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Abstract

Influenza B viruses (IBVs) cause annual outbreaks of respiratory illness in humans and are
increasingly recognized as a major cause of influenza-associated morbidity and mortality.
Studying influenza viruses requires the use of secondary methodologies to identify virus-infected
cells. To this end, replication-competent influenza A viruses (IAVs) expressing easily traceable
fluorescent proteins have been recently developed. In contrast, similar approaches for IBV are
mostly lacking. In this report, we describe the generation and characterization of replication-
competent influenza B/Brisbane/60/2008 viruses expressing fluorescent mCherry or GFP fused to
the C-terminal of the viral non-structural 1 (NS1) protein. Fluorescent-expressing IBVs display
similar growth kinetics and plaque phenotype to wild-type IBV, while fluorescent protein
expression allows for the easy identification of virus-infected cells. Without the need of secondary
approaches to monitor viral infection, fluorescent-expressing IBVs represent an ideal approach to
study the biology of IBV and an excellent platform for the rapid identification and characterization
of antiviral therapeutics or neutralizing antibodies using high-throughput screening approaches.
Lastly, fluorescent-expressing IBVs can be combined with the recently described reporter-
expressing |AVs for the identification of novel therapeutics to combat these two important human
respiratory pathogens.
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1. Introduction

Influenza viruses belong to the family Orthomyxoviridae and are divided into types A, B,
and C (Palese and Shaw, 2007). Despite the use of vaccines, type A and B influenza viruses
(1AVs and I1BVs, respectively) infect humans regularly and are responsible of yearly
seasonal epidemics associated with significant public health and economic consequences
(Molinari et al., 2007). It is estimated that, each year, thousands of people worldwide
contract influenza and develop acute respiratory infection with significant morbidity and
mortality (Luckhaupt et al., 2012; Molinari et al., 2007; Thompson et al., 2003). IAVs are
further classified into different subtypes based on the antigenic major surface glycoproteins:
hemagglutinin (HA; 18 subtypes) and neuraminidase (NA; 11 subtypes) (Palese and Shaw,
2007; Tong et al., 2012; Tong et al., 2013). Unlike 1AVs, IBVs are not divided into
antigenically distinct subtypes, although since the 1980s two lineages diverged from the
ancestral influenza virus B/Lee/1940 strain and have been co-circulating in the human
population (Chen and Holmes, 2008; McCullers et al., 2004). Currently, only H3N2 and
HIN1 IAV subtypes and IBVs circulate in humans (Shaw and Palese, 2013; Tong et al.,
2012; Tong et al., 2013). 1AVs and I1BVs follow a rather diffuse cyclical epidemic pattern
based on prevalence, typical once every 3 years (Hite et al., 2007; Li et al., 2008; Lin et al.,
2004; Olson et al., 2007). IBV epidemics tend to be less severe than H3N2 IAVs but more
severe than HIN1 AlVs in adults and the elderly (Ohmit and Monto, 1995; Olson et al.,
2007; Thompson et al., 2003; Van Voris et al., 1982) However, IBV infections are associated
with excess morbidity and mortality in the pediatric population (Belshe, 2010; Hite et al.,
2007; Li et al., 2008; Olson et al., 2007). Contrary to 1AVs, which has a broad host reservoir
in many avian and mammalian species, IBVs are mainly restricted to humans (Wright et al.,
2007), although occasional infections of seals have been documented (Osterhaus et al.,
2000).

Vaccines and antivirals are available to combat influenza viruses (Baker et al., 2015b;
Burnham et al., 2013; Jackson et al., 2011a; Krammer et al., 2015; Nguyen et al., 2010;
Seibert et al., 2010). Historically, influenza vaccines contain viral antigens corresponding to
the prevalent H3N2 and H1N1 IAVs as well as and one lineage of influenza type B (Victoria
or Yamagata) (Belshe et al., 2007; Yang, 2013). More recently and due to increasing co-
circulation of both IBV lineages with significant antigenic divergence, the Advisory
Committee on Immunization Practices (ACIP) recommended that influenza vaccines should
be available in quadrivalent formulations (Grohskopf et al., 2014; Sun, 2012). With respect
to antivirals, there are four classes of FDA-approved drugs for use against influenza
infections. Rimantadine and amantadine that target the viral matrix 2 (M2) ion channel and
inhibit viral entry (Hay et al., 1985) but are not effective against the M2 protein of IBVs
(Beigel and Bray, 2008). Zanamivir and oseltamivir target the sialidase activity of the
influenza virus NA and inhibit virus release and are effective against both 1AVs and IBVs
(Jackson et al., 2011b). Low clinical effectiveness of NA inhibitors against IBVs in children
and the emergence of drug resistant variants during treatment has been reported (Burnham et
al., 2013; Farrukee et al., 2013).

Plasmid-based reverse genetics to generate recombinant influenza viruses (Fodor et al.,
1999; Martinez-Sobrido and Garcia-Sastre, 2010; Neumann et al., 1999) has significantly
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contributed to a better understanding of the biology of these important human respiratory
pathogens (Engelhardt, 2013; Jackson et al., 2011a), for the identification and
characterization of antivirals (Baker et al., 2014; Ozawa and Kawaoka, 2011; Roberts et al.,
2015), and for the development of alternative influenza vaccines (Baker et al., 2015a;
Martinez-Sobrido and Garcia-Sastre, 2010; Nogales et al., 2014a; Subbarao and Katz, 2004).
Reverse genetics have allowed for the generation of replication-competent 1AVs expressing
reporter genes as novel powerful tools to track viral infections without the requirement of
secondary methodologies to detect viral-infected cells (Eckert et al., 2014; Fiege and
Langlois, 2015; Fukuyama et al., 2015; Kittel et al., 2004; Manicassamy et al., 2010;
Nogales et al., 2014a; Pan et al., 2013; Perez et al., 2013; Reuther et al., 2015; Tran et al.,
2013). In contrast, similar approaches have not been implemented to the same extend for
IBV. Here we describe and characterize recombinant IBVs based on the B/Brisbane/60/2008
(Victoria lineage) strain, where fluorescent proteins (mCherry or GFP) were fused to the C-
terminal end of the viral NS1 (Nogales et al., 2014a). Fluorescent-expressing IBVs have
similar growth kinetics and plaque phenotype than the respective wild-type (WT)
counterpart. Importantly, IBV infections were easily tracked in real-time using fluorescence
microscopy and conveniently quantified using a fluorescent plate reader. By eliminating the
use of secondary approaches to monitor IBV infections, these replication-competent,
fluorescent-expressing IBVS represent a promising option to study the biology of IBV and
an excellent platform to easily identify and evaluate antivirals or neutralizing antibodies
(NADbs) using high-throughput screening (HTS) approaches, both currently needed to
combat this important human respiratory pathogen.

2. Materials and methods

2.1. Cell lines

Human embryonic kidney 293T (ATCC CRL-11268) and canine Madin-Darby canine
kidney (MDCK; ATCC CCL-34) cells were grown at 37 °C with 5% CO, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), and
1% PSG (penicillin, 100 units/ml; streptomycin 100 ug/ml; Iglutamine, 2 mM) (Nogales et
al., 2014b).

2.2. Construction of the NS plasmids

To engineer an IBV NS segment where the C-terminal of NS1 is fused to a fluorescent
mCherry or codon-optimized maxGFP (GFP; Amaxa), a recombinant NS segment was
synthesized de novo (Biomatik) with appropriate restriction sites for subcloning into the
ambisense plasmid pDP-2002 (Pena et al., 2013). This plasmid, named pDP-NS-2xBsmBlI,
contained the NS1 open reading frame (ORF), without the stop codon or splice acceptor site,
and two BsmBl sites in opposite orientation followed by the porcine teschovirus-1 (PTV-1)
2A autoproteolytic cleavage site (ATNFSLLKQAGDVEENPGP) and the entire sequence of
the nuclear export protein, NEP (Nogales et al., 2014a). The mCherry and GFP ORFs were
amplified by PCR using oligonucleotides designed to introduce complementary BsmBI sites,
and then cloned into the pDP-NS-2xBsmBI to generate the pDP-NS-mCherry and pDP-NS-
GFP plasmids for IBV rescues. Oligonucleotides for the cloning of mCherry and GFP into

Virus Res. Author manuscript; available in PMC 2016 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nogales et al.

Page 4

the pDP-NS-2xBsmBI plasmid are available upon request. Plasmid constructs were
confirmed by sequencing (ACGT, Inc.).

2.3. Rescue of recombinant fluorescent-expressing viruses and viral infections

Ambisense pDP-2002 plasmids were used for the rescue of WT and reporter-expressing B/
Brisbane/60/2008 as previously described (Baker et al., 2014; Pena et al., 2013). Briefly, co-
cultures (1:1) of 293T/MDCK cells (6-well plate format, 108 cells/well) were co-transfected
in suspension with the eight ambisense pDP-2002-PB2, -PB1, -PA, -HA, -NP, -NA, -M and
WT NS, NS-mCherry, or NS-GFP plasmids. Clonal WT, mCherry- or GFP-expressing IBVs
were selected by plaque assay and the virus stocks were propagated in MDCK cells at 33 °C
in a 5% CO, atmosphere for 3-4 days. Influenza A/California/04/2009H1N1 (pH1IN1) WT
and mCherry viruses have been previously described (Baker et al., 2013; Nogales et al.,
2014a). For infections, virus stocks were diluted in phosphate buffered saline (PBS)
supplemented with 0.3% bovine albumin (BA) and 1% PS (PBS/BA/PS). After viral
infections, cells were maintained in DMEM supplemented with 0.3% BA, 1% PSG, and 1
ug/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma)
(Martinez-Sobrido and Garcia-Sastre, 2010). Virus titers were determined by standard
plaque assay (plaque forming units (PFU)/ml) in MDCK cells (Nogales et al., 2014b).

2.4. Virus growth Kkinetics and titrations

Multicycle virus growth Kinetics were performed in MDCK cells (12-well plate format, 5 x
10° cells/well) infected with the indicated viruses (triplicates) at multiplicity of infection
(MOI) of 0.001. Virus titers in the tissue culture supernatants were determined by
immunofocus assay (fluorescent focus-forming units, FFU/ml) (Nogales et al., 2014b) using
mouse monoclonal antibodies (MADbs) against IAV (HT103) (O'Neill et al., 1998) or IBV
(B017; Abcam) NP, and a fluorescein isothiocyanate (FITC)-conjugated anti-mouse
secondary antibody (Dako). Mean value and standard deviation (SD) were calculated using
Microsoft Excel software.

2.5. Protein gel electrophoresis and Western blots

Cell extracts from either mock or virus-infected (MOI 1.0) MDCK cells (6-well plate
format, 10° cells/well) were lysed at 18 h post-infection (hpi) in passive lysis buffer
(Promega) and separated by denaturing electrophoresis as previously described (Nogales et
al., 2014b). Membranes were blocked for 1 h with 5% dried skim milk in PBS containing
0.1% Tween 20 (T-PBS) and incubated overnight at 4 °C with the indicated primary
monoclonal or polyclonal (PAb) antibodies against IBV NP (mouse MAb B017; Abcam),
mCherry (rabbit PAb; Raybiotech), IBV NS1 (rabbit PAb; kindly provided by Dr. T. Wolff)
(Dauber et al., 2006) or actin (mouse MAb; Sigma). Bound primary antibodies were
detected with horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit antibodies
(GE-Healthcare). Proteins were detected by chemiluminescence (Hyglo, Dennville
Scientific), according to the manufacturer's recommendations.
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Total RNA from mock or virus-infected (MOI 1.0) MDCK cells was collected at 18 hpi and
purified using TRIzol reagent (Invitrogen) according to the manufacturer's specifications.
The cDNAs were synthesized using SuperScript® 11 Reverse Transcriptase (Invitrogen) and
an oligo-dT primer to amplify total MRNAs (mCherry and GAPDH); or specific primers for
the NS and NP vRNASs. The cDNAs were used as templates for semi-quantitative PCR with
primers specific for the NS and the NP vVRNAs and for the mCherry and canine GAPDH
MRNAs (available upon request).

2.7. Plague assays

2.8. Indirect

Confluent monolayers of MDCK cells (6-well plate format, 106 cells/well) were infected
with WT or fluorescent-expressing IBVs for 1 h at room temperature, overlaid with agar and
incubated at 33 °C. Three days post-infection, cells were fixed overnight with 4%
paraformaldehyde (PFA), and the overlays were removed. For visualization of mCherry,
PBS was added and plates were imaged with a Kodak image station (4000MM Pro
molecular imaging system; Carestream Health, Inc., NY) (Nogales et al., 2014a) and Kodak
molecular imaging software (v5.0.1.30). Plates were then permeabilized (0.5% Triton X-100
in PBS for 15 min at room temperature) and prepared for immunostaining as previously
described (Nogales et al., 2014a) using the anti IBV NP MAb B017 and vector Kits
(\Vectastain ABC kit and DAB HRP Substrate Kit: Vector), according to manufacturer's
specifications.

immunofluorescence assays

MDCK cells were mock-infected or infected (MOI 1.0) with WT or fluorescent-expressing
IBVs. At 18 hpi, cells were fixed with 4% PFA and permeabilized with 0.5% Triton X-100
in PBS for 15 min at room temperature. The staining was performed as described previously
(Nogales et al., 2014a), using primary IBV NP (MAb B017; Abcam) or NS1 (PAb) (Dauber
et al., 2006) antibodies, and FITC-conjugated anti-mouse (NP) or anti-rabbit (NS1)
antibodies (Dako). The cell nucleus were stained with 4”,6” -diamidino-2-phenylindole
(DAPI, Research Organics). Images were captured using a fluorescence microscope (Nikon
Eclipse TE2000) at X20 magnification, and pictures were processed using Adobe Photoshop
CS4 (v11.0) software.

2.9. Virus neutralization and fluorescence-based microneutralization assays

Virus neutralization assays were performed with WT and mCherry IBVs and 1AVS as
previously described (Nogales et al., 2014a). Briefly, goat PAbs against influenza B/Hong
Kong/8/1973 or pHIN1HA (BEI Resources NR-3165 and NR-15696, respectively) were
heat inactivated (56 °C, 45 min) and serially diluted (2-fold) in PBS using 96-well plates
(starting dilutions of 1:200). Five hundred FFUs of each virus were then added to the
antibody dilutions and incubated for 1 h at room temperature. MDCK cells (96-well plate
format, 5 x 10% cells/well, triplicates) were then infected with the antibody:virus mixture
and incubated for 48 h at 33 °C. For WT or mCherry 1AVs and IBVSs, virus neutralization
was determined by hemagglutination inhibition (HI) assay using tissue culture supernatants
from infected cells and 0.5% turkey red blood cells for 30 min on ice (Guo et al., 2011). For
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the fluorescence-based microneutralization assays, cells were washed with PBS prior to red
fluorescence imaging using a fluorescence microscopy or quantification using a fluorescence
plate reader (DTX-880, Becton Dickenson) (Martinez-Sobrido et al., 2010). Fluorescence
values of mCherry virus-infected cells in the absence of antibody (No Ab) were used to
calculate 100% viral infection. Cells in the absence of viral infection (No virus) were used to
calculate the fluorescence background. Triplicate wells were used to calculate the mean and
SD of neutralization. The inhibitory concentration 50 (1Csq) was determined by a sigmoidal
dose response curve (Graphpad Prism, v4.0).

2.10. Antiviral assays

3. Results

Antiviral-mediated inhibition of WT and mCherry IBVs and 1AVs was evaluated as
previously described (Nogales et al., 2014a). Briefly, confluent MDCK cells (2.5 x 10° cells,
24-well plate format, triplicates) were infected with the indicated viruses (MOI 0.001). After
1 h infection at room temperature, infectious media was supplemented with 2-fold serial
dilutions (starting concentrations of 100 uM) of ribavirin (Sidwell et al., 1972) or
amantadine (Sigma). At 48 hpi, virus titers in tissue culture supernatants were determined by
FFU (Nogales et al., 2014b). To determine antiviral activity against mCherry viruses,
confluent MDCK cells (96-well plate format; 5 x 10* cells/well; triplicates) were infected
(MOI1 0.001) and treated with the indicated compounds as previously described (Nogales et
al., 2014a). At 48 hpi, cells were washed with PBS prior to red fluorescence imaging using a
fluorescence microscopy or quantification using a fluorescence plate reader (DTX-880,
Becton Dickenson) (Martinez-Sobrido et al., 2010). Fluorescence values of mCherry virus-
infected cells in the absence of drug (No drug) were used to calculate 100% viral infection.
Cells in the absence of viral infection (No virus) were used to calculate the fluorescence
background. Triplicate wells were used to calculate the mean and SD of neutralization. The
inhibitory concentration 50 (1Csq) was determined by a sigmoidal dose response curve
(Graphpad Prism, v4.0).

3.1. Generation of a replication-competent IBV expressing the mCherry fluorescent protein
(IBV-mCherry)

In order to engineer a replication-competent IBV expressing mCherry, segment 8 which
encodes the NS1 and NEP open reading frames, was modified following a similar previously
described approach (Manicassamy et al., 2010; Nogales et al., 2014a). Briefly, a modified
IBV NS segment containing two BsmBI restriction sites in opposite orientation was
synthesized de novoto introduce mCherry in frame with the NS1 sequence. Because the NS
segment is alternatively spliced to encode NEP (Fig. 1A), two silent mutations in the splice
acceptor site were introduced to avoid splicing (Hale et al., 2008; Kochs et al., 2007;
Manicassamy et al., 2010; Nogales et al., 2014a). To produce NEP, the porcine teschovirus-1
(PTV-1) 2A autoproteolytic cleavage site was inserted between NS1 and NEP in order for
both viral proteins to be translated individually (Fig. 1B) (Manicassamy et al., 2010, 2014a).
Importantly, and to produce a full length NEP, the NS1 and NEP N-terminal overlapping
first 10 amino acids were duplicated downstream of the PTV-1 2A site (Manicassamy et al.,
2010; Nogales et al., 2014a). The mCherry sequence was cloned in the modified NS segment
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using the BsmBI restriction sites. We then use influenza B/Brisbane/60-008 plasmid-based
reverse genetics (Baker et al., 2014; Pena et al., 2013) to generate a recombinant IBV
expressing mCherry (IBV-mCherry) fused to the C-terminus of NS1.

3.2. Characterization of IBV-mCherry

The identity of IBV-mCherry was first confirmed by RT-PCR (Fig. 2A). Total RNA was
extracted from mock, IBV WT and IBV-mCherry infected (MOI 1.0) cells at 18 hpi.
Expected band sizes of approximately 1100 and 2075 nts were observed, corresponding to
the WT and mCherry NS vVRNA segments, respectively (Fig. 2A). Primers specific for
mCherry only amplified a band of the expected size (~708 nt) in IBV-mCherry infected cells
(Fig. 2A). To control for viral infections and cellular transcription, viral NP vRNA and
GAPDH mRNA levels, respectively, were also assessed (Fig. 2A). We next evaluated protein
expression levels by Western blot (Fig. 2B). Total cell extracts from either mock, IBV WT or
IBV-mCherry infected (MOI 1.0) MDCK cells were examined at 18 hpi using antibodies
specific for NS1, mCherry, NP, and actin (loading control). Western blot analysis showed
specific bands for NS1 or NS1-mCherry proteins with the anti-NS1 antibody (Fig. 2B). In
cell extracts from IBV-mCherry infected cells, we observed an additional band of lower
molecular size that might represent a NS1-mCherry degradation product. Western blot
analysis with the mCherry antibody detected a specific band in cell extracts from IBV-
mCherry infected cells (Fig. 2B). Notably, the levels of NP were similar between WT and
mCherry IBV-infected cells (Fig. 2B).

To assess whether IBV-mCherry could be directly visualized and used to evaluate IBV
infections, confluent monolayers of MDCK cells were mock infected or infected (MOI 1.0)
with WT or mCherry IBVs and examined by fluorescence (mCherry) and indirect
immunofluorescence microscopy using specific antibodies for IBV NP (Fig. 2C) or NS1
(Fig. 2D) at 18 hpi. Subcellular nuclear localization of IBV NP was similar in both WT and
mCherry infected cells (Fig. 2C). Likewise, IBV NS1 was similarly distributed in WT and
mCherry infected MDCK cells (Fig. 2D). Importantly, only IBV-mCherry infected cells
were fluorescent upon direct examination under a fluorescent microscope using a red filter
(Fig. 2C and D). Altogether, these data demonstrate that MDCK cells infected with IBV-
mCherry express high levels of mCherry that can be used as a valid surrogate to monitor
IBV infections without the need of secondary approaches to detect viral infections.

3.3. Characterization of IBV-mCherry growth properties and plague phenotype

Virus kinetics of WT and mCherry IBVs were next examined in tissue culture by examining
multicycle growth properties (Fig. 3A) and plaque formation (Fig. 3B). For virus growth
kinetics, confluent monolayers of MDCK cells were infected (MOI 0.001) with IBV WT
and IBV-mCherry and presence of virus in tissue culture supernatants were quantified at
different hpi (Fig. 3A). Recombinant mCherry-expressing IBV replicates to similar levels
than IBV WT, reaching maximum titers at 72 hpi. Thus, introduction of mCherry did not
significantly affect IBV growth kinetics and viral replication (Fig. 3A). When we evaluated
the plaque phenotype of WT and mCherry IBVs in MDCK cells, the size of infected viral
foci produced by the IBV-mCherry was similar to those produced by IBV WT (Fig. 3B).
Importantly, all plaques detected using the anti-NP IBV MADb expressed mCherry (Fig. 3B,
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white arrows), indicating that all infectious recombinant IBVs express mCherry. As
expected, only IBV-mCherry formed fluorescent plaques under direct fluorescent
visualization.

3.4. Use of IBV-mCherry for the identification of neutralizing antibodies (NAb)

NAbs against influenza virus are important to evaluate protection efficacies of vaccine
approaches (Baker et al., 2015b; Couch et al., 2013; Cox and Brokstad, 1999; Hancock et
al., 2009; Martinez-Sobrido et al., 2010). However, with the exception of HA inhibition (HI)
assays, approaches to assess antibody-mediated virus neutralization usually require
secondary methods to detect the presence of the virus, such as cell staining,
immunofluorescence assay, or ELISA (Bauman et al., 2013; Webster et al., 2002). This
limitation can be sidestepped by using recombinant influenza viruses harboring easily
traceable fluorescent proteins whose expression may be directly monitored (Martinez-
Sobrido et al., 2010; Nogales et al., 2014a; Shaner et al., 2005). To demonstrate that
mCherry-expressing IBV can be used to evaluate NADb responses, confluent monolayers of
MDCK cells were infected with mCherry-expressing IBV or 1AV, which were previously
incubated with HA-specific NAbs for IBV (NR-3165) (Baker et al., 2014) or IAV pH1N1
(NR-15696) (Couch et al., 2013) and visualized by fluorescent expression using
fluorescence microscopy (Fig. 4A and D) or quantified using a fluorescence plate reader
(Fig. 4B and E), respectively. As expected, IBV-mCherry was specifically neutralized by
NR-3165 but not by NR-15696 (Fig. 4A-E). In turn, IAV-mCherry was exclusively
neutralized by NR-15696 but not NR-3165 (Fig. 4A—E). We then used a conventional virus
neutralization (VN) assay to evaluate neutralization of WT and mCherry-expressing viruses
by these influenza type-specific antibodies. Results show comparable levels of neutralization
for WT and mCherry viruses (Table 1). Moreover, VN data correlated with that previously
observed in the fluorescence approach, when the percentage of inhibition was calculated
using sigmoidal dose responses (Fig. 4C and F and Table 2). Altogether, these results
demonstrate that IBV-mCherry can be used to evaluate NAb responses with a fluorescence-
based microneutralization assay, as we have recently showed for IAV mCherry (Nogales et
al., 2014a).

3.5. Use of IBV-mCherry for the identification of antivirals

Since expression of the viral-encoded mCherry is dependent on IBV infection, mCherry can
be used as a valid surrogate of IBV infection. To demonstrate that IBV-mCherry can be used
for the identification of antivirals, we examined the ability of ribavirin (Cheung et al., 2014;
Nguyen et al., 2010, 2009; Nogales et al., 2014a) and amantadine (Nguyen et al., 2010,
2009) to inhibit mCherry-expressing 1AV and IBV (Fig. 5). Ribavirin is a nucleoside analog
that has been shown to be efficient against IBV and 1AV infections (Beigel and Bray, 2008).
In contrast, amantadine is an inhibitor that specifically targets the M2 protein of 1AVs, with
no antiviral activity against IBVs (Oxford et al., 2003a). MDCK cells were cultured in 96-
well plates and infected with mCherry-expressing IBV (Fig. 5A and B) and 1AV (Fig. 5D
and E). After infection, cells were incubated with medium containing serial 2-fold dilutions
(starting concentration 100 uM) of ribavirin or amantadine. Infected MDCK cells lacking
antiviral compounds were used as internal controls. At 48 hpi, mCherry expression was
determined via fluorescence microscopy (Fig. 5A and D) or quantified using a fluorescent
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plate reader (Fig. 5B and E). As expected, mCherry-expressing IBV and 1AV were inhibited
by ribavirin in a dose-dependent manner (Fig. 5A-E). However, amantadine showed a dose-
dependent antiviral activity against IAV-mCherry but not against IBV-mCherry (Fig. 5A-E).
To demonstrate that mCherry-expressing viruses recapitulate similar antiviral profiles as
those of WT viruses, we evaluated the antiviral activity of ribavirin and amantadine from
tissue culture supernatants of MDCK cells infected with WT AV and IBV. Virus release into
tissue culture supernatants was determined by calculating the respective 1Csq values using a
classical sigmoidal dose response curve (Table 3). Regardless of the drug or virus used, ICgq
values were similar, within 1-2 dilution values (Table 3), and consistent with those
previously reported in the literature (Nguyen et al., 2010, 2009; Sidwell et al., 2005) and in
our fluorescence-based microneutralization assay (Fig. 5C and F; and Table 4). It is
important to note that IAVs WT and mCherry in the 2009 pH1N1 virus backbone have
higher 1Csq values for amantadine than other AV strains due to a mutation (S31N) in the
M2 channel that has been associated with drug resistance (Nguyen et al., 2010; Sidwell et
al., 2005). Overall, these data demonstrate that IBV-mCherry can be used as a valid
surrogate system for the rapid and easy identification of IBV inhibitors.

3.6. Generation and characterization of a replication-competent IBV expressing GFP (IBV-

GFP)

To further validate the use of this molecular approach for the generation of reporter-
expressing IBVs, a recombinant IBV expressing GFP (IBV-GFP) was generated (Fig. 6).
IBV-GFP showed a slightly delayed kinetics (Fig. 6A) but similar plaque size (Fig. 6B) than
IBV WT or IBV-mCherry. Interestingly, IBV-GFP showed less stability than IBV-mCherry
(data not shown), which resembles similar observations with IAV-GFP (Fukuyama et al.,
2015; Manicassamy et al., 2010). However, we were able to obtain a stable IBV-GFP clone
after 3 serial plaque purifications in MDCK cells. Importantly, MDCK cells infected with
IBV-GFP express high levels of GFP (Fig. 6C) that can be used as an alternative reporter or
in combination with mCherry-expressing 1AV and/or IBV to evaluate virus-infected cells,
NAbs and/or antivirals. These data demonstrate that replication-competent IBVs expressing
different fluorescence proteins are feasible and stable, increasing the arsenal of these type of
recombinant viruses that are safe and amenable to routine virus neutralization and antiviral
assays as recently reported with 1AVs (Fukuyama et al., 2015; Manicassamy et al., 2010).

4. Discussion

Recombinant viruses expressing fluorescent proteins have been generated to monitor viral
replication, including DNA (e.g., Vaccinia virus (Diallo et al., 2011; Dominguez et al., 1998)
and human cytomegalovirus (Marschall et al., 2000)), and double-stranded (e.g., HIV
(Daelemans et al., 2005)), positive-stranded (e.g., murine hepatitis virus (Freeman et al.,
2014)), negative-stranded segmented e.g., arenaviruses (Ortiz-Riano et al., 2013), and non-
segmented (e.g., Newcastle disease virus (Vigil et al., 2007) and Ebola virus (Towner et al.,
2005)) RNA viruses. These recombinant systems are powerful tools to monitor viral
infections in real time (Fiege and Langlois, 2015; Fukuyama et al., 2015; Manicassamy et
al., 2010), to evaluate antivirals (Nogales et al., 2014a; Towner et al., 2005), and to identify
NAb (Baker et al., 2015b; Nogales et al., 2014a; Rimmelzwaan et al., 2011).
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With the development of reverse genetics techniques, similar approaches have been
implemented for the generation and characterization of replication-competent fluorescent-
expressing IAVs (Avilov et al., 2012; Baker et al., 2015b; Fiege and Langlois, 2015;
Fukuyama et al., 2015; Manicassamy et al., 2010; Nogales et al., 2015, 2014a; Reuther et
al., 2015; Rimmelzwaan et al., 2011). However, similar methods have not been used for the
generation of recombinant fluorescent-expressing IBVs. While preparing this manuscript,
Fulton et al. described the generation of replication competent IBVs expressing reporter
genes from the viral polymerase PB2, PB1 or PA viral segments using the backbone of
influenza B/Yamagata/16/1988 (B/Yamagata lineage) (Fulton et al., 2015). Here, we
produced and characterized replication-competent reporter-expressing viruses in the
backbone of the more recent influenza B/Brisbane/60/2008 (B/Victoria lineage) using a
strategy similar to the one that we previously used to generate fluorescent 1AV (Nogales et
al., 2014a). This was achieved by fusing the mCherry ORF at the C-terminal end of the viral
NS1 followed by the PTV-1 2A autoproteolytic cleavage site, and the entire viral NEP ORF
(Fig. 1). PTV-1 2A mediates co-translational separation of NS1-mCherry and NEP by a
mechanism termed “stop-carry on” recoding (Sharma et al., 2012), generating two
functional and independent proteins. Although this approach has been successfully used
previously for the generation of recombinant fluorescent-expressing 1AV (Manicassamy et
al., 2010; Nogales et al., 2014a), we demonstrate the feasibility of using this same
methodology for the generation of IBVs encoding fluorescent proteins. Importantly, the
identity of the modified IBV-mCherry NS segment was confirmed by RT-PCR (Fig. 2A) and
Western blot (Fig. 2B). Furthermore, we observed good correlation of NP positive cells with
mCherry expression (Fig. 2C), and co-localization of NS1 and mCherry in IBV-infected
cells (Fig. 2D), demonstrating that mCherry expression can be used as a valid surrogate of
IBV infection. Importantly, when multi-growth kinetics or plaque assays were performed,
IBV-mCherry showed no significant attenuation as compared to its WT counterpart in vitro

(Fig. 3).

Vaccination represents our best prophylactic option to combat IAV and IBV infections (Pica
and Palese, 2013) and a simple and rapid assay for detecting NAbs will assist to evaluate
humoral immune responses induced by traditional or novel influenza vaccine approaches
(Belshe et al., 2000; He et al., 2015). Moreover, new interest has arisen in the identification
of NAbs with type-specific or broadly neutralizing properties due to their therapeutic benefit
in passive immunization of people expose to influenza viruses (Tan et al., 2012). NAbs
against 1AVs or IBVs typically bind to HA, and traditional methods to detect the presence of
influenza NAbs include HI and VN assays, each of them having advantages and limitations.
The HI assay provides a rapid read-out (same day), but sensitivity is limited because of the
large amount of virus required to agglutinate erythrocytes (Killian, 2008). In addition, the HI
assay has been shown to not be effective in the identification of broadly neutralizing
antibodies (He et al., 2015; Killian, 2008). It is generally accepted that VN assays are more
sensitive and reliable than HI assays (Rimmelzwaan et al., 1998). However, VN assays are
more laborious, time consuming and usually require the use of secondary approaches for the
identification of virus-infected cells (de Jong et al., 2003; Rowe et al., 1999). In this regard,
fluorescent-expressing IBVs represent an excellent platform for the rapid, sensitive and
simple identification and characterization of NAbs using a fluorescent-based
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microneutralization assay (Fig. 4). Importantly, with this novel microneutralization approach
we obtained similar neutralization titers to those obtained using conventional
microneutralization assays (Tables 1 and 2). Moreover, neutralization results using 1AV- and
IBV-mCherry were similar to those obtained with WT influenza viruses (Table 1).

Although vaccination is the primary method for controlling influenza, antivirals provide an
additional line of defense, which is particularly important for controlling new rapidly
spreading, antigenic drift and/or potentially pandemic virus (Garcia-Sastre, 2006; Oxford et
al., 2003b; Seibert et al., 2010). Therapeutic options for the treatment and prevention of
influenza infections include NA-targeting zanamivir and oseltamivir and M2-targeting
amantadine and rimantadine inhibitors (Jackson et al., 2011b; Nguyen et al., 2010, 2009).
However, NA inhibitors are the only class of antivirals approved for the prophylaxis and
treatment of patients infected with IBVs (Burnham et al., 2013), although data from clinical
trials suggest that oseltamivir appears less effective against IBVs than 1AVs (Farrukee et al.,
2013). In addition the emergence of drug-resistant variants is an increasing problem for
controlling influenza infections (Nguyen et al., 2010; Seibert et al., 2010). Thus, there is an
urgent medical need for the identification and characterization of novel antivirals for the
treatment of influenza infections in humans, a task that will be accelerated by the
development of rapid and sensitive screening assays amenable to HTS approaches
(Beyleveld et al., 2013). Identification of compounds that inhibit influenza has typically
relied on the use of time-consuming secondary assays to assess viral infection. Thus,
alternative approaches that facilitate detection of IBVs and/or 1AVs would help to identify
new antivirals. Importantly, these methodologies should be compatible with HTS approaches
to help simplify the screening of large compound libraries to identify hits with IBVs and/or
IAVs antiviral activity. To demonstrate the implementation of fluorescent-expressing IBVs to
identify and characterize antiviral drugs, we evaluated the antiviral activity of ribavirin and
amantadine against both 1AV and IBV (Beigel and Bray, 2008; Nguyen et al., 2010, 2009;
Nogales et al., 2014a; Oxford et al., 2003a; Sidwell et al., 2005) (Fig. 5). Using our novel
fluorescent-based microneutralization assay, we observed dose-dependent inhibition of 1AV-
mCherry by both amantadine and ribavirin, while only ribavirin had a dose-dependent
inhibitory effect on IBV-mCherry. Importantly, viral inhibition by these two antivirals in our
fluorescent-based microneutralization assays was similar to that obtained using WT 1AV and
IBV in conventional VN assays (Tables 3 and 4). Altogether, these results demonstrate the
feasibility of using replication-competent fluorescent-expressing IBVs as a novel platform,
amenable to HTS, for the identification and characterization of novel antivirals.

When GFP was introduced in IBV instead of mCherry, we observed high levels of GFP
expression (Fig. 6), suggesting the feasibility of generating replication-competent IBVs
expressing others fluorescence proteins, similar to the situation recently described for 1AVs
(Fukuyama et al., 2015; Manicassamy et al., 2010). However, like with 1AVs, GFP-
expressing IBV seems to be less stable than IBV-mCherry (data not shown) (Fukuyama et
al., 2015; Manicassamy et al., 2010). Nevertheless, we have been able to generate a stable
stock of IBV-GFP after three serial plaque purifications in MDCK cells. Similar to I1AVs
these fluorescent IBV variants (mCherry and GFP) could be used to address interesting
questions in the biology of IBV, including the frequency of viral co-infections and the
generation of reassortants (Baker et al., 2014). Moreover, fluorescent-expressing 1BVs could
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be used in combination with the previously described fluorescent-expressing 1AVs
(Fukuyama et al., 2015; Nogales et al., 2014a) in bi-fluorescent-based microneutralization
assays (Baker et al., 2015b) for the rapid and easy identification of compounds with antiviral
activity against both influenza viruses. Likewise, this strategy could also be used for the
detection of neutralizing antibodies with broad-antiviral activity against IAVs and IBVs.
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Fig. 1.

Schematic representation of the WT (A) and modified (B) influenza B/Brisbane/60/2008 NS
segments: IBV WT NS segment is indicated with a white box. IBV NS viral products are
indicated by white (NS1) or black (NEP) boxes. NCR denotes non-coding regions.
Sequences of mCherry and PTVI-2A are indicated by gray boxes. BsmBl restriction sites for
cloning of fluorescent proteins fused to the C-terminal end of IBV NS1 are indicated.
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Fig. 2.

Ct?aracterization of mCherry-expressing influenza B/Brishane/60/08 virus (IBV-mCherry).
(A) Analysis of RNA expression: MDCK cells were mock infected (Mock) or infected (MOI
1.0) with influenza B/Brisbane/60/08 WT or mCherry-expressing viruses. At 18 hpi, total
RNA from infected cells was extracted. cDNA synthesis for NS or NP vVRNAs was
performed using NS and NP vRNA specific primers. cDNA synthesis of mMRNA (mCherry
and GAPDH) was performed using oligo dT. Specific primers for PCR were used to amplify
NS and NP vRNAs and mCherry and GAPDH mRNAs. (B) Analysis of protein expression:
MDCK cells were mock infected (Mock) or infected (MOI 1.0) with WT or mCherry-
expressing IBVs as indicated above and protein expression levels of NS1, NP and mCherry
were evaluated using protein specific antibodies. Actin was used as a loading control.
Numbers indicate the size of molecular markers in nucleotides (A) or kDa (B) for DNA and
protein products, respectively. (C-D) Protein expression by fluorescence and
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immunofluorescence: MDCK cells were mock infected (Mock) or infected (MOI 1.0) with
WT or mCherry-expressing IBVs. At 18 hpi, cells were fixed and permeabilized, visualized
for mCherry expression, and stained with IBV NP (C) or NS1 (D) antibodies. DAPI was
used for nuclear staining. Merged images for mCherry, viral NP (C) or NS1 (D), and DAPI
are illustrated at the bottom. Representative images (20X magnification) are included. Scale
bar, 50 pm.
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Fig. 3.

G?owth kinetics and plaque phenotype of mCherry-expressing IBV. (A) Multicycle growth
Kinetics: virus titers from tissue culture supernatants of WT and mCherry IBV-infected
(MOI 0.001) MDCK cells at the indicated times post-infection were analyzed by
immunofocus assay (FFU/mI). Dotted line denotes the limit of detection (200 FFU/ml). Data
represent the means + SD of triplicates. (B) Plaque phenotype: Plaque sizes of WT and
mCherry-expressing IBVs in MDCK cells were evaluated 3 days post-infection by
immunostaining using a monoclonal antibody against IBV NP (MAb B017) or by
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fluorescence expression. For IBV-mCherry infections, white arrows indicate correlation
between NP positive (top) and mCherry fluorescent (bottom) plaques.
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Fig. 4.
A fluorescent-based microneutralization assay for the identification of IBV NAbs: MDCK

cells were infected (MOI 0.001) with mCherry-expressing IBV (A-C) or 1AV (D-F) that
were pre-incubated with 2-fold serial dilutions (starting dilution of 1:200) of HA specific
AV (15,696) or IBV (3165) PAbs. At 48 hpi, virus neutralization was evaluated under a
fluorescent microscope (A and D), quantified using a fluorescent microplate reader (B and
E), and the percentage of inhibition calculated using sigmoidal dose response curves (C and
F). Mock infected cells (No Virus) and viruses in the absence of antibodies (No Abs) were
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used as internal controls. Percent neutralization was normalized to infection in the absence
of antibody. Data show means * SD of the results determined for triplicates. Representative
fluorescence images (10X magnification) are shown. Scale bars, 200 pM.
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Fig. 5.
A fluorescent-based assay for the identification of IBV antivirals: MDCK cells were infected

(MOI 0.001) with mCherry-expressing IBV (A-C) or IAV (D-F) and incubated with serial
2-fold dilutions (starting concentration 100 uM) of ribavirin or amantadine. As internal
control, infected cells were not treated with antivirals (No Drug). At 48 hpi, viral inhibition
was evaluated under a fluorescent microscope (A and D); quantified using a fluorescent
microplate reader (B and E), and the percentage of inhibition calculated using sigmoidal
dose response curves (C and F). Mock-infected cells (No virus) were used as control.
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Percent viral inhibition was normalized to infection in the absence of antivirals. Data show
means + SD of the results determined for triplicates. Representative fluorescence
microscopy images (10X magnification) are shown. Scale bars, 200 uM.
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Characterization of a GFP-expressing influenza B/Brisbane/60/08 virus (IBV-GFP). (A)
Multicycle growth kinetics: Virus titers from tissue culture supernatants of MDCK cells
infected (MOI 0.001) with IBV WT, mCherry, and GFP at the indicated times post-infection
were analyzed by immunofocus assay (FFU/ml). Dotted line indicates the limit of detection
(200 FFU/mI). Data represent the means + SD of triplicates. *(WT vs GFP) P< 0.05 using
an unpaired one-tailed Student's #test (7= 3 per time point). (B) Plaque phenotype: Plaque
sizes of WT and mCherry- or GFP-expressing IBVs in MDCK cells were evaluated 3 days
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post-infection by immunostaining (top) using a MAb against IBV NP (B017) or by red and
green fluorescence. White arrows indicate correlation between NP positive and fluorescent
(mCherry or GFP) plaques. (C) Fluorescence protein expression: MDCK cells were mock
infected or infected (MOI 1.0) with mCherry- or GFP-expressing IBVs. At 18 hpi, cells
were assessed for GFP or mCherry expression under a fluorescent microscope using specific
filters. Representative images (20X magnification) are included. Scale bar, 100 pm.
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Table 1
NTsq of PAbs by VN assay.

NT5.2 (SD)
Virus 15696 3165
IBV WT 512007 533 (231)
1BV mCherry >1:200b 800
1AV WT 5333 (1847)  _1.00”
1AV mCherry 5333 (1847) >1:200b

aPAb dilution determined by serial-titration of Ab with Triplicate infections.

b .. S . .
Highest dilution used without detectable neutralizing effect.
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Table 2

NTsgg of PAbs by fluorescence-based assay.

NT52
Virus 15696 3165
IBV mCherry >1_200b 1:2003
IAV mCherry ~ 1:4650 b

>1:200

aPAb dilution determined by serial-titration of Ab with triplicate infections.

b . — . -,
Highest dilution used without detectable neutralizing effect.
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Table 3

ICsq of compounds by FFU titration method.

ICeo”
Virus Ribavirin  Amantadine
IBV WT 0.98 >100b
IBV mCherry  4.29 >100b
1AV WT 2.36 73.41
IAV mCherry  7.51 69.64

a . . T - . .
Compound concentration (uM) determined by serial-titration of drug with triplicate infections.

b .. : . -
Highest concentration used without detectable antiviral effect.
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Table 4

ICsq of compounds by fluorescence-based assay.

ICeo”
Virus Ribavirin  Amantadine
IBV mCherry  1.53 >100b
IAV mCherry 7.2 27.58

a . . T - . .
Compound concentration (M) determined by serial-titration of drug with tirplicate infections.

b . . . .
Highest concentration used without detectable antiviral effect.
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