

Secondary and tertiary structure analysis

The GOR IV server (https:/npsa-
prabi.ibep.fr/cgi-bin/npsa_automat.pl?page=/
NPSA/npsa_gord.html) as an ideal online
bioinformatics tool for the prediction of the
secondary structure of immunotoxins was used.
This server can predict thestructure and
function of proteins by creating the best three-
dimensional structures. The recombinant
immunotoxins including rRova-GrB and
rRova-Typh, to obtain the best tertiary
structure, were submitted in the I-TASSER
online server. To view the results of - TASSER

models, Accelrys Discovery Studio 1.7
software was applied.
Optimization and evaluation of protein

structure

The tertiary structures of immunotoxins
were refined by 3DRefine server (http://
sysbio.rnet.missouri.edu/3Drefine/). Therefore,
the immunotoxins PDB file of -TASSER was
uploaded to 3DRefine server for protein
structure refinement. Validation analyses of
refined immunotoxins were done by
PROCHECK server (https://saves.mbi.ucla.
edu/). In this sever, the best 3D structure

was qualitatively evaluated by Verify3D
(https://saves.mbi.ucla.edu/) and ERRAT
(https://saves.mbi.ucla.edu/) online servers.

The PROCHECK was applied for assessing the
sterecochemical quality of a given protein
structure. The Ramachandran plot data of
immunotoxins were determined in the server
(https://www.doe-mbi.ucla.edu/services/). In
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the end, the overall quality score of
immunotoxins refined in the previous step was
calculated by the ProSA-web server
(https://prosa.services.came.sbg.ac.at/prosa.php).

Disordered parts prediction and solubility
analysis of immunotoxins
DISOPRED3.server.(http://bioinf.cs.ucl.ac.

uk/psipred/?disopred=1) was applied to
investigate an intrinsically disordered region by
computational methods. Also, protein solubility
of recombinant immunotoxins was analyzed by
SOLpro (http://scratch.proteomics.ics.uci.edu/)
and also Protein-Sol web server (http://protein-
sol.manchester.ac.uk).

Docking of immunotoxins against receptor
The Docking of rRova-GrB and rRova-Typh

and also scFv of Rovalpituzumab with
DLL3  receptor (isoform  1,2)  was
performed by ZDock online server

(https://zdock.umassmed.edu/). The best model
of rRova-GrB, rRova-Typh, and DLL3 in PDB
file, which was obtained from I-tasser, were
submitted to ZDock online server for receptor-
ligand binding affinity assessment.

Immunoinformatics analysis

Antigenicity and allergenicity of immunotoxins
Antigenicity of rRova-GrB and rRova-Typh

were performed by the Vaxilen V.2 server

(http://www.ddg-pharmfac.net/vaxijen), also
the allergenicity of immunotoxins was
analyzed by Algpred server at

(https://webs.iiitd.edu.in/raghava/algpred/sub
mission.html) and AllerTOP v.2.0 server at
(http://www.ddg-pharmfac.net/AllerTOP/).

Immune response prediction

C-ImmSim online server
(https://150.146.2.1/C-IMMSIM/index.php)
was used to evaluate the immune system
response against immunotoxins.

at

B and T cell epitopes prediction

Continuous and discontinuous B cell
epitopes were determined by ABCpred
(https://webs.iiitd.edu.in/raghava/abcpred/AB
C_submission.html), DiscoTope 2.0 server
(https://services.healthtech.dtu.dk/service.php?
DiscoTope-2.0), and ElliPro online server
(http://tools.iedb.org/ellipro/).



Ataee et al. / RPS2022; 17(4): 428-444

Experimental studies
Confirmation of the recombinant genes in the
pET28a vector

Rova-GrB and Rova-Typh constructs in
pET28a vector were synthesized by a
ShineGene Molecular Biotech Company,
China. The immunotoxin constructs were
transferred to E. coli BL21DE3 competent cell
by calcium chloride (20 mM) heat-shock
transformation method. Enzymatic digestion
reaction (BamH1 #ER0051 and Xhol
#ER0691, Thermo Fisher Scientific, USA) and
polymerase chain reaction (PCR) were applied
to confirm the genes.

Expression and purification of the recombinant
protein

A single colony of bacteria containing
recombinant plasmid was inoculated in 5 mL of
Luria-Bertani liquid medium (LB) containing
50 pg/mL kanamycin overnight. Then, 1 mL of
overnight culture was cultured into 50 mL LB
media containing 50 pg/mL kanamycin at 37 °C
with a constant agitation of 120 rpm. When an
optical density of samples at 600 nm was equal
to 0.7, the expression of the protein was started
by adding 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) and incubated at
37 °C for 2, 4, 6, and 8 h and overnight. Then,
the cells were harvested using centrifugation at
4000 rpm for 10 min. The cells were suspended
in the native buffer (50 mM NaH2PO4,
300 mM NaCl, 10 mM imidazole, pH: 8.0) and
then sonication was done (75 W for 20 s). After
centrifugation at 12,000 rpm, 4 °C for 10 min,
the supernatant was stored in order to analyze
the presence of recombinant protein in the
soluble phase. The cell sediment of the soluble
phase was dissolved in denatured buffer
(8 M urea, 100 mM NaH2PO4, 100 mM tris,
pH 8.0). To determine whether the rRova-GrB
and rRova-Typh are in the soluble or insoluble
phase, the samples of both phases were
analyzed by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE) at a constant voltage of 100 V for 1 h.
The electrophoresis buffer including tris,
glycine, and SDS was prepared at pH 8.3. The
recombinant proteins were purified using
nickel-nitrilotriacetic acid (Ni-NTA) affinity
column under native and denature protocols
(Ni-NTA Spin kit, Qiagen, Iran; Cat.
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No. 31314). At last, the purified proteins were
examined by 12% SDS-PAGE. The Bradford
method was used to determine the
concentration of immunotoxins.

Confirmation of recombinants immunotoxins
by western blot method

Purified recombinant immunotoxins were
loaded on SDS-PAGE, and the contents of SDS
gel were transferred to poly(vinylidene
fluoride) (PVDF) membrane by transfer buffer
(39 mM glycine, 48 mM tris base, 0.037% SDS,
and 20% methanol) at a constant voltage of 100
V for 1 h and then, the membrane was blocked
with 5% skim milk at 37 °C, 120 rpm, for 2 h.
The PVDF membrane was washed twice using
a wash buffer TBST (tris-buffered saline +
0.05% Tween® 20). The horseradish peroxidase
(HRP) conjugated mouse anti-His tag antibody
(Sigma, USA) at 1:2000 dilutions in TBST
buffer was poured on PVDF membrane and
incubated for 2 h at 37 °C on a rotary shaker
(120 rpm). Ultimately, 3, 3'-diaminobenzidine
(DAB) solution substance was added as an
enzyme-substrate to observe antibody binding.

Determination of secondary structure by
circular dichroism method

The ultraviolet circular dichroism (CD) is a
useful tool for determining the secondary
structure and folding properties of proteins
produced by the recombinant method (28). CD
method was used to analyze the amount of
alpha-helix, beta-sheet, beta-turn, and other
conformations in unknown proteins. The
purified immunotoxins (0.2 mg/mL) were
evaluated by a CD spectrum (J-810-150S,
Japan) at 180 to 240 nm at the biochemistry
laboratory of Tarbiat Modares University and
its data was saved. The standard protein and
solvent used in the CD assay are bovine serum
albumin and phosphate-buffered saline (PBS),
respectively.

RESULTS

Bioinformatics structural analysis
Secondary structure prediction

The comparison between the prediction of
the secondary structure of the scFv
rovalpituzumab, the PItA of typhoid toxin, and
granzyme B in the structure of immunotoxins



and single-mode are mentioned in Table 1. The
details of the prediction of secondary structures
of immunotoxins and comparing them with the
results of the CD method are listed in Table 2.
Also, the secondary structure of both linkers
((GsS)3 and ASGGPE) in immunotoxins was
the random coil.

Tertiary structure prediction

Both immunotoxins were analyzed in
the I-Tasser server and the results are listed in
Table 3 and Fig. 2a and b. C-score or
confidence score estimates the predicted
structure’s quality which is typically in
the range of -5 and 2. Template modeling

Immunotoxins against DLL3 receptor

(TM)-score shows a topological similarity of
protein structures which is rated from 0 to
1. TM-score > 0.5 shows that frequently, the
query and template protein is in the same fold
and if the TM-score was less than 0.5, it means
that proteins are not in the same
fold. A common scale for comparing protein
structures is to measure a root-mean-square
deviation (RMSD). RMSD is obtained by
calculating the distance between pairs
of atoms after being at the best position. The
ideal RMSD is as small as that for closely
homologous proteins (< 3 A) (29). C and TM
scores of the immunotoxins were been in the
standard range.

Table 1. Comparison of secondary structures of immunotoxins and their components in a single state and in case of
binding to other components.

scFvinrRova-GrB  scFv of GranzymeB in pltAin

and rRova-Typh Rova rRova-GrB E_‘;/r z;tnzyme B rRova-typh tpcl);,iﬁ\nczfo/t);phmd
%) (%) %) ) (%) ’
Alpha helix 8.57 5.31 10.97 10.97 23.93 23.93
Extended strand ~ 36.33 39.18 27.0 25.74 19.23 17.95
Random coil 55.10 55.51 62.02 63.29 56.84 58.12

scFv, Single-chain variable fragment; rRova, recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.

Table 2. The comparing results of secondary structures of immunotoxins by bioinformatics and CD method.

: Number of : i 10 Extended strand Random coil
Protein name amino acids Method of analysis  Alphahelix (%) (Beta sheet) (%) (%)
Predicted 17.95 25.64 56.41
rRova-GrB 624 cD 499 ] 508
Predicted 22.87 23.03 54.11
rRova-Typh 621 CD 54.8 - 452

CD, Circular dichroism; rRova, recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.

Table 3. Result of [-TASSER analysis of immunotoxins.

Protein name Length C-score Template modeling score RMSD (A)
rRova-GrB 624 -2.50 0.42+0.14 14.0+3.9
rRova-Typh 621 -4.20 0.27 +0.08 18.8 +2.1

rRova, Recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B; RMSD, root-mean-square deviation.

a b c d

Fig. 2. Predicted initial and refined models of the tertiary structure of immunotoxins. The initial model of (a) rRova-GrB
and (b) rRova-Typh by I-TASSER server and refined model of the tertiary structure of (c) rRova-GrB (d) and rRova-
Typh were shown. In all figures, the scFv of rovalpituzumab is yellow, the exotoxin A Pseudomonas aeruginosa as
translocation domain is red, and the GrB and pltA of typhoid toxin are green. rRova, Recombinant rovalpituzumab; Typh,
typhoid; GrB, granzyme B; scFv, Single-chain variable fragment.
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Refinement and validation of tertiary structure

To get the best refinement of the protein
structure, 3Drefine web server optimizes a
network of hydrogen bonds in the protein
structure and combines it with the model with
the lowest level of atomic energy. The
refinement result is reported as 3Drefine score.
3Drefine score is the potential energy of the
refined model based on 3Drefine force field.
A lower score usually shows a better quality
structure (30). 3Drefine scores of rRova-GrB
and rRova-Typh were 43997 and 45623,
respectively. The tertiary structure of rRova-
GrB and rRova-Typh after refinement is shown
in Fig. 2¢ and d.

After refinement of the immunotoxins,
validation was performed by online programs
such as ERAT, Verify3D, Procheck, and
proSA-web servers. All data before refinement
and after refinement are listed in Table 4.

ERRAT server can determine the correct and
incorrect parts of the protein structure
according to characteristic atomic interaction.
The overall quality factor is the percentage of
the protein that their protein structure is
acceptable. ERRAT analysis of immunotoxins
after refinement showed that the higher
percentage of amino acids had the correct
structure (Fig. 3a and b).

Verify3D server determines what percentage
of amino acid sequences are folded into a
known 3D structure. In the acceptance state, at
least 80% of the amino acids must be
scored > 0.2 in the 3D/1D profile. Ninety-one

Table 4. The result of validation analysis of immunotoxins.

percent of residues of rRova-GrB had averaged
3D/1D score > 0.2 (Fig. 3c and d).

PROCHECK program calculates
stereochemical properties such as phi and psi
angles in helixes, disulfide bridges, Co-N-C-Cg,
and etc of all amino acids. In the following, the
results are compared with the well-known
protein structures in the Protein Data Bank.
According to the study of 118 structures of
resolution of at least 2.0 A, a proper quality
structure of the protein in the Ramachandran
plot must have over 90% of amino acids in the
most favored regions. As shown in Table 4 and
Fig.3e and f the details of amino acids
dispersion in the Ramachandran plot were
shown. In overall, more than 88% of the amino
acids in the structure of immunotoxins are
located in the most favoured and additional
allowed region.

The ProSA-web server checks for errors in
the protein structure by comparing the overall
quality score of a recombinant protein with
native proteins. The result of the comparison is
a Z-score that is shown graphically.
In this plot, the structure of native proteins
obtained through nuclear magnetic resonance
(NMR) and X-ray method is blue and the
desired protein is shown in black point. In
general, the validation of results showed that

structural analysis had improved after
refinement. The result of immunotoxins
validation by the ERRAT, Verify3D,

PROCHECK, and proSA-web programs are
shown in Fig. 3g and h.

rRova-GrB

rRova-Typh

After refinement

Beforerefinement After refinement

Beforerefinement
ERAT online program 67.82
Overall quality factor '
Verity 3D online programs 86.86

Ramachandran plot
Residues in most favoured regions
Residues in additional allowed

293 (56.2%)
164 (31.5%)

Residues in generously allowed 42 (8.1%)
Residues in disallowed regions 22 (4.2%)
z-score -4.94

78.57 58.59 79.11
91.03 5636 61.03

335 (64.3%) 266 (50.6%) 340 (64.6%)
133 (25.5%) 187 (35.6%) 124 (23.6%)
27 (5.2%) 44 (8.4%) 38 (7.2%)
26 (5.0%) 29 (5.5%) 24 (4.6%)
-6.51 -2.05 427

rRova, Recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.
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Fig. 3. The result of immunotoxins validation by the ERRAT, Verify 3D, PROCHECK, and proSA-web program. The
validation of 3D model of (a) rRova-GrB and (b) rRova-Typh by ERRAT program were shown; the 3D profile of the
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rRova-GrB and (h) rRova-Typh. rRova, Recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.
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Determining of intrinsic protein disorder

DISOPRED3 server shows the intrinsic
protein disorder regions. The 3D structure of
the intrinsic protein disorder regions is not
stable under physiological conditions. Also,
DISOPRED3 neural networks can predict long
disorder regions. The server compares the
structure of each window of seven residues in
the desired protein with the amino acids profile
in the data bank to see if it is an order or
disorder ( 31-32).

The number of the intrinsic protein disorder
in the rRova-GrB and rRova-Typh by
PSIPRED online server were 47 and 62 amino
acids, as disorder regions, respectively. As
shown in Fig. 4a and b, the distribution of
intrinsically disordered regions is mainly
located between the amino acids 120 to 140,
355 to 380, and the carboxyl-terminus of the
immunotoxins.

Prediction of solubility

SOLpro web server examines the possibility
of a protein to be soluble or insoluble on
overexpression in E. coli from the primary
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sequence. In fact, SOLpro can determine
whether the protein is solvent or not. The
solubility index of rRova-GrB (soluble with
probability 0.76) and rRova-Typh (insoluble
with probability 0.68) were determined by
SOLpro web server.

The use of recombinant proteins in industry
and therapy has made it very important to
predict protein solubility. The server examines
protein for amino acid count, the presence of
aromatic side chains, number of negatively
charged amino acids, lysine to arginine ratio,
number of f-strands, the possibility of
producing inclusion body, and then
predicts protein solubility. QuerySol is defined
as the predicted solubility value obtained
based on the average of the laboratory
results and is equal to 0.45. If the QuerySol of
the target protein is higher than 0.45, it means
that the recombinant protein has more solubility
than E. coli proteins (33). The QuerySol
of rRova-GrB and rRova-Typh were 0.229
and 0.182, respectively, therefore the
immunotoxins are considered insoluble
protein (Fig. 4¢).
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Fig. 4. Prediction of intrinsic disorder profile and solubility of immunotoxins. The result of intrinsic disorder regions of
(a) rRova-GrB and (b) rRova-Typh by DISOPRED?3 server was shown. (c¢) The prediction of solubility of rRova-GrB and
rRova-Typh by Protein-Sol web server shows that immunotoxins were unsoluble. PopAvrSol, Population average
solubility of E. coli proteins; rRova, recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.
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Docking results

The binding of immunotoxins to DLL3 was
predicted by the Z-Dock online server. As shown
in Fig. 5, the rRova-GrB and rRova-Typh from
the scFv of rovalpituzumab region are connected
to N-terminal domain of DLL3. The binding of
scFv of rovalpituzumab to DLL3 by the Z-Dock
online server showed that scFv of rovalpituzumab
binds to the EGF-like domain of DLL3.

I mmunoinformatics results

Immunotoxins against DLL3 receptor

Immune stimulation

The C-ImmSim program is based on
machine learning techniques and a mesoscopic
scale simulator of the immune system to predict the
interaction between pathogens and immune
system components. The first response of the
immune system to both immunotoxins is
IgM. The highest number of IgM and IgG is
produced 13 days after the injection of
immunotoxins. IgG antibody responses are

L L lower than IgM antibody responses in
Antigenici t.y and allergenicity o both immunotoxins (Fig. 6a and, D).
Evaluation of the allergenicity of The Rova-Tyh seems to produce less

immunotoxins by Algpred and AllerTOP v.2.0
server showed that they do not have the proven
IgE epitopes in their structures, so it seems they
are not allergens. The VaxiJen V.2 server that
acts based on the alignment approach for
antigen prediction, has 70 to 89% accuracy.

antibody response. The intensive decrease in
the plasma cell population is observed from day
10 onwards (Fig. 6c and d) and also,
T regulatory cells have been significantly
activated against immunotoxins (Fig. 6¢ and f).

: Among the cytokines and interleukins,
This server also showed that the Rova-GrB interferon-gamma and interleukin-2 had the
probably is not an antigen while the Rova-Typh highest production level against both

has some antigenic regions.

immunotoxins (Fig. 6g and h).

b
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Fig. 5. Molecular docking of DLL3 against immunotoxins. The binding prediction between DLL3 as a receptor and (a)
rRova-GrB and (b) rRova-Typhas ligands. In all diagrams, DLL3 is red, rRova-GrB and rRova-Typh are blue, and the
interface residues are yellow. DLL3, Delta-like ligand 3; rRova, recombinant rovalpituzumab; Typh, typhoid; GrB,
granzyme B.
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Fig. 6. Results of predicting immune system responses by the C-ImmSim server. The IgM and IgG antibody responses
of (a) Rova-GrB and (b) Rova-Typh; the plasma cells population of (¢) Rova-GrB and (d) Rova-Typh; the prediction of
T regulatory cell amounts of (e) Rova-GrB and (f) Rova-Typh; the increased rate of cytokines and interleukins after
injections of (g) Rova-GrB and (h) Rova-Typh. Rova, Rovalpituzumab; Typh, typhoid; GrB, granzyme B.

Table 5. Continuous and discontinuous B cell epitopes of immunotoxins.

Server Rova-GrB Rova-Typh
Start Start
Sequence position Score  Sequence position Score
Lineat  ppcored ??SF;(/SY%\XTMTTDT 64 093  DDFKGRVTMTTDTSTSTAYM 64 0.93
epitopes GDPEIKKTSFKGDS oo 093
GGPLVC .
ElliPro 1ggl\;vPLETFTRHRQP 264 0.90 FRIZIG?\]ETYSE}ISIQTYAIARAYYSRST 435 0.75
A: G 1,A:S2, A: P16, A: G17, A: N33, A: Y56, A: T57,
A: E59, A: D64, A: S120, A: G121, A: S135, A: 1137, A:
R273, A: H274, A: Q276, A: P277, A: R278, A: E281, A:
A:S82, A:D117, A:T119, A:K120, A:P122, Q282, A: Q285, A: A316, A: S317, A: P318, A: D357, A:
DiscoTope A:P123, A:R124, A:P158, A:R170, A:P172, P378, A: T399, A: P400, A: P401, A: A452, A:Y453, A:
Disconti- 2.0 A:Q204, A:Y205, A:418E, A:503E, S455, A: R456, A: K460, A: G461, A: N462, A: 1463, A:
nuous A:504D, A:506A, A:507R, A:510A. R465, A: N473, A: S476, A: P479, A: S480, A: 1481, A:
epitopes T482, A: Y483, A: E485, A: T486, A: Q487, A: G488, A:
N550, A: P551, A: P555 TO A: Q565, A: S599, A: Y601
TO A: E621.
A:V7, A:Q8, A:S9, A:G10, A:All, A:E12, A: F421 to A: R465. A: N473, A: Y475 to A: L522. A:
ElliPro A:V13, A:K14, A:K15, A:P16, A:G17, Y524, A: D525, A: T528. A: G534 to A: S541. A: L543 to

A:A18, A:S19, A:V20, A:K21, A:V22.

A: E621.

Rova, Rovalpituzumab; Typh, typhoid; GrB, granzyme B.

B cell epitopes

The ABCpred server indicated that the
Rova-GrB has two main B cell epitopes, one in
the binding region and the other in the catalytic
region of the immunotoxin. The important
epitope of the Rova-Typh is in the binding
region. The DiscoTope 2.0 server showed that
the Rova-GrB and Rova-Typh contain 18 and
9 amino acids, respectively, that are involved in
creating the discontinuous B cell epitopes.
The presence of a continuous B cell epitope in
the translocation domain of Rova-GrB
and a continuous B cell epitope in the
catalytic domain of the Rova-Typh was
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determined by the ElliPro server. The B cell
epitopes of immunotoxins are shown
in Table 5.

Experimental results
Confirmation of Rova-GrB and Rova-Typh
genesin pET28a

The constructs genes containing rova-grb
and rova-typh were transferred to the E. coli
BI21DE3 and analyzed by PCR and restriction
enzymatic digestion (Fig. 7a and b). The
Results showed that the Rova-GrB gene (1875
bp), Rova-Typh gene (1866 bp) had expected
bands on the 1% agarose gel.
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Fig. 7. The Result of enzymatic digestion, PCR, expression, purification and western blot analysis of the rRova-GrB and
rRova-Typh. (a) Restriction enzyme analysis: (1) Rova-GrB and (2) rova-typh; (b) the PCR results: (1) Rova-Typh, (2)
Rova-GrB, (M): 1 Kb DNA ladder, SM0313, Thermo Fisher Scientific); (c) expression of rRova-GrB: (1) before induction
by IPTG, (2) induced expression during 16 h; (d) expression of rRova-Typh: (1) E. coli BL21 without pET28a and (2)
before induction by IPTG, (3) induced expression during 16 h; (e) protein purification of immunotoxins: (1) unpurified
protein before column, (2) rRova-GrB purified, (3) rRova-Typh purified; (f) western blotting analysis for rRova-GrB and
rRova-Typh: (1) cell extract from 16 h expression of rRova-GrB, (2) non-induced cell, (3) cell extract from 16 h
expression of rRova-Typh, (M) protein marker, PM1700, SMOBIO Technology). PCR, Polymerase chain reaction; IPTG,
isopropyl B-D-1-thiogalactopyranoside; rRova, recombinant rovalpituzumab; Typh, typhoid; GrB, granzyme B.

Expression, purification and western blot
analysis of rRova-GrB and rRova-Typh

The maximum expressions of recombinant
immunotoxins were induced by the 1 mM IPTG
and 16 h incubated time. The results of the
evaluation of protein expression in the native
and denature method showed that the protein
expression was observed in the insoluble phase.
The desired proteins were evaluated on the 12%
SDS-PAGE gel (Fig. 7c and d). The rRova-GrB
and rRova-Typh were purified based on
denaturing method by Ni-NTA column
(Fig. 7e). The purified immunotoxins were
transferred to the dialysis sac with a 14 kDa
cutoff (Sigma Aldrich, USA). The dialysis
process against PBS 1X buffer was done
overnight by changing the buffer four times.
Using the Bradford method, the concentration
of rRova-GrB and rRova-Typh were
130 pg/mL and 80 pg/mL, respectively. All
purified proteins were stored at -20 °C. To
confirm the rRova-GrB and rRova-Typh,
western blotting was done by mouse anti-his tag
antibody HRP conjugated (Fig. 7).

CD Spectroscopy

To determine the secondary structure of the
immunotoxins, CD analysis was done on the
purified protein by Circular Dichroism
spectrophotometers. Table 3 shows the
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comparison of the percentage of the secondary
structure of immunotoxins via bioinformatics
predictions and CD spectrophotometers. The
data obtained from the CD spectrophotometers
were not compatible with the bioinformatics
predictions.

DISCUSSION

For the past three decades, the first line of
treatment for SCLC has been the chemotherapy
drug-like  “etoposide-platinum”.  Unique
features of SCLC including fast growth,

primary metastasis, obtained therapeutic
resistance, and mutation in the tumor
suppressor  genes cause failed drug

development. In recent years, immunotherapy
approaches have raised hopes in clinics (234).
Selecting a specific biomarker that has a high
expression in cancer cells while its expression
is low in normal cells is a fundamental phase in
the design of immunotoxins.  The
overexpression of DLL3 in SCLC versus
normal organs, including the Ilung was
identified in 2015. Among the biomarkers of
SCLC, DLL3 has shown promising effects.
Rova-T is an antibody-drug conjugate that
targets DLL3 in preclinical and clinical studies.
Due to its side effects, using the Rova-T drug
has been stopped; however, DLL3 is an ideal



target for drug development against SCLC. In
such a way, anti-DLL3/anti-CD3 bispecific
T-cell engager is being evaluated (2,15).

So far, no immunotoxin that targets DLL3
has been designed, and in the present study, the
new immunotoxins based on the recombinant
humanized scFv of rovalpituzumab antibody
against DLL3 were made.

The issue of immunogenicity of
immunotoxin components is a limiting factor in
its use in the clinic (35). The scFv of
rovalpituzumab which has the ability of binding
to the DLL3, is humanized antibody. Also, in
the catalytic domain of immunotoxins, in
addition to using bacterial toxins such as pltA
of typhoid toxin, a strong human enzyme such
as GrB has been used. Based on the experience
of our previous studies, how determining the
position of the binding and catalytic domains in
the immunotoxin structure (N-terminal or
C-terminal) is important and required
bioinformatics studies. Bioinformatics analysis
is very helpful in obtaining an ideal
immunotoxin construct and reducing costs.
Rare codon analysis results in the GenScript
online program showed the Codon Adaptation
Index (CAI), GC content, and Codon
Frequency Distribution (CFD) parameters are
in the ideal range, so the immunotoxin genes
will be expressed strongly. The results of the
GenScript were similar to the results of
previous work (36-40). The hydrophobicity
index of rRova-GrB and rRova-Typh based on
ProtParam server showed that the recombinant
immunotoxins had hydrophilic properties. The
results of the analysis of secondary structures
by GORIV server showed that about 55%, 25%,
20% of the secondary structure of
immunotoxins were random coil, beta-sheet,
and alpha-helix, respectively, while the results
of  experimental analysis by CD
spectrophotometers showed that about half of
the secondary structure of immunotoxins were
random coil and the other half were alpha helix.

Also, the outcomes of the GORV server
showed that the linkage of scFv rovalpituzumab
to the translocation domain and catalytic
domain (GrB and pltA of typhoid toxin) caused
small changes of about 2 to 3% in the extended
strand and random coil of the secondary
structure, respectively. In  general, a
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comparison of the secondary structure of the
components of immunotoxins in the single and
fusion protein states showed that the secondary
structure of immunotoxins did not change
significantly. Moreover, the results of the
PredictProtein server showed that most amino
acids of immunotoxins were not exposed, so it
can be concluded that the immunotoxins
expressed in E. coli are hydrophobic and
insoluble. The results of the bioinformatics
analysis were consistent with the results of the
experimental analysis. In fact, all recombinant
proteins of immunotoxins and their components
were dissolved in 8 M urea and purified by
Ni-NTA column using the denaturing method.
The dialysis method against PBS to solubilize
immunotoxins was used stepwise. Like all
fusion proteins designed in previous studies, the
C-score of immunotoxins and their components
analyzed by the I-Tasser server is within the
standard range ( 41-42).

The intrinsic protein disorder region in the
rRova-GrB and rRova-Typh showed that most
of the disorder regions of immunotoxins were
related to the (G4S)3 linker, which is located
between the light and heavy variable chains of
rovalpituzumab antibody, and the six histidines
(6x His tag) residues that are located in the
carboxylic terminus of the immunotoxins.
Validation analyses of rRova-GrB and rRova-
Typh after refinement showed that their
structure and folding have improved, which in
turn indicated the correct performance of
immunotoxins. There are few researches on the
immunotoxins that target SCLC.

In the first immunotoxin, we have tried to
use GrB, which is a human enzyme, to reduce
the immunogenicity of Rova-GrB. Our
expectation was that the Rova-GrB has less
immunogenicity compared to the Rova-Typh.
The results obtained from the VaxiJen V.2
confirmed the reduction of the antigenic
property of Rova-GrB.

The main purpose of determining B cell
epitopes is to determine the number and
location of the B cell epitopes (43). If a severe
immune response is observed in the practical
phase, the immunogenicity of immunotoxins
can be reduced by more detailed bioinformatics
analyses and alterations in the B-cell epitope
sequence. According to the immune system
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responses to Rova-GrB and Rova-Typh,
the use of immunotoxins in lung cancer cell line
and tumor models and comparison of
experimental results with bioinformatics results
is required.

The first models of the immunotoxins
against SCLC were developed from the
chemical conjugation of antibodies to toxins.
Wawrzynczak and co-workers developed the
first immunotoxins against the SCLC cell line
that include a mouse monoclonal antibody
(SWAT11 and SWA20) that attaches to ricin and
abrin toxins. The immunotoxins in the animal
model cause a delay in the growth of tumor
cells ( 44-45). Concurrent use of three
immunotoxins, MOC-31-PE + NrLulO-PE +
MLuCI-PE, in SCLC cell line has been tested.
This method removes SCLC cells quickly and
effectively from bone marrow after high-dose
chemotherapy (46). In 2002, the N901-blocked
ricin immunotoxin was tested on nine patients
and the results were unsatisfactory. They
concluded that designing newer constructs with
less immunogenicity could have favorable
therapeutic effects (47).

In 2012, the combined use of HB21-PE40 as
immunotoxins and ABT-263 (an anticancer
drug, which is a Bcl-2 inhibitor) effectively
killed the SCLC cells, while immunotoxin and
drug alone did not have inhibitory effects (48).
Recently, a cell membrane glycoprotein called
glypican-3 (GPC3) has been identified that is
involved in cell growth and proliferation. An
immunotoxin including an anti-GPC3 antibody
and Pseudomonas aeruginosa exotoxin A 38
(PE38) has cytotoxic effects on liver cancer and
SCLC cell lines that have high expression of
GPC3 (49).

CONCLUSION

The results showed that bioinformatics
analysis is an essential step in designing an
effective immunotoxin. Our bioinformatics
studies showed that the designed immunotoxins
had the right structure and can be produced in a
prokaryotic host. The designed and expressed
immunotoxins are expected to have beneficial
therapeutic effects on SCLC, which will require
further experimental analysis.
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