
����������
�������

Citation: Yang, X.; Wan, M.; Cai, L.;

Hou, A.; Sun, B.; Zhou, Y.; Gao, F.; Su,

W.; Jiang, C. Interferon Inhibition

Enhances the Pilot-Scale Production

of Rabies Virus in Human Diploid

MRC-5 Cells. Viruses 2022, 14, 49.

https://doi.org/10.3390/v14010049

Academic Editor: Charles

E. Rupprecht

Received: 26 November 2021

Accepted: 25 December 2021

Published: 29 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

viruses

Article

Interferon Inhibition Enhances the Pilot-Scale Production of
Rabies Virus in Human Diploid MRC-5 Cells
Xiao Yang 1, Mingming Wan 1, Linjun Cai 1,2, Ali Hou 1,2, Bo Sun 1,2, Yan Zhou 1,2, Feng Gao 1,2, Weiheng Su 1,2,*
and Chunlai Jiang 1,2,*

1 National Engineering Laboratory for AIDS Vaccine, School of Life Sciences, Jilin University,
Changchun 130012, China; yangxiao19900806@163.com (X.Y.); mingmingw77@163.com (M.W.);
linjun_cai@jlu.edu.cn (L.C.); houal@jlu.edu.cn (A.H.); shrek1120@163.com (B.S.); julysec@jlu.edu.cn (Y.Z.);
feng0215@gmail.com (F.G.)

2 Key Laboratory for Molecular Enzymology and Engineering of the Ministry of Education, School of Life
Sciences, Jilin University, Changchun 130012, China

* Correspondence: suweiheng@jlu.edu.cn (W.S.); jiangcl@jlu.edu.cn (C.J.); Tel.: +86-431-8922-8979 (W.S.)

Abstract: Inactivated vaccines based on cell culture are very useful in the prevention and control
of many diseases. The most popular strategy for the production of inactivated vaccines is based
on monkey-derived Vero cells, which results in high productivity of the virus but has a certain
carcinogenic risk due to non-human DNA contamination. Since human diploid cells, such as MRC-5
cells, can produce a safer vaccine, efforts to develop a strategy for inactivated vaccine production
using these cells have been investigated using MRC-5 cells. However, most viruses do not replicate
efficiently in MRC-5 cells. In this study, we found that rabies virus (RABV) infection activated a
robust interferon (IFN)-β response in MRC-5 cells but almost none in Vero cells, suggesting that
the IFN response could be a key limiting factor for virus production. Treatment of the MRC-5
cells with IFN inhibitors increased RABV titers by 10-fold. Additionally, the RABV titer yield was
improved five-fold when using IFN receptor 1 (IFNAR1) antibodies. As such, we established a stable
IFNAR1-deficient MRC-5 cell line (MRC-5IFNAR1−), which increased RABV production by 6.5-fold
compared to normal MRC-5 cells. Furthermore, in a pilot-scale production in 1500 square centimeter
spinner flasks, utilization of the MRC-5IFNAR1− cell line or the addition of IFN inhibitors to MRC cells
increased RABV production by 10-fold or four-fold, respectively. Thus, we successfully established a
human diploid cell-based pilot scale virus production platform via inhibition of IFN response for
rabies vaccines, which could also be used for other inactivated virus vaccine production.

Keywords: inactivated vaccine; MRC-5 cell; IFN response; IFNAR1-deficient cell line; pilot scale
production; rabies virus

1. Introduction

Since the 1960s, the technology of inactivated vaccine based on cell culture has devel-
oped rapidly. Because of its advantages including quick production process, fast develop-
ment, low cost, high yields, and effective protection, it has gradually become the main form
of vaccine against a variety of viruses [1], including varicella-zoster (VZV) [2], hepatitis A
virus (HAV) [3], and rabies viruses (RABV) [4]. Recently, the COVID-19 inactivated vaccine
based on cell culturing has been effective for the prevention and control of the epidemic
situation in China [5].

Most inactivated vaccines are produced using Vero cells (African green monkey kidney
cells), which have been used for more than 25 years for the production of vaccines against
VZV, poliovirus, RABV, and most recently, COVID-19 [6–9]. Hundreds of millions of doses
of Vero cell-derived vaccines are being distributed worldwide due to high viral replication
and large-scale productivity [10]. Vero cells are an interferon (IFN)-deficient cell line, which
could be used for achieving the high productivity of these viruses [11]. High yields of RABV
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production using Vero cells of 108 fluorescence focus units (FFU)/mL under appropriate
conditions have been achieved [12]. Due to these advantages, the inactivated vaccine based
on Vero cells has become the mainstream product in the vaccine market.

Since Vero cells are monkey-derived, concerns exist over non-human DNA contamina-
tion during vaccine production. The DNA contamination exhibits a potential carcinogenic
risk and increase the burden of vaccine purification and detection [13]. At present, one
solution includes replacing Vero cells with human diploid cells [14]. Inactivated vaccines
based on Vero cells, such as vaccines against VZV and HAV, are not approved in European
countries and the US; however, they are used in developing countries [15]. In the field of
rabies vaccines, purified Vero cell rabies vaccine (PVRV) has not been approved for the
prevention of rabies in humans in the US. Although PVRV is approved in France, it is
mainly sold in developing countries such as Asia. The human diploid cell rabies vaccine
(HDCV) is marketed in France and the US.

In fact, the safety and effectiveness of human diploid cell inactivated vaccine have
been fully demonstrated [16,17]. For example, the human embryonic lung fibroblast cells
(MRC-5) line has become the source of many vaccines including VZV, HAV, and enterovirus
71 (EV71) inactivated vaccines because of its advantages of safety and production, especially
with regard to the removal of the DNA contamination from host cells in vaccines [2,3,17].
Since the production of vaccines against most viruses including HAV and RABV using
MRC-5 cells does not result in high yields, their development is slow. Thus, these cells are
not widely used for inactivated vaccine production, thereby resulting in high prices. The
yields of VZV and HAV-inactivated vaccine using human diploid cells were much lower
than those using Vero cells [2,18]. At present, the output of HDCV in the Chinese market is
1/10th that of PVRV, and the price is 10 times higher than that of PVRV. Since it is a safer
choice, the demand for HDCV has been increasing over the years. The 2020 Chinese HDCV
production was expanded 10-fold as compared to that in 2010. However, the low yield
has made it difficult to inoculate more people with HDCV. If the low production hurdle
of human diploid cell is overcome, it will be of great significance for the promotion of
inactivated virus vaccine production based on human diploid cells in developing countries.

Rabies is a fatal zoonotic disease that significantly impacts global public health, char-
acterized by encephalopathy and generalized paresis [19]. Moreover, there are tens of
thousands of human deaths annually, mainly in Asia and Africa [20]. Almost all cases
of human rabies are caused by a bite from a rabid dog [21]. Lyssaviruses, such as RABV,
are transported to the central nervous system (CNS) via retrograde axoplasmic flow and
causes encephalitis [22], which has a 100% mortality rate if post-exposure prophylaxis is
not administered in time. To combat these dire consequences, there has been tremendous
progress in the control of rabies [23]. Safe and effective RABV vaccines for domestic ani-
mals as well as humans have been developed over the years [4]. Over the past 20 years,
these vaccines have taken various experimental forms such as RABV glycoprotein subunit
vaccines [24,25], DNA vaccines [26], and mRNA vaccines [27]. The most popular vaccines
on the market at present are inactivated RABV vaccines.

The IFN response is one of the host’s primary defense mechanisms against viral
infection. Viral infections trigger cellular type I IFN-α and -β (IFNα/β) responses. Se-
creted IFNα/β interacts with IFNAR1 and IFNAR2 receptors in an autocrine or paracrine
manner, stimulating the JAK-STAT pathway to activate the expression of hundreds of
IFN-stimulated genes (ISGs), many of which have antiviral activities [28]. Although the
IFN system constitutes a powerful antiviral response, it rarely works to full capacity as
viruses encode IFN antagonists [29]. Viruses which require cellular machinery for their
replication have evolved different strategies to counteract the action of IFN, particularly by
altering IFN-signaling and IFN-induced mediators.

In this study, we aimed to identify the mechanism responsible for the low yield of
RABV in MRC-5 cells and investigate strategies to overcome this problem in pilot-scale
production.
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2. Materials and Methods
2.1. Cell Culture, Virus, IFN Inhibitors, and Antibodies

MRC-5 cells were obtained from the American Type Culture Collection (Manassas, VA,
USA; CCL-171) and cultured in Minimum Essential Medium (MEM; Invitrogen, Carlsbad,
CA, USA) containing 10% fetal bovine serum, 100 IU/mL penicillin, and 100 mg/mL
streptomycin at 37 ◦C in an atmosphere containing 5% CO2. Vero cells were obtained from
the American Type Culture Collection and were cultured as monolayers in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 100 IU/mL
penicillin, and 100 mg/mL streptomycin at 37 ◦C in an atmosphere containing 5% CO2. The
RABV strains used in this study were the PM1503 and aG strains provided by Chanchun
BCHT Biotechnology Co. (Changchun, China). The virus titers were determined by 50%
tissue culture infectious dose (TCID50) or plaque assays. Inhibitors of the IFN response
(TPCA-1, Ruxolitinib) were prepared as 10 mM stocks in dimethyl sulfoxide (DMSO) and
used at the indicated concentrations. Inhibitors were purchased from Selleck Chemicals.
Antibodies against human IFN-α/β receptor 1 were gifted by the Key Laboratory of
Infection and Immunity, Institute of Biophysics [30].

2.2. RABV Infection

MRC-5 or Vero cells were seeded into a 6-well plate. The number of cells before
RABV infection were approximately 1.3 × 106 per well. The inhibitors or antibodies were
diluted with MEM medium. The MRC-5 cells were treated with inhibitors or antibodies,
respectively, for 1 h at 37 ◦C before infection. MRC-5 cells were then infected with the
PM1503 RABV strain, and Vero cells were infected with the aG RABV strain at different
multiplicity of infection (MOI). Then, the cells were washed with PBS three times and
cultured in MEM medium with 1% FBS after 4 h of infection. The cells and culture
supernatant were collected at various time points after infection.

2.3. RNA Extraction and Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). One
Step PrimeScript™ RT-PCR Kit II (Takara Bio, Inc., Kusatsu, Japan) was used with the CFX96
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) to quantify the expression of RABV,
IFN-α, IFN-β, STAT1 (Signal transducing activator of transcription 1), and IRF7 (interferon
regulatory factor 7) OAS1 (2′-5′-oligoadenylate synthase 1). For mRNA normalization, 18S
rRNA was used. A total volume of 2 µL of sample RNA was added into 20 µL of reaction
mix and subjected to the following conditions: 42 ◦C for 5 min, 95 ◦C for 10 s followed by
40 cycles at 95 ◦C for 5 s and 60 ◦C for 30 s. All reactions were performed in triplicate and
analyzed using the 2−44Ct method. The sequences of the qRT-PCR primers are listed in
Table 1.

Table 1. List of primers used for quantitative reverse transcriptase PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

Rabies virus N protein CAAGATGTGTGCYAAYTGGAG AGCCCTGGTTCGAACATTCT
IFN-α TTAGGATCCATGGCCTCGCCCTTT CGCGAATTCGTTATTCCTTCCTCC
IFN-β GTCTCCTCCAAATTGCTCTC ACAGGAGCTTCTGACACTGA
STAT1 TTCTGTGTCTGAAGTGTAAGTGAA TAACACGGGGATCTCAACAAGTTC
OAS1 AGAAGGCAGCTCACGAAACC CCACCACCCAAGTTTCCTGTA
IRF7 GAGCCCTTACCTCCCCTGTTAT CCACTGCAGCCCCTCATAG
18S CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA

IFNAR1 GTAGAGGGGCGGTGAGAGCTA CGCCATCGCCCCGTCCTAAG

2.4. Virus Production Assays

The content of surface viral glycoprotein was detected using the Diagnostic reagent
for RABV glycoprotein antigen in the vaccine kit (Changchun Huili Biotech Co., Ltd.,
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Changchun, China). The kit uses a double antibody sandwich enzyme-linked immunosor-
bent assay (ELISA). The 96-well plate was coated with anti-RABV monoclonal antibodies,
and the content of virus glycoprotein was detected by anti-RABV glycoproteinase-labeled
antibodies.

2.5. FFU Assays

In a 96-well plate, approximately 1 × 105 dispersed Vero cells per well were seeded.
The virus samples were subjected to a 5-fold serial dilution. Then, the samples (50 µL) of
the serial dilution were added to a well in a 96-well plate. Virus and cell mixtures were
incubated at 34 ◦C and 5% CO2 for 72 h. Cells were fixed with 80% acetone and treated
with RABV-N-fluorescein isothiocyanate (FITC) antibodies at 37 ◦C for 1 h. The reaction
was stopped with glycerol, and the RABV titer was calculated by the number of fluorescent
cells (FFU/mL).

2.6. MRC-5IFNAR1− Cell Line Construction by GenCRISPR™ System

The guidance RNAs (gRNAs) targeting the IFNAR1 region of the reference MRC-5
genome were designed using the Genetic Perturbation Platform (GPP) web tool (Copyright
© 2020 Broad Institute). This report summarizes the development of a clustered regularly
interspaced short palindromic repeat (CRISPR) knockout cell line by using GenCRISPR™
gene editing technology. Based on its genomic sequences on the database, a target gene
sequence was analyzed, and target sites were located according to the manufacturer’s
instructions for designing a targeting gRNA for the GenCRISPR™ system. Cleavage ef-
ficiency was evaluated by sequencing trace analysis using a CRISPR analysis tool (CAT).
The gRNAs were cloned into plasmid PX458 (Addgene) behind the U6 promoter contain-
ing a Cas9 protein sequence. The PX458-gRNA plasmids or PX458 plasmids (NC) were
transferred into MRC-5 cells at 680 V, respectively. MRC-5 Cells were maintained in MEM
medium supplemented with 10% (v/v) FCS, 1% (v/v) penicillin–streptomycin, and 1% (v/v)
L-glutamine. These cells were cultured in 96-well plates at a concentration of 0.8 per well
and followed by puromycin (0.6 µg/mL) selection. Isogenic knockout cell clones were
identified by Sanger sequencing (Table 2). MRC-5 cells, proven to produce mutations by
sequencing results, were isolated and passaged to form three original MRC-5IFNAR1− cell
lines. After five passages, the endogenous mRNA from these cell lines was extracted, and
the relative expression of the IFNAR1 gene was determined by qRT-PCR (Table 1).

Table 2. List of primers used for Sanger sequencing.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

IFNAR1 gRNA T1 TGCGAGCCTTTATCTTCTTGCC CTGGCAGAACTGGGGTTAGA
IFNAR1 gRNA T2 TCTGTAACCTTAGCCCC GACTGTTTTGGAGCACC
IFNAR1 gRNA T3 AACTACCCAGTGTGTCTT CTCAAACCCTTAGGCTCA

2.7. Pilot Experiments

The MRC-5 cells, MRC-5IFNAR1− cells, or Vero cells were seeded into 1500 square
centimeter spinner flasks (Figure in Section 3.5). The number of cells before the viral
infection was approximately 1 × 108 per flask. The inhibitors were diluted with MEM
medium. The MRC-5 cells were treated with 500 mL inhibitors for 1 h at 37 ◦C before
infection. The MRC-5 or MRC-5IFNAR1− cells were infected with the PM1503 RABV strain
at an MOI of 0.05, and Vero cells were infected with the aG RABV strain at an MOI of 0.001.
The cells were then washed with PBS three times and cultured in 3L MEM medium with
1% FBS after 4 h of infection. The cells and culture supernatant were collected at various
time points after infection.
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2.8. Statistical Analysis

All experiments were repeated in triplicate. The values were expressed as the mean
± standard deviation (SD). Statistical analysis was performed using a one-way analysis
of variance (ANOVA) to compare the differences in t values between the experimental
and control groups. Statistical significance was considered to be p < 0.05, and the p-values
represented by asterisks was marked correspondingly in the figures, where * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, and ns: p ≥ 0.05 non-significant.

3. Results
3.1. RABV Infection Activated IFN and IFN-Related Signaling Pathway in MRC-5 Cells

To determine the difference in RABV production between MRC-5 cells and Vero cells,
MRC-5 cells were infected with the PM RABV strains (adapted for replication in MRC-
5 cells) at MOI values of 0.05, 0.1, 0.5, and Vero cells were infected with the aG RABV
strains (adapted for replication in Vero cells) at MOI values of 0.0001, 0.001, and 0.05. The
viral RNA and titer in the culture supernatant were tested by qRT-PCR and FFU assays
at 168 h post infection (hpi) (Figure 1A,B). The results showed that MRC-5 cells had a
significant reduction in RABV production compared with Vero cells. The viral titer in
Vero cells reached its maximum at an MOI of 0.001 and was 10-fold higher than that of
MRC-5 cells. Infection in MRC-5 cells at an MOI of 10 showed a significant increase in
viral RNA expression but not a significant increase in viral titer. These results indicate that
an enhancement of RABV production cannot be achieved by an increase in MOI. RABV
MOI of 0.05 in MRC-5 cells and an MOI of 0.001 in Vero cells were determined to be the
optimum MOI values for use in the following experiments. Additionally, the expression of
IFN-α, IFN-β, and IFN signaling pathway endogenous genes, including STAT1, IRF7, and
OAS1 in RABV-infected MRC-5 and Vero cells, was examined by qRT-PCR at 8 to 106 hpi,
respectively (Figure 1C). The expression of these genes in MRC-5 cells was significantly
upregulated compared with that in Vero cells at 24 and 48 hpi. Notably, IFN-β mRNA
expression in MRC-5 cells showed a 200% increase compared to that in Vero cells. The
IFN-α mRNA expression was not observed. This may be due to the fact that RABV, as
a single-stranded RNA virus, enters cells and is mainly recognized by RIG-I, which can
activate the expression of IFN-β [31,32]. These results suggest that the activation of the
IFN signaling pathway genes acts as a crucial limiting factor to affect RABV production
in MRC-5 cells. Inhibiting the activation of IFN response may be an effective approach to
enhance RABV production in MRC-5 cells.

3.2. IFN Pathway Inhibitors Enhanced RABV Production in MRC-5 Cells

Two small molecules, nuclear factor kappa-B kinase-2 inhibitor, TPCA-1, acting on IFN-
β promoter [33], and Janus kinase-1 inhibitor, ruxolitinib, acting on the signal transmission
of interferon receptor [34], were used to inhibit IFN responses. These inhibitors were
incubated with the cells 2 h before viral infection, and then endogenous IFN-α, IFN-β,
STAT1, IRF7, and OAS1 mRNA expression were examined by qRT-PCR analysis at 24 hpi
(Figure 2A). The MRC-5 cells treated with TPCA-1 or ruxolitinib showed a significant
reduction in the mRNA expression of IFN-β, STAT1, IRF7 and OAS1 compared with the
untreated cells (Figure 2A), suggesting the effectiveness of the inhibitor. Subsequently,
the viral RNA, antigen G concentration, and RABV titer in the culture supernatant were
measured by qRT-PCR, ELISA, and FFU assays at 96, 168, and 240 hpi [35], respectively
(Figure 2B–D). The results showed a significant enhancement in viral RNA, G concentration,
and titer at 168 and 240 hpi compared with the untreated cells, indicating an increase in
RABV production. There was no significant difference in RABV production between MRC-
5- and Vero-infected cells. These results confirm that IFN response is an important limiting
factor of RABV production. Inhibiting the activation of IFN response can enhance RABV
production in MRC-5 cells.
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mRNA expression of IFN-α, IFN-β, STAT1, IRF7, and OAS1 was detected by qRT-PCR. Data are 
shown as fold change in expression of mRNA for each IFN-α, IFN-β, STAT1, IRF7, and OAS1 com-
pared with that of uninfected MRC-5 or Vero cells, respectively, at the indicated time point and 
normalized to the values for 18S rRNA. +: RABV infection; * p < 0.05; *** p < 0.001; **** p < 0.0001; ns 
p ≥ 0.05 compared with Vero+ at the indicated time point. 
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Figure 1. RABV infection activated IFN signaling pathway-related gene expression. (A,B) MRC-5
cells were infected with the PM RABV strain at MOI of 0.05, 1, and 10. Vero cells were infected with
the aG RABV strain at an MOI of 0.0001, 0.001, and 0.05. RABV RNA expression and titer in culture
supernatant were detected by qRT-PCR and FFU assays at 168 hpi. (C) MRC-5 cells were infected
with the PM RABV strain at an MOI of 0.05. Vero cells were infected with the aG RABV strain at
an MOI of 0.001. The total RNA from cells was extracted at 8, 12, 24, 48, 60, 72, and 106 hpi, and
the mRNA expression of IFN-α, IFN-β, STAT1, IRF7, and OAS1 was detected by qRT-PCR. Data
are shown as fold change in expression of mRNA for each IFN-α, IFN-β, STAT1, IRF7, and OAS1
compared with that of uninfected MRC-5 or Vero cells, respectively, at the indicated time point and
normalized to the values for 18S rRNA. +: RABV infection; * p < 0.05; *** p < 0.001; **** p < 0.0001;
ns p ≥ 0.05 compared with Vero+ at the indicated time point.

To explore the conditions of optimum IFN inhibitor usage for further improving RABV
yields, yields at different inhibitor concentrations, MOI values, and virus harvest times
were subjected to orthogonal testing (Table 3). We observed that virus production reached
its maximum at an MOI of 0.1 and inhibitor concentrations of 1 µM at 240 hpi, and at an
MOI of 0.05 and inhibitor concentrations of 4 µM at 168 hpi. These data provide potential
guidance for applying IFN inhibitors for the production of RABV-inactivated vaccines.
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immune-sorbent assay (ELISA) (C), and focus-forming unit (FFU) assays (D), respectively, at 96, 168,
and 240 hpi. +: RABV infection; * p < 0.05; ** p < 0.01, *** p < 0.001; **** p < 0.0001; ns p ≥ 0.05.

Table 3. Supernatant rabies virus (RABV) antigen G concentration (IU/mL) at various time points
post infection in MRC-5 with TPCA-1 treatment.

IU/mL

MOI 96 hpi 168 hpi 240 hpi

0.05 0.1 0.5 0.05 0.1 0.5 0.05 0.1 0.5

MRC-5+ 2.22 ±
0.30

2.23 ±
0.27

2.76 ±
0.11

2.76 ±
0.11

2.26 ±
0.26

2.32 ±
0.13

2.32 ±
0.10

2.61 ±
0.29

3.36 ±
0.14

MRC-5+ + TPCA-1
(0.5 µM)

2.58 ±
0.22

2.09 ±
0.21

2.67 ±
0.12

2.87 ±
0.18

3.93 ±
0.19

4.49 ±
0.28

4.97 ±
0.25

4.81 ±
0.29

3.26 ±
0.34

MRC-5+ + TPCA-1
(1 µM)

2.36 ±
0.10

3.07 ±
0.17

2.76 ±
0.04

4.74 ±
0.11

4.85 ±
0.23

4.44 ±
0.38

6.94 ±
0.19

7.19 ±
0.50

4.13 ±
0.36

MRC-5+ + TPCA-1
(4 µM)

5.09 ±
0.40

4.74 ±
0.33

3.59 ±
0.38

7.12 ±
0.42

6.96 ±
0.44

4.27 ±
0.24

6.64 ±
0.56

5.78 ±
0.44

4.11 ±
0.22

3.3. Utilization of IFNAR1 Antibodies Enhanced RABV Production in MRC-5 Cells

The IFN-α/β receptor IFNAR1 mAbs α/β-IFNAR1 and α-IFNAR1 [30] were used to
confirm the inhibition of RABV production by IFN in MRC-5 cells. The α/β-IFNAR1 mAb
binds to both IFN-α and the IFN-β binding domain of IFNAR1, whereas α-IFNAR1 mAb
only binds to the IFN-α binding domain. The antibodies were incubated with cells 2 h
before viral infection, and then endogenous IFN-α, IFN-β, and OAS1 mRNA expression
was examined by qRT-PCR at 24 hpi. The MRC-5 cells treated with α/β-IFNAR1 mAb
showed a 60% reduction in the expression of IFN-β mRNA and an 80% reduction in
the expression of OAS1 mRNA compared with the untreated cells (Figure 3A). On the
contrary, the treatment of α-IFNAR1 mAb did not affect the expression of OAS1, as the
virus infection did not activate the expression of IFN-α (Figure 3B). Additionally, the viral
RNA and titer at 168 hpi in the culture supernatant were tested by qRT-PCR and FFU assays.
The MRC-5 cells treated with α/β-IFNAR1 mAb showed a significant enhancement in
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RABV production (Figure 3B,C). α-IFNAR1 mAb treatment also showed an enhancement in
RABV production. These results also indicated that the production of RABV is significantly
enhanced in MRC-5 cells by the inhibition of IFN signaling pathway gene expression.
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Figure 3. IFNAR1 antibodies enhanced RABV production in MRC-5 cells. MRC-5 cells were infected
with the PM RABV strain at an MOI of 0.05. Vero cells were infected with the aG RABV strain at an
MOI of 0.001. The IFNAR1 monoclonal antibodies α/β-IFNAR1 and α-IFNAR1 were incubated with
MRC-5 cells 2 h before virus infection at a concentration of 1 ng/mL. (A) Total RNA from cells was
extracted at 24 hpi, and the expression of IFN-α, IFN-β, and OAS1 mRNA was detected by qRT-PCR.
Viral RNA (B) and titer (C) in the culture supernatant were detected by qRT-PCR and FFU assays at
168 hpi. +: RABV infection; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns p ≥ 0.05.

3.4. RABV Production Was Higher in MRC-5IFNAR1− Cell Line

To test the effects of genetic IFN signaling pathway defectiveness in MRC-5 cells
affecting RABV yield, GenCRISPR™ gene editing technology was used to establish an
IFNAR1-silent MRC-5 stable cell line (MRC-5IFNAR1−) and a non-targeting control MRC-
5 stable cell line (MRC-5NC). Based on human IFNAR1 genomic sequences (GeneBank
ID 3454), three targeting gRNAs were designed for GenCRISPR™ system (Table 4). By
the transient transfection of GenScript CRISPR single-guide RNAs Cas9 in MRC-5 cells,
the cleavage efficiency of three samples was 44%, 40%, and 48%, which was revealed by
sequencing trace analysis using CAT CRISPR (Table 4). The mutations were identified by
Sanger sequencing (Figure 4A). Three MRC-5IFNAR1− cell lines, MRC-5NC, and MRC-5 cells
RNA were extracted, and the expression of IFNAR1 mRNA was detected by qRT-PCR,
respectively (Figure 4B). The IFNAR1 mRNA expression in each of the three MRC-5IFNAR1−

cell lines decreased by 62%, 73%, and 57% compared with that in MRC-5 cells. The decrease
in mRNA expression level caused by mutation is likely due to NMD (nonsense-mediated
mRNA decay) or NSD (no-stop decay) [36–38]. There was no significant difference between
MRC-5NC and MRC-5 cells. The MRC-5IFNAR1−-1, 2, 3, or MRC-5 cells were infected
with RABV, and then endogenous IFN-β and OAS1 mRNA expression was examined
by qRT-PCR at 24 hpi (Figure 4C). The IFN-β and OAS1 mRNA expression in each of
three MRC-5IFNAR1− cell lines decreased significantly compared with that in MRC-5 cells.
The viral RNA in the culture supernatant of MRC-5IFNAR1− or MRC-5 infected cells were
also tested by qRT-PCR at 96 and 168 hpi. Viral production was significantly improved
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in each of three MRC-5IFNAR1− cell lines compared with MRC-5 cells (Figure 4D). The
MRC-5IFNAR1−-2 was the most productive cell line with a 6.5-fold increase in yields. These
data suggest that the IFNAR1-defective cell lines can be used for RABV-inactivated vaccine
production.

Table 4. Sequences of IFNAR1 guidance RNA (gRNA) and evaluation of gRNA cleavage efficiency.

gRNAs Sequence Cleavage Efficiency

MRC-5IFNAR1−-1 CTGGAGCCACTGAACTTGAA 44%
MRC-5IFNAR1−-2 TTCCATCAGATGCTTGTACG 40%
MRC-5IFNAR1−-3 AGTGGATAATCCTGGATCAC 48%
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Figure 4. RABV production was enhanced in MRC-5IFNAR1− cells. (A) Genomic DNA from three
MRC-5IFNAR1−: gRNAs cell lines was extracted. The target sequence was amplified by PCR with
IFNAR1 gRNA MRC-5IFNAR1−-1,2,3 primers in Table 4 and then was sequenced. The deficiency of
IFNAR1 in three MRC-5IFNAR1− cell lines were confirmed by sequencing trace analysis. The gRNA
target area is marked in gray. Mutated bases are marked in red, and—means deletion. (B) Three
MRC-5IFNAR1− cell lines, MRC-5NC, and MRC-5 cells were cultured in 6-well plates to 80% confluence.
Total RNA from cells was extracted, and the expression of IFNAR1 mRNA was detected by qRT-PCR.
(C) Three MRC-5IFNAR1− cell lines and MRC-5 cells were cultured in 6-well plates to 80% confluence.
The cells were infected with the PM RABV strain at an MOI of 0.05. The total RNA from cells was
extracted at 24 hpi, and the expression of IFN-β and OAS1 mRNA was detected by qRT-PCR. (D)
Viral RNA in the culture supernatant were detected by qRT-PCR at 96 and 168 hpi. +: Viral infection;
NC: non-targeting control; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns p ≥ 0.05 compared
with MRC-5+ at the indicated gene or time.

3.5. Use of IFN Inhibitor or MRC-5IFNAR1− Cell Lines Enhanced RABV Production in Pilot
Scale-Up Experiments

We observed that three efficient approaches enhanced RABV production in MRC-5
cells. To further estimate their application in industrialization, IFN inhibitors and MRC-
5IFNAR1− cells were tested in pilot scale-up experiments for improving RABV production.
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The MRC-5 and MRC-5IFNAR1− cells were passaged in 1500 square centimeter cell spinner
flasks (Figure 5A). The MRC-5 cells were treated with 4 µM TPCA-1, 4 µM ruxolitinib,
or both 2 µM TPCA-1 and Ruxolitinib 2 h before RABV infection. Subsequently, MRC-5
cells were infected with the PM RABV strain at a MOI of 0.05. The viral titer in the culture
supernatant was determined by FFU assays at 96, 168, and 240 hpi. The viral production
was increased by 8.3-, 5.2-, and 12.3-fold by TPCA-1, Ruxolitinib, or both TPCA-1 and
Ruxolitinib, treatment, respectively, at 168 hpi (Figure 5C). The MRC-5IFNAR1−-2 cells were
infected with the PM RABV strain at a MOI of 0.05. The viral titer in the culture supernatant
was determined by FFU assays at 168 hpi. The viral production was increased 4-fold
compared with that using MRC-5 cells (Figure 5D). Compared with IFN inhibitors, the
MRC-5IFNAR1− cell line did not perform efficiently and showed a substantial decrease at
240 hpi. Cell growth status of each experimental group was recorded at 168 hpi. Cell growth
status showed that the IFN inhibitor and IFNAR1 silencing had no significant effect on the
normal growth of MRC-5 cells. The difference in cytopathy shows the promoting effect
of IFN inhibitor and IFNAR1 silencing on viral infection (Figure 5B). More than 80% cell
death in the MRC-5IFNAR1− cell group was detected at 240 hpi. This may be related to the
higher population of MRC-5IFNAR1− cells used. Compared with Vero cells, no significant
difference in RABV production was observed in TPCA-1 or Ruxolitinib-treated MRC-5 cells.
Addition of IFN inhibitors or the use of INFAR1-defective cell lines are potential solutions
for the production of RABV vaccines in MRC-5 cells.
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Figure 5. The IFN inhibitor or MRC-5IFNAR1− cell lines enhanced rabies virus (RABV) production
in pilot-scale experiments. (A) The pilot production platform consists of 30 spinner flasks with a
surface area of 1500 cm2 and a constant temperature flask-rotating machine. The MRC-5IFNAR1−

cells and MRC-5 cells treated with both 2 µM TPCA-1 and Ruxolitinib 2 h before RABV infection
were infected with the PM RABV strains at an MOI of 0.05 in 1500 square centimeter spinner flasks,
respectively. Vero cells were infected with the aG RABV strains at a MOI of 0.001. (B) Representative
cell status was recorded at 168 hpi. (C) The MRC-5 cells were treated with 4 µM TPCA-1, 4 µM
Ruxolitinib, or both 2 µM TPCA-1 and Ruxolitinib 2 h before RABV infection. Viral titers in the
culture supernatant were detected by focus-forming unit (FFU) assays at 96, 168, and 240 hpi. (D)
The MRC-5 or MRC-5IFNAR1− cells were infected with RABV. Viral titers in the culture supernatant
were detected by FFU assays at 96, 168, and 240 hpi. +: RABV infection; ** p < 0.01; *** p < 0.001;
**** p < 0.0001; ns p ≥ 0.05.
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4. Discussion

Use of inactivated vaccines is an effective way to protect against a viral infections [1].
Inactivated viral vaccines produced using Vero cells are the most used product in the
market. However, safety concerns posed by its residual non-human DNA need to be
addressed. This has also led to such vaccine products being extremely demanding for DNA
residual removal in quality control [39]. The demand for safer and more protective vaccines
has given rise to a strategy to cultivate virus using human diploid cells such as MRC-5 cells
and gradually replace Vero cells [40]. However, our results yielded a low RABV production
in MRC-5 cells (Figure 1A). Thoulouze et al. [41] reported similar results: incubation with
the challenge virus standard (CVS) RABV strain in a MRC-5 cell line at 24 hpi resulted
in a low infectivity of approximately 30%, which resulted in low yields. Due to the low
RABV production, human diploid cell-based inactivated RABV vaccines are expensive,
limiting their mainstream production in the market. In 1977, Majer et al. [42] increased the
infectivity of human diploid cells by screening for the appropriate viral strains. Nikolicetal
et al. [43] reported that the inhibition of IFN-B gene expression increased RABV infection.
However, neither of these studies improved the yield of RABV.

The cell’s innate immunity against viral infection involves the upregulated expression
of antiviral proteins that are mediated by the type I IFN signaling pathway [44,45]. The IFN-
induced antiviral response controls most viral infections and is indispensable for controlling
viral infections in vertebrates [29]. The RABV P-protein targets both IFN induction and
signaling [46]. The globular C-terminal domain of the P-protein (P-CTD) contains sites
required for binding and activating STAT1, which, in turn, binds to downstream DNA,
blocking the effects of IFN [47]. In 2002, Young et al. elucidated the practical applications
of IFN-non-responsive cells in vaccine development and manufacture [48].

In this study, we found that RABV infection activated a strong IFN response in MRC-5
cells but almost none in Vero cells (Figure 1) [11]. This result is supported by several
studies [49–51], suggesting that inhibition of the IFN response could result in better RABV
production in MRC-5 cells.

We successfully enhanced RABV production by treatment with IFN inhibitors. The
RABV production in MRC-5 cells treated with IFN inhibitors, TPCA-1 or Ruxolitinib, at
168 hpi increased yields by 10- and 13-fold, respectively, comparable to that in Vero cells
(Figure 2). The receptor of IFN-α and IFN-β, IFNAR1 is the key node for IFN antiviral
activity. In our study, the utilization of IFNAR1 mAbs, α/β-IFNAR1 mAb, and α-IFNAR1
mAb also significantly enhanced RABV production in MRC-5 cells (Figure 3). Additionally,
we successfully established a stable MRC-5IFNAR1− cell line via GenCRISPR™ gene editing
technology. The IFN and OAS1 mRNA expression were inhibited, resulting in increased
RABV production by 6-fold in the MRC-5IFNAR1− cells (Figure 4). We showed that the
MRC-5IFNAR1− engineered cells could be used for inactivated RABV vaccine production.
Additionally, the MRC-5IFNAR1− cell line could be applied in the production of other viral
vaccines as well as used as a detection cell line for viruses with low sensitivity to human
diploid cells.

A marketed human diploid cell RABV vaccine produced by Chengdu Kanghua Bi-
ological Products Co. in China has a near 100% efficacy rate when used appropriately
and greatly reduces the carcinogenic risk due to human residues [52]. However, due to
its lower yield, this vaccine is significantly more expensive than Vero cell RABV vaccines.
Nevertheless, in 2020, the use of this rabies vaccine expanded 10-fold compared to that in
2010. The development of human diploid cell inactivated RABV vaccines can be quickly
promoted by improving viral yield in laboratory conditions or in the industrial production
process of vaccines by using a convenient, inexpensive and suitable method for industrial
production.

The successful use of inhibitors and MRC-5IFNAR1− cell line in pilot scale-up ex-
periments is significant in reducing the cost of production of inactivated virus vaccines.
Inhibitors are inexpensive, less used, and calculated to contribute no less than $1 per vac-
cine to the rising cost caused by inhibitors. Residual inhibitor and clearance of inhibitors
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will be a hindrance to their application. We further constructed MRC-5IFNAR1− cell line
replace inhibitors. The MRC-5IFNAR1− cell line will improve the yield of inactivated virus
vaccines without changing vaccine manufacturing strategies. Although our data (Figure 5)
show that MRC-5IFNAR1− cell lines are not as effective as IFN inhibitors. This resulted from
a 15 passage increase in cell passages caused by CRISPR and can be solved by reducing the
original cell generation.

Research results are put into production in less than 1% of cases. Applying laboratory
results to vaccine production is our ultimate purpose. There are currently many studies
to improve the yield of virus in human diploid cells. Stewart et al. [53] reported that
the IFN inhibitor, TPCA-1, can be used for respiratory syncytial virus (RSV) production
in MRC-5 cells, where the productivity of RSV was significantly increased. Hamamoto
et al. [54] reported increased yields of the influenza virus in MDCK cells by silencing
IRF7 gene expression using siRNA. However, the protocols used in these studies were
not used for industrial production. In the present study, the addition of an IFN inhibitor
and the development of the MRC-5IFNAR1− cell line was used for the production of RABV
in a pilot study. The yield of RABV was significantly increased by the addition of IFN
inhibitors to MRC cells or the use of MRC-5IFNAR1− cell lines for culturing by 6- and 10-fold,
respectively (Figure 5). Our results show the feasibility of these approaches in RABV
production, laying the foundation for the potential mass production of human diploid cell
inactivated RABV vaccines.

In summary, we demonstrated that it is feasible to increase the production of RABV
vaccines in human diploid MRC-5 cells by blocking the IFN signaling pathway, either in
the laboratory or in a pilot study. This study provides novel insights into the improvement
of MRC-5 cell-based production strategies for RABV that could also be applied to other
inactivated viral vaccines.

Author Contributions: Conceptualization, X.Y., L.C., F.G., W.S. and C.J.; Data curation, M.W.; For-
mal analysis, X.Y. and M.W.; Funding acquisition, W.S. and C.J.; Investigation, X.Y., L.C. and C.J.;
Methodology, X.Y., M.W., B.S. and Y.Z.; Software, X.Y., M.W. and A.H.; Supervision, L.C., A.H., Y.Z.
and C.J.; Validation, X.Y., L.C., B.S. and W.S.; Writing original draft, X.Y.; Writing—review & editing,
X.Y., W.S. and C.J. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (Grant
Nos. 31770184, 32170944, 32070932).

Acknowledgments: The authors thank Lishan Su and Liguo Zhang from the Key Laboratory of
Infection and Immunity, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China for
providing the α/β-IFNAR1 and α-IFNAR1 monoclonal antibodies.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Plotkin, S. History of vaccination. Proc. Natl. Acad. Sci. USA 2014, 111, 12283–12287. [CrossRef]
2. Warren-Gash, C.; Forbes, H.; Breuer, J. Varicella and herpes zoster vaccine development: Lessons learned. Expert Rev. Vaccines

2017, 16, 1191–1201. [CrossRef]
3. Bell, B. Hepatitis A vaccine. Semin. Pediatric Infect. Dis. 2002, 13, 165–173. [CrossRef]
4. Fisher, C.; Schnell, M. New developments in rabies vaccination. Rev. Sci. Tech. 2018, 37, 657–672. [CrossRef]
5. Gao, Q.; Bao, L.; Mao, H.; Wang, L.; Xu, K.; Yang, M.; Li, Y.; Zhu, L.; Wang, N.; Lv, Z.; et al. Development of an inactivated vaccine

candidate for SARS-CoV-2. Science 2020, 369, 77–81. [CrossRef]
6. Cohen, J.I.; Nguyen, H. Varicella-zoster virus glycoprotein I is essential for growth of virus in Vero cells. J. Virol. 1997, 71,

6913–6920. [CrossRef]
7. Montagnon, B.J.; Fanget, B.; Nicolas, A.J. The large-scale cultivation of VERO cells in micro-carrier culture for virus vaccine

production. Preliminary results for killed poliovirus vaccine. Dev. Biol. Stand. 1981, 47, 55–64.
8. Trabelsi, K.; Ben Zakour, M.; Kallel, H. Purification of rabies virus produced in Vero cells grown in serum free medium. Vaccine

2019, 37, 7052–7060. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1400472111
http://doi.org/10.1080/14760584.2017.1394843
http://doi.org/10.1053/spid.2002.125859
http://doi.org/10.20506/rst.37.2.2831
http://doi.org/10.1126/science.abc1932
http://doi.org/10.1128/jvi.71.9.6913-6920.1997
http://doi.org/10.1016/j.vaccine.2019.06.072
http://www.ncbi.nlm.nih.gov/pubmed/31300287


Viruses 2022, 14, 49 13 of 14

9. Huang, Z.; Jiang, Q.; Wang, Y.; Yang, J.; Du, T.; Yi, H.; Li, C.; Li, Y.; Wu, Z.; Fan, S.; et al. SARS-CoV-2 inactivated vaccine (Vero
cells) shows good safety in repeated administration toxicity test of Sprague Dawley rats. Food Chem. Toxicol. 2021, 152, 112239.
[CrossRef] [PubMed]

10. Vidor, E.; Meschievitz, C.; Plotkin, S. Fifteen years of experience with Vero-produced enhanced potency inactivated poliovirus
vaccine. Pediatr. Infect. Dis. J. 1997, 16, 312–322. [CrossRef] [PubMed]

11. Barrett, P.N.; Mundt, W.; Kistner, O.; Howard, M.K. Vero cell platform in vaccine production: Moving towards cell culture-based
viral vaccines. Expert Rev. Vaccines 2009, 8, 607–618. [CrossRef]

12. Niu, X.; Tang, L.; Tseggai, T.; Guo, Y.; Fu, Z.F. Wild-type rabies virus phosphoprotein is associated with viral sensitivity to type I
interferon treatment. Arch. Virol. 2013, 158, 2297–2305. [CrossRef]

13. Li, R.; Huang, L.; Li, J.; Mo, Z.; He, B.; Wang, Y.; Wu, X.; Minutello, M.; Guinet-Morlot, F.; Pichon, S. A next-generation, serum-free,
highly purified Vero cell rabies vaccine is safe and as immunogenic as the reference vaccine Verorab® when administered
according to a post-exposure regimen in healthy children and adults in China. Vaccine 2013, 31, 5940–5947. [CrossRef]

14. WHO. WHO Expert Consultation on Rabies. 2018. Available online: https://apps.who.int/iris/bitstream/handle/10665/272364
/9789241210218-eng.pdf?sequence=1&isAllowed=y (accessed on 25 November 2021).

15. Müller, F.T.; Freuling, C.M. Rabies control in Europe: An overview of past, current and future strategies. Rev. Sci. Tech. 2018, 37,
409–419. [CrossRef]

16. Fishbein, D.B.; Yenne, K.M.; Dreesen, D.W.; Teplis, C.F.; Mehta, N.; Briggs, D.J. Risk factors for systemic hypersensitivity reactions
after booster vaccinations with human diploid cell rabies vaccine: A nationwide prospective study. Vaccine 1993, 11, 1390–1394.
[CrossRef]

17. Fayaz, A.; Simani, S.; Janani, A.; Farahtaj, F.; Biglari, P.; Howeizi, N.; Eslami, N. Antibody persistence, 32 years after post-exposure
prophylaxis with human diploid cell rabies vaccine (HDCV). Vaccine 2011, 29, 3742–3745. [CrossRef] [PubMed]

18. Aggarwal, R.; Goel, A. Hepatitis A: Epidemiology in resource-poor countries. Curr. Opin. Infect. Dis. 2015, 28, 488–496. [CrossRef]
[PubMed]

19. Dietzschold, B.; Schnell, M.; Koprowski, H. Pathogenesis of rabies. Curr. Top. Microbiol. Immunol. 2005, 292, 45–56. [CrossRef]
[PubMed]

20. WHO 2021. Available online: https://www.who.int/health-topics/rabies#tab=tab_1 (accessed on 8 October 2021).
21. Hemachudha, T.; Laothamatas, J.; Rupprecht, C.E. Human rabies: A disease of complex neuropathogenetic mechanisms and

diagnostic challenges. Lancet Neurol. 2002, 1, 101–109. [CrossRef]
22. Etessami, R.; Conzelmann, K.K.; Fadai-Ghotbi, B.; Natelson, B.; Tsiang, H.; Ceccaldi, P.E. Spread and pathogenic characteristics of

a G-deficient rabies virus recombinant: An in vitro and in vivo study. J. Gen. Virol. 2000, 81, 2147–2153. [CrossRef]
23. Fehlner-Gardiner, C. Rabies control in North America-past, present and future. Rev. Sci. Tech. 2018, 37, 421–437. [CrossRef]

[PubMed]
24. Astray, R.; Jorge, S.; Pereira, C. Rabies vaccine development by expression of recombinant viral glycoprotein. Arch. Virol. 2017,

162, 323–332. [CrossRef] [PubMed]
25. Koraka, P.; Bosch, B.; Cox, M.; Chubet, R.; Amerongen, G.; Lövgren-Bengtsson, K.; Martina, B.; Roose, J.; Rottier, P.; Osterhaus, A.

A recombinant rabies vaccine expressing the trimeric form of the glycoprotein confers enhanced immunogenicity and protection
in outbred mice. Vaccine 2014, 32, 4644–4650. [CrossRef]

26. Shah, M.; Khan, S.; Ali, Z.; Yang, H.; Liu, K.; Mao, L. Applications of nanoparticles for DNA based rabies vaccine. J. Nanosci.
Nanotechnol. 2014, 14, 881–891. [CrossRef] [PubMed]

27. Schnee, M.; Vogel, A.; Voss, D.; Petsch, B.; Baumhof, P.; Kramps, T.; Stitz, L. An mRNA Vaccine Encoding Rabies Virus Glycoprotein
Induces Protection against Lethal Infection in Mice and Correlates of Protection in Adult and Newborn Pigs. PLoS Negl. Trop. Dis.
2016, 10, e0004746. [CrossRef] [PubMed]

28. Goodbourn, S.; Didcock, L.; Randall, R. Interferons: Cell signalling, immune modulation, antiviral response and virus counter-
measures. J. Gen. Virol. 2000, 81, 2341–2364. [CrossRef]

29. Randall, R.; Goodbourn, S. Interferons and viruses: An interplay between induction, signalling, antiviral responses and virus
countermeasures. J. Gen. Virol. 2008, 89, 1–47. [CrossRef]

30. Cheng, L.; Ma, J.; Li, J.; Li, D.; Li, G.; Li, F.; Zhang, Q.; Yu, H.; Yasui, F.; Ye, C.; et al. Blocking type I interferon signaling enhances
T cell recovery and reduces HIV-1 reservoirs. J. Clin. Investig. 2017, 127, 269–279. [CrossRef]

31. Chiu, Y.; Macmillan, J.; Chen, Z. RNA polymerase III detects cytosolic DNA and induces type I interferons through the RIG-I
pathway. Cell 2009, 138, 576–591. [CrossRef]

32. Kim, S.; Sze, L.; Liu, C.; Lam, K. The stress granule protein G3BP1 binds viral dsRNA and RIG-I to enhance interferon-β response.
J. Biol. Chem. 2019, 294, 6430–6438. [CrossRef]

33. Huang, H.; Cai, B.; Suen, C.; Lee, H.; Hwang, M.; Liu, F.; Kannagi, R. BGN/TLR4/NF-B Mediates Epigenetic Silencing of
Immunosuppressive Siglec Ligands in Colon Cancer Cells. Cells 2020, 9, 397. [CrossRef]

34. Jayavelu, A.; Schnöder, T.; Perner, F.; Herzog, C.; Meiler, A.; Krishnamoorthy, G.; Huber, N.; Mohr, J.; Edelmann-Stephan, B.;
Austin, R.; et al. Splicing factor YBX1 mediates persistence of JAK2-mutated neoplasms. Nature 2020, 588, 157–163. [CrossRef]

35. Guo, Y.; Duan, M.; Wang, X.; Gao, J.; Guan, Z.; Zhang, M. Early events in rabies virus infection-Attachment, entry, and intracellular
trafficking. Virus Res. 2019, 263, 217–225. [CrossRef]

http://doi.org/10.1016/j.fct.2021.112239
http://www.ncbi.nlm.nih.gov/pubmed/33901607
http://doi.org/10.1097/00006454-199703000-00011
http://www.ncbi.nlm.nih.gov/pubmed/9076821
http://doi.org/10.1586/erv.09.19
http://doi.org/10.1007/s00705-013-1743-2
http://doi.org/10.1016/j.vaccine.2013.10.043
https://apps.who.int/iris/bitstream/handle/10665/272364/9789241210218-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/272364/9789241210218-eng.pdf?sequence=1&isAllowed=y
http://doi.org/10.20506/rst.37.2.2811
http://doi.org/10.1016/0264-410X(93)90167-V
http://doi.org/10.1016/j.vaccine.2011.03.048
http://www.ncbi.nlm.nih.gov/pubmed/21458608
http://doi.org/10.1097/QCO.0000000000000188
http://www.ncbi.nlm.nih.gov/pubmed/26203853
http://doi.org/10.1007/3-540-27485-5_3
http://www.ncbi.nlm.nih.gov/pubmed/15981467
https://www.who.int/health-topics/rabies#tab=tab_1
http://doi.org/10.1016/S1474-4422(02)00041-8
http://doi.org/10.1099/0022-1317-81-9-2147
http://doi.org/10.20506/rst.37.2.2812
http://www.ncbi.nlm.nih.gov/pubmed/30747137
http://doi.org/10.1007/s00705-016-3128-9
http://www.ncbi.nlm.nih.gov/pubmed/27796547
http://doi.org/10.1016/j.vaccine.2014.06.058
http://doi.org/10.1166/jnn.2014.9139
http://www.ncbi.nlm.nih.gov/pubmed/24730305
http://doi.org/10.1371/journal.pntd.0004746
http://www.ncbi.nlm.nih.gov/pubmed/27336830
http://doi.org/10.1099/0022-1317-81-10-2341
http://doi.org/10.1099/vir.0.83391-0
http://doi.org/10.1172/JCI90745
http://doi.org/10.1016/j.cell.2009.06.015
http://doi.org/10.1074/jbc.RA118.005868
http://doi.org/10.3390/cells9020397
http://doi.org/10.1038/s41586-020-2968-3
http://doi.org/10.1016/j.virusres.2019.02.006


Viruses 2022, 14, 49 14 of 14

36. Lindeboom, R.G.; Supek, F.; Lehner, B. The rules and impact of nonsense-mediated mRNA decay in human cancers. Nat. Genet.
2016, 48, 1112–1118. [CrossRef]

37. Smits, A.H.; Ziebell, F.; Joberty, G.; Zinn, N.; Mueller, W.F.; Clauder-Münster, S.; Eberhard, D.; Fälth Savitski, M.; Grandi, P.; Jakob,
P.; et al. Biological plasticity rescues target activity in CRISPR knock outs. Nat. Methods 2019, 16, 1087–1093. [CrossRef]

38. Lykke-Andersen, J.; Bennett, E.J. Protecting the proteome: Eukaryotic cotranslational quality control pathways. J. Cell Biol. 2014,
204, 467–476. [CrossRef]

39. Huang, S.; Zhu, Z.; Hu, Q. Response to letter to the editor on analysis. Hum. Vaccines Immunother. 2019, 15, 2127–2128. [CrossRef]
[PubMed]

40. Zhu, S.; Guo, C. Rabies Control and Treatment: From Prophylaxis to Strategies with Curative Potential. Viruses 2016, 8, 279.
[CrossRef] [PubMed]

41. Thoulouze, M.I.; Lafage, M.; Schachner, M.; Hartmann, U.; Cremer, H.; Lafon, M. The neural cell adhesion molecule is a receptor
for rabies virus. J. Virol. 1998, 72, 7181–7190. [CrossRef] [PubMed]

42. Majer, M.; Herrmann, A.; Hilfenhaus, J.; Mauler, R.; Lehmann, H.G.; Hennessen, W.; Kuwert, E.K. A comparison of the Pasteur
and Pitman-Moore strains of rabies virus for the production of rabies vaccine in human diploid cells. J. Biol. Stand. 1977, 5,
249–256. [CrossRef]

43. Nikolic, J.; Civas, A.; Lama, Z.; Lagaudriere-Gesbert, C.; Blondel, D. Rabies Virus Infection Induces the Formation of Stress
Granules Closely Connected to the Viral Factories. PLoS Pathog. 2016, 12, e1005942. [CrossRef]

44. Beutler, B.; Jiang, Z.; Georgel, P.; Crozat, K.; Croker, B.; Rutschmann, S.; Du, X.; Hoebe, K. Genetic analysis of host resistance:
Toll-like receptor signaling and immunity at large. Annu. Rev. Immunol. 2006, 24, 353–389. [CrossRef]

45. Kim, B.; Shenoy, A.; Kumar, P.; Bradfield, C.; MacMicking, J. IFN-inducible GTPases in host cell defense. Cell Host Microbe 2012,
12, 432–444. [CrossRef]

46. Brzozka, K.; Finke, S.; Conzelmann, K.K. Identification of the rabies virus alpha/beta interferon antagonist: Phosphoprotein P
interferes with phosphorylation of interferon regulatory factor 3. J. Virol. 2005, 79, 7673–7681. [CrossRef]

47. Hossain, M.A.; Larrous, F.; Rawlinson, S.M.; Zhan, J.; Sethi, A.; Ibrahim, Y.; Aloi, M.; Lieu, K.G.; Mok, Y.F.; Griffin, M.D.W.; et al.
Structural Elucidation of Viral Antagonism of Innate Immunity at the STAT1 Interface. Cell Rep. 2019, 29, 1934–1945.e8. [CrossRef]

48. Young, D.F.; Andrejeva, L.; Livingstone, A.; Goodbourn, S.; Lamb, R.A.; Collins, P.L.; Elliott, R.M.; Randall, R.E. Virus replication
in engineered human cells that do not respond to interferons. J. Virol. 2003, 77, 2174–2181. [CrossRef]

49. Lin, F.; Zeng, F.; Lu, L.; Lu, X.; Zen, R.; Yu, Y.; Chen, N. The primary hamster kidney cell rabies vaccine: Adaptation of viral strain,
production of vaccine, and pre- and postexposure treatment. J. Infect. Dis. 1983, 147, 467–473. [CrossRef]

50. Wu, X.; Smith, T.G.; Rupprecht, C.E. From brain passage to cell adaptation: The road of human rabies vaccine development.
Expert Rev. Vaccines 2011, 10, 1597–1608. [CrossRef]

51. Jacobs, J.P.; Jones, C.M.; Baille, J.P. Characteristics of a human diploid cell designated MRC-5. Nature 1970, 227, 168–170. [CrossRef]
52. Kitala, P.; Lindqvist, K.; Koimett, E.; Johnson, B.; Chunge, C.; Perrin, P.; Olsvik, O. Comparison of human immune responses to

purified Vero cell and human diploid cell rabies vaccines by using two different antibody titration methods. J. Clin. Microbiol.
1990, 28, 1847–1850. [CrossRef] [PubMed]

53. Stewart, C.E.; Randall, R.E.; Adamson, C.S. Inhibitors of the interferon response enhance virus replication in vitro. PLoS ONE
2014, 9, e112014. [CrossRef]

54. Hamamoto, I.; Takaku, H.; Tashiro, M.; Yamamoto, N. High yield production of influenza virus in Madin Darby canine kidney
(MDCK) cells with stable knockdown of IRF7. PLoS ONE 2013, 8, e59892. [CrossRef] [PubMed]

http://doi.org/10.1038/ng.3664
http://doi.org/10.1038/s41592-019-0614-5
http://doi.org/10.1083/jcb.201311103
http://doi.org/10.1080/21645515.2019.1596714
http://www.ncbi.nlm.nih.gov/pubmed/30932728
http://doi.org/10.3390/v8110279
http://www.ncbi.nlm.nih.gov/pubmed/27801824
http://doi.org/10.1128/JVI.72.9.7181-7190.1998
http://www.ncbi.nlm.nih.gov/pubmed/9696812
http://doi.org/10.1016/S0092-1157(77)80009-7
http://doi.org/10.1371/journal.ppat.1005942
http://doi.org/10.1146/annurev.immunol.24.021605.090552
http://doi.org/10.1016/j.chom.2012.09.007
http://doi.org/10.1128/JVI.79.12.7673-7681.2005
http://doi.org/10.1016/j.celrep.2019.10.020
http://doi.org/10.1128/JVI.77.3.2174-2181.2003
http://doi.org/10.1093/infdis/147.3.467
http://doi.org/10.1586/erv.11.140
http://doi.org/10.1038/227168a0
http://doi.org/10.1128/jcm.28.8.1847-1850.1990
http://www.ncbi.nlm.nih.gov/pubmed/2203814
http://doi.org/10.1371/journal.pone.0112014
http://doi.org/10.1371/journal.pone.0059892
http://www.ncbi.nlm.nih.gov/pubmed/23555825

	Introduction 
	Materials and Methods 
	Cell Culture, Virus, IFN Inhibitors, and Antibodies 
	RABV Infection 
	RNA Extraction and Quantitative RT-PCR 
	Virus Production Assays 
	FFU Assays 
	MRC-5IFNAR1- Cell Line Construction by GenCRISPR™ System 
	Pilot Experiments 
	Statistical Analysis 

	Results 
	RABV Infection Activated IFN and IFN-Related Signaling Pathway in MRC-5 Cells 
	IFN Pathway Inhibitors Enhanced RABV Production in MRC-5 Cells 
	Utilization of IFNAR1 Antibodies Enhanced RABV Production in MRC-5 Cells 
	RABV Production Was Higher in MRC-5IFNAR1- Cell Line 
	Use of IFN Inhibitor or MRC-5IFNAR1- Cell Lines Enhanced RABV Production in Pilot Scale-Up Experiments 

	Discussion 
	References

