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Abstract: Rubella virus (RV) infection impacts cellular metabolic activity in a complex manner with
strain-specific nutritional requirements. Here we addressed whether this differential metabolic
influence was associated with differences in oxidative stress induction and subsequently with
innate immune response activation. The low passaged clinical isolates of RV examined in this
study induced oxidative stress as validated through generation of the reactive oxygen species
(ROS) cytoplasmic hydrogen peroxide and mitochondrial superoxide. The addition of the
cytoplasmic and mitochondrial ROS scavengers N-acetyl-L-cysteine and MitoTEMPO, respectively,
reduced RV-associated cytopathogenicity and caspase activation. While the degree of oxidative
stress induction varied among RV clinical isolates, the level of innate immune response and
interferon-stimulated gene activation was comparable. The type III IFNs were highly upregulated
in all cell culture systems tested. However, only pre-stimulation with IFN f3 slightly reduced RV
replication indicating that RV appears to have evolved the ability to counteract innate immune
response mechanisms. Through the data presented, we showed that the ability of RV to induce
oxidative stress was independent of its capacity to stimulate and counteract the intrinsic innate
immune response.

Keywords: N-acetyl-L-cysteine; MitoTEMPO; caspase 3/7; apoptosis; interferon-stimulated gene;
viperin; ISG15; macrophage

1. Introduction

Infection with teratogenic rubella virus (RV) during the first trimester of pregnancy can cause
severe defects during embryonic development. At later time points the risk for rubella embryopathy
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and the severity of its outcome are declining [1,2]. Despite the availability of a successful vaccine,
outbreaks still occur, even in regions with a sufficient vaccine coverage [3,4]. RV establishes a persistent
infection in various cell lines and is considered a rather slow-replicating virus with a low level
of cytopathogenic effect (CPE) induction. On susceptible cell lines such as Vero (African green
monkey kidney cell line), the rabbit kidney cell line RK13 [5] and the human adult lung fibroblast
cell line Hs888Lu [6] cytopathogenic alterations are noted through cell rounding and cell detachment,
which differ among RV clinical isolates. During isolation of RV from clinical specimens in most cases
no sign of CPE development is noted, even on susceptible cell lines and despite passaging of the
infected cultures [7].

The rather slow replication cycle of RV is characterized by a comparatively long eclipse period
of 12 h [8] and appears to be supported by its complex interaction with cellular metabolism.
While members of the closely related alphaviruses require glycolysis [9], RV alters the entire
bio-energetic state of its host cells and increases glycolytic and respiratory activity [10]. Although
this ability was present among different RV low passaged clinical isolates, some RV strains require
exogenous glutamine to initiate metabolic alterations [10]. The close association of RV with the
mitochondria is emphasized by an increased activity of the mitochondrial respiratory chain complex
II [11]. Furthermore, the RV capsid protein localizes to the mitochondria [12], which appears to be
connected with the modulation of mitochondria-based apoptotic pathways [13], including opening
of the mitochondrial permeability transition pore [14]. Mitochondria, namely the electron transport
chain, are an important source of reactive oxygen species (ROS) and represent a target for viral
modification [15]. The level of ROS is indicative of the oxidative stress in a cell and ROS is found as
three major species: hydrogen peroxide (H;O;), superoxide anion (O, ™) and hydroxyl radical (HO).
The level of ROS present inside a cell influences various cellular functions, including innate immune
response pathways [15]. During Dengue virus infection, the activation of innate immune responses,
as assessed by the expression level of antiviral and inflammatory genes and cytokine release assays,
is positively correlated with the generated ROS level [16]. Oxidative stress can influence various
cellular signalling pathways, including interferon (IFN)-based antiviral responses. Pre-treatment of the
human hepatocellular carcinoma cell line Huh-7 with the oxidative stress generator H,O; reduced the
activation of the JAK/STAT (Janus kinase-signal transducer and activator of transcription) pathway by
IFN o [17].

Innate immune responses constitute the first line of defence against incoming pathogens. They are
activated by pattern recognition receptors, with toll-like receptor 3 (TLR3), retinoic acid-inducible gene
I (RIG-I) and the melanoma differentiation-associated antigen 5 (MDADJ) being the most important
ones for RNA virus infections [18]. Sensing events are followed by production of IFNs, namely type I
(IFN oc and B), type II (IFN v, restricted to specialized immune cells) and type III (IFN A). After the
binding of IFNs to their respective receptors, a panel of interferon-stimulated genes (ISGs) are induced
which lead to the activation of an antiviral state in both the infected and neighbouring cells by multiple
mechanisms [19].

Through this study, we addressed two main points: first, are RV strain-specific differences in
metabolic alterations reflected by the level of ROS induction, which in turn could influence the
induction of an innate immune response as assessed by activation of IFNs and expression of ISGs.
Second, do RV strains induce the same type of IFNs and ISGs at comparable levels. Besides Vero
cells, a well-characterized cell type for RV infection, epithelial human alveolar A549 cells, primary
monocyte-derived human macrophages (M) and human umbilical vein cells (HUVECs) were used.
As representatives of the airway epithelium, the A549 cells mimic the natural, primary site of systemic
RV infection. Since alveolar macrophages have been stained positive for RV antigen in tissue samples
from fatal congenital rubella syndrome (CRS) cases [20], human M1-M¢, that resemble human alveolar
primary macrophages [21] and the M2-Mg have been investigated. Finally, the endothelial cells
HUVEC were chosen to analyse the effects of RV infection on the blood vessels [20].
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On Vero cells the generation of ROS by RV strains was positively correlated with their ability to
induce CPE. However, no association of oxidative stress induction with activation of IFN response
was detected. All RV strains analysed in this study induced a profound type III IFN response but were
especially sensitive against type I IFN, namely IFN 3. This indicates that RV has evolved an efficient
means to escape from IFN response mechanisms, which could support the RV strain-independent
ability to replicate in M1- and M2-Me.

2. Material and Methods

2.1. Cell Lines and Cultivation

The African green monkey kidney cell line Vero (CCL-81) and the human lung adenocarcinoma
cell line A549 were obtained from American Type Culture Collection (ATCC) and cultivated in
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose (25 mM), GlutaMAX (Gibco, Thermo
Fisher Scientific, Darmstadt, Germany), 10% foetal calf serum (FCS) and the antibiotics penicillin
(100 IU/mL) and streptomycin (100 pg/mL) at 37 °C in a humidified incubator with 5% CO,
atmosphere. Additionally, HEPES at a final concentration of 1mM was added to the cultivation medium
of A549 cells. For maintenance of HUVEC (pooled population, PromoCell, Heidelberg, Germany)
endothelial cell basal medium 2 was used without the addition of antibiotics. Primary human M1-
and M2-macrophages (M) were generated as previously described [22]. Briefly, primary monocytes
were magnetically isolated (Monocyte Isolation Kit II, Miltenyi Biotec, Bergisch Gladbach, Germany)
starting from peripheral blood mononuclear cells (PBMC) obtained from buffy-coats of healthy blood
donors. 3 x 10° per mL monocytes were seeded in culture medium (RPMI 1640 supplemented with
10% FCS, 2 mM L-glutamine (Biochrom AG, Berlin, Germany)), 100 U per mL penicillin and 100 U
per mL streptomycin in hydrophobic Lumox® dishes and differentiated into pro-inflammatory M1- or
anti-inflammatory M2-M¢ by incubation for seven days in the presence of 100 ng per mL recombinant
human granulocyte-macrophage colony-stimulating factor (rhGM-CSF) or rhM-CSF (R&D Systems,
Minneapolis, MN, USA), respectively.

2.2. Ethic Statement

Buffy-coats were purchased from the Transfusion Centre of the Ulm University Medical Centre
(IRB granted to the Institut fiir Klinische Transfusionsmedizin und Immungenetik Ulm GmbH, Ulm,
Germany) and were obtained from anonymized healthy blood donors. All blood donors gave written
informed consent to authorize the use of their blood for medical, pharmaceutical and research purposes.

2.3. Virus Strains and Virus Infection

RV stock virus was generated on Vero cells. Only a limited number of passages was used, as RV
could obtain cytopathogenic properties during multiple passages [7]. To achieve a high rate of infection,
Vero, A549 and M1- and M2-M¢g were infected with an MOI of 5, while HUVEC were infected with an
MOI of 10 [8]. The following RV strains (genotypes are given in brackets) were used: in addition to
the Vero cell-adapted laboratory strain F-Therien three clinical isolates with the WHO identification
RVi/Gdansk.POL/14.07_07-00426 (07-00426, genotype 1E), RVi/Prahova region.ROU/25.03_03-03703
(03-03703, genotype 1G) and RVi/Wuerzburg. DEU/47.11_12-00009 (Wb-12, genotype 2B). RV-infected
Vero, A549 and M1- and M2-M¢g were incubated with virus for up to three days, while HUVEC
infection was limited to 36 h.

2.4. RV Titre Determination

The CPE-positive Therien and Wb-12 RV strains were titred on Vero cells by standard plaque
assay (titre expressed as plaque forming unit, PFU per mL). Titre of low cytopathogenic 03-03703 and
07-00426 was determined by a focus—forming assay (titre given as focus forming unit, FFU per mL) as
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described previously [23] with the exception that TrueBlue™ peroxidase was used as the substrate
(Medac GmbH, Wedel, Germany).

2.5. Viral Genomic RNA Quantification

For assessment of intracellular viral genomic RNA TagMan-based one-step reverse transcription
quantitative PCR was performed after extraction of total RNA by MagNA Pure technology (Roche Life
Sciences, Mannheim, Germany) as described [23]. Briefly, sense (RV_235.s, 5-CTG CAC GAG ATY
CAG GCC AAA CT-3') and antisense (RV_419.as, 5-ACG CAG ATC ACC TCC GCG GT-3') primers
were used together with TagMan fluorogenic probe (RV_291TaqFAM, 6FAM-TCA AGA ACG CCG
CCA CCT ACG AGC-BBQ) for amplification of a conserved region within the p90 gene.

2.6. Cellular mRNA Expression

Trizol reagent (Thermo Fisher Scientific) was used to extract total RNA from mock- and
RV-infected cells at indicated time points. For the analysis of the mRNA expression level of cellular
targets, 1.5 to 2 pg of total RNA were reverse transcribed with oligo(dT);g primer and AMYV reverse
transcriptase (Promega, Mannheim, Germany) at 42 °C for 1 h, followed by 10 min at 70 °C. SYBR Green
was used as PCR dye in quantitative real-time PCR (qRT-PCR) experiments based on carousel-based
LightCycler 2.0 (Roche). For qRT-PCR assays, the GoTaq® qPCR master mix (Promega) was used with
a 1:5 dilution of the cDNA samples together with 1 ug BSA. For normalization in the 2~44t method
the hypoxanthine guanine phosphoribosyl transferase (HPRT1) gene was employed. The mRNA
expression level of selected genes was determined by the following primer pairs (forward/reverse) at
the respective annealing temperature given in brackets:

HPRT1 TGACACTGGCAAAACAATGCA /GGTCCTTTTCACCAGCAAGCT (62 °C), [24];
SOD2 TGGCTTGGTTTCAATAAGGAA /AGCGTGCTCCCACACATCAAT (58 °C), (RTPrimerDB);
p21 CCTGTCACTGTCTTGTACCCT/GCGTTTGGAGTGGTAGAAATCT (52 °C), [25];
IFNP1 GCCGCATTGACCATCTAT/GTCTCATTCCAGCCAGTG (60 °C);

IFNA1 GCAGGTTCAAATCTCTGTCACC/AAGACAGGAGAGCTGCAACTC (60 °C);
IFNA2/3 GCCACATAGCCCAGTTCAAG/TGGGAGAGGATATGGTGCAG (60 °C);

viperin GAGAGCCATTTCTTCAAGACC/CTATAATCCCTACACCACCTCC (60 °C);

IFIT1 AAAAGCCCACATTTGAGGTG/GAAATTCCTGAAACCGACCA (60 °C);

IFITM1 CCAAGGTCCACCGTGATTAAC/ACCAGTTCAAGAAGAGGGTGTT (56 °C), [26];
IFITM3 GATGTGGATCACGGTGGAC/AGATGCTCAAGGAGGAGCAC (55 °C);

ISG15 CTGTTCTGGCTGACCTTCG/GGCTTGAGGCCGTACTCC (56 °C), [26];

2.7. Cell-Based Assays

Cell permeable Hoechst bisbenzimide 33342 (Thermo Fisher Scientific) was included at 2 uM in
all cell-based assays as a DNA counterstain.

2.8. Analysis of Apoptosis Induction

Alexa Fluor 488 Annexin together with propidium iodide (PI) were used to identify apoptotic
and dead cells following manufacturer’s instructions for the Alexa Fluor® 488 Annexin V/Dead
cell Apoptosis Kit (Thermo Fisher Scientific). For assessment of caspase 3 and 7 activation the
CellEvent caspase-3/7 Ready Probes® reagent (Thermo Fisher Scientific) was used. The cleavage of the
non-fluorescent DEVD substrate by these caspases results in fluorescent signals, which were monitored
through fluorescence microscopy.
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2.9. Detection of ROS and Application of ROS Scavengers

The previous assessment of intracellular ROS generation during RV infection [11] was extended
by the use of two additional ROS-sensitive dyes. The compound CM-H;DCFDA (Thermo Fisher
Scientific) is trapped intracellularly after its unspecific cleavage by esterase to 2’-7’ dichlorofluorescein
(H,DCF). HyO, as one of the most important ROS species was detected after oxidation of H,DCEF to the
highly fluorescent 2-7" dichlorodihydrofluorescein (DCF). CM-H,DCFDA was applied to cells at 5 uM
in DMEM with 1% FCS and cells were washed with phosphate buffered saline (PBS) after an incubation
of 10 min. Besides CM-H;DCFDA, MitoSOX™ Red mitochondrial superoxide indicator (Thermo
Fisher Scientific) was applied at 5 pM in HBSS and cells were washed with HBSS after an incubation
of 30 min. As positive controls for cellular ROS generation, cells were incubated overnight (A549) or
for 5 h (Vero) with 0.03% hydrogen peroxide (H,O,) or with 30 uM oligomycin. As a positive control
for mitochondrial superoxide, antimycin A (20 and 200 uM) was applied for 30 min. As cytoplasmic
ROS scavenger N-acetyl-L-cysteine (NAC; Merck, Sigma-Aldrich, Taufkirchen, Germany) was applied
at 5 mM to RV-infected Vero cells at 2 days post-infection (dpi) for further incubation until 3 dpi.
In the case of the positive controls, NAC was added 16 h before induction of ROS through addition
of HyO, or oligomycin. Accordingly, the mitochondrial superoxide scavenger MitoTEMPO (Merck,
Sigma-Aldrich) was added at a concentration of 500 uM to RV-infected Vero cells at 2 dpi for further
incubation until 3 dpi.

2.10. IFN Response and Stimulation Assays

The secretion of IFN «, 3, vy and A was determined by the LEGENDplex human type 1/2/3
IEN panel (BioLegend, San Diego, CA, USA). Experiments were carried out on an Accuri Cé6
flow cytometer (BD Bioscience, Heidelberg, Germany) according to manufacturer’s instructions.
As a positive control, transfections were carried out with 1 pg of the double-stranded (ds) RNA
analogue polyinosinic-polycytidylic acid (poly I:C; Santa Cruz Biotechnology, Heidelberg, Germany)
per well of a six well plate using lipofectamine2000 (Thermo Fisher Scientific) as transfection reagent.
For stimulation of A549 cells with human IFN A a mix of IFN Al and 2 (interleukin-29/1L-29,
interleukin-28A /IL-28A, Peprotech, Hamburg, Germany) and IFN A3 (interleukin-28B/IL-28B;
Novoprotein, Summit, NJ, USA) at 66 ng per mL of each IFN A and IFN 3 (Peprotech) at 100 ng
per uL was used. A549 cells were incubated with IFNs for 48 h and were plated 24 h prior to infection
with RV in the continued presence of the respective IFN.

2.11. Immunofluorescence Analysis

Cells grown on glass coverslips were fixed with paraformaldehyde (2% w/v) for 10 min and after
washing with PBS, cells were permeabilized with ice cold methanol at —20 °C for 5 min. Thereafter
samples were washed with PBS and incubated with primary monoclonal antibody Mab to E1 protein
(Viral Antigens Incorporation, Memphis, TN, USA) at a dilution of 1:200 for 1 h in a humid chamber
at 37 °C. After three washes with PBS the secondary antibody was applied for 45 min under same
conditions. Then the DNA counterstain Hoechst bisbenzimide 33342 was applied and coverslips were
mounted in Fluoromount G (SouthernBiotech, Birmingham, AL, USA).

2.12. Western Blot Analysis

At 3 dpi mock- and RV-infected A549 cells were subjected to extraction of cytoplasmic and nuclear
fractions by the NE-PER nuclear and cytoplasmic extraction (Thermo Fisher Scientific). To ensure
equal gel loading of 40 ug per lane, total protein concentration was determined by standard Bradford
assay. Only cytoplasmic fractions were subjected to SDS-page and electroblotting in transfer buffer
composed of 20 mM Tris, 150 mM glycine and 20% methanol (v/v)). Membranes were blocked with
5% (w/v) non-fat dried milk powder and 0.1% Tween-20 in PBS. Thereafter overnight incubation
of the PVDF membrane with a 1:1000 dilution of the anti-E1 antibody (MAB925, Merck Chemicals,
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Darmstadt, Germany) was performed at 4 °C. The incubation with horseradish peroxidase-conjugated
anti-mouse and anti-rabbit secondary antibodies was followed by detection with a commercial ECL
solution (Thermo Fisher Scientific) used for chemiluminescence. For data collection, the C-DiGit blot
scanner (LI-COR Biosciences, Bad Homburg, Germany) was used followed by image adjustment with
only slight alterations to brightness and contrast using Corel DRAW X7.

2.13. Statistical Analysis

Data in the diagrams are shown as means + standard deviation (SD). The assay setup was based
on three independent experiments unless otherwise stated. Statistical significance was calculated using
Prism software (GraphPad Software, Inc., La Jolla, San Diego, CA, USA). Differences in virus titres were
verified with an unpaired parametric two-tailed Welch’s ¢ test, while normalized mRNA expression
levels were analysed by a paired Student’s ¢ test (consistent ratios of paired values). For comparison of
two viruses unpaired Student’s t test was performed, whereas for more than two groups or samples
with multiple experimental parameters, one-way analysis of variance (ANOVA), followed by Tukey’s
post hoc analysis, was used. The level of significance is indicated in the diagrams by asterisks (*, p < 0.05;
**,p <0.01; ***, p < 0.001; ****, p < 0.0001).

3. Results

3.1. Infection of Vero Cells with RV Strains Results in Differential Induction of Apoptosis and Oxidative Stress

To represent the currently circulating genotypes 1E, 1G and 2B [27], the clinical isolates 07-00426,
03-03703 and Wb-12 were used for infection studies in addition to the laboratory Therien strain.
In a previous study performed in Vero cells, the viral replication rate, virus-associated metabolic
alterations and cytopathogenicity were characterized in each of these strains [10]. While Wb-12 was
comparable to Therien, the isolates 03-03703 and 07-00426 exhibited a lower replication rate and
cytopathogenic potential than Wb-12 and Therien [10]. Thereafter RV strains will be arranged due to
their cytopathogenic potential in decreasing order, namely Therien, Wb-12, 03-03703 and 07-00426.

To address whether these differences in metabolic alterations, infection rate and cytopathogenicity
are also reflected in the virus-induced apoptotic and oxidative stress responses, cells were infected for
three days allowing for CPE development after infection with the Therien and Wb-12 strains. Annexin
V staining showed that Therien and Wb-12 induced a higher level of apoptosis than 03-03703 and
07-00426 (Figure 1A). This was complemented by a higher proportion of propidium iodide (PI)-positive
cells, both necrotic cells (solely PI), or late apoptotic cells (dual Annexin V and PI), (Figure 1A).
Additionally, a higher level of caspase 3/7 activity was detected for Therien and Wb-12 compared to
03-03703 and 07-00426 strains as shown by generation of the fluorescence signal of a cleaved DEVD
peptide (Figure 1B). Additionally, the ROS-sensitive dye CM-H;DCFDA was applied to RV-infected
Vero cells to detect cytoplasmic ROS, mainly hydrogen peroxide (H,O;). The dye CM-H,DCFDA is
retained intracellularly after cleavage of its acetate groups by esterases to CM-H;DCF. In the presence
of ROS, CM-H;DCF is oxidized to the fluorescent CM-DCF (DCF) as an indicator dye. Fluorescence
microscopy revealed a higher number of DCE-positive cells for Therien and Wb-12 strains as compared
to 03-03703 and 07-00426 (Figure 1C). Despite a nearly 100% infection rate at this time point as noted
for Therien and Wb-12 strains [10], ROS production during RV infection can be considered as marginal
compared to the positive control HyO, (Figure 1C). At earlier time points (1 and 2 dpi) the number
of DCF-positive cells detected in RV-infected cell populations was comparable to the mock control,
indicating that ROS production exceeds cellular antioxidant countermeasures only at late time points
of infection.

The analysis of oxidative stress generation with the ROS-sensitive dye CM-H;DCFDA was
complemented by evaluating the mRNA expression level of the mitochondrial antioxidant enzyme
superoxide dismutase 2 (SOD2) and p21"afl/<iP1 which participates in the cellular oxidative stress
response [28]. A slight but significant accumulation of SOD2 mRNA was detected for Vero cells
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after infection with all RV strains, which was comparable to the positive control H,O, (Figure 1D).
In contrast to SOD2, differences were noted among RV strains in the mRNA expression level of
p21afl/cipl The highest level of induction was noted for Therien, which almost reached the level of
the positive control H,O, (Figure 1D). Collectively our data indicates that RV strains differ in their
level of apoptosis and oxidative stress induction, which was positively correlated with their level

asiase 3/7 DNA

of cytopathogenicity.

A

AnnexinV Pl Qverla DNA

high-cytopathogenicity

Whb-12

o
5
0
=

03-03703
03-03703

low-cytopathogenicity

07-00426

U 07-00426

ROS assay [JCTL @ Therien Il Wb-12
03-03703 [ 07-00426 @ H,0,

high-cytopathogenicity low-cytopathogenicity

mock Therien Whb-12 03-03703 07-00426 H.O,

1
%
%

* kK Kk k*
T 1 1 T

N A~ o
—

L
4

Relative mRNA expres-
sion (fold change)

SOD2 p21

Figure 1. Comparative analysis of the capacity of different rubella virus (RV) strains to induce
apoptosis and evoke an oxidative stress response in Vero cells. (A—-C) At 3 days post-infection (dpi), RV
strain-specific differences in apoptosis induction were assessed through fluorescence microscopy of
(A) early (Annexin V-Alexa 488-positive cells) and late (Annexin V-Alexa 488- and propidium iodide
(PT)-positive cells) apoptotic response and (B) activation of caspase 3 and 7 activity through monitoring
nuclear accumulation of the fluorophore after DEVD cleavage; (C) Reactive oxygen species (ROS)
generation was monitored at 3 dpi in Vero cells infected with indicated RV strains through fluorescence
microscopy of the dichlorofluorescein (DCF) fluorescence; (D) The mRNA expression level of the
mitochondrial antioxidant enzyme superoxide dismutase 2 (SOD2) and the oxidative stress-sensitive
protein p21 was validated by quantitative real-time PCR (qQRT-PCR). Hydrogen peroxide (H,O,) was
used as positive control and applied for 5 h at a 1:5000 dilution. CTL, control. *, p < 0.05; **, p < 0.01.
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3.2. The ROS Scavenger NAC Reduces RV Cytopathogenicity

As the Therien strain displayed a notable oxidative stress response it was used to study the
effect of the ROS scavenger NAC on RV-associated oxidative stress response and cytopathogenicity.
For cytoplasmic and mitochondrial ROS, H,O, and oligomycin were used as positive controls,
respectively. Cytoplasmic ROS generation in the presence or absence of NAC was monitored
by fluorescence microscopy in Therien-infected and H,O,- and oligomycin-treated cells with the
ROS-sensitive dye CM-H, DCFDA. The application of NAC at 5 mM (Figure 2A) reduced ROS levels
in Therien-infected as well as positive control-treated Vero cells (Figure 2B). Comparable to the
application of HyO, and oligomycin, the ROS level was lower than the one observed for the solvent
control (SC), (Figure 2B). While the application of NAC had no detectable effect on RV replication
as assessed by generation of virus progeny (Figure 2C), Therien-associated cytopathogenicity was
significantly reduced as determined by the reduction of the number of detached (floating) cells in
the supernatant of RV-infected Vero cells [14,29] (Figure 2D). This reduction could be attributed to
a lower activation of caspase 3/7 as detected after application of NAC (Figure 2E). In summary,
NAC could scavenge RV-induced ROS generation and cytopathogenicity in a concentration dependent
manner. The scavenging function of NAC on RV-infected cells was in accordance with its effect on
the mitochondrial ROS inducer oligomycin, which indicates the presence of mitochondrial ROS in
RV-infected Vero cells.
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Figure 2. The ROS scavenger N-acetyl-L-cysteine (NAC) reduces RV-associated cytopathogenicity
including induction of apoptosis. (A) Schematic overview of the application of NAC to RV-infected
Vero cells at 2 dpi before the onset of cytopathogenic effect (CPE). The effect on ROS generation was
detected by conversion of the non-fluorescent HyDCF to the fluorescent DCF; (B) The cytoplasmic ROS
scavenger NAC was applied at 2 dpi to Vero cells infected with the cytopathogenic RV strain Therien.
As positive controls, HyO, and the ATP synthase inhibitor oligomycin were used. The effect on ROS
generation was monitored through microscopic analysis of DCF fluorescence; (C—E) The effect of NAC
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on infection of Vero cells with RV Therien strain was assessed through (C) determination of virus
titre by plaque assay; (D) rate of cell death as evaluated through the number of dead cells floating
in the supernatant of Therien-infected cells; and (E) measurement of caspase 3/7 activation through
microscopic evaluation of the fluorescence signal generated after cleavage of the DEVD peptide by
caspase 3/7 from its conjugated fluorophore. SC, solvent control. *, p < 0.05.

3.3. Nuclear Localization of the Superoxide Sensitive Dye MitoSOX Reveals Mitochondrial Dysfunction during
RV Infection

The observed increase in SOD2 mRNA expression (Figure 1D) and the differential effects of 5 mM
NAC on RV-induced ROS generation point toward mitochondria-localized ROS during RV infection.
Additionally, cytoplasmic HyO; as detected during RV infection (Figure 1C) can also be converted from
mitochondrial respiration-derived superoxide anion. To determine if this conversion takes places after
RV infection, superoxide levels inside mitochondria were analysed by anion-sensitive dye MitoSOX
Red (MitoSOX), (Figure 3A). As a positive control for mitochondrial ROS, antimycin A (AMA) was
applied. As shown in Figure 3B, while the application of 20 tM AMA to Vero cells lead to an almost
exclusive mitochondrial localization of the dye (highlighted by open arrows), at 200 pM AMA causes
mitochondrial damage, which results in the release of the dye and its nuclear translocation (Figure 3B,
closed arrows). This is in agreement with the reported nuclear confinement of MitoSOX dye after
the loss of mitochondrial integrity [30]. Figure 3C shows that irrespective of the applied RV strain,
at 3 dpi most of the MitoSOX dye is confined to the nucleus of RV-infected Vero cells. However,
the number of MitoSOX-positive nuclei was higher for Therien and Wb-12 strains as compared to
03-03703 and 07-00426 strains. In addition to the nuclear localization, MitoSOX-staining was also
detected inside mitochondria as depicted for some RV strains (Figure 3C, open arrows). We then
assessed whether mitochondrial superoxide contributes to RV-induced apoptosis through application
of the mitochondrial ROS scavenger MitoTEMPO to Therien-infected Vero cells. Similar to NAC, 2 dpi
was chosen as application time point for MitoTEMPO as this is before the onset of CPE. Compared to
the SC-treated population, MitoTEMPO reduced the number of caspase 3/7-positive cells as revealed
by the fluorescence signal obtained after cleavage of the DEVD peptide (Figure 3D).

In conclusion, mitochondrial superoxide was generated during RV infection, which appeared
to coincide with mitochondrial damage and thus nuclear translocation of MitoSOX. Accordingly,
the application of the mitochondrial ROS scavenger MitoTEMPO reduced the level of
RV-induced apoptosis.

3.4. On A549 Cells RV Strains Activate Type I and I1I IFNs and a Panel of IFN-Stimulated Genes in a
Comparable Manner

Due to the deletion of IFN genes, Vero cells lack the type I IFN system. Therefore, we employed
Ab549 cells to analyse the IFN response induced by RV infection. Wb-12 and 03-03703 were used in
subsequent infections as representative high and low CPE strains, respectively. In contrast to Vero
cells, A549 cells showed comparable levels of viral E1 protein synthesis during Wb-12 and 03-03703
infection at all time points analysed (Figure 4A). Furthermore, there was no difference in viral titre
observed between the two RV strains (Figure 4B). However, on A549 cells as compared to Vero cells,
the Wb-12 strain induced a higher mRNA level of SOD2 and p21 than 03-03703 (Figure 4C) indicating
a higher oxidative stress level upon Wb-12 infection as compared to 03-03703. Additionally, the mRNA
expression level of SOD2 was significantly higher for Wb-12 as compared to 03-03703.

IFN response was addressed at 3 dpi through quantification of type I IFN « and §), type II
(IFN v) and type III (A1 and A2/3) IFNs by LEGENDplex assay (Figure 4D). As a positive control,
A549 cells were transfected with poly I:C and supernatants collected at 6 h post-transfection. Synthetic
poly L:C is a well-characterized agonist of cytosolic pattern-recognition receptors MDAS and RIG-I [31].
Among type I IFNs, a robust secretion was detected for IFN {3, which was significantly higher for
Wb-12 compared to 03-03703 (Figure 4D). IFN o was only detected at low levels following infection of
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both viruses. The main IFN species generated under RV infection were IFN Al and A2/3, which were
induced at an almost comparable level by both RV strains, albeit for IFN A2/3 at a significantly higher
level under Wb-12 infection compared to 03-03703 (Figure 4D). These results were confirmed at the
mRNA level for the main IFN types (IFN 3, A1 and A2/3) induced during RV infection (Figure 4E).
Already at 1 dpi a robust increase at the mRNA level was detected for type III IFNs for both strains.
However, a significantly higher mRNA expression level was detected at 3 dpi for IFN A2/3, which
was comparable to the results by the LEGENDplex assay (Figure 4D). To determine the downstream
effects of this IFN secretion, the mRNA expression level of selected IFN-stimulated genes (ISGs) was
determined. The ISGs viperin and ISG15 were strongly induced by both viruses where only a moderate
induction was detected for IFIT1, IFITM1 and IFITM3. While the increase in viperin mRNA levels
was significantly higher under Wb-12 infection compared to 03-03703 (Figure 4F), all other ISGs were
comparably induced by Wb-12 and 03-03703. Additionally, the IFN response under RV infection was
comparable to poly I:C transfection, with the exception of the mRNA expression level of the ISG, IFIT1.

20 iiM AMA 200 uM AMA
ﬁ J

mock Therien Wb-12 03-03703 07-00426

Figure 3. MitoSOX staining of RV-infected cells revealed the presence of mitochondrial superoxide and

Caspase 3/7 DNA
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suggests mitochondrial dysfunction through its nuclear translocation. (A) Overview of the application
scheme of superoxide detection by MitoSOX dye and scavenging by MitoTEMPO; (B) Depending on
the applied concentration of antimycin A (AMA), MitoSOX stains a mitochondria-confined region in
the cytoplasm (at 20 uM, open arrow) or within the nucleus (at 200 uM, closed arrow). The insets depict
the corresponding microscopic field at a lower magnification; (C) At 3 dpi mock- and RV-infected Vero
cells were incubated with MitoSOX and subjected to fluorescence microscopy. The inset provides the
corresponding overview of the area depicted at higher magnification. The localization of the dye is
indicated by open arrows for mitochondrial and closed arrows for nuclear localization; (D) At 2 dpi
the mitochondrial antioxidant MitoTEMPO was added to Therien-infected Vero cells to assess its effect
on apoptosis as compared to control cells in the absence of the scavenger (SC). Induction of apoptosis
was monitored through activation of caspase 3/7. Activated caspase activity results in generation of a
fluorescence signal after cleavage of the DEVD peptide from the fluorophore.
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Figure 4. In contrast to the induction of oxidative stress, the RV-associated interferon (IFN) response on
A549 cells was comparable among RV strains. (A) Western blot analysis of mock- and RV-infected A549
cells was performed at indicated time points with an antibody against RV E1 protein. The image shown
is representative for three Western blot runs with independent samples; (B) Virus progeny generation
was assessed by plaque (Wb-12) and focus forming assay (03-03703); (C) At 3 dpi the expression level of
the antioxidant enzyme SOD2 and the oxidative stress-sensitive protein p21 was determined at mRNA
expression level by qRT-PCR. H,O; applied over night at a 1:5000 dilution was used as positive control;
(D) The LEGENDplex IEN panel was used to obtain the IFN profile for Wb-12- and 03-03703-infected
Ab549 cells at 3 dpi. The lack of error bars is due to the upper detection limit of the assay, which was
present despite analysis of a 1:4 dilution of the supernatants collected from mock- and RV-infected
A549 cells; (E) The type I and III IFNs mRNA expression level was determined by qRT-PCR for samples
extracted from Wb-12- and 03-03703-infected A549 cells at 1 and 3 dpi; (F) Activation of IFN-stimulated
genes (ISGs) was validated by qRT-PCR for Wb-12- and 03-03703-infected A549 cells (obtained at 3 dpi);
(E,F) Expression level was normalized to hypoxanthine guanine phosphoribosyl transferase (HPRT1)
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and expression is given relative to the corresponding mock- or untreated control (CTL); (D-F) As a positive
control, RNA extracted at 6 h post-transfection (hpst) from polyinosinic-polycytidylic acid (poly
L:C)-transfected A549 cells was used. As a negative control mock-infected and lipofectamine2000-
transfected samples were employed for RV infection and poly I:C transfection, respectively. *, p < 0.05; **,
p <0.01.

In conclusion, under RV infection the type III IFN response in A549 cells was more pronounced
than type L. This results in the notable activation of the ISGs viperin and ISG15. While significant
differences were noted for the activation of specific components of the IFN system, the overall activation
of the IFN response was comparable among the RV strains examined.

3.5. RV Infection is Marginally Reduced after Pre-Treatment of A549 Cells with IFN B and Almost Insensitive
to Type III IFNs

To determine if the produced IFNs played a role in restricting RV infection, A549 cells were
pre-treated with IFN (3 or IFN A (as a combination of A1, 2 and 3) for 72 h. This time frame was
chosen to mirror the long replication cycle of RV in cell culture. Additionally, effects observed after
stimulation of A549 cells with exogenous IFNs for 12 or 24 h had only a minor effect as compared
to pre-treatment for 72 h. RV infection and subsequent cultivation was carried out in the continued
presence of the respective IFNs. As shown in Figure 5A, the pre-treatment of A549 cells with type I
and III IFNs had only a minor effect on the intracellular amount of viral RNA. While the effect of IFN
3 was more pronounced than the one observed for IFN A, a significant reduction was only noted for
strain 03-03703. However, for both RV strains a significant reduction, one order of magnitude, in viral
titre was detected in IFN (-pre-treated A549 cells (Figure 5B). A significant reduction was also noted
after pre-treatment with IFN A but only for 03-03703 strain. Accordingly, a reduction in viral E1 protein
expression was noted for both RV strains through Western blot analysis (Figure 5C). Calculation of
the relative band intensity of E1 protein obtained in three separate Western blots revealed for both RV
strains a significant reduction after application of exogenous IFN  but the effect of exogenous IFN
A was only significant for 03-03703 strain (Figure 5D). Immunofluorescence analysis confirmed that
03-03703 was more sensitive to exogenous IFN A than Wb-12 (Figure 5E). The level of significance for
the reduction of the number of El-positive cells after pre-treatment with IFN A was higher for 03-03703
(p < 0.001) than for Wb-12 (p < 0.05).

Collectively these results suggest that although on A549 cells IFN A was induced by RV at a
greater degree than IFN (3, a significant effect on RV infection was only noted for exogenous IFN f3.
Especially viral protein synthesis, as shown for E1, appeared to be affected by IFN pre-treatment.
While the effect of IFN {3 on the different RV strains was comparable, the sensitivity against exogenous
IEN A differed slightly among RV strains.

3.6. An Equal Infection Rate of RV Strains on M1- and M2-Me¢ Occurred in Association with a Strong Type 1
and III IFN Response

RV infection of M1- and M2-Mg as human primary cells was carried out to determine if the IFN
induction phenotype and sensitivity of A549 cells was also found in immune cells. We chose these cells
as they are a promising cell type for analysis of RV infection, since granuloma M2-Mg and alveolar
Me in tissue samples of fatal CRS cases supported persistent RV infection [20,32]. Due to their central
immunological functions they could play an important role in RV pathogenicity [33]. Furthermore,
their high turn-over rate of glutamine could support replication of RV strains [10]. M differentiated
from monocytes derived from three different donors were infected with RV strains Wb-12 and 03-03703.
In contrast to the lower infection rate of 03-03703 strain on Vero cells [10], the number of E1-positive cells
during infection of M1- and M2-M¢ was comparable between the two strains at 1 dpi. Interestingly,
at 3 dpi they were even significantly higher for 03-03703 as compared to Wb-12-infected M2-M¢
(Figure 6A). This was also reflected in viral titre, which was comparable at 1 dpi but at 3 dpi on M2-Me
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titre of 03-03703 was significantly higher compared to Wb-12 strain (Figure 6B). Furthermore, it is
important to note, that the course of infection of both strains was comparable between the two Mg
types (Figure 6A,B). Supernatants collected at 1 and 3 dpi were subjected to analysis of IFN concentration
by the LEGENDplex IFN panel. The IFN type and concentration was comparable between M1- and
M2-Me (Figure 6C). On both Mg types differences were noted at 1 dpi between the two RV strains
in the overall concentration of IFNs. The IFN production was higher at 1 dpi on Wb-12-infected Mg
as compared to 03-03703, however they became comparable at 3 dpi (Figure 6C). Due to the variable
response among the different samples examined for 1 dpi any noted differences between Wb-12 and
03-03703 were not significant. Similar to A549 cells, the type III IFN response was more pronounced
than the one detected for type I. However, only IFN Al was generated on RV-infected M (Figure 6C).
Among type I IFNs, IFN « and 3 were generated at a similar concentration (Figure 6C). The ability
of RV strains to establish high titre infection on M1- and M2-M¢ was also confirmed for Therien and
07-00426 strains (Supplement Figure S1A,B). Interestingly the 07-00426 strain showed a higher titre
than Therien, which is in contrast to the Vero cell data, while IFN type and concentration of Therien
and 07-00426 (Supplement Figure S1C) were comparable to Wb-12 to 03-03703 (Figure 6C). As a second
primary human cell line, HUVEC were employed. The IEN profile of these cells was evaluated during
infection with Wb-12 and 03-03703 (Supplement Figure S2A). Comparable to A549 cells, IFN (3 was
the predominant type I IFN species and similar to Mg IFN Al was detected as the predominant type
II IFN. Finally, we examined the RV-associated IFN response on Vero, as a cell line with profound
strain-specific differences in the infection rate [10]. Due to the deletion of type I IFN genes, only type III
IFN response can be activated in Vero cells. Supplement Figure S2B highlights, that IFN A1 was induced
by RV strains Wb-12 and 03-03703, whereas IFN A2/3 was lacking. While on A549 cells viperin and
ISG15 were induced at a high rate, only ISG15 was found to be activated at a notable level on Vero cells.
The remaining ISGs IFIT1, IFITM1 and IFITM3 were increased over the mock control at a reduced level.
A significant difference in the induction of the ISGs between RV strains Wb-12 and 03-03703 was only
detected for IFITM1 (Supplement Figure S2B).
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Figure 5. Stimulation of A549 cells with exogenous type I (IFN () and III (IFN A) IFNs affected RV
infection. A549 cells were stimulated with IFN 3 or IFN A (A1, 2 and 3) for 72 h. Infection was compared
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to the untreated control (CTL) through assessment of (A) viral genome copies by TagMan-based
reverse transcription PCR and (B) titre determination by plaque and focus forming assay for samples
collected at 1 dpi; (C) At 1 dpi E1 expression level in the absence or presence of exogenous IFN was
determined with anti-E1 antibodies by Western blot analysis; (D) For assessment of relative E1 band
intensities LI-COR image software was used. Indicated data is given as mean +SE derived from three
independent Western blot runs after normalization to cofilin; (E) Inmunofluorescence analysis was
performed at 1 dpi with anti-E1 antibodies (shown in green). Nuclei were stained with the DNA
counterstain Hoechst bisbenzimide (shown in blue). Values in immunofluorescence images depict the
mean percentage of RV-infected cells as determined by counting of the number of El-positive cells in
two random fields for two independent samples; (C,E) The images shown are representative for three

independent experiments. *, p < 0.05; **, p < 0.01.

The results on RV-infected M@ in most parts mirror the ones on A549 cells in a RV
strain-independent induction of an innate immune response, which is based on type I and III IFNs.
Differences were noted with regard to the induced IFN species. In contrast to A549 cells, on M IFN
A2/3 was almost lacking, while IFN « was present in addition to IFN (3. This provides evidence that
both Mg types represent a suitable cell culture model for the analysis of innate immune response
under RV infection and thus RV pathology.

Course of infection on M1 and M2 macrophages
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Figure 6. RV strains establish an equal infection rate on M1- and M2- macrophages (M) and
induce type I and III IFNs. (A) At 1 and 3 dpi RV-infected M1- and M2-M¢ were subjected to
immunofluorescence analysis with an antibody against viral E1 protein. Percentage of E1-positive
cells was determined for 5 independent microscopic fields obtained in three independent experiments.
Supernatants collected at 1 and 3 dpi from M1- and M2-M¢ infected with indicated RV strains were
collected and subjected to determination of (B) virus titre by plaque (PFU per mL) and focus-forming
(FFU per mL) assay and (C) the type I/II/III IEN profile by the LEGENDplex IFN panel. *, p < 0.05;
** p <0.01.
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4. Discussion

The elucidation of viral pathogenesis requires on the one hand low passaged clinical isolates to
reflect diversity within the viral population. On the other hand, different human cell lines and
various donors for primary human cells are needed as representatives for the genetic diversity
found in the human population. This study revealed that while differences were noted for the
induction of an oxidative stress response, the activation of an IFN response was comparable among
RV strains. Moreover, it was emphasized that strain-specific differences in viral replication rate on
Vero cells [10] are cell-type restricted, as human Mg enabled a high level of replication irrespective
of the applied RV strain. Additionally, the macrophage independent replication rate appears to be
a unique property of RV, as differences are usually noted in the susceptibility of M1- and M2-M¢
to infections. The number of Lactococcus lactis, Escherichia coli, Leishmania major and human
cytomegalovirus-infected, human monocyte-derived M2-M¢@ was higher than those of M1-M [22,34].
This was also reported for the course of infection of influenza virus on human bone marrow-derived
M2-M¢ as compared to M1-Me [35] and of HIV-1 [36,37].

RV-induced alterations of mitochondrial functions might affect the activity of the electron transport
chain and/or the mitochondrial membrane potential and could result in activation of an oxidative
stress response. During RV infection, hyperpolarization of mitochondria [38] was noted in addition
to an increased activity of respiratory chain complex II [11] and a higher bioenergetic profile of the
infected host cell [10]. Due to this higher metabolic activity, the level of superoxide anion could
increase, which in turn would be compensated by a higher expression level of SOD2. During RV
infection SOD2 mRNA expression was increased and MitoSOX Red-sensitive superoxide was detected
in mitochondria but more notably in the nucleus. Consistent with the finding that nuclear MitoSOX
might be due to superoxide generation by a cytoplasmic ROS source or by superoxide released from
mitochondpria [39], cytoplasmic ROS could be induced through opening of the mitochondrial transition
pore during RV infection [14]. Accordingly, strain-specific differences in metabolic alterations [10]
were reflected by a differential induction of oxidative stress.

In contrast to the differential infection rate and activation of oxidative stress by RV strains,
only minor differences were noted among RV strains with regard to the induction of an IFN response.
The IFN response on Vero cells emphasizes that IFN activation appears not to be influenced by the
differential replication kinetics displayed by RV strains on this cell line [10]. The activation of the
IEN response and the associated induction of ISGs appear to be a common characteristic among RV
strains. While such strain-specific effects were not detected for RV in our study, the induction of
an innate immune response and accordingly its repression in A549 cells by respiratory syncytial
virus was strain specific [40]. The non-structural PBI-F2 protein encoded by influenza A (IAV)
enhances IFN 3 production and IAV strain-specific variants of this protein could contribute to viral
immunopathology [41,42]. However, cell-type dependent differences for the IFN species generated
during RV infection were noted in this study. An early study by Potter and colleagues reported notable
differences in the induced levels of IFNs on placental but not on lung or leukocyte cell cultures by
Japanese and US RV strains [43]. Similar to the Wb-12 strain, as highlighted by our study, the RV strain
with the highest level of IFN induction had the lowest level of sensitivity against IFN [43].

The insensitivity of RV against exogenous IFN application and the cell type-specific differences in
the activation of an IFN response could contribute to viral pathology and spread within its human
host. Although treatment with IFN does not cure infected cultures from RV or viral replicons [6,44,45],
it could contribute to the establishment of a persistent infection in IFN-competent cell lines as IFN
attenuates RV cytopathogenicity [6]. Several viruses have developed countermeasures against innate
immune responses as effective antiviral defence mechanisms. While Bluetongue virus interferes with
IFN type I signalling and the JAK/STAT pathway [46], some viruses appear to be rather resistant to or
only marginally affected by IFN-activated cellular response mechanisms. Besides RV as outlined in this
study, hepatitis D virus (HDV) was recently described to replicate almost unaffected after activation of
its host cell with exogenous IFNs [47]. This resistance was noted despite a notable induction of IFN
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f and IFN A during HDV infection and was not based on viral interference with ISG expression [48].
In our study, RV replication occurred despite a profound activation of the ISGs viperin and ISG15.
However, especially the application of exogenous IFN (3 revealed, that viral progeny release and
protein synthesis were reduced while viral intracellular genomic RNA remained almost unaffected.
This could reflect the protected environment provided by the cytopathic vacuoles that appear to shield
RNA replication centres [49].

RV is a prominent example for distinct phenotypic and biological differences among virus
strains [43]. These differences could reflect mechanisms of virus-host co-evolution and as such viral
pathogenicity. It is noteworthy, that RV strains isolated from specimens after congenital infection
display a higher rate of apoptosis as compared to attenuated strains [50]. Both, strain- and cell-type
specific differences could contribute to our understanding of RV pathology. On the one hand RV causes
mild and in most cases asymptomatic post-natal infections but on the other hand embryopathologies
are extremely severe [51]. Further characterization of the strains highlighted in our study will address
how the identified differences could be involved in the differential clinical outcome of a given virus
infection. Human Mg could be an important cell line for this approach, as M cells enable solid
replication of several RV strains at a similar rate and despite robust activation of an IFN response.
Additionally, a more systematic analysis of RV strains on a cell culture model with relevance to RV
teratogenicity is required. We have recently introduced induced pluripotent stem cells (iPSCs) as such
a model [52]. They also represent a suitable in vitro model for RV persistence, which is established
shortly after infection of the developing embryo and will be used to follow up the questions raised in
this study.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/10/540/
s1, Figure S1: Analysis of the time course of infection and immune activation of Therien and 07-00426 strains on
M1- and M2-Me at 1 and 3 dpi, Figure S2: Characterization of the IFN response on RV-infected HUVEC and
Vero cells.

Author Contributions: Conceptualization, C.C.; Methodology, G.F.,, M.L.S., S.B. (Steeve Boulant), S.B. (Sandra
Bergs), C.C.; Formal Analysis, S.Z., M.L.,, M.L.S,, ].B., G.E, C.C.; Investigation, S.Z., M.L., ].B., G.F,, N.C.B,,
C.C; Resources, U.G.L; Data Curation, Writing—Original Draft Preparation, C.C.; Writing—Review & Editing,
all authors; Supervision, C.C.; Project Administration, U.G.L., C.C.; Funding Acquisition, C.C.

Funding: This research was funded by Deutsche Forschungsgemeinschaft (DFG, German Research Foundation),
grant number CL 459/3-1 to C.C., M.L.S. and S.B. were supported by the DFG SFB1129.

Acknowledgments: We acknowledge support from the German Research Foundation (DFG) and Leipzig
University within the program of Open Access Publishing. The authors acknowledge B. WeifSbrich (University of
Wuerzburg, Germany) for provision of Wb-12 strain, Emilia Lupulescu (National Institute of Research-Development
for Microbiology and Immunology “Cantacuzino,” Bucharest, Romania) for RVi/Prahova region.ROU/25.03;
Bogumila Litwinskaja (National Institute of Public Health—National Institute of Hygiene, Department of Virology,
Warsaw, Poland) for RVi/Gdansk.POL/14.07.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Freij, B.J.; South, M.A_; Sever, ].L. Maternal rubella and the congenital rubella syndrome. Clin. Perinatol. 1988,
15, 247-257. [CrossRef]

2. Bouthry, E.; Picone, O.; Hamdi, G.; Grangeot-Keros, L.; Ayoubi, ].M.; Vauloup-Fellous, C. Rubella and
pregnancy: Diagnosis, management and outcomes. Prenat. Diagn. 2014, 34, 1246-1253. [PubMed]

3. Lazar, M.; Abernathy, E.; Chen, M.H.; Icenogle, J.; Janta, D.; Stanescu, A.; Pistol, A.; Santibanez, S.;
Mankertz, A.; Hubschen, ].M.; et al. Epidemiological and molecular investigation of a rubella outbreak,
romania, 2011 to 2012. Euro Surveill. 2016, 21. [CrossRef] [PubMed]

4.  Paradowska-Stankiewicz, I.; Czarkowski, M.P,; Derrough, T.; Stefanoff, P. Ongoing outbreak of rubella
among young male adults in Poland: Increased risk of congenital rubella infections. Eurosurveillance 2013,
18, 2-6.

5. Duncan, R.; Muller, J.; Lee, N.; Esmaili, A.; Nakhasi, H.L. Rubella virus-induced apoptosis varies among cell
lines and is modulated by bcl-x1 and caspase inhibitors. Virology 1999, 255, 117-128. [CrossRef] [PubMed]


http://www.mdpi.com/1999-4915/10/10/540/s1
http://www.mdpi.com/1999-4915/10/10/540/s1
http://dx.doi.org/10.1016/S0095-5108(18)30710-3
http://www.ncbi.nlm.nih.gov/pubmed/25066688
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.38.30345
http://www.ncbi.nlm.nih.gov/pubmed/27684329
http://dx.doi.org/10.1006/viro.1998.9562
http://www.ncbi.nlm.nih.gov/pubmed/10049827

Viruses 2018, 10, 540 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Adamo, M.P; Zapata, M.; Frey, T.K. Analysis of gene expression in fetal and adult cells infected with rubella
virus. Virology 2008, 370, 1-11. [CrossRef] [PubMed]

Chen, M.-H.; Zhu, Z.; Zhang, Y.; Favors, S.; Xu, W.B.; Featherstone, D.A.; Icenogle, J.P. An indirect
immunocolorimetric assay to detect rubella virus infected cells. ]. Virol. Methods 2007, 146, 414—418.
[CrossRef] [PubMed]

Perelygina, L.; Zheng, Q.; Metcalfe, M.; Icenogle, J. Persistent infection of human fetal endothelial cells with
rubella virus. PLoS ONE 2013, 8, €73014. [CrossRef] [PubMed]

Findlay, J.S.; Ulaeto, D. Semliki forest virus and sindbis virus, but not vaccinia virus, require glycolysis for
optimal replication. J. Gen. Virol. 2015, 96, 2693-2696. [CrossRef] [PubMed]

Bilz, N.C; Jahn, K,; Lorenz, M.; Ludtke, A.; Hubschen, ].M.; Geyer, H.; Mankertz, A.; Hubner, D.; Liebert, U.G.;
Claus, C. Rubella viruses shift cellular bioenergetics to a more oxidative and glycolytic phenotype with a
strain-specific requirement for glutamine. J. Virol. 2018, 92, e00934-18. [CrossRef] [PubMed]

Claus, C.; Schonefeld, K.; Hubner, D.; Chey, S.; Reibetanz, U.; Liebert, U.G. Activity increase in respiratory
chain complexes by rubella virus with marginal induction of oxidative stress. J. Virol. 2013, 87, 8481-8492.
[PubMed]

Beatch, M.D.; Hobman, T.C. Rubella virus capsid associates with host cell protein p32 and localizes to
mitochondria. J. Virol. 2000, 74, 5569-5576. [CrossRef] [PubMed]

Ilkow, C.S.; Goping, 1.S.; Hobman, T.C. The rubella virus capsid is an anti-apoptotic protein that attenuates
the pore-forming ability of bax. PLoS Pathog. 2011, 7, e1001291.

Claus, C.; Manssen, L.; Hiibner, D.; Rossmark, S.; Bothe, V.; Petzold, A.; Grosse, C.; Reins, M.; Mankertz, A.;
Frey, TK.; et al. Activation of the mitochondrial apoptotic signaling platform during rubella virus infection.
Viruses 2015, 7, 6108-6126. [PubMed]

Valadao, A.L.C.; Aguiar, R.S.; de Arruda, L.B. Interplay between inflammation and cellular stress triggered
by flaviviridae viruses. Front. Microbiol 2016, 7, 1233. [CrossRef] [PubMed]

Olagnier, D.; Peri, S.; Steel, C.; van Montfoort, N.; Chiang, C.; Beljanski, V.; Slifker, M.; He, Z.; Nichols, C.N.;
Lin, R; et al. Cellular oxidative stress response controls the antiviral and apoptotic programs in dengue
virus-infected dendritic cells. PLoS Pathog. 2014, 10, €1004566. [CrossRef] [PubMed]

Di Bona, D.; Cippitelli, M.; Fionda, C.; Camma, C.; Licata, A.; Santoni, A.; Craxi, A. Oxidative stress inhibits
IFN-alpha-induced antiviral gene expression by blocking the JAK-STAT pathway. ]. Hepatol. 2006, 45,
271-279. [PubMed]

Jensen, S.; Thomsen, A.R. Sensing of rna viruses: A review of innate immune receptors involved in
recognizing RNA virus invasion. J. Virol. 2012, 86, 2900-2910. [CrossRef] [PubMed]

Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: A complex web of host defenses.
Annu. Rev. Immunol. 2014, 32, 513-545. [CrossRef] [PubMed]

Lazar, M.; Perelygina, L.; Martines, R.; Greer, P.; Paddock, C.D.; Peltecu, G.; Lupulescu, E.; Icenogle, J.;
Zaki, S.R. Immunolocalization and distribution of rubella antigen in fatal congenital rubella syndrome.
EBioMedicine 2016, 3, 86-92. [PubMed]

Akagawa, K.S.; Komuro, I.; Kanazawa, H.; Yamazaki, T.; Mochida, K.; Kishi, F. Functional heterogeneity of
colony-stimulating factor-induced human monocyte-derived macrophages. Respirology 2006, 11, S32-S36.
[CrossRef] [PubMed]

Bayer, C.; Varani, S.; Wang, L.; Walther, P.; Zhou, S.; Straschewski, S.; Bachem, M.; Soderberg-Naucler, C.;
Mertens, T.; Frascaroli, G. Human cytomegalovirus infection of M1 and M2 macrophages triggers
inflammation and autologous t-cell proliferation. J. Virol. 2013, 87, 67-79. [CrossRef] [PubMed]

Claus, C.; Bergs, S.; Emmrich, N.C.; Hubschen, ].M.; Mankertz, A.; Liebert, U.G. A sensitive one-step tagman
amplification approach for detection of rubella virus clade I and II genotypes in clinical samples. Arch. Virol.
2017, 162, 477-486. [CrossRef] [PubMed]

Cicinnati, V.R.; Shen, Q.L.; Sotiropoulos, G.C.; Radtke, A.; Gerken, G.; Beckebaum, S. Validation of putative
reference genes for gene expression studies in human hepatocellular carcinoma using real-time quantitative
RT-PCR. BMC Cancer 2008, 8, 350. [CrossRef] [PubMed]

Kasahara, T.; Kakinuma, C.; Kuwayama, C.; Hashiba, M.; Harada, T.; Degawa, M. Increased expression of
cyclin-dependent kinase-interacting protein p21 during tamoxifen-induced hepatocarcinogenesis in female
rats. J. Health Sci. 2005, 51, 185-190. [CrossRef]


http://dx.doi.org/10.1016/j.virol.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17920097
http://dx.doi.org/10.1016/j.jviromet.2007.08.021
http://www.ncbi.nlm.nih.gov/pubmed/17919742
http://dx.doi.org/10.1371/journal.pone.0073014
http://www.ncbi.nlm.nih.gov/pubmed/23940821
http://dx.doi.org/10.1099/jgv.0.000226
http://www.ncbi.nlm.nih.gov/pubmed/26297236
http://dx.doi.org/10.1128/JVI.00934-18
http://www.ncbi.nlm.nih.gov/pubmed/29950419
http://www.ncbi.nlm.nih.gov/pubmed/23720730
http://dx.doi.org/10.1128/JVI.74.12.5569-5576.2000
http://www.ncbi.nlm.nih.gov/pubmed/10823864
http://www.ncbi.nlm.nih.gov/pubmed/26703711
http://dx.doi.org/10.3389/fmicb.2016.01233
http://www.ncbi.nlm.nih.gov/pubmed/27610098
http://dx.doi.org/10.1371/journal.ppat.1004566
http://www.ncbi.nlm.nih.gov/pubmed/25521078
http://www.ncbi.nlm.nih.gov/pubmed/16595158
http://dx.doi.org/10.1128/JVI.05738-11
http://www.ncbi.nlm.nih.gov/pubmed/22258243
http://dx.doi.org/10.1146/annurev-immunol-032713-120231
http://www.ncbi.nlm.nih.gov/pubmed/24555472
http://www.ncbi.nlm.nih.gov/pubmed/26870820
http://dx.doi.org/10.1111/j.1440-1843.2006.00805.x
http://www.ncbi.nlm.nih.gov/pubmed/16423268
http://dx.doi.org/10.1128/JVI.01585-12
http://www.ncbi.nlm.nih.gov/pubmed/23055571
http://dx.doi.org/10.1007/s00705-016-3131-1
http://www.ncbi.nlm.nih.gov/pubmed/27807657
http://dx.doi.org/10.1186/1471-2407-8-350
http://www.ncbi.nlm.nih.gov/pubmed/19036168
http://dx.doi.org/10.1248/jhs.51.185

Viruses 2018, 10, 540 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wu, X.; Dao Thi, V.L.; Huang, Y.; Billerbeck, E.; Saha, D.; Hoffmann, H.H.; Wang, Y.; Silva, L.A.V.; Sarbanes, S.;
Sun, T.; et al. Intrinsic immunity shapes viral resistance of stem cells. Cell 2018, 172, 423.e25-438.e25.
[CrossRef] [PubMed]

Rivailler, P.; Abernathy, E.; Icenogle, J. Genetic diversity of currently circulating rubella viruses: A need to
define more precise viral groups. . Gen. Virol. 2017, 98, 396—404. [CrossRef] [PubMed]

Vitiello, P.F; Wu, Y.C.; Staversky, R.J.; O'Reilly, M.A. p21(Cipl) protects against oxidative stress by
suppressing er-dependent activation of mitochondrial death pathways. Free Radic. Boil. Med. 2009, 46, 33-41.
[CrossRef] [PubMed]

Pugachev, K.V.; Frey, TK. Rubella virus induces apoptosis in culture cells. Virology 1998, 250, 359-370.
[CrossRef] [PubMed]

Mukhopadhyay, P; Rajesh, M.; Hasko, G.; Hawkins, B.].; Madesh, M.; Pacher, P. Simultaneous detection of
apoptosis and mitochondrial superoxide production in live cells by flow cytometry and confocal microscopy.
Nat. Protoc. 2007, 2, 2295-2301. [CrossRef] [PubMed]

Kawai, T.; Akira, S. Toll-like receptor and RIG-I-like receptor signaling. Ann. N. Y. Acad. Sci. 2008, 1143, 1-20.
[CrossRef] [PubMed]

Perelygina, L.; Plotkin, S.; Russo, P.; Hautala, T.; Bonilla, F; Ochs, H.D.; Joshi, A.; Routes, J.; Patel, K,;
Wehr, C.; et al. Rubella persistence in epidermal keratinocytes and granuloma m2 macrophages in patients
with primary immunodeficiencies. |. Allergy Clin. Immunol. 2016, 138, 1436.€1411-1439.e1411. [CrossRef]
[PubMed]

Newsholme, P. Why is L-glutamine metabolism important to cells of the immune system in health, postinjury,
surgery or infection? J. Nutr. 2001, 131, 25155-2522S. [CrossRef] [PubMed]

Neu, C.; Sedlag, A.; Bayer, C.; Forster, S.; Crauwels, P.; Niess, ].H.; van Zandbergen, G.; Frascaroli, G.;
Riedel, C.U. CD14-dependent monocyte isolation enhances phagocytosis of Listeria monocytogenes by
proinflammatory, GM-CSF-derived macrophages. PLoS ONE 2013, 8, e66898. [CrossRef] [PubMed]
Campbell, G.M.; Nicol, M.Q.; Dransfield, I.; Shaw, D.J.; Nash, A.A.; Dutia, B.M. Susceptibility of bone
marrow-derived macrophages to influenza virus infection is dependent on macrophage phenotype.
J. Gen. Virol. 2015, 96, 2951-2960. [CrossRef] [PubMed]

Cassol, E.; Cassetta, L.; Rizzi, C.; Alfano, M.; Poli, G. M1 and M2a polarization of human monocyte-derived
macrophages inhibits HIV-1 replication by distinct mechanisms. J. Immunol. 2009, 182, 6237-6246. [CrossRef]
[PubMed]

Cassetta, L.; Kajaste-Rudnitski, A.; Coradin, T.; Saba, E.; Della Chiara, G.; Barbagallo, M.; Graziano, F,;
Alfano, M.; Cassol, E.; Vicenzi, E.; et al. M1 polarization of human monocyte-derived macrophages restricts
pre and postintegration steps of HIV-1 replication. Aids 2013, 27, 1847-1856. [CrossRef] [PubMed]

Claus, C.; Chey, S.; Heinrich, S.; Reins, M.; Richardt, B.; Pinkert, S.; Fechner, H.; Gaunitz, F,; Schafer, I.;
Seibel, P; et al. Involvement of p32 and microtubules in alteration of mitochondrial functions by rubella
virus. J. Virol. 2011, 85, 3881-3892. [CrossRef] [PubMed]

Liu, Y.; Schubert, D.R. The specificity of neuroprotection by antioxidants. |. Biomed. Sci. 2009, 16, 98.
[CrossRef] [PubMed]

Levitz, R.; Gao, Y.; Dozmorov, I.; Song, R.; Wakeland, E.K.; Kahn, J.S. Distinct patterns of innate immune
activation by clinical isolates of respiratory syncytial virus. PLoS ONE 2017, 12, e0184318. [CrossRef]
[PubMed]

Le Goffic, R.; Bouguyon, E.; Chevalier, C.; Vidic, J.; Da Costa, B.; Leymarie, O.; Bourdieu, C.; Decamps, L.;
Dhorne-Pollet, S.; Delmas, B. Influenza A virus protein PB1-F2 exacerbates IFN-beta expression of human
respiratory epithelial cells. J. Immunol. 2010, 185, 4812-4823. [CrossRef] [PubMed]

Leymarie, O.; Meyer, L.; Tafforeau, L.; Lotteau, V.; Costa, B.D.; Delmas, B.; Chevalier, C.; Le Goffic, R.
Influenza virus protein PB1-F2 interacts with CALCOCO2 (NDP52) to modulate innate immune response.
J. Gen. Virol. 2017, 98, 1196-1208. [CrossRef] [PubMed]

Potter, ].E.; Banatvala, J.E.; Best, ] M. Interferon studies with Japanese and U.S. Rubella virus strains. Br. Med. J.
1973, 1, 197-199. [CrossRef] [PubMed]

Mifune, K.; Desmyter, J.; Rawls, W.E. Effect of exogenous interferon on rubella virus production in carrier
cultures of cells defective in interferon production. Infect. Immun. 1970, 2, 132-138. [PubMed]

Tzeng, W.P.; Xu, J.; Frey, T.K. Characterization of cell lines stably transfected with rubella virus replicons.
Virology 2012, 429, 29-36. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29249360
http://dx.doi.org/10.1099/jgv.0.000680
http://www.ncbi.nlm.nih.gov/pubmed/27959771
http://dx.doi.org/10.1016/j.freeradbiomed.2008.09.022
http://www.ncbi.nlm.nih.gov/pubmed/18948188
http://dx.doi.org/10.1006/viro.1998.9395
http://www.ncbi.nlm.nih.gov/pubmed/9792846
http://dx.doi.org/10.1038/nprot.2007.327
http://www.ncbi.nlm.nih.gov/pubmed/17853886
http://dx.doi.org/10.1196/annals.1443.020
http://www.ncbi.nlm.nih.gov/pubmed/19076341
http://dx.doi.org/10.1016/j.jaci.2016.06.030
http://www.ncbi.nlm.nih.gov/pubmed/27613149
http://dx.doi.org/10.1093/jn/131.9.2515S
http://www.ncbi.nlm.nih.gov/pubmed/11533304
http://dx.doi.org/10.1371/journal.pone.0066898
http://www.ncbi.nlm.nih.gov/pubmed/23776701
http://dx.doi.org/10.1099/jgv.0.000240
http://www.ncbi.nlm.nih.gov/pubmed/26297234
http://dx.doi.org/10.4049/jimmunol.0803447
http://www.ncbi.nlm.nih.gov/pubmed/19414777
http://dx.doi.org/10.1097/QAD.0b013e328361d059
http://www.ncbi.nlm.nih.gov/pubmed/23612004
http://dx.doi.org/10.1128/JVI.02492-10
http://www.ncbi.nlm.nih.gov/pubmed/21248045
http://dx.doi.org/10.1186/1423-0127-16-98
http://www.ncbi.nlm.nih.gov/pubmed/19891782
http://dx.doi.org/10.1371/journal.pone.0184318
http://www.ncbi.nlm.nih.gov/pubmed/28877226
http://dx.doi.org/10.4049/jimmunol.0903952
http://www.ncbi.nlm.nih.gov/pubmed/20844191
http://dx.doi.org/10.1099/jgv.0.000782
http://www.ncbi.nlm.nih.gov/pubmed/28613140
http://dx.doi.org/10.1136/bmj.1.5847.197
http://www.ncbi.nlm.nih.gov/pubmed/4346856
http://www.ncbi.nlm.nih.gov/pubmed/16557810
http://dx.doi.org/10.1016/j.virol.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22542003

Viruses 2018, 10, 540 19 of 19

46.

47.

48.

49.

50.

51.
52.

Doceul, V,; Chauveau, E; Lara, E.; Breard, E; Sailleau, C.; Zientara, S.; Vitour, D. Dual modulation of type i
interferon response by bluetongue virus. . Virol. 2014, 88, 10792-10802. [CrossRef] [PubMed]

Zhang, Z.; Filzmayer, C.; Ni, Y.; Sultmann, H.; Mutz, P; Hiet, M.S.; Vondran, EW.R.; Bartenschlager, R.;
Urban, S. Hepatitis D virus replication is sensed by MDAS5 and induces IFN-beta/lambda responses in
hepatocytes. J. Hepatol. 2018, 69, 25-35. [CrossRef] [PubMed]

Alfaiate, D.; Lucifora, J.; Abeywickrama-Samarakoon, N.; Michelet, M.; Testoni, B.; Cortay, J.C.; Sureau, C.;
Zoulim, F; Deny, P; Durantel, D. HDV RNA replication is associated with hbv repression and
interferon-stimulated genes induction in super-infected hepatocytes. Antivir. Res. 2016, 136, 19-31. [CrossRef]
[PubMed]

Fontana, J.; Lopez-Iglesias, C.; Tzeng, W.P; Frey, TK.; Fernandez, ].J.; Risco, C. Three-dimensional structure
of rubella virus factories. Virology 2010, 405, 579-591. [CrossRef] [PubMed]

Cooray, S.; Best, ].M.; Jin, L. Time-course induction of apoptosis by wild-type and attenuated strains of
rubella virus. J. Gen. Virol. 2003, 84, 1275-1279. [CrossRef] [PubMed]

Frey, T.K. Molecular biology of rubella virus. Adv. In Virus Res. 1994, 44, 69-160.

Hubner, D.; Jahn, K,; Pinkert, S.; Bohnke, J.; Jung, M.; Fechner, H.; Rujescu, D.; Liebert, U.G.; Claus, C.
Infection of iPSC lines with miscarriage-associated coxsackievirus and measles virus and teratogenic rubella
virus as a model for viral impairment of early human embryogenesis. ACS Infect. Dis. 2017, 3, 886-897.
[CrossRef] [PubMed]

@ © 2018 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 (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/JVI.01235-14
http://www.ncbi.nlm.nih.gov/pubmed/25008919
http://dx.doi.org/10.1016/j.jhep.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29524530
http://dx.doi.org/10.1016/j.antiviral.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27771387
http://dx.doi.org/10.1016/j.virol.2010.06.043
http://www.ncbi.nlm.nih.gov/pubmed/20655079
http://dx.doi.org/10.1099/vir.0.18785-0
http://www.ncbi.nlm.nih.gov/pubmed/12692294
http://dx.doi.org/10.1021/acsinfecdis.7b00103
http://www.ncbi.nlm.nih.gov/pubmed/29043768
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Cell Lines and Cultivation 
	Ethic Statement 
	Virus Strains and Virus Infection 
	RV Titre Determination 
	Viral Genomic RNA Quantification 
	Cellular mRNA Expression 
	Cell-Based Assays 
	Analysis of Apoptosis Induction 
	Detection of ROS and Application of ROS Scavengers 
	IFN Response and Stimulation Assays 
	Immunofluorescence Analysis 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Infection of Vero Cells with RV Strains Results in Differential Induction of Apoptosis and Oxidative Stress 
	The ROS Scavenger NAC Reduces RV Cytopathogenicity 
	Nuclear Localization of the Superoxide Sensitive Dye MitoSOX Reveals Mitochondrial Dysfunction during RV Infection 
	On A549 Cells RV Strains Activate Type I and III IFNs and a Panel of IFN-Stimulated Genes in a Comparable Manner 
	RV Infection is Marginally Reduced after Pre-Treatment of A549 Cells with IFN  and Almost Insensitive to Type III IFNs 
	An Equal Infection Rate of RV Strains on M1- and M2-M Occurred in Association with a Strong Type I and III IFN Response 

	Discussion 
	References

