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Abstract
Current medications for rheumatoid arthritis (RA), a common synovial autoimmune disease, are
associated with adverse effects. Interestingly, interferon beta (IFNβ), effective in multiple sclerosis (MS)
treatment, also can help decreasing articular destruction in RA. Here, a novel fusion protein was
introduced containing human mutated IFNβ (with mutations in 27th and 101th residues; IFNβ27+101)
fused to a single chain fragment variable (scFv) antibody against human collagen type II for decreasing
IFNβ27+101 off-targets (according to drug targeting bene�ts) in future in vivo and clinical experiments.
After designing, bioinformatic analyses and the recombinant vector transfection into HEK293 cells, the
mutated IFNβ-scFv protein con�rmation and function were assessed by SDS-PAGE, western blotting,
ELISA, and real-time PCR. The fusion protein secondary and tertiary structures had proper folding. Also,
the recombinant mRNA secondary structure considered stable. 2.35 fold difference between the test and
negative control groups con�rmed the scFv attachment to human collagen type II (p= 0.046). MxA 25.68
fold overexpression in peripheral blood mononuclear cells (PBMCs) treated with the recombinant protein
compared with the non-treated sample (p= 0.0001), demonstrated IFNβ27+101 bioactivity as the fusion
protein. In vitro and in silico studies veri�ed function of mutated IFNβ-scFv, however in vivo studies are
proposed for further validation. 

Introduction
Autoimmune diseases with a prevalence of more than 3% in the world are caused by the immune system
aberration leading to in�ammatory responses (Chen et al. 2019; Lee et al. 2020). Among them,
rheumatoid arthritis (RA) is an autoimmune disorder of synovials that is de�ned by synovium
in�ammation which leads to articular destruction (Gibofsky 2014). In such diseases, the imbalance in the
immune system results in losing the tolerance to the self-antigens and all purposes of the treatment are
to rebalance it (Chen et al. 2019). In this regard, interferon beta (IFNβ), a cytokine with the �broblast
cellular origin belonging to type I class of interferons, has anti-in�ammatory and immunomodulatory
properties making it a suitable candidate for treatment of autoimmune diseases (Meyer 2009; Rommer et
al. 2019). This cytokine, considered as an effective drug for multiple sclerosis (MS) treatment, has also
successful outcomes in animal models suffering RA (Triantaphyllopoulos et al. 1999; Tak et al. 1999;
Jiang et al. 2020). Although the exact role of IFNβ in the treatment of RA is unknown, many studies have
revealed several possible mechanisms including proin�ammatory cytokines reduction,
immunomodulatory cytokines elevation, regulatory T-cells induction, matrix metalloproteinases (MMPs)
suppression, and preventing T-helper 17 differentiation (van Holten et al. 2002; Baecher-Allan et al. 2006;
Ramgolam et al. 2009). Therefore, IFNβ has been effective in RA treatment in the reduction of synovial
in�ammation and cartilage destruction (van Holten et al. 2004; Smeets et al. 2000). Notably, Kay et al.
(2016) have designed a mutated IFNβ in which Arg 27 and Val 101 residues have been substituted with
Thr and Phe, respectively (Kay et al. 2016). The Thr substitution in the 27th residue makes one extra site
of glycosylation and increases its stability, half-life, solubility, and biological activity compared with the
wild type IFNβ with one site of N-glycosylation (Shin et al. 2012; Runkel et al. 1998; Karpusas et al. 1998).
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Also, it is noteworthy that the Phe 101 replacement in IFNβ has been enhanced the bioactivity of this
protein, as indicated by a previous research (Goelz et al. 2000). Kay and her colleagues has reported that
the presence of these two mutations in the IFNβ (IFNβ27+101) caused 2.26 and 4.5 fold overexpression in
mRNA and protein levels, respectively, and also improved bioactivity in comparison to the wild type one
(Kay et al. 2016). Generally, single chain fragment variable (scFv) engineering technology has been
maintained the antigen binding site (paratope), in spite of decreasing the size of antibody (Ahmad et al.
2012). Using these advantages, scFv has been applied in therapeutic applications and drug targeting
(Daly et al. 2001; Harmsen et al. 2007). Precise drug delivery, as a novel therapeutic approach, has been
reduced off-target, side effects, drug dosage, treatment costs and ultimately increased treatment
effectiveness (Kehoe et al. 2013; Morrison et al. 2012). In this regard, Morrison et al. (2012) have
investigated that a wild type IFNα, fused to multiple antibodies, has 100-time higher e�ciency with lower
side effects compared with a non-fused one (Morrison et al. 2012). In the present study, a fusion
recombinant protein in which the human mutated IFNβ is fused to a scFv antibody against human
collagen type II (particularly located in joints) was introduced, for the �rst time. With the aim of reducing
off-target of mutated IFNβ and reaching other above-mentioned advantages, it may be able to reach
synovials in RA disorder, precisely.

Here, in silico and in vitro analyses were used to determine the function of the relative mRNA and protein.
Using the in silico approach, recombinant mRNA secondary structure stability, recombinant protein
secondary and tertiary structures, residues torsional angles, energy minimization of the predicted protein
model and solubility of the fusion protein were accomplished. Subsequently, assessment of the
recombinant gene construct expression in both RNA and protein levels and in vitro bioactivity of the
puri�ed recombinant fusion protein were done.

Materials And Methods

Recombinant plasmid design
Brie�y, having obtained, the sequences of mutated IFNβ27+101 (Kay et al. 2016) and scFv (Kehoe et al.
2013) components (VL and VH) were embedded in the C-terminal and N-terminal of the construct
structure, respectively. Next, (Gly4Ser)3 sequence (Chen et al. 2013) was used as a scFv linker (connecting
VL to VH) and AEAAAKEAAAKAGS sequence (Grewal et al. 2015, 2017) was applied as an IFNβ linker
through which the mutated IFNβ (mIFNβ) attached to scFv. Also, human IFNβ signal peptide sequence
obtained from the UniProt database (https://www.uniprot.org/uniprot/P01574) (Consortium 2019) was
placed at the beginning of the construct, in order to recombinant protein secretion. Afterward, the amino
acid sequence was converted to the nucleic acid sequence by the online server EMBOSS Backtranseq
(https://www.ebi.ac.uk/Tools/st/emboss_backtranseq). For cloning into pcDNA3.1(+)_myc-His A vector,
HindIII and EcoRI restriction sites were respectively considered at 5′ and 3′ of the recombinant construct
(GenBank accession number: MN733992). Also, Myc and His6-tag sequences located in downstream of
the construct were considered (Figs. 1a and 1b).
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Secondary RNA structure
In silico analysis of the recombinant mRNA was accomplished by Mfold online server
(http://unafold.rna.albany.edu/?q

=

mfold) in order to assess the Gibbs free energy for the recombinant mRNA secondary structure.

Protein molecular weight estimation
The molecular weights including non-glycosylated and glycosylated proteins were calculated. In this
regard, Protein Molecular Weight web server (https://www.bioinformatics.org/sms/prot_mw.html)
(Stothard 2000) was used for calculating the non-glycosylated protein molecular weight. The N-linked
glycosylated and O-linked glycosylated protein molecular weights were calculated by GlycoEP server
(http://crdd.osdd.net/raghava/glycoep/submit.html) (Chauhan et al. 2013).

Protein structure
The fusion protein’s secondary structure was determined by GOR-IV web server (https://npsa-
prabi.ibcp.fr/NPSA/npsa_gor4.html) (Deléage 2017). Using homology modeling, the tertiary structure was
predicted by I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Yang et al. 2015; Roy
et al. 2010; Zhang 2008). In addition, Ramachandran plot was drawn for the mutated IFNβ-scFv fusion
protein by RAMPAGE server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). Also, Swiss PDB
Viewer version 4.1 software (http://www.expasy.org/spdbv/) (Guex et al. 1997) was applied for energy
minimization of the predicted model. The solubility of the protein was evaluated by PROSO II server
(http://mbiljj45.bio.med.uni-muenchen.de:8888/prosoII/prosoII.seam) (Smialowski 2012).

Recombinant plasmid construction
The recombinant vector and the vector without insert (mock) were prepared by Macrogen (Korea). The
recombinant vector was drawn by Snapgene software (Fig. 1c). The recombinant gene construct was
sequenced. Then, the nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was applied for
approving the sequencing results. After transformation of the recombinant and mock vectors into the
competent E.coli TOP10, the plasmid extraction was accomplished by Miniprep plasmid extraction kit
(Genet Bio, Korea). The recombinant vector was double digested with HindIII and EcoRI restriction
enzymes (Thermo Fisher Scienti�c, USA) and analyzed on 1% TAE (Tris-Acetate-EDTA) agarose gel
electrophoresis.
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Cell culture and transfection
Human embryonic kidney (HEK293) cell line was purchased from the Pasteur Institute, Iran. Cells were
cultured in a Dulbecco-modi�ed Eagle medium (DMEM, High Glucose, GlutaMAXTM) with 10% fetal
bovine serum (FBS) (Biowest, France) and 1% penicillin/streptomycin (Sigma, Germany) at 37°C, 95%
humidity and 5% CO2 condition. 24h before transfection, HEK293 cells were seeded in 35mm tissue
culture plates up to about 60% con�uency. The fresh medium was re�lled, 3h prior to transfection. Then,
the calcium phosphate protocol was used for transient transfection of 4µg recombinant (treated) and
mock vectors in each plate (Chen 2011). Meanwhile, untransfected cells considered as a negative control.
After 24h incubation of transfected and untransfected cells at 37°C, 95% humidity and 5% CO2, the fresh
media were added and the cells were incubated for an extra 24h at the same conditions.

Protein puri�cation
The cell media was poured into Ni-NTA Sepharose column. After washing with the wash buffer (20mM
imidazole, 300mM NaCl and 50mM NaH2PO4; pH 7.8), the His6-tagged recombinant protein was
detached by elution buffer (250mM imidazole, 300mM NaCl, 50mM NaH2PO4; pH 7.8) (Emamzadeh et
al. 2006). Then, the Bradford assay was carried out for determining the recombinant protein
concentration (Bradford 1976).

SDS-PAGE and western blotting
The 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used and
subsequently, the gel was stained by Coomassie brilliant blue method. Western blotting technique was
carried out by the monoclonal anti-polyhistidine-peroxidase antibody (Sigma, Germany). To visualize the
recombinant protein, the transferred polyvinylidene di�uoride (PVDF) membrane was incubated for 2min
in the mixture solution of clarity™ western enhanced chemiluminescence (ECL) substrate (Bio-Rad, USA)
that was prepared according to manufacturer's instruction. Next, the PVDF membrane was exposed to the
X-ray �lm in darkness for 1 min and then, it was developed and �xed by the relative solutions for 1 and
5min, respectively.

Binding measurement of scFv in the fusion protein to
human collagen type II by enzyme-linked immunosorbent
assay (ELISA)
An in-house ELISA was designed and performed for con�rmation of the scFv attachment to human
collagen type II. To do so, the human collagen type II (EMD Millipore, USA) was coated in the test and
positive control wells of a 96-well microplate (Nunc, Denmark). After blocking and washing steps, the
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recombinant protein and the mouse anti-type II collagen IgG2b monoclonal antibody-biotinylated
(Chondrex, USA) were added to the test and negative control wells, and the positive control wells,
respectively, followed by incubation and washing. Then, the monoclonal anti-polyhistidine-peroxidase
antibody (Sigma, Germany) was added to the test and negative control wells, and the horseradish
peroxidase (HRP) streptavidin (BioLegend, USA) was added to the positive control wells. After incubating
and washing, 3,3',5,5'-tetramethylbenzidine (TMB) substrate mixture solution (BioLegend, USA) that was
prepared following the manufacturer’s protocol, was added to the wells. Finally, stop solution was used
and the optical density (OD) was determined by ELISA reader at 450nm.

In vitro activity determination of mutated IFNβ in the fusion
protein
The biological activity of IFNβ27+101 was con�rmed by MxA induction measurement (Matas et al. 2016)
in human peripheral blood mononuclear cells (PBMCs) treated with the recombinant protein. With this
aim, human PBMCs were isolated from whole blood of a healthy donor using lymphoprepTM (Stemcell
Technologies, Canada) gradient according to manufacturer protocol. 200000 cells/well were cultured in a
12-well plate by Roswell park memorial institute (RPMI) medium (Gibco, UK) supplemented with 10% FBS
at 37°C, 95% humidity and 5% CO2 condition. According to the literature, the cells were treated for 24h
with 100IU/ml (3ng/ml) of Rebif®(IFNβ-1a) (Merck, Germany) and 3ng/ml of the recombinant protein as
a positive control and test, respectively (Dupont et al. 2002). Also, non-treated cells were stored for 24h in
the same condition as a negative control.

RNA extraction and cDNA synthesis
RNA extraction was carried out in two separate times, 48h after transfection of HEK293 cells and 24h
after PBMCs treatment. Total RNA was isolated by RNeasy Mini Kit (Qiagen, Germany) following the
protocol suggested by the manufacturer. Then, the RNA quantity and quality were determined by
nanodrop apparatus. Next, cDNA synthesis was performed by RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scienti�c, USA). Both the RNA and cDNA samples were kept at −70°C.

Real-time PCR
Real-time polymerase chain reaction (PCR) was performed using Applied Biosystems® real-time PCR
device and Takara kit (SYBR® Premix Ex Taq ™ II, Tli RNaseH Plus). As a housekeeping gene, EEF1A1
was used (Dehghanian et al. 2014) and speci�c primers for IFNβ and MxA were designed by AlleleID7.0
and Oligo7 softwares (Table1). Real-time PCR reactions were prepared in a 20µl total volume with
0.5pmol/µl from each primer of IFNβ and EEF1A1, 0.25pmol/µl from each primer of MxA, 10µl SYBR®
Premix Ex Taq ™ II, 100ng/µl cDNA, and 0.4µl of ROX Reference Dye. Real-time PCR program was carried
out by primary denaturation for 2min at 95°C and 40 cycles containing 10s denaturation step at 95°C,
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30s annealing step for IFNβ and MxA at 58°C and 60°C, respectively, 30s extension step at 72°C, and a
�nal extension step for 3min at 72°C. The relative gene expression of IFNβ and MxA were calculated by
the 2−ΔΔCt method using the average cycle threshold (Ct) values of three independent experiments. 

Table 1
Oligonucleotide primer sequences used for real-time

PCR
Primer Sequence

IFNβ F 5’ GCTACAACTTGCTTGGATTC 3’

IFNβ R 5’ ATAGATGGTCAATGCGGC 3’

MxA F 5’ GCATTCCCAGACGGCATA 3’

MxA R 5’ CAGAGGAGTAGGATTATCACACC 3’

EEF1A1 F 5’ CCCTTCTGGCTTACACACT 3’

EEF1A1 R 5’ TGAACCAAGGCATGTTAGCAC 3’

Statistical analysis
Statistical analysis was carried out using SPSS16.0 software (SPSS Inc, USA) through One-way ANOVA
and Wilcoxon tests. Results were shown as mean percentage ± relative standard deviation (SD). The
p<0.05 was considered as meaningful.

Results
Recombinant mRNA secondary structure

Among 22 predicted structures, Gibbs free energy for the best one was de�ned as ΔG= −450.50kcal/mol.
At the 5’ end of the recombinant mRNA, the �rst nucleotides did not have a stable hairpin as shown in Fig.
2a.

Recombinant protein molecular weight

The recombinant protein molecular weight (with the Myc and His6-tag) regardless of glycosylation was
calculated 48.48kDa. Also, 2 and 12 positions were predicted for N-linked glycosylation and O-linked
glycosylation, respectively.

Recombinant protein structure

The recombinant protein secondary structure possessed 421 total residues (without considering signal
peptide in the mature protein) consisting of 192 random coils (45.61%), 120 helixes (28.50%) and 109
strands (25.89%) (Fig. 2b). The predicted tertiary structure of the recombinant protein with two recognized
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domains including the scFv domain and the mutated IFNβ (which are connected through a peptide linker)
were illustrated in Fig. 3a. Next, the torsional angels outputs showed that 81.1%, 13.4% and 5.5% residues
were placed in the favored, allowed and outlier regions, respectively (Fig. 3b). Energy minimization of the
predicted model was estimated as −20230.768kcal/mol implying the mutated IFNβ-scFv fusion protein
possessed an acceptable stability. Also, the solubility score of 0.777 with 71% accuracy showed that the
fusion protein was classi�ed as soluble.

Recombinant plasmid con�rmation

The sequencing results of the recombinant construct was obtained (Fig. 4). In addition, the nucleotide
BLAST approved the sequencing results (Fig. 5a). The double digestion with two restriction enzymes
including HindIII and EcoRI clearly showed two bands of 1326bp and 5458bp represented the insert
(recombinant construct) and the vector backbone, respectively (Fig. 5b).

Veri�cation of the recombinant protein expression by SDS-PAGE and western blot assay

A single 70kDa band was detected on SDS-PAGE. Next, western blotting analysis con�rmed the identity of
the fusion protein and demonstrated the puri�ed protein was suitable for the following analysis (Figs. 6a,
6b, S1 and S2).

Con�rmation of scFv attachment to human collagen type II by ELISA

According to One-way ANOVA analysis, the optical density of the test and negative control groups were
0.73± 0.10 (p= 0.046) and 0.31 ± 0.07, respectively. The 2.35 fold signi�cant difference between the test
and negative control samples indicated the attachment of the scFv domain of the recombinant protein to
human collagen type II. Also, the optical density of the positive control group was 2.18 ± 0.39 (p= 0.000),
which showed 2.98 fold elevation in comparison to the test sample (p= 0.000) (Fig.7). Results were
reported as a mean ± SD of three identical repeats of each experiment.

Overexpression of mIFNβ27+101 in treated HEK293 cells

Based on One-way ANOVA analysis, IFNβ expression level in untransfected cells was measured as 1.02 ±
0.28, which was considered as a negative control in HEK293 cells. The expression of IFNβ in samples
transfected with the recombinant (treated) and mock vectors was determined as 10.04 ± 2.48 (p= 0.008)
and 1.02 ± 0.25, respectively. Like untransfected cells, a basic expression of IFNβ was observed in the
cells containing the mock vector. The 9.84 fold signi�cant overexpression was obtained in the treated
cells in comparison to the negative control and mock samples. However, there was no meaningful
difference between the two latest groups (Fig. 8a).

Induced MxA expression by the mutated IFNβ-scFv

The biological activity of the mutated IFNβ-scFv protein was validated by induced MxA expression in
PBMCs treated with the fusion protein at in vitro condition. According to Wilcoxon analysis, MxA
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expression in the test, positive and negative control samples were measured as 25.94 ± 1.85 (p= 0.0001),
27.87 ± 0.32 (p= 0.0001), and 1.01 ± 0.08 (p= 1.0), respectively. The 25.68 fold signi�cant difference
between the test and negative control samples represented the high activity level of the mutated IFNβ-
scFv. Treated samples with either the mutated IFNβ-scFv, or Rebif® showed a strong meaningful
difference of MxA expression compared with the non-treated sample. However, there was no signi�cant
difference between the mutated IFNβ-scFv and Rebif®. Therefore, the biological activity of the mutated
IFNβ-scFv was approximately similar to the Rebif®, as a commercial medicine of IFNβ-1a (Fig. 8b).

Discussion
The RA disorder classi�ed as an autoimmune disease characterizing by synovial destruction (Firestein
2003). Due to the features of IFNβ immunomodulation and anti-in�ammation, this cytokine considered
as a reliable treatment for MS (Meyer 2009). The RA and MS diseases possess the similar
immunopathogenesis. Researches have shown the successful outcome of IFNβ in RA treatment of
animal models and it may be effective in human RA therapy (Triantaphyllopoulos et al. 1999; Tak et al.
1999). On the other hand, current medications for RA including immunosuppressant agents and tumor
necrosis factor (TNF) inhibitors have many adverse effects like increased risk of malignancies (Leandro
et al. 2001; Bojinca et al. 2012). Thus, lack of more effective and safe medications for RA treatment is
considerable.

From the view points of literatures, Grewal et al. (2015) have reported that the targeted mutant IFNα has
better performance than targeted wild type IFNα (Grewal et al. 2015). Also, Grewal and his colleagues
(2017) have constructed a wild type IFNβ fused to an antibody for effectively targeting activated T-cells
surface antigen in autoimmune disease treatment (Grewal et al. 2017). Based on these studies, the
targeted mutant IFNα and the targeted IFNβ have shown suitable performances of the transcripts
including the higher stabilities and also the higher translation yields of the proteins with lower off-targets
(Grewal et al. 2015). In this regard, for the �rst time, a recombinant protein containing the human mutant
IFNβ27+101 (with the higher level of expression and activity) fused to the scFv against human collagen
type II was de�ned. This fusion protein may be applicable in future in vivo and clinical experiments with
the prospect of conducting the mutated IFNβ precisely to the synovials for RA treatment.

With this aim, mRNA secondary structure of the construct was evaluated by Gibbs free energy. Using this
analysis, the stability of the mRNA secondary structure was validated. Accordingly, such long mRNA,
containing fused parts with different ribonucleotide compositions, could be stable before the translation
with the in silico look-out. Furthermore, the �rst ribonucleotide compositions, at the 5’ end of the
recombinant mRNA, did not form a stable hairpin structure. Such secondary structures can occasionally
hinder the ribosomes to translate proteins. Albeit, the ribonucleotide compositions surrounded these
structures can also be effective on the stability of these hairpins, the base paring probabilities in these
structures can prevent ribosomes from reaching the start codon. Notably, the in silico molecular weight
estimation showed that the fusion protein’s molecular weight without glycosylation was 48.48kDa. Also,
the analysis showed that two predicted sites for N-linked glycosylation which were located in the
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IFNβ27+101 part, added 8kDa (Shin et al. 2012) and raised the molecular weight up to 56.5kDa. Moreover,
according to O-linked glycosylation molecular weight of 1kDa (Daskalova et al. 2010), 12 predicted
relative sites raised the total molecular weight up to 70kDa, approximately. Notably, the fusion protein
had suitable folding at predicted secondary and tertiary structures. The assessed torsional angles also
showed that about 93% of the residues were in the favored and allowed region and it could demonstrate
the perfect folding to reach a suitable biological activity. In addition, the analysis of homology modeling
of this fusion protein showed that it had acceptable stability with considered energy minimization at
pre/post-translational processes. The computational analysis of the fusion protein illustrated that this
protein with different domains classi�ed as soluble. This feature can facilitate the achievement of the
fusion protein to the target at in vitro and also future in vivo and clinical assays with lower off-target to
reduce its side effects.

Following the computational analyses, in vitro assays were considered. Accordingly, having designed and
synthesized, the recombinant vector was con�rmed by sequencing and double digestion with
HindIII/EcoRI restriction enzymes. Then, it was transfected into HEK293 cells to get human post-
translational modi�cations such as common glycosylations. Using SDS-PAGE, a single 70kDa band,
approximately the same as in silico estimated molecular weight, was observed. This protein band was
recognized as the considered recombinant protein by western blotting method. Next of the protein
detection, the ELISA test indicated that the 2.35 fold difference between the test and negative control
samples con�rmed the e�cient reactivity of the scFv with human collagen type II. Also, it demonstrated
that fusing the IFNβ27+101 to the scFv did not prevent scFv binding to the antigen. In addition, 2.98 fold
difference was observed between the test and positive control samples. In fact, the scFv has one capacity
to bind the target compared with the whole antibody with two capacities. Due to the avidity effect, the
overall forces of the whole antibody-antigen interaction are greater than scFv-antigen interaction. It is
noteworthy that the avidity is not equal to the sum up of two a�nities and addition of each extra a�nity
increases the avidity, exponentially (Müller-Loennies et al. 2000; Batra et al. 2002). Therefore, the binding
avidity difference between the fusion protein and the positive control was acceptable. Regarding to the
gene expression analysis, transfection of the cells with the recombinant plasmid was led to 9.84 fold
overexpression of IFNβ. Biological activity of IFNβ27+101, the other component of this fusion protein,
could be successfully assessed by the IFNβ-stimulated gene evaluation of MxA. MxA is one of the
signi�cant IFN-stimulated genes of superfamily of IFN-induced GTPase, which also comprises immunity-
related GTPases (IRGs) and guanylate-binding proteins (GBPs). Furthermore, the Jak-STAT signaling
pathway and IFN-α induction are controlled by MxA during virus infection. MxA plays an
immunosuppressive role in TAK1-IKKα/β-NF-κB signaling pathway activation and following pro-
in�ammatory cytokines production in human macrophages (Zhou et al. 2020). Thus, this gene has the
highest speci�city and has proven to be a biomarker of IFNβ bioactivity (Matas et al. 2016; Gilli et al.
2006). Based on the biological activity analysis, 25.68 fold elevation in MxA expression in PBMCs treated
with the recombinant protein in comparison with the non-treated samples con�rmed the intact bioactivity
of the fused mutant IFNβ27+101. Also, the data represented that the biological activity of IFNβ27+101 in this
fusion protein was almost the same as Rebif® (a prescribed medicine for MS treatment). In conclusion,
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the function of the mutated IFNβ-scFv protein was con�rmed by in silico and in vitro analyses. However,
in vivo studies are proposed for the future validation of these �ndings.
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Figure 1

The mutated IFNβ-scFv fusion molecule. (a) The schematic illustration of the recombinant construct. (b)
The fusion protein’s amino acid sequence. The yellow highlighted amino acids (27 and 101 residues of
interferon beta) were substituted in the mutated IFNβ. Colors in a and b are in conformity with each other.
(c) The recombinant vector pcDNA3.1(+)_myc-HisA-mIFNβ-scFv schematic representation drawn by
Snapgene software
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Figure 2

Recombinant mRNA and protein analysis. (a) Folding structure analysis of the mutated IFNβ-scFv
recombinant mRNA and start codon’s position in this structure. (b) Secondary structure analysis of the
mutated IFNβ-scFv recombinant protein

Figure 3
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Recombinant protein folding analysis. (a) Schematic molecular view of the recombinant protein depicted
by I-TASSER web server. (b) The torsional angels of the predicted recombinant protein model by
Ramachandran plot. Out of 421 total residues, 340 (81.1%), 56 (13.4%) and 23 (5.5%) were placed in the
favored (core Beta), allowed (core alpha), and outlier regions (core left-handed alpha)

Figure 4

Sequencing of the recombinant gene construct
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Figure 5

Recombinant plasmid con�rmation. (a) Verifying the sequencing results by the nucleotide BLAST. (b) The
double digestion of the recombinant vector; Lane 1: The non-digested recombinant vector, Lane 2: The
digested recombinant vector with HindIII and EcoRI restriction enzymes, M: DL5000 DNA Marker, (Cat.
Number: M0047) (LifeSct LLC, USA)
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Figure 6

SDS-PAGE and western blotting. (a) Lane 1: Puri�ed mutated IFNβ-scFv protein on SDS-PAGE (the
recombinant protein is de�ned by black arrow), Lane M: Protein marker, (Cat. Number: 26634) (Thermo
Fisher Scienti�c, USA), (b) Lane 1: The spot of the mutated IFNβ-scFv exposed on X-ray �lm, Lane M:
Protein marker, (Cat. Number: 26634) (Thermo Fisher Scienti�c, USA)
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Figure 7

Veri�cation of the mutated IFNβ-scFv attachment to human collagen type II by ELISA. The meaningful
difference between the test and negative control samples (p<0.05) con�rmed the binding of scFv (in the
mutated IFNβ-scFv protein) to human collagen type II. NC, PC, and T represented the negative control,
positive control and test, respectively. The asterisk (∗) shows the statistical signi�cance

Figure 8
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Real-time PCR analysis. (a) Assessment of the expression of mutated IFNβ-scFv gene construct. IFNβ
expression in the treated sample had a signi�cant difference compared with the negative control and
mock samples (p<0.05), and between the two latest groups, no meaningful difference was observed. (b)
Validation of the mutated IFNβ27+101 biological activity by MxA expression assessment. The test and
positive control samples had a strong signi�cant difference in MxA expression with the negative control
sample (p<0.05) and none with each other, which con�rmed the IFNβ27+101 bioactivity (in the mutated
IFNβ-scFv fusion protein). The asterisk (∗) expresses statistical signi�cance
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