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Abstract

Bats harbor several highly pathogenic zoonotic viruses including Rabies, Marburg, and henipaviruses, without overt clinical
symptoms in the animals. It has been suspected that bats might have evolved particularly effective mechanisms to suppress
viral replication. Here, we investigated interferon (IFN) response, -induction, -secretion and -signaling in epithelial-like cells
of the relevant and abundant African fruit bat species, Eidolon helvum (E. helvum). Immortalized cell lines were generated;
their potential to induce and react on IFN was confirmed, and biological assays were adapted to application in bat cell
cultures, enabling comparison of landmark IFN properties with that of common mammalian cell lines. E. helvum cells were
fully capable of reacting to viral and artificial IFN stimuli. E. helvum cells showed highest IFN mRNA induction, highly
productive IFN protein secretion, and evidence of efficient IFN stimulated gene induction. In an Alphavirus infection model,
O’'nyong-nyong virus exhibited strong IFN induction but evaded the IFN response by translational rather than
transcriptional shutoff, similar to other Alphavirus infections. These novel IFN-competent cell lines will allow comparative
research on zoonotic, bat-borne viruses in order to model mechanisms of viral maintenance and emergence in bat
reservoirs.
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Introduction

The order chiroptera (bats) is one of the most diverse and
geographically wide-spread orders within the mammals constitut-
ing 20% of all mammalian species [1]. Chiroptera are subdivided
mto two suborders Yango- and Yinpterochiroptera. The latter
includes frugivorous/nectarivorous bats (flying foxes) with species
like Rousettus aegyptiacus (R. aegyptiacus), Pleropus alecto (P. alecto) and
Eidolon helvum (E. helvum) as well as the insectivorous bat Rhinolophus
¢f. landeri (R. ¢f. landert, Rhinolophidae). Yangochiroptera comprise
bats from the three superfamilies Emballonuroidea, Noctilionoi-
dea, Vespertilionoidea including the insectivorous species Myotis
daubentonii (M. daubentonii), Pipistrellus spec. (both Vespertilionidae),
Tadarida brasiliensis (1. brasiliensis, Molossidae), Hipposideros ¢f. caffer/
ruber (H. ¢f- caffer/ruber, Hipposideridae) [2,3]. Bats have been
shown to host relevant human pathogens like Rabies-, Ebola-,
Marburg-, henipaviruses (Hendra-, Nipah-) and severe acute
respiratory syndrome (SARS)-like Coronaviruses [4]. The ability
to control such highly pathogenic viruses raises the question
whether bats might have evolved particularly effective mechanisms
of immune control [5-7]. Little is known about the immune
system of bats. It has been shown that bats develop immunoglob-
ulins after infection and have lymphoid development similar to
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that in other mammals [8-10]. However, information on the
innate immune response of bats is particularly scarce. Toll-like
receptor genes have been identified in R. leschenaulti and P. alecto
[11,12]. Cells from Pteropus species have been shown to produce
high amounts of interferon (IFN)-A after stimulation with the
double-strand (ds)RINA analogue poly IC, and after infection with
the bat-associated paramyxovirus, Tioman [13]. Conversely,
infection with the highly pathogenic paramyxovirus Hendra virus
resulted in no induction of IFN expression and concomitant
inhibition of IFN signaling, suggesting the presence of specific viral
IFN antagonists [14]. A conserved functionality of IFN signaling in
different mammalian cell cultures including epithelial lung cells
from Tadarida brasiliensis (Tb1-Lu) was already described earlier
[15,16]. However, there remains a fundamental lack of knowledge
on the ways type I IFNs are induced and IFN signals are processed
in bat cells.

Because type I IFN is a major barrier towards virus infection,
quantitative comparisons between different mammalian systems
are of particular interest. Currently there are hardly any bat cell
lines available whose fundamental properties in IFN induction and
-response have been characterized in a comparative manner. Here
we present a set of essential tools to characterize IFN induction
and -response in bat cells, and introduce a novel group of highly
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IFN-competent, immortalized bat cell lines from the species E.
heloum that hosts relevant zoonotic viruses including Henipa- and
Lyssaviruses [17,18]. We compare paramount patterns of IFN
induction and response in these FE. heloum cells with that in
prototype murine and primate cell lines.

Methods

Ethics statement

For all capturing and sampling, permission was obtained from
the Wildlife Division, Forestry Commission, Accra, Ghana.
Samples were exported under a state contract between the
Republic of Ghana and the Federal Republic of Germany, and
under an additional export permission from the Veterinary
Services of the Ghana Ministry of Food and Agriculture (permit
no. CHRPE49/09; A04957).

Cell culture

All cells were cultivated in DMEM (Dulbecco’s Modified Eagles
Medium) (PAA, Colbe, Germany) with 4.5 g/L Glucose (PAA),
supplemented with 10% Fetal Bovine Serum (PAA), 1%
Penicillin/Streptomycin  100x  concentrate (Penicillin 10000
units/ml, Streptomycin 10 mg/mL) (Life Technology), 1% L-
Glutamine 200 mM, 1% Sodium Pyruvate 100 mM (PAA), 1%
MEM nonessential amino acids (NEAA) 100 x concentrate (PAA).
Cells were generally incubated at 37°C and 5% CO,. As prototype
mammalian cells we applied simian virus (SV) 40 large T antigen
immortalized mouse embryonic fibroblasts (MEF) generated in-
house from 129/Sv] mice [19], African green monkey kidney cells
(MA104, kindly provided by Friedemann Weber, University of
Marburg) and human lung adenocarcinoma epithelial cell line
(A549, CCL-185). For titration of O’nyong nyong virus (ONNV)
Vero E6 cells (ATCC CRL-1586) were used.

Under the auspices of Ghana authorities bats were caught
with mist nets, anaesthetized with a Ketamine/Xylazine mix-
ture and euthanized to perform organ preparations (permit
no. CHRPE49/09; A04957). Organs from E. heloum (embryo
kidney and lung), R. aegyptiacus (kidney), M. daubentonii (lung),
Pipstrellus spec. (kidney), H. ¢f. caffer/ruber (embryo) and R. ¢f- landeri
(kidney) were minced, trypsinized, and cultured in DMEM
medium by titration and seeding at 1:100 dilution in cell culture
flasks as described previously [20]. Imipenem (Zienam, MSD,
Haar, Germany) and Amphotericin B (PAA) were added to
minimize contamination risks. Immortalization was done by
lentiviral transduction of the large T antigen of SV40. Immortal-
ized cells were expanded and stock frozen or processed further for
subcloning. All cell cultures were genotyped by amplification of
mitochondrial cytochrome b as previously described using primers
L14724 and H15149 (Table S1) [21,22] and were controlled for
mycoplasma [23], SV 5 (in-house assay, Table S1), lyssaviruses
[24] and filoviruses [25] by RT-PCR.

Nucleic acid extraction and real-time RT-PCR

Viral RNA was extracted from cell culture supernatant with the
QIAamp Viral RNA mini Kit (QIAGEN, Hilden, Germany).
Total RNA from 90% confluent cells was isolated using the
RNeasy Mini kit (QIAGEN) and reverse-transcribed with random
hexamer primers (Life Technologies, Karlsruhe, Germany).
Fragments of target genes were amplified from ¢cDNA by low-
stringency PCR. After initial denaturation for 2 min at 94°C,
touchdown PCR was done for 10 cycles (94°C/20 s, 66-56°C,
delta 1°C/10s, 72°C/60 s). The remaining 30 PCR cycles
included 94°C/20's, 56°C/20s, 72°C/60 s. Fragments were
sequenced and used to design real-time RT-PCR assays targeting
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genes relevant for the IFN system as well as reference genes, in
domains conserved among bat species (Table S1). Probes were
tagged with 5’-carboxyfluorescein and 3’-black hole quencher
(Biomers, Ulm, Germany). Real-time RT-PCR was processed
using the LightCycler® 480 Real-Time PCR System (Roche,
Basel, Switzerland).

For quantification of ONNV genome equivalents (GE) the
dilution end-point was defined as one PCR unit. Log PCR units
per ml for each experimental sample were calculated from the
linear equations of the dilution series [26]. To determine the fold-
induction of the different target genes (IFN, Mxd, ISG56) the
27AAC method was applied with TATA-box binding protein
(TBP) as housekeeping gene [27].

Virus infection and plaque titration

ONNYV infections were performed at multiplicity of infection
(MOI) of 2.5 and 0.0025 respectively. Virus was diluted in serum-
free medium Optipro (Life Technologies). Cells were inoculated
for 1 h at 37°C and washed twice with PBS after infection.
Samples were taken at time points 0, 8 and 24 h post infection
(hpi). Titration of ONNV was performed by plaque assay as
previously described [26,28]. Vero E6 cells were seeded in 24-well
plates at a density of 4x10° cells per ml. Virus supernatant was
added and after 1 h incubation the inoculum was removed and
cells were washed with PBS (PAA). 2x MEM (Biochrom, Berlin,
Germany), supplemented with 0.44% (w/v) NaHCOs (Roth,
Karlsruhe, Germany), 20% FCS (PAA) and 2% Penicillin/
Streptomycin, was mixed in a 1:1 ratio with 2.4% Avicel (FMC,
BioPolymers, Brussels, Belgium) and 0.5 ml per well was added.
After 2 days the overlay was discarded and cells were stained with
a 0.2% crystal violet and 20% ethanol (Roth) containing solution.

IFN induction by infection and transfection

Rift valley fever virus clone 13 (RVFV 13) infection for IFN
induction was done as described above by infecting cells at an
MOI of 1. After 24 h, all supernatants were harvested and virus
was inactivated by B-propiolactone (B-PL, Ferak Berlin, Germany)
treatment as described below. IFN stimulation by poly IC was
performed by transfection of 8 x10° cells per 6-well with 5 pg poly
IC using Nanofectin (PAA) according to the manual instructions.

Virus inactivation

RVFV 13- and ONNV-containing supernatants were inacti-
vated with B-PL as previously described [29-31]. Briefly, the
supernatants were collected and RVFV 13 was inactivated by
incubating with 0.05% of B-PL at 4°C for 16 h. The hydrolysis of
B-PL was achieved by incubation at 37°C for 2 h. For ONNV a
final concentration of 0.1% of B-PL was needed for total
inactivation. All B-PL treated samples were subjected to a virus
plaque assay to control complete inactivation. To ensure equal
treatment of the samples, supernatants of negative controls and
cells stimulated with poly IC were also treated with B-PL.

Vesicular stomatitis virus (VSV) bioassay

A classical VSV bioassay was performed as described previously
[32]. EidNi/41.3, MEF and MA104 cells were seeded in 12-well
plates at a density of 4x10° cells per ml. After 24 h the inactivated
supernatants or a pan-species IFN-o (pan-IFN, a universal
recombinant type I human IFN-a A/D hybrid, PBL Biomedical
Laboratories/Axxora, Lorrach, Germany) standard dilution series
were added to the respective cell lines. An internal standard curve
comprising five concentrations (0.5, 1, 10, 20 and 40 units/ml) of
pan-IFN diluted in medium of mock treated cells was applied in
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every experiment. The external pan-IFN standard curves for the
EC5( calculation were performed in quadruplicates and comprised
pan-IFN concentrations between 0.25 and 150 units/ml diluted in
DMEM. 24 h posttreatment, IFN containing supernatants were
removed and cells were washed with PBS. The cells were then
infected with VSV at an MOI of 0.025. After 1 h of virus
adsorption cells were washed again and overlayed with Avicel as
described above. After 2 days the overlay was discarded, the cells
were fixed and stained as before.

Calculation of ECs, values and determination of
normalized IFN concentrations

The amount of plaques of the applied pan-species IFN standard
curves or of the test samples was calculated in percentage
(maximal plaque count from the negative control was set to
100%). The equation of the internal standard was used to calculate
IFN amounts in the samples. EC5y values were defined as IFN
concentrations which reduced the number of plaques to 50%.
Afterwards the values were multiplied by the dilution factors and
figures were normalized to the amount of IFN per ml. To define
comparable, species-independent IFN concentrations the calcu-
lated amount of IFN was divided by the ECs, of each internal
standard curve. Thus, the normalized amount of IFN could
directly be compared.

SDS-PAGE and Western blot analysis

Protein analysis was essentially done as described elsewhere
[33]. Generally, cells were lysed in RIPA lysis buffer (150 mM
NaCl, 1% Igepal CA-630, 0.5% sodium deoxycholat, 0.1% SDS,
50 mM Tris (pH 8.0), protease inhibitor cocktail III, Benzonase
25 units/ml, 5 mM dithiothreitol (Merck, Darmstadt, Germany))
and separated on a 12% SDS-PAGE gel. Western blotting was
performed by using mouse-anti-Mx1/2/3 (C-1, Santa Cruz,
Heidelberg, Germany), goat-anti-IFI'T/ISG56 (L-16, Santa Cruz),
mouse-anti-actin (Sigma) immunoglobulins at dilutions 1:1000.
Secondary detection was done with the help of horseradish
peroxidase labeled goat-anti-mouse and rabbit-anti-goat antibody
(1:20000, Dianova, Hamburg, Germany) and SuperSignal® West
Femto Chemiluminescence Substrate (Thermo Fisher Scientific,
Bonn, Germany).

Results and Discussion

Generation of cell cultures from an Old World fruit bat
Old World frugivorous/nectarivorous bats or flying foxes
(Pteropodidae; formerly classified as “Megachiroptera’) comprise
species like R. aegyptiacus and E. heloum. Whereas R. aegyptiacus is a
known reservoir for Marburg virus [34-36], E. heloum was shown
to carry Henipa-like viruses [18] and Lagos bat virus [17]. Only
for R. aegyptiacus [37] and Tadarida brasiliensis (ATCC: CCL-88) cell
cultures are commercially available. E. heloum bats roosting in
Kumasi, Ghana, were investigated shortly before the parturition
season in 2009. One pregnant female was euthanized by injection
of Ketamine/Xylazine according to approved protocols, under a
license from the veterinary services and the Ministry of Food and
Agriculture, Accra, Ghana. Primary cell cultures from embryonic
kidney tissue of E. heloum were generated at the Kumasi
Collaborative Centre for Research in Tropical Medicine, Kumasi
(Figure 1A). After expansion of primary cells to confluent
monolayers, cells were immortalized by lentiviral transduction of
the SV40 large T antigen gene [19]. Primary cells could be
passaged only twice, while transduced cells could be passaged
continuously (>30 passages). Out of the second passage, clonal cell
lines were prepared by end point dilution plating. A clonal cell line
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named EidNi/41.3 (Figure 1A) was chosen for in-depth
characterization. For comparison, two clonal cell lines from the
same preparation (EidNi/41.1 and EidNi/41.2), as well as the 21st
passage of a mixed culture (EidNi/41), were also preserved
(Figure 1A). Additionally, a kidney cell culture (4" passage) from
an adult R. aegyptiacus bat was prepared (data not shown) to
investigate putative differences between the two related frugivo-
rous bats. All bat cell cultures were genotyped by amplifying
mitochondrial cytochrome b fragments [22] followed by a BLAST
analysis. EidNi and RoNi cells showed 100% identity with
cytochrome b (GenBank accession no. AB359172.1 (E. helvum)
and JF728760.1 (R. aegyptiacus), data not shown).

IFN induction

As already shown for primary cells of the Preropus species, bat
cells can readily secrete IFN upon virus infection or poly IC
transfection [13,14,38,39]. However, immortalization of cells can
damage cytokine genes and signaling pathways. The reactivity of
EidNi/41.3 cells to IFN stimuli was therefore tested. The
induction of IFN in EidNi/41.3 cells was stimulated by two
methods. First, cells were infected with RVFV 13. This virus
mutant lacked its main IFN antagonist, the NSs protein. The
capability of this virus to induce IFN upon infection of epithelial
cells has been demonstrated [29,40]. Second, cells were
transfected with poly IC [41]. To measure the induction of
IFN transcription, a real-time RT-PCR assay for the IFN- gene
was designed. To this end the IFN-B gene was amplified by
nested RT-PCR from cultures of a phylogenetically representa-
tive range of bats differing in main diet and hunting strategies
including the insectivorous M. daubentonii, Pipistrellus spec. (Ves-
pertilionidae), H. ¢f. caffer/ruber (Hipposideridae),and R. ¢f. landeri
(Rhinolophidae) as well as the frugivorous/nectarivorous R.
aegyptiacus and F. heloum (Pteropodidae) (Figure 1B), using
primers designed upon alignments of available IFN-f genes from
horses, swine, cattle, humans, mice and rats. Real-time RT-PCR
primers (see Table S1 for GenBank no. and primer sequences)
were placed in sites conserved among bats (Figure 1C). As
shown in Figure 1D, EidNi/41.3 cells were readily infected by
RVFV 13, and luciferase expression representing virus replication
levels was comparable with that in several reference cell cultures
including MEF, MA104 and Vero E6 cells. Nevertheless, the
induction of the IFN-B gene in a single cycle infection
experiment, at an MOI =1, was approximately 30-fold stronger
in EidNi/41.3 cells than in MEF and MA104 cells (Figure 1E).
The induction in Vero E6 cells was not examined because of their
intrinsic IFN-B gene defect [42,43]. Interestingly, excessive IFN
induction as compared to reference cells was only observed upon
virus infection, but not upon poly IC transfection. It was
concluded that the capability of EidNi/41.3 cells to react on
natural and artificial IFN stimuli had not been affected by
immortalization.

Interferon secretion

Since cellular mRNA levels are prone to differential expression
over time IFN protein secretion was analyzed next. It was tested
whether EidNi/41.3 cells were able to produce and secrete
effective doses of type I IFN. To this end it was necessary to
compare and calibrate species-specific IFN secretion between
primate, rodent, and bat cells, using an appropriate experimental
model. To achieve this, a VSV-based IFN bioassay was
established.

VSV growth and plaque morphology was compared in all cell
lines (Figure 2A). Countable plaques were visible after 2 days post
infection (dpi). To obtain a calibration of IFN secretion across
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Figure 1. Generating immortalized bat cell cultures and measuring interferon (IFN)-p mRNA induction. (A) Primary bat cell cultures were
generated from an embryonic kidney of E. helvum. Cell cultures were immortalized by lentiviral transduction of a simian virus 40 large T antigen. Three
clonal cell lines (EidNi/41.1, 41.2 and 41.3) were prepared from a mixed culture (EidNi/41) by end point dilution plating. Bars indicate 20 um. (B)
Phylogenetic relationships of different selected bat species for the generation of target gene sequences (adapted from [3]). For the IFN-§ gene four species
were selected. (C) Alignment of bat IFN-3 genes (E. helvum, M. daubentonii, R. cf. landeri, R. aegyptiacus) and positions of primers and probe for a pan-bat
real-time RT-PCR. (D) Replication of a Renilla luciferase expressing Rift valley fever virus clone 13 (RVFV 13) in various cell lines (EidNi/41.3, MEF (mouse
embryonic fibroblasts), MA104 (African green monkey kidney) and as reference Vero cells at different MOlIs. Cells were infected at different ten-fold diluted
MOlIs (7.5 until 0.000075) and lysed 24 hpi with Renilla lysis buffer (Promega). Replication was detected by Renilla luciferase read-out. Experiments were
performed in duplicates. Highest replication was found in Vero cells followed by EidNi/41.3, MEF, MA104 (between10 to 100-fold less compared to Vero
cells). (E) IFN-B mRNA transcription was induced by either RVFV 13 infection (MOI 1) or poly IC transfection (5 ug per 6-well). IFN-f and TATA-box binding
protein (housekeeping gene) mRNA was quantified by species-specific real-time RT-PCR assays. The fold induction was calculated with the 2~ *4* method.
doi:10.1371/journal.pone.0028131.g001
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Figure 2. Interferon quantification and calibration by vesicular
stomatitis virus (VSV) bioassay. (A) VSV plaque morphology was
analyzed on the bat cell line EidNi/41.3, a rodent cell line (MEF) and a
primate cell line (MA104). (B) For the VSV bioassay EidNi/41.3 cells were
pre-incubated with different amounts (units per ml; U/ml) of pan-
species IFN (pan-IFN). 24 h after treatment the cells were infected with
VSV at an MOI of 0.025 for 1 h. After 2 days cells were fixed, stained and
plaques were counted to estimate the correlation between the
amounts of pan-IFN and plaques. (C) For each cell line a standard
curve using different amount of pan-IFN was done and ECs, values
were calculated. Shown are mean values of quadruplicates. Standard
deviations are not shown for clarity.
doi:10.1371/journal.pone.0028131.g002

species, all cell lines were incubated with gradients of equivalent
concentrations of recombinant pan-species IFN and subjected to
VSV plaque reduction assays (exemplified for EidNi/41.3 in
Figure 2B). The antiviral responses in EidNi/41.3, MEF, and
MAI104 cells upon equivalent doses of IFN are compared in
Figure 2C. EC;; values (amount of pan-species IFN to achieve a
50% VSV plaque reduction) were calculated for all cell lines
(Figure 2C). Using this calibration, it was possible to compare the
equivalent activity levels of species-specific IFN secreted from each
cell line upon stimulation.

In accordance with the IFN mRNA induction, the highest
equivalent amount of bioactive secreted IFN upon RVFV 13 virus
infection and poly IC transfection was measured in EidNi/41.3
cells, followed by MEF and MA104 (Figure 3). The observed
difference in IFN mRNA induction between RVFV 13 virus and
poly IC transfection (Figure 1E) was not seen in this case favoring
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Figure 3. Bat cells produce high levels of secreted IFN. Cells
were infected with RVFV 13 or transfected with poly IC as described
before. With the help of the VSV bioassay secreted IFN was measured.
Each cell line was incubated for 24 h with IFN-containing supernatants
(B-propiolactone inactivated) and with pan-IFN standards diluted in
medium from untreated control cells. IFN concentrations were
normalized with the help of ECs, values as described in the Methods
section.

doi:10.1371/journal.pone.0028131.g003

the idea of differential mRINA regulation in E. heloum cells upon
poly IC treatment.

In conclusion, EidNi/41.3 cells were capable of inducing IFN
upon natural and artificial stimuli, to secrete active type I IFN, and
to induce an antiviral state upon IFN stimulation.

IFN response upon wild-type virus infection

Since FE. heloum cells produced considerable amounts of IFN
upon infection with RVFV 13 we investigated in addition the
effects of infection with a non-attenuated wild-type RNA wvirus.
The Old World Alphavirus ONNV was chosen because
Alphaviruses have been detected previously in bats [44,45] and
exhibit strong induction of IFN [46]. Interestingly, Alphaviruses
utilize a rather general mechanism to evade IFN, by causing a
translational shutoff that affects cellular translation more than viral
translation [46-48]. To establish a synchronized infection of
ONNYV, a high MOI =2.5 was used. Virus growth was measured
by an ONNV-specific real-time RT-PCR and titration of virus in
supernatants 24 hpi. Virus RNA and infectious virus were
detected in all cell lines (Figures 4A and B). Increases of
infectious virus formation were about 1000-fold within 24 hpi, and
specific infectivities, expressed as PFU per genome equivalent
(PCR  units), were highly comparable between cell cultures
(Figure 4C).

To investigate if ONNV infection caused IFN induction, the
amount of IFN mRNA (y-axis; for absolute values refer to Figure
S1) was directly compared to viral RNA (x-axis) from supernatant
at equivalent time points in each cell line (Figure 5A). Whereas no
induction of IFN mRNA was detectable at 8 hpi, ONNV
replication clearly induced IFN mRNA expression by 24 hpi.
Comparison of secreted IFN with infectious virus production at
24 hpi revealed that increased viral titers corresponded to lower
amounts of secreted IFN protein (Figure 5B and S1). EidNi/
41.3 cells showed highest levels of secreted IFN but the lowest level
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Figure 4. O’'nyong-nyong virus (ONNV) replication in different mammalian cells using a high MOIL. (A) For a synchronized infection cells
were inoculated with ONNV at an MOI 2.5 and supernatants were harvested at 0, 8 and 24 h post infection (hpi). After viral RNA isolation (triplicates)
the concentration was measured by ONNV specific real-time RT-PCR assay. ONNV PCR units (U) per ml were determined. The dilution end-point was
defined as one PCR unit. Virus replication could be detected in all cell lines. The increase of genome equivalents per ml were approximately 1000-fold
after 24 hpi. (B) Titration of supernatants showed an increase of PFU per ml (titer of inoculum was subtracted) after 24 hpi of 1000 to 10000-fold. (C)
The ratio of log-10 increase PFU/ml to ONNV PCR units were comparable in all cell lines indicating an efficient particle formation.

doi:10.1371/journal.pone.0028131.g004

of infectious particles, suggesting that virus replication might be
limited in response to IFN.

To determine whether virus control correlated with levels of
secreted IFIN or merely with the induction of genes under control
of the IFN promoter, the ratios of secreted IFN to IFN mRNA
were determined in all cell lines. In all cells stimulated by RVFV
13 or poly IC, the ratios of secreted IFN versus IFN mRNA
induction was comparable. In contrast, in all cells infected with
ONNV the relative levels of secreted IFN were clearly reduced,
while overall IFN mRNA induction was less affected (Figure 5C).
This effect was independent of the cell species.

In order to exclude that the ONNV-mediated reduction of IFN
protein production was cell-clone specific, another cell line named
EidNi/41.2 as well as the original mixed cell culture EidNi/41 was

@ PLoS ONE | www.plosone.org

analyzed, essentially showing the same reduction of relative IFNN
secretion upon ONNV infection (Figure 5D). Similar effects were
also seen in a mixed cell culture generated from the related flying
fox R. aegyptiacus (RoNi/7). A human lung adenocarcinoma
epithelial cell line (A549) showed an even higher decrease of
IFN secretion than MA104 and MEF (Figure 5D).

Alphaviral induction of a transcriptional and/or translational
shutoff’ affecting mainly the cellular but not the viral protein
production has been described in other cells [46]. While our results
suggested similar effects to be in place in E. heloum and R. aegyptiacus
cells, control of ONNV replication seemed to be relatively more
efficient in both applied bat cells. One reason might be differences
in the capability of bat cells to react on IFN signaling. To
investigate this, the mRNA abundance of two different ISGs (MxA
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Figure 5. IFN-p mRNA induction but IFN protein decrease in all mammalian cells upon ONNYV infection. (A) IFN-$ mRNA induction was
measured by species-specific real-time RT-PCR at time points 0, 8 and 24 hpi and correlated to the amount of relative ONNV genome equivalents in
PCR units per ml. ONNV replication led to an induction of IFN-f mRNA 24 hpi. (B) At 24 hpi the increase of secreted IFN was correlated to ONNV
plague forming units indicating that higher virus titres led to a decreased amount of IFN in the supernatants. (C) Comparison of secreted IFN protein
to IFN-B mRNA (24 hpi) after ONNV, RVFV 13 infection and poly IC transfection. ONNV replication was related to IFN protein reduction. For absolute
values refer to Figure S1. (D) Confirmation for IFN protein reduction by testing different EidNi bat cell cultures. EidNi/41.2 (subclone), EidNi/41
(mixed cell culture), RoNi/7 (mixed cell culture from R. aegyptiacus kidneys) and human lung adenocarcinoma epithelial cell line (A549) showed the
same phenotype. (E) Comparison of mRNA fold-induction of IFN stimulated genes (MxA and /SG56) to secreted IFN protein at time points 0 hpi and
24 hpi. Expression of I1SGs was not affected by IFN protein downregulation indicating that there was no general transcriptional shutoff. (F)
Confirmation by testing different cell clones and cell cultures 24 hpi indicating that MxA mRNA is upregulated in bat cell cultures upon ONNV

infection.
doi:10.1371/journal.pone.0028131.g005

and ISG56) as well as two reference genes (actin-f3 and TBP) was
analyzed and compared to the amounts of secreted IFN at 0 and
24 hpi. Whereas the expression of MxA is strictly IFN signaling-
dependent, ISG56 can also be directly activated in the absence of
secreted IFN and without involvement of the JAK/STAT
pathway [49,50]. As shown in Figure 5E, the ratios of MxA
and ISG56 mRNA to secreted IFN showed an approximately 10-
fold increase 24 hpi. Thus, transcription did not seem to be
generally blocked after ONNV infection in all cells.

In bat cells (EidNi/41.3) but not in murine or primate cells, the
level of MxA mRNA induction in relation to IFN in supernatant
was more than 1000-fold higher compared to the same ratio for
ISG56. This was also the case in different clonal and mixed E.
heloum kidney cells (EidNi/41.2 and EidNi/41), as well as in R.
aegyptiacus kidney (RoNi/7) cells (Figure 5F), suggesting that IFN
signaling-dependent induction of ISGs may be highly efficient in
E. heloum and R. aegyptiacus bat cells. In our experiments this
explained an apparently superior control of ONNV replication in
both applied bat cells.

To confirm alphaviral translational shutoff in bat cells, protein
expression of MxA, p56 and actin was determined by Western
blot analysis 24 hpi. As depicted in Figure 6, RVIFV 13
infection clearly caused higher or similar (MA104 cells)
expression of MxA in cells from all species while expression of
p56 was hardly increased over levels seen in uninfected cells. In
contrast, ONNV infection resulted in a reduced expression of
MxA and p56 proteins. This effect was generally more
pronounced for MxA than for p56, suggesting that IFN-
dependent signaling rather than JAK/STAT-independent in-
duction were affected (Figure 6). Interestingly, this effect was
observed in all applied bat cell lines but not in MEF (Figure 6A).
In summary, while E. helvum and R. aegyptiacus bat cells showed
particularly efficient induction of MxA mRNA, the production of
this highly active antiviral protein was antagonized by ONNV in
those bat cells to a larger extent than in cells from rodents or
primates.

Finally, it had to be excluded that the observed reduction of IFN
and ISG protein levels might be due to attenuation of virus
replication. Alphaviruses have been shown to acquire mutations in
the 5'UTR [51,52], nsP3 [53], or nsP2 genes [54], which resulted
in low level replication and enabled virus persistence without IFN-
dependent elimination. The observed increase of IFN mRNA
upon ONNV infection (Figure 5A) and viral titers of up to
10° PFU per ml (Figure 4B) would in fact speak against this
hypothesis. However, to exclude attenuated replication in bat cells
we analyzed virus growth at a very low MOI of 0.0025. Virus
replication was monitored by real-time RT-PCR at time point 0, 8
and 24 hpi (Figure 7A) and viral supernatants were titrated after
24 h (Figure 7B). Additionally, the specific infectivity of virus
supernatants was compared 24 hpi (Figure 7C). All cell cultures
supported virus growth efficiently, despite 1000-fold lower MOIs
applied in this experiment. The specific infectivity was higher
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compared to the infection at MOI=2.5, suggesting an efficient
infectious particle formation in all cells at low MOI. Whereas
MA104 primate cells yielded a 10 to 100-fold higher specific
infectivity compared to the high MOI experiment, EidNi/41.3
and MEF had similar ratios at both doses. Taken together the
highly productive virus formation at a low MOI suggested that
decreased IFN and ISG protein levels were generally not due to
attenuation of replication.

In conclusion, this study is the first to directly compare IFN
induction, secretion and signaling in African fruit bat cell lines
with that in other mammalian cell lines. We show that these bat
cells were fully capable of reacting to viral and artificial IFN
stimuli. Our bat cells showed strikingly high IFN mRNA
induction, efficient IFN protein secretion, and evidence of highly
efficient ISG induction. ONNV exhibited typical strong IFN
induction but evaded the IFN response by translational rather
than transcriptional shutoff, as typical in Alphavirus infection of
mammalian cells. These well-characterized, highly interferon-
competent cell lines will enable comparative research on zoonotic,
bat-borne viruses in order to model mechanisms of viral
maintenance and emergence in bat reservoirs.

A EidNi413 _ MEF _MA104

-+ OV - + OV - + OV
MxA [ = - o ] 72 kDa
po6 o [~ | |56 kDa

ACtin | —— e w— =] 40 kDa

B EidNi/41.2 _EidNi/41

RoNi/7 A549
- + 0V - + 0OV - + OV - + OV
MxA [ @8 | o= [l | o= |72kDa
p56 TR R - [ SRSk | ™™ |56 kDa

Actin (e c—gp—— | a——— lampe <~ | 40 kDa

Figure 6. ONNV infection ablates the expression of IFN
stimulated genes. (A) Cells were either left untreated (—) or infected
with RVFV 13 (+) or ONNV (OV). After 24 h proteins were extracted from
cells. Same amount of proteins were subjected to SDS-PAGE followed
by a Western blot analysis. Mouse-anti-Mx1/2/3 (MxA), goat-anti-IFIT1/
ISG56 (p56) and mouse-anti-actin immunoglobulins were applied at
dilutions 1:1000 followed by a peroxidase labeled goat-anti-mouse or
rabbit-anti-goat secondary antibody (1:20000). In all cell lines infection
with ONNV did not induce the expression of MxA and p56 and was less
or comparable to untreated cells. (B) To exclude cell clone specific
effects additional EidNi and RoNi bat cell cultures were included (EidNi/
41.2; EidNi/41 and RoNi/7) as well as a human A549 cell line.
doi:10.1371/journal.pone.0028131.9g006
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Figure 7. Efficient ONNV replication upon infection at a low MOL. (A) In order to analyze if insufficient viral replication led to a delayed or
ablated IFN production in cells a growth kinetic at low MOI was performed (MOI 0.0025). Cells were inoculated with ONNV and supernatants were
analyzed at 0, 8 and 24 hpi by real-time RT-PCR. Virus replication could be detected in all cell lines. (B) Supernatants were titrated after 24 hpi
confirming the PCR results. (C) PFU to ONNV PCR unit (U) ratio after infection of cells with ONNV at an MOI of 0.0025. In MA104 and MEF cells the
infection at low MOI resulted in a higher PFU to genome equivalent ratio compared with infection at high MOI.

doi:10.1371/journal.pone.0028131.g007

Supporting Information

Figure S1 Detection of IFN-f mRNA induction and
species-specific IFN in different cells after infection
with ONNV. (A) Cells were infected with ONNV (MOI 2.5) and
IFN-B mRNA induction was quantified by real-time RT-PCR. (B)
With the help of a VSV bioassay an increase of secreted IFN was
measured. Each cell line was incubated for 24 h with IFN
containing supernatants (B-propiolactone inactivated) or with pan-
IFN standards diluted in medium from negative control cells. IFNN
concentrations were normalized with the help of EC5 values as
described in the Methods section. In EidNi/41.3 bat cells IFN-8
mRNA induction and increase of IFN protein secretion were both
approximately 100-fold. MA104 and MEF cells experienced a 10
to 50-fold increase of IFN-B mRNA induction and IFN protein.

@ PLoS ONE | www.plosone.org

(C) Confirmation of low level IFN secretion upon ONNV infection
in different cell cultures and clones.

(TIF)

Table S1 Oligonucleotides for real-time RT-PCRs and
genotyping. Overview of all amplified gene sequences and

designed oligonucleotides for species-specific real-time RT-PCRs.
(DOC)

Acknowledgments

We thank Ute Winke and Stephan Kallies for excellent technical
assistance, Antje Seebens (Noctalis) and Peter Vallo (Academy of Sciences
of the Czech Republic) for field work in Ghana, and Beate Kiimmerer for
critical review of the data. We are grateful to Alexander Pfeifer, University
of Bonn, for providing large T antigen lentiviruses, to Winfried Barchet,

November 2011 | Volume 6 | Issue 11 | e28131



University of Bonn, for mouse embryonic kidney cells and to Friedemann
Weber, University of Marburg, for the donation of RVFV 13.

References

1.

12.

20.

21.

22.

23.

26.

Simmons NB (2005) Evolution. An Eocene big bang for bats. Science 307:
527-528.

. Teeling EC, Springer MS, Madsen O, Bates P, O’Brien S J, et al. (2005) A

molecular phylogeny for bats illuminates biogeography and the fossil record.
Science 307: 580-584.

. Jones G, Teeling EC (2006) The evolution of echolocation in bats. Trends in

Ecology & Evolution 21: 149-156.

. Calisher CH, Childs JE, Field HE, Holmes KV, Schountz T (2006) Bats:

important reservoir hosts of emerging viruses. Clin Microbiol Rev 19: 531-545.
Swanepoel R, Leman PA, Burt FJ, Zachariades NA, Braack LE, et al. (1996)
Experimental inoculation of plants and animals with Ebola virus. Emerg Infect
Dis 2: 321-325.

. Weingartl HM, Berhane Y, Czub M (2009) Animal models of henipavirus

infection: a review. Vet J 181: 211-220.

. Yob JM, Field H, Rashdi AM, Morrissy C, van der Heide B, et al. (2001) Nipah

virus infection in bats (order Chiroptera) in peninsular Malaysia. Emerg Infect

Dis 7: 439-441.

. McMurray DN, Stroud J, Murphy JJ, Carlomagno MA, Greer DL (1982) Role

of immunoglobulin classes in experimental histoplasmosis in bats. Dev Comp
Immunol 6: 557-567.

. Chakravarty AK, Sarkar SK (1994) Immunofluorescence analysis of immuno-

globulin bearing lymphocytes in the Indian fruit bat: Pteropus giganteus.
Lymphology 27: 97-104.

Sarkar SK, Chakravarty AK (1991) Analysis of immunocompetent cells in the
bat, Pteropus giganteus: isolation and scanning electron microscopic character-
ization. Dev Comp Immunol 15: 423-430.

. Tha K, Omatsu T, Watanabe S, Ueda N, Taniguchi S, et al. (2010) Molecular

cloning and expression analysis of bat toll-like receptors 3, 7 and 9. J Vet Med
Sci 72: 217-220.

Cowled C, Baker M, Tachedjian M, Zhou P, Bulach D, et al. (2011) Molecular
characterisation of Toll-like receptors in the black flying fox Pteropus alecto. Dev
Comp Immunol 35: 7-18.

. Zhou P, Cowled C, Todd S, Crameri G, Virtue ER, et al. (2011) Type IIT IFNs

in pteropid bats: differential expression patterns provide evidence for distinct
roles in antiviral immunity. J Immunol 186: 3138-3147.

. Virtue ER, Marsh GA, Baker ML, Wang LF (2011) Interferon production and

signaling pathways are antagonized during henipavirus infection of fruit bat cell
lines. PLoS One 6: ¢22488.

. Hagmaier K, Stock N, Precious B, Childs K, Wang LF, et al. (2007) Mapuera
virus, a rubulavirus that inhibits interferon signalling in a wide variety of

mammalian cells without degrading STATs. J Gen Virol 88: 956-966.

. Hagmaier K, Stock N, Goodbourn S, Wang LF, Randall R (2006) A single

amino acid substitution in the V protein of Nipah virus alters its ability to block
interferon signalling in cells from different species. J Gen Virol 87: 3649-3653.

. Boulger LR, Porterfield JS (1958) Isolation of a virus from Nigerian fruit bats.

Trans R Soc Trop Med Hyg 52: 421-424.

. Drexler JF, Corman VM, Gloza-Rausch F, Seebens A, Annan A, et al. (2009)

Henipavirus RNA in African bats. PLoS One 4: ¢6367.

. Hofmann A, Kessler B, Ewerling S, Kabermann A, Brem G, et al. (2006)

Epigenetic regulation of lentiviral transgene vectors in a large animal model. Mol
Ther 13: 59-66.

Kiihl A, Hoffmann M, Miiller MA, Munster VJ, Gnirss K, et al. (2011)
Comparative analysis of Ebola virus glycoprotein interactions with human and

bat cells. J Infect Dis 203 Suppl 3: S840-849.

Vallo P, Guillen-Servent A, Benda P, Pires DB, Koubek P (2008) Variation of

mitochondrial DNA in the Hipposideros caffer complex (Chiroptera: Hipposi-
deridae) and its taxonomic implications. Acta Chiropterologica 10: 193-206.
Irwin DM, Kocher TD, Wilson AC (1991) Evolution of the cytochrome b gene
of mammals. ] Mol Evol 32: 128-144.

Stormer M, Vollmer T, Henrich B, Kleesick K, Dreier J (2009) Broad-range
real-time PCR assay for the rapid identification of cell-line contaminants and
clinically important mollicute species. Int ] Med Microbiol 299: 291-300.

. Heaton PR, Johnstone P, McElhinney LM, Cowley R, O’Sullivan E, et al.

(1997) Heminested PCR assay for detection of six genotypes of rabies and rabies-
related viruses. J Clin Microbiol 35: 2762-2766.

. Panning M, Laue T, Olschlager S, Eickmann M, Becker S, et al. (2007)

Diagnostic reverse-transcription polymerase chain reaction kit for filoviruses
based on the strain collections of all European biosafety level 4 laboratories.
J Infect Dis 196 Suppl 2: S199-204.

Pfefferle S, Krahling V, Ditt V, Grywna K, Muhlberger E, et al. (2009) Reverse
genetic characterization of the natural genomic deletion in SARS-Coronavirus
strain Frankfurt-1 open reading frame 7b reveals an attenuating function of the
7b protein in-vitro and in-vivo. Virol J 6: 131.

@ PLoS ONE | www.plosone.org

10

Interferon Response in Eidolon helvum Bat Cells

Author Contributions

Conceived and designed the experiments: SEB DR MAM CD. Performed
the experiments: SEB DR RW MAM. Analyzed the data: SEB DR CD
MAM. Contributed reagents/materials/analysis tools: FGR RW JFD
VMC EKVK SO CD MAM. Wrote the paper: SEB DR CD MAM.

27. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) Method. Methods 25:
402-408.

28. Herzog P, Drosten C, Muller MA (2008) Plaque assay for human coronavirus
NL63 using human colon carcinoma cells. Virol J 5: 138.

29. Kuri T, Habjan M, Penski N, Weber F (2010) Species-independent bioassay for
sensitive quantification of antiviral type I interferons. Virol J 7: 50.

30. Perler L, Pfister H, Schweizer M, Peterhans E, Jungi TW (1999) A bioassay for
interferon type I based on inhibition of Sendai virus growth. J Immunol Methods
222: 189-196.

31. Barrett AD, Hunt N, Dimmock NJ (1984) A rapid method for the inactivation of
virus infectivity prior to assay for interferons. J Virol Methods 8: 349-351.

32. Park MS, Shaw ML, Munoz-Jordan J, Cros JF, Nakaya T, et al. (2003)
Newcastle disease virus (NDV)-based assay demonstrates interferon-antagonist
activity for the NDV V protein and the Nipah virus V, W, and C proteins. J Virol
77: 1501-1511.

33. Muller MA, van der Hoek L, Voss D, Bader O, Lehmann D, et al. (2010)
Human coronavirus NL63 open reading frame 3 encodes a virion-incorporated
N-glycosylated membrane protein. Virol J 7: 6.

34. Towner JS, Amman BR, Sealy TK, Carroll SA, Comer JA, et al. (2009) Isolation
of genetically diverse Marburg viruses from Egyptian fruit bats. PLoS Pathog 5:
¢1000536.

35. Towner JS, Pourrut X, Albarino CG, Nkogue CN, Bird BH, et al. (2007)
Marburg virus infection detected in a common African bat. PLoS One 2: ¢764.

36. Swanepoel R, Smit SB, Rollin PE, Formenty P, Leman PA, et al. (2007) Studies
of reservoir hosts for Marburg virus. Emerg Infect Dis 13: 1847-1851.

37. Jordan I, Horn D, Oehmke S, Leendertz FH, Sandig V (2009) Cell lines from
the Egyptian fruit bat are permissive for modified vaccinia Ankara. Virus Res
145: 54-62.

38. Stewart WE, 2nd, Scott WD, Sulkin SE (1969) Relative sensitivities of viruses to
different species of interferon. J Virol 4: 147-153.

39. Crameri G, Todd S, Grimley S, McEachern JA, Marsh GA, et al. (2009)
Establishment, immortalisation and characterisation of pteropid bat cell lines.
PLoS One 4: ¢8266.

40. Billecocq A, Spiegel M, Vialat P, Kohl A, Weber F, et al. (2004) NSs protein of
Rift Valley fever virus blocks interferon production by inhibiting host gene
transcription. J Virol 78: 9798-9806.

41. Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, et al. (2008) Length-
dependent recognition of double-stranded ribonucleic acids by retinoic acid-
inducible gene-I and melanoma differentiation-associated gene 5. J Exp Med
205: 1601-1610.

42. Mosca JD, Pitha PM (1986) Transcriptional and posttranscriptional regulation
of exogenous human beta interferon gene in simian cells defective in interferon
synthesis. Mol Cell Biol 6: 2279-2283.

43. Emeny JM, Morgan MJ (1979) Regulation of the interferon system: evidence
that Vero cells have a genetic defect in interferon production. J Gen Virol 43:
247-252.

44. Blackburn NK, Foggin CM, Searle L, Smith PN (1982) Isolation of Sindbis virus
from bat organs. Cent Afr ] Med 28: 201.

45. Correa-Giron P, Calisher CH, Baer GM (1972) Epidemic strain of Venezuelan
equine encephalomyelitis virus from a vampire bat captured in Oaxaca, Mexico,
1970. Science 175: 546-547.

46. Ryman KD, Klimstra WB (2008) Host responses to alphavirus infection.
Immunol Rev 225: 27-45.

47. White LK, Sali T, Alvarado D, Gatti E, Pierre P, et al. (2011) Chikungunya virus
induces IPS-1-dependent innate immune activation and protein kinase R-
independent translational shutoff. J Virol 85: 606-620.

48. Breakwell L, Dosenovic P, Karlsson Hedestam GB, D’Amato M, Liljestrom P,
et al. (2007) Semliki Forest virus nonstructural protein 2 is involved in
suppression of the type I interferon response. J Virol 81: 8677-8684.

49. Holzinger D, Jorns C, Stertz S, Boisson-Dupuis S, Thimme R, et al. (2007)
Induction of MxA gene expression by influenza A virus requires type I or type
IIT interferon signaling. J Virol 81: 7776-7785.

50. Hiscott J, Grandvaux N, Sharma S, Tenoever BR, Servant MJ, et al. (2003)
Convergence of the NF-kappaB and interferon signaling pathways in the
regulation of antiviral defense and apoptosis. Ann N'Y Acad Sci 1010: 237-248.

51. Kulasegaran-Shylini R, Thiviyanathan V, Gorenstein DG, Frolov I (2009) The
5"UTR-specific mutation in VEEV TC-83 genome has a strong effect on RNA
replication and subgenomic RNA synthesis, but not on translation of the
encoded proteins. Virology 387: 211-221.

52. Volkova E, Frolova E, Darwin JR, Forrester NL, Weaver SC, et al. (2008) IRES-
dependent replication of Venezuelan equine encephalitis virus makes it highly
attenuated and incapable of replicating in mosquito cells. Virology 377:
160-169.

November 2011 | Volume 6 | Issue 11 | e28131



Interferon Response in Eidolon helvum Bat Cells

53. Beitzel BF, Bakken RR, Smith JM, Schmaljohn CS (2010) High-resolution 54. Frolova EI, Fayzulin RZ, Cook SH, Griffin DE, Rice CM, et al. (2002) Roles of

functional mapping of the venezuelan equine encephalitis virus genome by nonstructural protein nsP2 and Alpha/Beta interferons in determining the
insertional mutagenesis and massively parallel sequencing. PLoS Pathog 6: outcome of Sindbis virus infection. J Virol 76: 11254—11264.
¢1001146.

@ PLoS ONE | www.plosone.org 1 November 2011 | Volume 6 | Issue 11 | e28131



