Journal of

Applied Biotechnology
Reports

J Appl Biotechnol Rep. 2021 Mar;8(1):46-50

@ 10.30491)ABR2020.111083

L))

i Original Article

Double-stranded RNA Activated Caspase Oligomerizer
(DRACO): Designing, Subcloning, and Antiviral Investigation

Mojtaba Sharti' =, Hadi Esmaeili Gouvarchin Ghaleh', Bahman Jalali Kondori>* ™, Ruhollah Dorostkar'

'Applied Virology Research Center, Bagiyatallah University of Medical Sciences, Tehran, Iran
’Department of Anatomical Sciences, Faculty of Medicine, Bagiyatallah University of Medical Sciences, Tehran, Iran
*Marine Medicine Research Center, Bagiyatallah University of Medical Sciences, Tehran, Iran

Corresponding Author: Ruhollah Dorostkar, Ph.D. in Virology, Assistant Professor, Applied Virology Research Center, Bagiyatallah
University of Medical Sciences, Tehran, Iran. Tel: +98- 9125467559, Email: r.dorost@yahoo.com

Received August 18, 2019; Accepted February 5, 2020; Online Published July 28, 2020

Abstract

Introduction: Antiviral therapy is an alternative for viral infection control when the virus is identified. As antiviral therapy has effectively used basic
science to create very efficient treatments for severe viral infections, it is one of the most promising virology aspects. In the present study, a novel
broad-spectrum antiviral method, dubbed double-stranded RNA (dsRNA) activated caspase oligomerizer (DRACO) have been developed, which
induces apoptosis in cells with viral dsRNA selectively to rapidly kill infected cells with no damage to uninfected ones.

Materials and Methods: Following the design, development, expression, and purification of DRACO, the influenza virus-infected MDCK and
uninfected MDCK cells were treated with 40, 60, and 80 mg/L concentration of DRACO to study its potential antiviral activity. Then, TCID50 (50%
tissue culture infectious dose) of the virus, together with the viability of cells, was measured.

Results: The findings of the present study showed that DRACO is nontoxic to uninfected MDCK cells and is effective for HIN1 influenza virus-
infected MDCK cells dose-dependently. Also, the infected MDCK cells treated with DRACO have shown a significant reduction in TCID50
compared with the control group.

Conclusions: The outcomes suggest that DRACO has a potential as a new anti-H1N1 therapeutic drug that its in-vivo antiviral efficacy requires to
be examined through a clinical analysis of large quantities of animal models.
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Introduction

Itis essential to improve human life, which is always confronted
with the consequences of viral infections.! The viruses, which
lead to the creation of diversified human diseases, have been
developed along with human evolution.? More than 219 virus
species have been identified to be able to infect humans. Many
viruses can alter host metabolism and innate/immune
responses.’ Considering the human population, a vast number
of viral pathogens are possibly used for treatments consistent
with human vaccines and immunizations activities. It is,
therefore, necessary to produce a wide range of antiviral drugs
to overcome human viruses.’ Since available antiviral drugs
and vaccination strategies are still inadequate, new antiviral
tactics are required to control viruses, and novel nontoxic
antiviral drugs must be developed to affect different types of
virus in-vivo and in-vitro being potentially appropriate for
either therapeutic or prophylactic administration.**

Recently, the influenza virus, as an important emerging
pathogen, threatens human and animal populations.
Influenza viruses are an important part of Orthomyxoviridae
family, including three genera of influenza virus A, B, and C.
Influenza viruses have primarily been introduced with high

virulence properties involving the risk of potential epidemic
progression.”!" The influenza virus genome comprises eight
negative-sense RNA molecules containing ten major proteins,
such as hemagglutinin (HA) and neuraminidase (NA)
glycoproteins as fundamental viral core antigens.'> Influenza
has been recognized as a key factor of human morbidity and
mortality for along time either caused by global pandemics or
routine seasonal spread.”**¢ This virus, with a high mutation
rate of the RNA genome besides a variety of its multiple
genomic fragments, develops diversified antigens and novel
subtypes, enabling the virus to attenuate the performance
of vaccines and causing antiviral drug resistance.'”"* Thus,
a novel anti-influenza therapy would be required through
creative strategies and abnormal targets.

Double-stranded RNA (dsRNA) activated caspase
oligomerizer (DRACO) is intended for selective Kkilling
of virus-infected cells without damage to uninfected ones
at the same time. The synthetic construction of DRACO
consists of the dsSRNA detection and apoptosis domains.?**!
Generally, DRACO is known to be non-toxic, affecting
a broad spectrum of viruses, including influenza virus,
bunyaviruses, and flaviviruses.”> Most virus-infected cells
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have long dsRNA helices produced by the virus during
genome replication and transcription. In contrast, there is
no long dsRNA for uninfected cells. In this regard, DRACO
can bind to viral dsRNA to activate the apoptosis pathway
to kill virally infected cells.”*** The DRACO is united to a
recognized protein transduction tag using the corresponding
protein transduction domain 4 (PTD-4) at the N-terminus for
cell delivery purposes. Meanwhile, all domains indicated the
Homo sapiens sequence.?

In this study, a novel wide-range antiviral method, DRACO
has been developed, which has toxic effects on cells with
viral dsRNA selectively to kill quickly infected cells with no
damage to uninfected ones.

Materials and Methods

Cell Culture

Influenza virus (A/Puerto Rico/8/34 (HINI1; PR8) and
MDCK (Madin-Darby canine kidney) cell line were prepared
from the Applied Virology Research Center, Bagiyatallah
University of Medical Science of Iran. The culture medium of
Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, USA)
was applied in cultured MDCK cells, supplemented with 1%
penicillin-streptomycin (Gibco, USA) and 10% fetal bovine
serum (FBS) (Gibco, USA) in a dampened incubator with 5%
CO, at 37°C.*

Construction, Expression, and Purification of DRACO

The protein kinase R (PKR) was used as DRACO’s dsRNA
detection domain with two dsRNA binding motifs in the
N-terminal domain. The apoptosis induction domain was
the caspase recruitment area of apoptotic protease activating
factor 1 (Apaf-1) that binds to procaspase 9. DRACO was
encoded by the DNA cassette to be cloned into the pET-
32a vector for the expression. The induction of DRACO
expression was conducted by adding IPTG to the Luria
broth (LB) medium at a final concentration of 10 mM for 4
h. Afterward, the E. coli cells were centrifuged (9400 g, 4°C,
20 minutes) and suspended in PBS buffer by sonication. The
purification of His-tagged target proteins was conducted
under the protocol provided by the manufacturer using Ni-
NTA agarose (Invitrogen, CA, USA). By using a BCA Protein
Assay Kit (Pierce, Rockford, IL, USA), the concentration of
purified DRACO was found relative to the standard BSA.
Imidazole was also removed through ultrafiltration by the use
of a Macrosep® Advance Centrifugal Device (Pall, New York,
USA).»”

TCID50 Assay

The virus titration was performed applying a standard
TCID50 (50% tissue culture infectious doses) method. In
brief, after culturing the MDCK cells in 24-well plates for 24
hours, the 200 pL of virus dilutions in DMEM with 0.5 pg/mL
TPCK-trypsin was added to each well and incubated for two
days. The cell monolayer was rinsed with PBS after removing
the uninvolved viruses. Then cells incubated with various
concentrations of DRACO (40, 60, and 80 mg/L) for 36 hours
and the virus yield titration was conducted by the collected
supernatants. Virus titers were identified as the TCID50.”

Cell Viability Assay

The HINI influenza virus-infected MDCK and uninfected
MDCK cells' viability was determined after DRACO
treatment applying 3-(4, 5-dimethylthiazol-2ol) 2, 5-diphenyl
tetrazolium bromide (MTT; Sigma, USA) assay. The confluent
cell monolayer was incubated with 100 uL/well and various
concentrations of DRACO (40, 60, and 80 mg/L) or PBS (in
triplicates) for further 2 days in 96-well microtiter plates.
The supernatants were separated from the wells after the
incubation period, and 50 pL of an MTT solution (1 mg/mL in
PBS) was added to every well. The plates were again incubated
for 4 hours at 37°C, and MTT crystals were dissolved by
adding 100 pL of DMSO (Samchun, Korea). Using the ELISA
reader (StataFax 2100, USA), the absorbance was read at
570 nm. The following formula was used for calculating the
percentage of toxicity:

Toxicity (%) = [(ODT/ODC) x100]

Where ODC and ODT stand for the control substance and
the test’s optical density, respectively.”

Statistical Analysis

Experiments were carried out with three or more separate
replicates. The SPSS 23.0 software was used to analyze data.
Student one-way ANOVA and t-test were applied. Differences
with P values below 0.05 were deemed to be significant.

Results

Construction, Expression, and Purification of DRACO
According to Figure 1, DRACO was produced with different
transduction tags, apoptosis induction domains, and dsRNA
detection domains. Then, the SDS-PAGE was used for
confirming the DRACO expression and purification (Figure

1).

Figure 1. DRACO Protein Expression. (a): Protein ladder (b): negative
control. (c to e): The 60 KDa band of the DRACO protein expression
in different protein concentration.
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Cell Viability and Cytopathic Effect Results

In Figure 2, the cytopathic effect (CPE) of the HIN1 influenza
virus in MDCK cells have been presented. The cytotoxicity
assay was necessary to determine the DRACO antiviral activity
in the early stage of antiviral drug development. In the case
of (infected and non-infected) MDCK cells, the cytotoxicity
was investigated using the MTT assay. As it can be seen in
Figure 3A, cells incubated in mediums with 40, 60, or 80
mg/L DRACO after treatment for 48 hours represent relative
viability of around 100% compared to PBS control. The effect
of DRACO on the HINI influenza virus infection was then
evaluated through TCID50 assays. The HIN1 influenza virus
titer was dramatically dropped by DRACO relative to the PBS
control (Figure 3B).

Discussion
The influenza virus infection is still the main health issue with
limited choices for treatment and control. Historically, the
native and recombinant products, as well as their derivatives,
have been regarded as valuable therapeutic agents.*® Recent
technological advancements have provided research with the
evolution of antiviral, especially anti-influenza, drugs from
native and recombinant products. The DRACO is one of the
antiviral native and recombinant products.*!

The synthetic construction of a DRACO consists of three
sections, including an apoptosis induction domain, a dsRNA

Figure 2. Cytopathic Effect (CPE) of HINT1 Influenza Virus in MDCK
Cells. (a): phase-contrast image of untreated MDCK cells. (b): HIN1
influenza virus treated cells. The values were normalized to those of
control group.
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Figure 3. (A) The cytotoxicity of DRACO in MDCK cells (infected
and non-infected cells) was measured using the MTT assay. Cells
were incubated with different concentrations of DRACO or PBS for
48 h, and then cell viability assay was performed. (B) Virus titers in
virus infected cells (MOI=0.1) were determined after treatment with
DRACO or PBS for 36 h. Different superscript letters on column of
figure show statistically significant differences between the groups
(P<0.05).

detection domain, as well as a transduction tag.** The
DRACO can induce apoptosis selectively in cells involving
viral dsRNA for killing virus-infected cells rapidly with no
damage to uninfected ones. The DRACO is known to be non-
toxic, affecting a wide range of viruses, such as bunyaviruses
and flaviviruses.” Most virus-infected cells have long dsSRNA
helices produced by the single- or double-stranded RNA
viruses during genome replication and transcription.** In
contrast, there is no long dsRNA for uninfected cells. In this
regard, DRACO can bind to viral dsRNA in order to activate
the apoptosis pathway to kill virus-infected cells through the
cleavage of a variety of cellular proteins.*

The DRACO inhibitory impact is also associated with two
natural cellular procedures: one in dsRNA detection in the
interferon pathway and the other in apoptosis induction in
the apoptosis pathway.

In this study, DRACOs were generated with various dsRNA
detection domains, apoptosis induction domains, as well
as transduction tags (Figure 1). Construction, expression,
and purification procedure of our study results revealed
that synthesized DRACO comprised three sections of an
apoptosis induction domain, a dsRNA detection domain, and
a transduction tag. For this purpose, the MTT cytotoxicity
assay method was used. This study evaluated the anti-
influenza virus activity of DRACO in vitro on the MDCK
cell line, as represented by the effectiveness against the HIN1
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influenza virus. Regarding the cell viability tests, DRACO
had a dose-dependent antiproliferative effect on infected
MDCK cells compared with uninfected MDCK ones. Rider
et all, revealed that DRACO rapidly entered into cells and
induction the apoptosis in cells transfected with dsRNA.»=
In an uninfected cell, dsRNA was absent, cell viability was not
reduced, and the apoptosis percentage was not significantly
increased. While DRACO made no change in the survival of
uninfected cells population, it reduced viral titers and CPE in
virus-challenged cells. Thus, the reduced virus-infected cells
directly led to a reduction in viral titers and CPE. Guo et al
indicated that DRACO was capable of reducing viral titers, cell
viability, IFA, and CPE in virally infected cells contributing to
inhibit PRRSV infection. They also stated that DRACO would
be a promising anti-PRRSV therapeutic drug.** Accordingly,
DRACO has a significant dose-dependent antiviral impact on
infected MDCK cells but not on uninfected MDCK ones.

Conclusions

Overall, it can be concluded that DRACO has exhibited
strong antiviral activity against the HIN1 Influenza virus-
infected MDCK cells. The DRACO also has the potential to
develop therapeutic and prophylactic strategies for the HIN1
Influenza virus infection. Nevertheless, the DRACO antiviral
efficacy in-vivo must be examined through a clinical analysis
of plenty of animals.

Authors’ Contributions
The authors contributed equally to this study.

Conflicts of Interest Disclosures
No conflict of interest is declared by the authors.

Acknowledgements

The authors would like to thank all the staff of the Bagiyatallah
University of Medical Science, Tehran University of Medical Science,
Iran University of Medical Science, and the Applied Virology Research
Center for their collaboration in implementing experimental procedures
and data analysis.

References

1. Buller R. Molecular pathogenesis of virus infections. Emerg Infect
Dis. 2006;12(1):178. doi:10.3201/eid1201.051305.

2. Schlesinger S, Goff SP. Retroviral transcriptional regulation
and embryonic stem cells: war and peace. Mol Cell Biol.
2015;35(5):770-777. doi:10.1128/mcb.01293-14.

3. Redelsperger F, Raddi N, Bacquin A, et al. Genetic evidence that
captured retroviral envelope syncytins contribute to myoblast
fusion and muscle sexual dimorphism in mice. PLoS Genet.
2016;12(9):e1006289. doi:10.1371/journal.pgen.1006289.

4. Jadhav P, Kapoor N, Thomas B, Lal H, Kshirsagar N. Antiviral
potential of selected Indian medicinal (ayurvedic) plants against
herpes simplex virus 1 and 2. N Am | Med Sci. 2012;4(12):641-
647. doi:10.4103/1947-2714.104316.

5. Malfavon-Borja R, Feschotte C. Fighting fire with fire: endogenous
retrovirus envelopes as restriction factors. J Virol. 2015;89(8):4047-
4050. doi:10.1128/jvi.03653-14.

6.  Broder CC. Henipavirus outbreaks to antivirals: the current status
of potential therapeutics. Curr Opin Virol. 2012;2(2):176-187.
doi:10.1016/j.coviro.2012.02.016.

7. DeCaprio JA, Garcea RL. A cornucopia of human polyomaviruses.
Nat Rev  Microbiol.  2013;11(4):264-276.  doi:10.1038/
nrmicro2992.

8. Guo Y], Luo T, Wu F, et al. Corilagin protects against HSV1
encephalitis through inhibiting the TLR2 signaling pathways in vivo

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

and in vitro. Mol Neurobiol. 2015;52(3):1547-1560. doi:10.1007/
s12035-014-8947-7.

Roy P, Noad R. Use of bacterial artificial chromosomes in
baculovirus research and recombinant protein expression:
current trends and future perspectives. ISRN  Microbiol.
2012;2012:628797. doi:10.5402/2012/628797.

Moradi MT, Karimi A, Fotouhi F, Kheiri S, Torabi A. In vitro and in
vivo effects of Peganum harmala L. seeds extract against influenza
A virus. Avicenna J Phytomed. 2017;7(6):519-530. doi:10.22038/
ajp.2017.22265.1830.

He J, Qi WB, Wang L, et al. Amaryllidaceae alkaloids inhibit
nuclear-to-cytoplasmic export of ribonucleoprotein (RNP) complex
of highly pathogenic avian influenza virus H5N1. Influenza Other
Respir Viruses. 2013;7(6):922-931. doi:10.1111/irv.12035.

Zu M, Li C, Fang JS, et al. Drug discovery of host CLK1 inhibitors
for influenza treatment. Molecules. 2015;20(11):19735-19747.
doi:10.3390/molecules201119653.

Jackson RJ, Cooper KL, Tappenden P, et al. Oseltamivir, zanamivir
and amantadine in the prevention of influenza: a systematic review.
J Infect. 2011;62(1):14-25. doi:10.1016/}.jinf.2010.10.003.

Jang YJ, Achary R, Lee HW, et al. Synthesis and anti-influenza
virus activity of 4-oxo- or thioxo-4,5-dihydrofuro[3,4-c]pyridin-
3(TH)-ones. Antiviral Res. 2014;107:66-75. doi:10.1016/j.
antiviral.2014.04.013.

Ching PK, de los Reyes VC, Sucaldito MN, et al. Outbreak of
henipavirus infection, Philippines, 2014. Emerg Infect Dis.
2015;21(2):328-331. doi:10.3201/eid2102.141433.

Dawes BE, Kalveram B, Ikegami T, et al. Favipiravir (T-705) protects
against Nipah virus infection in the hamster model. Sci Rep.
2018;8(1):7604. doi:10.1038/s41598-018-25780-3.

Ma C, Lam TT, Chai Y, et al. Emergence and evolution of
H10 subtype influenza viruses in poultry in China. J Virol.
2015;89(7):3534-3541. doi:10.1128/jvi.03167-14.

Gao R, Cao B, HuY, et al. Human infection with a novel avian-
origin influenza A (H7N9) virus. N Engl ) Med. 2013;368(20):1888-
1897. doi:10.1056/NEJMoa1304459.

Huang Y, Li X, Zhang H, et al. Human infection with an avian
influenza A (HIN2) virus in the middle region of China. ] Med
Virol. 2015;87(10):1641-1648. doi:10.1002/jmv.24231.
Diamond MS, Farzan M. The broad-spectrum antiviral functions
of IFIT and IFITM proteins. Nat Rev Immunol. 2013;13(1):46-57.
doi:10.1038/nri3344.

Vigant F, Santos NC, Lee B. Broad-spectrum antivirals against viral
fusion. Nat Rev Microbiol. 2015;13(7):426-437. doi:10.1038/
nrmicro3475.

De Clercq E. Antivirals: past, present and future. Biochem
Pharmacol. 2013;85(6):727-744. doi:10.1016/j.bcp.2012.12.011.
Rider TH, Zook CE, Boettcher TL, Wick ST, Pancoast JS,
Zusman BD. Broad-spectrum antiviral therapeutics. PLoS One.
2011;6(7):€22572. doi:10.1371/journal.pone.0022572.

Guo C, Chen L, Mo D, Chen'Y, Liu X. DRACO inhibits porcine
reproductive and respiratory syndrome virus replication in vitro.
Arch Virol. 2015;160(5):1239-1247. doi:10.1007/s00705-015-
2392-4.

Melikyan GB. Driving a wedge between viral lipids blocks
infection. Proc Natl Acad Sci U S A. 2010;107(40):17069-17070.
doi:10.1073/pnas.1012748107.

Seitz C, Frensing T, Hoper D, Kochs G, Reichl U. High yields
of influenza A virus in Madin-Darby canine kidney cells are
promoted by an insufficient interferon-induced antiviral state. )
Gen Virol. 2010;91(Pt 7):1754-1763. doi:10.1099/vir.0.020370-0.
Tapia F, Vogel T, Genzel Y, et al. Production of high-titer human
influenza A virus with adherent and suspension MDCK cells
cultured in a single-use hollow fiber bioreactor. Vaccine.
2014;32(8):1003-1011. doi:10.101 6/j.vaccine.2013.11.044.
Chiamenti L, da Silva FP, Schallemberger K, Demoliner M,
Rigotto C, Fleck JD. Cytotoxicity and antiviral activity evaluation
of Cymbopogon spp hydroethanolic extracts. Braz ] Pharm Sci.
2019;55:€18063. doi:10.1590/52175-97902019000118063.
Zhang X, Jin L, Fang Q, Hui WH, Zhou ZH. 3.3 A cryo-EM structure
of a nonenveloped virus reveals a priming mechanism for cell entry.
Cell. 2010;141(3):472-482. doi:10.1016/j.cell.2010.03.041.

http://www.biotechrep.ir

J Appl Biotechnol Rep, Volume 8, Issue 1, 2021 | 49


http://www.biotechrep.ir
https://doi.org/10.3201/eid1201.051305
https://doi.org/10.1128/mcb.01293-14
https://doi.org/10.1371/journal.pgen.1006289
https://doi.org/10.4103/1947-2714.104316
https://doi.org/10.1128/jvi.03653-14
https://doi.org/10.1016/j.coviro.2012.02.016
https://doi.org/10.1038/nrmicro2992
https://doi.org/10.1038/nrmicro2992
https://doi.org/10.1007/s12035-014-8947-7
https://doi.org/10.1007/s12035-014-8947-7
https://doi.org/10.5402/2012/628797
https://doi.org/10.22038/ajp.2017.22265.1830
https://doi.org/10.22038/ajp.2017.22265.1830
https://doi.org/10.1111/irv.12035
https://doi.org/10.3390/molecules201119653
https://doi.org/10.1016/j.jinf.2010.10.003
https://doi.org/10.1016/j.antiviral.2014.04.013
https://doi.org/10.1016/j.antiviral.2014.04.013
https://doi.org/10.3201/eid2102.141433
https://doi.org/10.1038/s41598-018-25780-3
https://doi.org/10.1128/jvi.03167-14
https://doi.org/10.1056/NEJMoa1304459
https://doi.org/10.1002/jmv.24231
https://doi.org/10.1038/nri3344
https://doi.org/10.1038/nrmicro3475
https://doi.org/10.1038/nrmicro3475
https://doi.org/10.1016/j.bcp.2012.12.011
https://doi.org/10.1371/journal.pone.0022572
https://doi.org/10.1007/s00705-015-2392-4
https://doi.org/10.1007/s00705-015-2392-4
https://doi.org/10.1073/pnas.1012748107
https://doi.org/10.1099/vir.0.020370-0
https://doi.org/10.1016/j.vaccine.2013.11.044

Sharti et al

30.

31.

32.

33.

Sellers SA, Hagan RS, Hayden FG, Fischer WA, 2nd. The
hidden burden of influenza: a review of the extra-pulmonary
complications of influenza infection. Influenza Other Respir
Viruses. 2017;11(5):372-393. doi:10.1111/irv.12470.

Zhu D, Meng W, Wang X], Wang HC. Broad-spectrum
antiviral agents. Front Microbiol. 2015;6:517. doi:10.3389/
fmicb.2015.00517.

Blaising J, Polyak SJ, Pécheur El. Arbidol as a broad-spectrum
antiviral: an update. Antiviral Res. 2014;107:84-94. doi:10.1016/].
antiviral.2014.04.006.

Chiba S, Salaipeth L, Lin YH, Sasaki A, Kanematsu S, Suzuki N.
A novel bipartite double-stranded RNA mycovirus from the white
root rot fungus Rosellinia necatrix: molecular and biological

34.

35.

36.

characterization, taxonomic considerations, and potential
for biological control. | Virol. 2009;83(24):12801-12812.
doi:10.1128/jvi.01830-09.

Yang Y, Lu S, Shen W, et al. Characterization of the first double-
stranded RNA bacteriophage infecting Pseudomonas aeruginosa.
Sci Rep. 2016;6:38795. doi:10.1038/srep38795.

Diamond MS, Farzan M. The broad-spectrum antiviral functions
of IFIT and IFITM proteins. Nat Rev Immunol. 2013;13(1):46-57.
doi:10.1038/nri3344.

Hoffmann HH, Kunz A, Simon VA, Palese P, Shaw ML. Broad-
spectrum antiviral that interferes with de novo pyrimidine
biosynthesis. Proc Natl Acad Sci U S A. 2011;108(14):5777-5782.
doi:10.1073/pnas.1101143108.

50

| ) Appl Biotechnol Rep, Volume 8, Issue 1, 2021

http://www.biotechrep.ir


http://www.biotechrep.ir
https://doi.org/10.1111/irv.12470
https://doi.org/10.3389/fmicb.2015.00517
https://doi.org/10.3389/fmicb.2015.00517
https://doi.org/10.1016/j.antiviral.2014.04.006
https://doi.org/10.1016/j.antiviral.2014.04.006
https://doi.org/10.1128/jvi.01830-09
https://doi.org/10.1038/srep38795
https://doi.org/10.1038/nri3344
https://doi.org/10.1073/pnas.1101143108

