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ABSTRACT Studying influenza A virus (IAV) requires the use of secondary ap-
proaches to detect the presence of virus in infected cells. To overcome this problem,
we and others have generated recombinant IAV expressing fluorescent or luciferase
reporter genes. These foreign reporter genes can be used as valid surrogates to
track the presence of virus. However, the limited capacity for incorporating foreign
sequences in the viral genome forced researchers to select a fluorescent or a lucifer-
ase reporter gene, depending on the type of study. To circumvent this limitation, we
engineered a novel recombinant replication-competent bireporter IAV (BIRFLU) ex-
pressing both fluorescent and luciferase reporter genes. In cultured cells, BIRFLU dis-
played growth kinetics comparable to those of wild-type (WT) virus and was used to
screen neutralizing antibodies or compounds with antiviral activity. The expression
of two reporter genes allows monitoring of viral inhibition by fluorescence or biolu-
minescence, overcoming the limitations associated with the use of one reporter
gene as a readout. In vivo, BIRFLU effectively infected mice, and both reporter genes
were detected using in vivo imaging systems (IVIS). The ability to generate recombi-
nant IAV harboring multiple foreign genes opens unique possibilities for studying
virus-host interactions and for using IAV in high-throughput screenings (HTS) to
identify novel antivirals that can be incorporated into the therapeutic armamentar-
ium to control IAV infections. Moreover, the ability to genetically manipulate the vi-
ral genome to express two foreign genes offers the possibility of developing novel
influenza vaccines and the feasibility for using recombinant IAV as vaccine vectors to
treat other pathogen infections.

IMPORTANCE Influenza A virus (IAV) causes a human respiratory disease that is as-
sociated with significant health and economic consequences. In recent years, the use
of replication-competent IAV expressing an easily traceable fluorescent or luciferase
reporter protein has significantly contributed to progress in influenza research. How-
ever, researchers have been forced to select a fluorescent or a luciferase reporter
gene due to the restricted capacity of the influenza viral genome for including for-
eign sequences. To overcome this limitation, we generated, for the first time, a re-
combinant replication-competent bireporter IAV (BIRFLU) that stably expresses two
reporter genes (one fluorescent and one luciferase) to track IAV infections in vitro
and in vivo. The combination of cutting-edge techniques from molecular biology,
animal research, and imaging technologies brings researchers the unique opportu-
nity to use this new generation of reporter-expressing IAV to study viral infection
dynamics in both cultured cells and animal models of viral infection.
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Influenza A virus (IAV) belongs to the Orthomyxoviridae family and contains a seg-
mented genome of eight single-stranded RNA molecules of negative polarity (1–3).

Although the natural reservoirs of IAV are wild waterfowl, IAV is able to infect many
avian and mammalian species (4–6). The virus is classified into different subtypes based
on the major antigenic surface glycoproteins: hemagglutinin (HA; 18 subtypes) and
neuraminidase (NA; 11 subtypes) (1, 5, 7–9). IAV is a respiratory pathogen that exerts a
detrimental impact on public health and the global economy (10–13). In humans, the
virus annually causes recurrent epidemics (10, 14, 15) and sporadic pandemics (16–18)
of great consequences. Existing strategies to combat IAV include the use of vaccines
and antivirals (3, 15, 19–23). However, currently available vaccines and antivirals have
moderate efficacy (3, 24–27). Therefore, new strategies to combat IAV infections
urgently need to be developed and implemented.

The modification of viral segments for the incorporation of reporter genes, such as
fluorescent or luciferase proteins, in replication-competent IAV has been a crucial
technological advance in the field. Genetically modified IAV expressing reporter genes
is an excellent tool for the tracking of viral infection in vitro and in vivo, providing a
robust quantitative readout of viral replication (2, 28–41). In addition, this readout is
compatible with high-throughput screening (HTS) technologies and useful to assess
viral infection in cultured cells and animal models without the use of laborious
secondary approaches to identify the presence of the virus in infected cells and/or
animals (2, 28–41).

Currently, multiple reporter genes with different characteristics exist. However,
fluorescent and bioluminescent proteins are becoming the preferred choice for re-
searchers due to their high sensitivity and the continuous improvement of the tech-
nologies associated with their detection (42–47), including the use of HTS approaches.
A primary consideration in the design of studies involving reporter genes is their
different properties, which serve various purposes. For example, in vitro, fluorescent
proteins are a better option to observe localization in cells (2, 34–36). However, for
quantitative purposes, luciferases could be more convenient (32, 33, 40, 47, 48). For in
vivo studies, although luciferase reporters require the inoculation of a chemical sub-
strate, they are preferred over fluorescent proteins for whole-animal imaging. However,
fluorescent reporters are preferred for ex vivo imaging (2) and for the identification of
infected cells, since fluorescent signals in in vivo systems are not intense and the
background in live tissues limits detection sensitivity (49). However, the genome of IAV
has an intrinsic limitation for how many foreign genes can be incorporated (2, 3). This
limitation has forced researchers to choose one reporter gene over the other to be
incorporated as a foreign gene in the IAV genome, limiting the scope of findings that
can be obtained with IAV expressing a single reporter (2).

To overcome this limitation, we describe, for the first time, the generation of a novel
and stable recombinant replication-competent bireporter IAV (BIRFLU). By introducing
two different reporter genes in the same viral genome, BIRFLU is able to exploit the
advantages of both fluorescent and bioluminescent reporter genes. In this recombinant
virus, Nano luciferase (NLuc) was inserted into the hemagglutinin (HA) viral segment of
A/Puerto Rico/08/1934 H1N1 (PR8). We chose NLuc due to its physical and chemical
characteristics, such as small size, ATP independence, and greater brightness than other
luciferases (42, 50). In addition, we cloned Venus (or mCherry) fluorescent proteins into
the viral nonstructural (NS) segment as a fusion to the nonstructural 1 (NS1) protein, as
we have previously described (2, 34, 35).

In vitro, BIRFLU infection was inhibited by antivirals and neutralized by monoclonal
antibodies (MAbs), demonstrating the feasibility of using BIRFLU to evaluate novel
therapies against IAV infections, including the screening of large libraries of MAbs
and/or compounds to identify those with neutralizing and/or antiviral activities, respec-
tively. Importantly, the signal readouts were comparable between the fluorescent and
bioluminescent reporters and correlated, in both cases, with viral replication. Moreover,
BIRFLU replication was directly visualized and quantified in vivo in whole animals (NLuc)
or ex vivo in excised infected lungs (Venus) by using in vivo imaging systems (IVIS).
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Therefore, BIRFLU represents an excellent option to study the biology of IAV and to
evaluate experimental countermeasures to treat influenza viral infections where ex-
pression of both fluorescent and luciferase reporters can be used to identify the
presence of the virus. Moreover, the ability to generate recombinant IAV harboring two
foreign genes provides researchers with new strategies to develop novel vaccine
approaches to treat IAV infections, to test the feasibility of using IAV as a vaccine vector
to treat other human pathogen infections, and to study the dynamics of IAV disease
and/or virus-host interactions.

RESULTS
Generation of a BIRFLU expressing NLuc and Venus. To generate replication-

competent bireporter IAV (BIRFLU) (Fig. 1), the sequence of NLuc and the porcine
teschovirus 1 (PTV-1) 2A autoproteolytic cleavage site were cloned in front of the open
reading frame (ORF) of the HA protein (Fig. 1A). We introduced silent mutations in the
HA ORF to eliminate the original 3= packaging signal and prevent potential recombi-

FIG 1 Generation of a recombinant PR8 IAV expressing two reporter genes (BIRFLU). (A and B) Schematic representation of the modified recombinant PR8 IAV
HA (A) and NS (B) viral segments. PR8 IAV HA and NS viral products are indicated by black (HA), dark gray (NS1), or light gray (NEP) boxes. Noncoding regions
(NCR) are represented with black lines, and original or duplicated (HA viral segment) packaging signals are indicated with white or striped boxes, respectively.
Nano luciferase (NLuc), Venus, and PTV-1 2A are indicated in blue, green, and red boxes, respectively. For the HA segment, the nucleotide sequences
surrounding NLuc are included: the last 13 nucleotides of the packaging signal (white box) with the mutated ATG (green underlined), NLuc flanked by AgeI
and NheI restriction sites (underlined), 2A (red), and the HA ORF (depicted with lines), including silent mutations (green underlined). Diagrams are not drawn
to scale. (C) Schematic representation of the recombinant BIRFLU PR8 IAV. (D) Analysis of protein expression. MDCK cells (6 well plates, 106 cells/well) were
infected with the PR8 WT or BIRBLU at an MOI of 0.1 or mock infected (lane M). Protein expression was examined by Western blotting using specific antibodies
for NS1, Venus, NLuc, and NP. Actin was used as a loading control. The numbers on the left indicate the molecular size of the protein markers (in kilodaltons).
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nation events (Fig. 1A). We restored the HA viral RNA 3= end virus packaging sequence
with a mutated ATG, placing it before the NLuc-2A insertion and after the 3= noncoding
region (NCR) (Fig. 1A). We chose NLuc due to its small size (about 20 kDa), stability, and
brightness (42, 50).

The fluorescent protein Venus was cloned in the NS segment, which encodes NS1
and NEP, following the same approach that we previously described (2, 34, 35, 51) (Fig.
1B). Briefly, Venus was cloned in frame with the NS1 sequence. Because the NS segment
is spliced to encode NEP, silent mutations in the splice acceptor site were introduced
to eliminate splicing (52). To produce NEP, the PTV-1 2A autoproteolytic cleavage site
was inserted between NS1 and NEP. To produce a full-length NEP, the NS1 and NEP
N-terminal overlapping region was duplicated after the PTV-1 2A site (2, 34, 35, 51). We
then used plasmid-based reverse genetics approaches to generate BIRFLU expressing
both reporter genes from the same viral genome (Fig. 1C).

The identity of BIRFLU was first confirmed by Western blotting (Fig. 1D). Total cell
extracts from either mock-, wild-type (WT)-, or BIRFLU-infected MDCK cells were tested
at 18 h postinfection (p.i.) using antibodies specific for viral NS1 or NP, the Venus (green
fluorescent protein [GFP]) and NLuc reporters, and the loading control, actin. Western
blot analysis showed specific bands with the expected molecular sizes for WT NS1 and
the NS1-Venus fusion protein. Specific bands for NS1-Venus or NLuc were detected only
in cell extracts from BIRFLU-infected cells (Fig. 1D). Notably, NP levels were similar
between WT- and BIRFLU-infected cells.

Next, to assess whether the expression of Venus could be directly visualized using
fluorescence microscopy, confluent monolayers of MDCK cells were mock infected or
infected with WT or BIRFLU. Then, at 18 h p.i., Venus expression was assessed directly
using a fluorescence microscope (Fig. 2). In addition, we visualized the expression of NP
(Fig. 2A), NS1 (Fig. 2B), or HA (Fig. 2C) viral proteins and NLuc (Fig. 2D) by indirect
immunofluorescence microscopy using antibodies for each of those proteins. As ex-

FIG 2 Analysis of BIRFLU protein expression by direct fluorescence and immunofluorescence. MDCK cells (24-well
plates, 2 � 105 cells/well) were infected with PR8 WT or BIRFLU (MOI, 0.1) or mock infected. Infected cells were fixed
at 18 h p.i. to directly visualize Venus expression and to visualize NP (A), NS1 (B), HA (C), and NLuc (D) using specific
antibodies. Nuclei were stained with DAPI. Representative images are shown. Bars, 100 �m; magnification, �20.
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pected, only BIRFLU-infected cells were seen upon direct examination under a fluores-
cence microscope (Fig. 2). Notably, NP located in the nucleus of cells infected with WT
virus or BIRFLU (Fig. 2A), suggesting that the subcellular location of NP was not affected
by the expression of the two reporter genes. Likewise, NS1 was similarly distributed in
WT- and BIRFLU-infected cells and colocalized with the signal from Venus expression in
BIRFLU-infected cells (Fig. 2B). The subcellular localization and expression of HA were
similar in cells infected with both WT virus and BIRFLU (Fig. 2C). As expected, NLuc was
observed only in cells infected with BIRFLU (Fig. 2D). Overall, these data and our
previous studies with other fluorescence-expressing replication-competent IAV (2, 34,
35, 51) demonstrate that Venus can be used as a valid surrogate to monitor influenza
viral infection without the need for secondary approaches to detect the presence of the
virus in infected cells.

In vitro characterization of BIRFLU replication and Venus and NLuc expression.
BIRFLU fitness in cell culture was next evaluated by comparing the growth properties
of BIRFLU with those of WT virus (Fig. 3). To this end, confluent monolayers of MDCK
cells were infected with WT virus or BIRFLU at the same multiplicity of infection (MOI;

FIG 3 Growth kinetics and plaque morphology of BIRFLU. (A) Multicycle growth kinetics. Viral titers (in
FFU per milliliter) in culture supernatants from MDCK cells (6-well plates, 106 cells/well, triplicates)
infected with PR8 WT and BIRFLU (MOI, 0.001) were determined by immunofocus assay at the indicated
times postinfection. Data represent the means � SD for triplicates. The dashed line denotes the limit of
detection (200 FFU/ml). *, P � 0.05, using an unpaired two-tailed Student’s t test. (B) NLuc expression.
NLuc was evaluated in the same culture supernatants obtained from the experiment whose results are
presented in panel A. RLU, relative light units. (C) Venus expression. MDCK cells (24-well-plate format,
2 � 105 cells/well) infected (MOI, 0.001) with PR8 WT or BIRFLU were visualized at the indicated times (in
hours) p.i. using a fluorescence microscope. Representative images are shown. Bars, 100 �m; magnifi-
cation, �20. (D) Plaque phenotype. Representative pictures of viral plaques in MDCK cells (6-well-plate
format, 106 cells/well) infected with PR8 WT and BIRFLU at 3 days p.i. are shown. Fluorescent Venus
expression (top), NLuc immunostaining (middle), and crystal violet staining (bottom) are indicated. White
arrows show the colocalization of Venus fluorescence (top), NLuc expression (middle), and virus lysis
plaques stained with crystal violet (bottom).
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0.001), and the presence of virus in culture supernatants was quantified at different
times (in hours) p.i. (Fig. 3A). BIRFLU replication kinetics were similar to those of WT
virus, although BIRFLU replication was slightly delayed and did not reach titers similar
to those of WT virus at all hours postinfection. Importantly, BIRFLU was still able to
reach high titers (�107 PFU/ml), suggesting that, in vitro, expression of two reporter
genes did not significantly affect viral fitness (Fig. 3A).

Next, over a time course of 24 to 96 h, we measured NLuc activity in culture
supernatants (Fig. 3B) and evaluated the expression of Venus in infected cells (MOI,
0.001) using a fluorescence microscope (Fig. 3C). NLuc activity was observed as early as
24 h p.i. (the first time point evaluated) and had a time-dependent expression increase,
peaking at 96 h p.i., most likely because the cytopathic effect (CPE) caused by viral
infection resulted in the release and accumulation of NLuc in the culture supernatants
of infected cells (Fig. 3B). Venus expression was also detected as early as 24 h p.i. and
steadily increased, in a time-dependent matter, until 96 h p.i., when visualization was
reduced due to a virus-induced CPE (Fig. 3C). Altogether, these results indicate that
BIRFLU can be used to track and quantify the dynamics of viral infection in vitro by
using either of the two reporter genes. In addition, the plaque phenotype of BIRFLU
was evaluated and compared to that of the WT virus (Fig. 3D). As expected, we detected
Venus-positive viral plaques under direct fluorescent visualization only in cells infected
with BIRFLU. In addition, all the fluorescent plaques colocalized with plaques detected
by immunostaining using an anti-NLuc antibody or by crystal violet staining (Fig. 3D,
white arrows), confirming that all BIRFLU-infected plaques expressed both reporter
genes. We noticed that the size of the viral foci produced by BIRFLU was slightly smaller
than that of the viral foci produced by WT virus (Fig. 3D, crystal violet panel), most likely
due to the effect of the two reporter genes on viral fitness (Fig. 3A).

BIRFLU reporter gene expression levels correlate with dose-dependent inhibi-
tion of viral replication mediated by antibodies and/or antivirals. Neutralizing
antibodies (NAbs) are the desired immunological outcome for induction of protective
immunity after influenza vaccination (53–58). However, the majority of assays to test for
antibody-mediated protection efficacy in virus neutralization assays usually involve
secondary methods to detect the presence of the virus. We have previously shown that
this limitation can be circumvented by using replication-competent viruses harboring
fluorescent reporter genes whose expression can be monitored and quantified directly
(2, 28–40). In addition, those reporter-expressing viruses have been demonstrated to be
valuable assets for the screening and the identification of antivirals and/or host factors
with antiviral activity (2, 28–40). Since the expression and activity of Venus and NLuc are
dependent on BIRFLU infection, the presence of both reporters in infected cells (Venus)
or in the culture supernatants (NLuc) can be used as a valid surrogate of viral
replication. By assessing viral replication using two different reporter genes, the strat-
egy overcomes the potential limitations associated with the use of a single reporter
gene (2, 33, 43–45, 50). In order to demonstrate that BIRFLU can be used to easily
identify NAbs, confluent monolayers of MDCK cells were infected with BIRFLU which
had previously been incubated with HA-specific NAbs for PR8 (NAb PY102) (59) or
pH1N1 (NAb 29E3) (60) (Fig. 4). Then, at 48 h p.i. Venus expression was quantified
using a fluorescence plate reader (Fig. 4A) (35, 53) and NLuc activity in the culture
supernatants was quantified using a Lumicount luminometer (Fig. 4B). As expected,
BIRFLU was specifically neutralized by PY102 but not by 29E3. Using sigmoidal
dose-response curves, we determined that the 50% neutralization concentration
(NC50) obtained by the quantification of both reporters was similar (Fig. 4C and D)
and, importantly, correlated with neutralization values previously described in the
literature (35, 36, 59, 60).

Novel technologies for the identification of antivirals compatible with HTS settings
are urgently needed to reveal new and more effective antivirals for the treatment of IAV
infections. However, similar to the previously described viral neutralization assays, the
identification of compounds with antiviral activity normally requires the use of second-
ary approaches to assess viral infection (61–63). To demonstrate that BIRFLU can be
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used as a valid surrogate to evaluate the inhibitory features of antivirals, we examined
the ability of two Food and Drug Administration (FDA)-approved compounds (ribavirin
and amantadine) to inhibit BIRFLU replication (Fig. 5). Ribavirin is a synthetic guanosine
nucleoside analog that interferes with the synthesis of viral RNA and is effective against
a variety of viruses (35, 64–66). In contrast, amantadine, an IAV-specific inhibitor, targets
the viral matrix 2 (M2) ion channel protein (20, 35, 64, 65, 67). For our antiviral assays,
MDCK cells were infected with BIRFLU and incubated with medium containing serial
2-fold dilutions (starting concentration, 100 �M) of ribavirin or amantadine. As ex-
pected, both compounds inhibited BIRFLU in a dose-dependent manner, as determined
by Venus (Fig. 5A and C) or NLuc (Fig. 5B and D) quantification. To demonstrate that
both reporters recapitulate similar antiviral profiles, we calculated their respective 50%
inhibitory concentration (IC50) values using sigmoidal dose-response curves (Fig. 5C

FIG 4 A bireporter-based microneutralization assay for evaluating IAV NAbs. Two hundred PFU of BIRFLU was preincubated with 2-fold serial dilutions (starting
concentration, 10 �g/ml) of HA-specific NAbs for PR8 (NAb PY102) or pH1N1 (NAb 29E3) for 1 h. Subsequently, MDCK cells (96-well plates, 2 � 104 cells/well,
triplicates) were infected with the antibody-virus mix. (A and B) Virus neutralization was determined by quantitating Venus (A) and NLuc (B) reporter expression
at 48 h p.i. using a fluorescent microplate reader or a luminometer, respectively. (C and D) The percent neutralization (NC50) was calculated using sigmoidal
dose-response curves. Mock-infected cells were used as internal controls for basal levels of fluorescence (Venus) or luciferase (NLuc) expression. PR8
BIRFLU-infected cells in the absence of NAbs were used to determine maximum reporter expression. Data show the means � SD of the results determined in
triplicate.
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and D). The IC50 values for both ribavirin and amantadine were very similar, regardless
of the reporter or quantification method used. In addition, the IC50 values obtained
with BIRFLU were consistent with those previously reported by us and others in the
literature (20, 35, 36, 64, 65). Overall, these data demonstrate that BIRFLU can be used
for the rapid and reliable characterization of the protective properties of NAbs or
antivirals against IAV infections, using either fluorescent (Venus) or luciferase (NLuc)
reporter gene expression.

Real-time dynamics of BIRFLU in a mouse model of IAV infection. Next, we
evaluated if BIRFLU was pathogenic in mice (Fig. 6). To that end, groups of mice (n � 5)
were inoculated intranasally with 103 to 106 PFU of BIRFLU and body weight loss and
mortality were monitored for 10 days. BIRFLU showed high levels of attenuation since
all mice survived the viral infection (data not shown). Only mice inoculated with 105 or
106 PFU lost some body weight (5% to 10%) (Fig. 6). Although they were not directly
compared here, in our previous studies the 50% mouse lethal doses (MLD50) of a PR8
virus expressing only a reporter fluorescent gene similar to Venus (mCherry) from the
NS segment resulted in an MLD50 of �2 � 103 PFU (35), which is �40 to 50 times
higher than that of WT PR8 (MLD50, �50 PFU) (51, 68, 69). Therefore, these data indicate
that expression of NLuc from the HA segment also contributes to the in vivo attenu-
ation of BIRFLU.

Upon viral entry, fluorescence-expressing reporter IAV is useful in tracking viral
replication at the cellular level. However, fluorescent protein expression has limitations
for in vivo studies because the sensitivity of fluorescent proteins is normally disturbed

FIG 5 A bireporter-based microneutralization assay for assessing IAV antivirals. MDCK cells (96-well plates, 2 � 104

cells/well, triplicates) were infected with 200 PFU of BIRFLU and incubated with 2-fold serial dilutions (starting
concentration, 100 �M) of ribavirin or amantadine. As an internal control, infected cells were not treated with
antivirals. (A and B) Inhibition of viral replication was evaluated by quantitating Venus (A) and NLuc (B) reporter
expression at 48 h p.i, using a fluorescent microplate reader or a luminometer, respectively. (C and D) The percent
inhibition (IC50) was calculated using sigmoidal dose-response curves. Percent viral inhibition was normalized to
that with infection in the absence of antivirals. Data show the means � SD of the results determined in triplicate.
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by the nonspecific background fluorescence associated with live tissues. The reporter
virus is also impeded by excitation light scattered from tissue above the plane of the
target, which considerably quenches its intensity (44, 45, 70). Therefore, for in vivo
studies using whole animals, luciferase reporters are the preferred option. For that
reason, we next evaluated the dynamics of BIRFLU in a mouse model of IAV infection.
To that end, BALB/c mice were mock infected with phosphate-buffered saline (PBS) or
infected with 106 PFU of BIRFLU, and then bioluminescence was monitored at different
days (days 2, 4, 6, 8, and 10) postinfection (p.i.) (Fig. 7). We were able to delineate the
dynamics of BIRFLU infection by bioluminescence imaging and detected a luminescent

FIG 6 Virulence of BIRFLU in mice. Five- to 7-week-old female BALB/c mice were intranasally inoculated
with the indicated dose (103, 104, 105, or 106 PFU) of BIRFLU and monitored for 10 days for body weight
loss and survival (not shown). Data represent the means � SD of the results determined for individual
mice.

FIG 7 In vivo kinetics of BIRFLU infection by real-time monitoring of NLuc expression. Five- to 7-week-old female
BALB/c mice were mock infected (PBS) or intranasally inoculated with 106 PFU of BIRFLU (n � 4). NLuc activity in
the whole mouse was evaluated on the indicated day p.i. (2, 4, 6, 8, and 10). (Top) Representative images of the
same mouse for each time point show the radiance (number of photons per second per square centimeter per
steradian [p/sec/cm2/sr]). (Bottom) Bioluminescence values were quantified, and the total flux [in log10 (number of
photons per second) (p/s)] is presented.
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signal as early as 2 days p.i. As previously described, a low sporadic background was
also observed at the NLuc substrate injection site (26, 32, 46, 48, 50). By using real-time
bioluminescent imaging, we visualized temporal changes in virus replication and tissue
distribution in the same animals over time. Interestingly, we observed that viral
infection was initiated in both lobes of the lungs, as previously described (32, 40).
Bioluminescence intensity, measured as flux, reached maximum values at 2 and 4 days
p.i. in all the animals (n � 4). We observed a reduction in the bioluminescence intensity
between 6 and 10 days p.i., when viral clearance was likely occurring. Furthermore,
BIRFLU infection dynamics correlated well with findings made in previous studies with
WT PR8 (35, 51, 68, 69), where viral replication peaked between 2 and 4 days p.i. (35,
51, 68, 69).

BIRFLU fluorescence and bioluminescence kinetics correlation in mouse lungs.
Although the in vivo dynamics of IAV infection have been previously studied using
replication-competent viruses harboring reporter genes (26, 29, 32, 34–36, 48), re-
searchers were limited to the use of only one reporter (fluorescent or bioluminescent)
as a surrogate marker of viral infection. Given the different physical and chemical
properties of these two systems, some concerns exist about the interpretation and
comparison of the data obtained using these approaches. In addition, it is unclear if the
imaging and quantification of both systems will show similar viral dynamics or if
disparities will be shown between the two systems. Therefore, to determine whether
BIRFLU fluorescence and bioluminescence kinetics follow a similar pattern that also
correlates with viral replication, we evaluated NLuc activity in vivo and Venus expres-
sion ex vivo (Fig. 8). To that end, BALB/c mice were mock infected with PBS or infected
with 106 PFU of BIRFLU, and mice were then subjected to in vivo imaging to evaluate
NLuc activity at 2, 4, or 6 days p.i. (Fig. 8A and C). After bioluminescence quantification,
mice were necropsied for ex vivo assessment of Venus expression in the lungs (Fig. 8B
and D). The lungs were then processed to determine the viral titers (Fig. 8E) and to
assess the correlation of the bioluminescence and fluorescence signals with viral
replication. Remarkably, imaging and quantification (flux for NLuc and radiant efficiency
for Venus) displayed a time-space correlation between the expression of both reporters.
Our findings indicate that in vivo bioluminescence is more sensitive than ex vivo
fluorescence, since greater differences between mock-infected and infected mice were
observed with NLuc than with Venus. This outcome could be associated with the nature
of the reporter, the levels of expression for each viral or reporter gene, the strategy
selected to modify the viral genome, the location of the foreign reporter gene in the
viral genome, or the lung environment. In addition, and as expected, greater viral titers
in the lungs were obtained at 2 and 4 days p.i. (Fig. 8E). Moreover, and consistent with
our in vitro observations, viral titers correlated well with the bioluminescence and/or
fluorescence signals in vivo (Fig. 8C to E).

Genetic and phenotypic stability of BIRFLU. A significant concern associated with
reporter-expressing IAVs includes their genetic and phenotypic stability, which can limit
their applications (2, 33). To analyze the genetic and phenotypic stability of BIRFLU in
vivo, viruses recovered from infected mice at 2 (n � 4) and 4 (n � 4) days p.i. were
examined by plaque assay (Fig. 9A). To determine the percentage of reporter-
expressing viruses, plaques were observed under a fluorescence microscope (Venus
fluorescence; Fig. 9A, top), before performing immunostaining (NLuc; Fig. 9A, middle)
and crystal violet staining (Fig. 9A, bottom). Notably, all the viruses recovered from
infected mice retained the expression of both reporter genes, indicating that BIRFLU
was stable in vivo, which is a desirable characteristic for the use of BIRFLU for in vivo
studies.

In addition, we also assessed the genetic stability of BIRFLU in vitro (Fig. 9B). To that
end, BIRFLU was passaged four consecutive times in MDCK cells and the percentage of
reporter-expressing viruses was determined by plaque assay, as indicated above.
Notably, BIRFLU retained 100% NLuc expression (HA viral segment) during the four
serial passages. However, Venus expression (NS segment) was lost during the consec-
utive passages.
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Plasticity of BIRFLU to express other reporter genes. To further support the use
of this novel approach for the generation of recombinant IAV encoding two foreign
sequences, a BIRFLU that expressed the mCherry fluorescent protein instead of Venus
was generated (Fig. 10). The new BIRFLU showed slightly delayed infection kinetics in
MDCK cells compared with the WT virus (Fig. 10A). Both NLuc (Fig. 10B) and mCherry
(Fig. 10C) expression could be detected at 24 h p.i., and both reporters followed kinetics
similar to those observed for Venus-expressing BIRFLU (Fig. 3). Likewise, the novel
BIRFLU expressed both reporter genes in plaque assays, and their expression was
identified in all virus plaques, as determined by crystal violet staining (Fig. 10D).
Moreover, Western blot analysis showed specific bands for NS1 (WT virus) or NS1-
mCherry (BIRFLU) proteins using an anti-NS1 antibody. However, mCherry or NLuc
expression was detected only in BIRFLU-infected cells (Fig. 10E). Furthermore, the levels

FIG 8 In vivo bioluminescence and fluorescence correlation after BIRFLU infection. Five- to 7-week-old female
BALB/c mice were mock infected (PBS) or infected intranasally with 106 PFU of BIRFLU (n � 4). (A) NLuc activity in
the whole mouse was determined at 2, 4, and 6 days p.i. Representative images of a single mouse for each time
point show the radiance (number of photons per second per square centimeter per steradian [p/sec/cm2/sr]). (B)
On the same days p.i., lungs from mock-infected and BIRFLU-infected mice were harvested to assess fluorescent
Venus expression. Representative fluorescent pictures from whole lungs of the same mice used in the experiment
whose results are presented in panel A are shown. (C and D) Bioluminescence (C) or Venus radiance (D) values were
quantitated. (C) The average total flux [in log10 (number of photons per second) (p/s)] is shown. (D) To quantify
Venus expression, the mean values for the regions of interest were normalized to the lung autofluorescence in
mock-infected mice at each time point, and fold changes in fluorescence were calculated. (E) Viral lung titers. After
imaging, whole lungs from mice from the experiments whose results are shown in panel B were homogenized and
used to infect MDCK cells and determine viral titers (in FFU per milliliter) by immunofocus assay. Bars represent the
mean � SD of lung virus titers.
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of NP were similar in WT- and BIRFLU-infected cells. These results confirm that BIRFLU
expressing different combinations of reporter genes is feasible, increasing the possi-
bility for using this approach to generate recombinant IAV expressing different com-
binations of reporter genes and/or, potentially, other foreign sequences.

DISCUSSION

Reporter-expressing, replication-competent IAV represents an excellent tool for
basic and/or translational studies and has drastically improved our knowledge of viral
replication and pathogenesis (2, 28–41). Various research groups, including ours, have
previously described reporter-expressing recombinant IAV encoding a single fluores-
cent or luciferase reporter gene to study the biology of IAV and to evaluate the efficacy
of new antiviral and/or vaccine approaches (2, 28–31, 33–40, 48, 54). However, due to
the different properties of fluorescent and bioluminescent proteins, the use of these
reporter viruses is limited to a few experimental applications, some of which were
already discussed in the introduction. Consequently, the properties of the reporter
fluorescent or bioluminescent proteins (44–47, 71, 72) need to be carefully considered
before performing the experiment. In this study, we designed and used an innovative
approach that possesses the advantages of both fluorescent and luminescent reporters
by developing a new bireporter-expressing IAV (BIRFLU), which could provide promis-
ing applications in the influenza field. Moreover, this study provides valuable informa-
tion regarding the plasticity of the IAV genome to accommodate foreign sequences.

BIRFLU is a recombinant IAV that expresses the viral NS1 protein fused to the
fluorescent component (Venus or mCherry) of the system (Fig. 1). Colinear NEP expres-
sion is maintained by shifting the entire NEP ORF downstream of the PTV-1 2A cleavage
site (2, 34, 35). In addition, BIRFLU expresses the luciferase component (NLuc) upstream
of the viral HA protein separated by the PTV-1 2A cleavage site, allowing the expression
of two functional and independent proteins (Fig. 1) (41). NLuc was selected because of

FIG 9 Genetic stability of BIRFLU in vivo and in vitro. (A) In vivo genetic stability. To analyze the genetic stability of
BIRFLU in vivo, viruses recovered from mouse lungs at 2 (n � 4) and 4 (n � 4) days p.i. (dpi) (Fig. 7) were evaluated
for Venus (top) and NLuc (middle) expression. Viral plaques were determined by crystal violet staining (bottom).
Representative images of BIRFLU obtained from one mouse are shown. To determine the percentage of reporter-
expressing viruses, 160 plaques (40 plaques/mouse, 4 mice) for each day p.i. were evaluated for Venus (top), NLuc
(bottom), and crystal violet (bottom) staining as indicated in the legend to Fig. 2. (B) In vitro genetic stability. To
analyze the genetic stability in vitro, BIRFLU was passaged four times (P1 to P4) in MDCK cells and infectious
virus-containing tissue culture supernatants were harvested and assessed for Venus (top) or NLuc (middle)
expression, before crystal violet staining (bottom). The percentage of reporter-expressing viruses was determined
from �70 to 100 viral plaques per passage. Representative images of BIRFLU obtained from each passage are
shown.
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its unique properties: ATP-independent activity, small size, stability, and high activity
(42, 50). The expression of Venus (or mCherry) and NLuc was confirmed directly using
a fluorescence microscope (Venus and mCherry) or a luminometer (NLuc) (Fig. 2). In
cultured cells, BIRFLU replicated with kinetics similar to those of the WT virus, although
with reduced viral titers and smaller plaques (Fig. 3). As expected, BIRFLU infection was
visualized in real time, without the need for secondary approaches and/or laborious
assays. The expression of either of the reporter genes displayed similar kinetics that
correlated with the levels of viral replication, further demonstrating the feasibility of
using either of the reporter genes as a valid surrogate of viral infectivity (Fig. 3).

Therapeutic options for the treatment and prevention of IAV infections are currently
limited to a few antivirals. In addition, the emergence of drug-resistant viral variants
represents a significant challenge to controlling IAV infections (64, 73–77). Thus, there
is an urgent need not only to discover novel antivirals but also to develop rapid and
sensitive screening assays that are amenable to HTS approaches to uncover and
evaluate the efficacy and potency of these novel anti-IAV compounds (19). In addition,

FIG 10 Generation and characterization of mCherry-expressing BIRFLU. (A) Multicycle growth kinetics. Viral titers
(in FFU per milliliter) from culture supernatants of MDCK cells (6-well plates, 106 cells/well, triplicates) infected with
PR8 WT or BIRFLU expressing mCherry (MOI, 0.001) were determined by immunofocus assay at the indicated times
postinfection. Data represent the means � SD for triplicates. The dashed line denotes the limit of detection (200
FFU/ml). *, P � 0.05, using an unpaired two-tailed Student’s t test. (B and C) Reporter gene expression. NLuc activity
was quantitated from the same culture supernatants (B), and mCherry expression was imaged using a fluorescence
microscope (C). Representative images are shown. Bars, 100 �m; magnification, �20. (D) Plaque phenotype. MDCK
cells (6-well-plate format, 106 cells/well) were infected with PR8 WT-mCherry and BIRFLU-mCherry, and viral
plaques were evaluated at 3 days p.i. for mCherry fluorescence (top), NLuc immunostaining (middle), and crystal
violet staining (bottom). White arrows indicate the colocalization of mCherry fluorescence (top), NLuc immuno-
staining (middle), and viral lysis plaques (bottom). (E) Analysis of protein expression. MDCK cells (6-well plates, 106

cells/well) were infected with PR8 WT-mCherry or BIRFLU-mCherry at an MOI of 0.1 or mock infected (lane M).
Protein expression was examined by Western blotting using specific antibodies for NS1, mCherry, NLuc, and NP.
Actin was used as a loading control. Numbers on the left indicate the size of molecular markers for proteins (in
kilodaltons).

Bireporter Influenza A Virus Journal of Virology

May 2019 Volume 93 Issue 10 e00032-19 jvi.asm.org 13

https://jvi.asm.org


these technologies could also be used to assess the blocking capacity of NAbs for the
treatment of viral infections or to test the efficacy of novel vaccine approaches (35, 36,
55, 78), including universal influenza vaccine studies. In this study, we demonstrated
the feasibility of using BIRFLU to evaluate the therapeutic value of antiviral drugs (Fig.
4) or protective NAbs (Fig. 5). Importantly, the NC50 or IC50 values obtained with BIRFLU,
as assessed by either Venus or NLuc expression, were similar and comparable to those
previously described in the literature. Notably, BIRFLU represents an excellent option in
cases where compounds interfere with the readout of one of the reporter genes and,
therefore, will help to avoid false-positive hits. Moreover, viral replication can be
evaluated by expression of both reporter genes, providing researchers with further
confirmatory evidence within the same assay.

BIRFLU was also a powerful asset to visualize infectivity in vivo (Fig. 7 and 8) or ex
vivo (Fig. 8), using a mouse model for IAV infection. NLuc activity allowed us to
longitudinally measure viral replication dynamics in the same mouse during the natural
progression of viral infection (Fig. 7). An advantage of using fluorescent proteins
instead of luciferases in animals is that it is not necessary to inject luciferase substrates.
Likewise, the use of fluorescent proteins can be useful to identify individually infected
cells using multiphoton imaging and/or fluorescence-activated cell sorting (FACS)
approaches (79–81). Notably, we observed a strong spatial and temporal correlation
between NLuc and Venus expression, which also correlated with viral replication (Fig.
7). Moreover, BIRFLU recovered from the lungs of infected mice stably expressed both
reporter genes, suggesting the stability of reporter expression (Fig. 9). Finally, we also
demonstrated that our system is compatible with at least two fluorescent proteins (e.g.,
mCherry) (Fig. 10), which could represent an advantage of using BIRFLU in transgenic
mice expressing similar fluorescent proteins.

Although IAVs expressing individual fluorescent or luciferase reporter genes have
been previously described (2, 28–41), our study is the first example to describe a
replication-competent IAV that stably expresses two reporter genes for either the in
vitro or in vivo assessment of viral infection. Moreover, the feasibility of expressing two
foreign genes in the same virus opens new possibilities for researchers to develop IAV
vaccines and the use of IAV as a vaccine vector for the treatment of other human
pathogen infections.

MATERIALS AND METHODS
Cell and viruses. Human embryonic kidney 293T (293T; ATCC CRL-11268) and Madin-Darby canine

kidney (MDCK, ATCC CCL-34) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Medi-
atech, Inc.) supplemented with 5% fetal bovine serum (FBS; Atlanta Biologicals) and 1% penicillin (100
units/ml)–streptomycin (100 �g/ml)–2 mM L-glutamine (PSG; Mediatech, Inc.) at 37°C in air enriched with
5% CO2. WT (82) and BIRFLU (35, 68) A/Puerto Rico/8/1934 (PR8) H1N1 were grown in MDCK cells as
previously described. Viral titers (in number of PFU per milliliter) were determined by standard plaque
assay in MDCK cells (3, 34, 51, 68).

Rescue of recombinant BIRFLU. Ambisense pDZ plasmids were used for the rescue of BIRFLU, as
previously described (3, 34, 51, 68). Briefly, cocultures (1:1) of 293T/MDCK cells (6-well plate format, 106

cells/well) were cotransfected in suspension with the eight PR8 Ambisense pDZ-PB2, -PB1, -PA, -HA-NLuc,
-NP, -NA, -M, and NS-Venus (or NS-mCherry) plasmids. Clonal BIRFLU were selected by 3 rounds of plaque
assays, and virus stocks were propagated in MDCK cells at 33°C in a 5% CO2 atmosphere for 3 to 4 days.
For infections, virus stocks were diluted in phosphate-buffered saline (PBS) supplemented with 0.3%
bovine albumin (BA) and 1% penicillin-streptomycin (PS) (PBS-BA-PS). After viral infections, cells were
maintained in DMEM supplemented with 0.3% BA, 1% PSG, and 1 �g/ml tosylsulfonyl phenylalanyl
chloromethyl ketone (TPCK)-treated trypsin (Sigma). Virus titers (in number of PFU per milliliter) were
determined by standard plaque assay in MDCK cells (3, 34, 51, 68).

Protein gel electrophoresis and Western blot analysis. Cell extracts from either mock- or virus-
infected (MOI, 0.1) MDCK cells were lysed at 18 h p.i. in radioimmunoprecipitation assay (RIPA) buffer, and
proteins were separated by denaturing electrophoresis as previously described (3, 34, 51, 68). Mem-
branes 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 specific primary MAbs or polyclonal antibodies (pAbs): NS1 (mouse MAb
1A7) (83), NP (mouse MAb HB-65; ATCC H16-L10-4R5), GFP (rabbit pAb sc-8334; Santa Cruz Biotechnol-
ogy), mCherry (rabbit pAb; Raybiotech), and NLuc (rabbit pAb, kindly provided by Promega). An MAb
against actin (MAb A1978; Sigma) was used as an internal loading control. Bound primary antibodies
were detected with horseradish peroxidase (HRP)-conjugated secondary antibodies against the different
(mouse or rabbit) species (GE Healthcare). Proteins were detected by chemoluminescence (Thermo Fisher
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Scientific) following the manufacturer’s recommendations and photographed using a Kodak ImageSta-
tion digital imaging system.

Indirect immunofluorescence assays. MDCK cells were mock infected or infected (MOI, 0.1) with
PR8 WT virus or BIRFLU. At 18 h p.i., cells were fixed with 4% paraformaldehyde (PFA) and permeabilized
with 0.5% Triton X-100 in PBS for 15 min at room temperature. Immunostaining was performed as
described previously (3, 34, 51, 68), using primary NS1 (mouse MAb 1A7) (83), NP (mouse MAb HB-65),
HA (mouse MAb PY102) (59), or NLuc (rabbit pAb, kindly provided by Promega) antibodies and
fluorescein isothiocyanate (FITC)-conjugated anti-mouse or anti-rabbit immunoglobulin secondary anti-
bodies (Dako). Cell nuclei were stained with 4=,6=-diamidino-2-phenylindole (DAPI; Research Organics).
Images were taken with a fluorescence microscope (Nikon Eclipse TE2000) at �20 magnification, and
pictures were processed with Adobe Photoshop CS4 software (v11.0).

Virus growth kinetics. To evaluate virus multicycle growth kinetics, confluent MDCK cells (12-well
plate format, 5 � 105 cells/well, triplicates) were infected at an MOI of 0.001. After 1 h of virus adsorption
at room temperature, the cells were washed and overlaid with DMEM containing 0.3% BSA and
TPCK-treated trypsin and incubated at 33°C. At the indicated times postinfection (24, 48, 72, and 96 h),
the virus titers in the culture supernatants (in fluorescent-forming units [FFU] per milliliter) were
determined by immunofocus assay (35, 68) using an influenza virus NP MAb (HB-65) as previously
described (35, 68). In addition, cells were imaged as described above, and the presence of NLuc in the
culture supernatants was quantified using Nano-Glo luciferase substrate (Promega) following the man-
ufacturer’s specifications. The mean value and standard deviation (SD) were calculated using Microsoft
Excel software.

Plaque assay and immunostaining. Confluent monolayers of MDCK cells (6-well plate format, 106

cells/well) were infected with PR8 wild-type (WT) virus or BIRFLU for 1 h at room temperature, overlaid
with agar, and incubated at 33°C. At 3 days postinfection, cells were fixed overnight with 4% parafor-
maldehyde (PFA), and the overlays were removed. For visualization of Venus, PBS was added and the
plates were imaged with a ChemiDoc station (Bio-Rad) and colored using Adobe Photoshop CS4 (v11.0)
software. The cells were then permeabilized (0.5% Triton X-100 in PBS) for 15 min at room temperature
and prepared for immunostaining as previously described (35, 36) using an NLuc pAb (kindly provided
by Promega) and vector kits (Vectastain ABC kit and DAB HRP substrate kit; Vector) following the
manufacturers’ specifications. After immunostaining, the plates were stained with crystal violet (51, 68).

Genetic stability of BIRFLU in cultured cells. MDCK cells (6-well plate format, 106 cells/well) were
infected (MOI, 0.01) with BIRFLU and incubated until a 70% cytopathic effect (CPE) was observed. Tissue
culture supernatants were then harvested and diluted 1:100, followed by similar infection of fresh MDCK
cells for a total of 4 passages. During each viral passage, cultured supernatants were collected to evaluate
NLuc- and Venus-expressing plaques (�70 to 100 counted plaques per passage) using plaque and
immunostaining assays, as described above.

Reporter-based microneutralization assays. BIRFLU microneutralization assays were performed as
previously described (35, 36, 78). MAbs PY102 (59) and 29E3 (60) against the HA of PR8 or pH1N1,
respectively, were serially diluted (2-fold) in PBS (starting concentration, 10 �g/ml). Then, 200 PFU of virus
was added to the antibody dilutions and the mixture was incubated for 1 h at room temperature. MDCK
cells (96-well plate format, 5 � 104 cells/well, triplicates) were then infected with the antibody-virus
mixture and incubated for 48 h at 33°C. The NLuc activity in the culture supernatants was quantified
using Nano-Glo luciferase substrate (Promega) and a Lumicount luminometer. In addition, cells were
washed with PBS prior to quantification of Venus expression using a fluorescence plate reader (DTX-880;
Becton Dickinson). The fluorescence or luciferase values of virus-infected cells in the absence of antibody
were used to calculate 100% viral infection. Cells in the absence of viral infection were used to calculate
the fluorescence or luminescence background. Triplicate wells were used to calculate the average and
SD of neutralization using Microsoft Excel software. The 50% neutralization concentration (NC50) was
determined by use of a sigmoidal dose-response curve (GraphPad Prism, v4.0, software).

Antiviral assays. Antiviral-mediated inhibition of BIRFLU was evaluated as previously described (35,
36, 78). Briefly, confluent monolayers of MDCK cells (96-well plate format, 5 � 104 cells/well, triplicates)
were infected with 200 PFU of BIRFLU. After 1 h of infection, infectious medium was supplemented with
2-fold serial dilutions (starting concentration, 100 �M) of ribavirin (84) (Sigma) or amantadine (Sigma),
and the cells were incubated for 48 h at 33°C. Then, NLuc and Venus expression was quantified as
indicated above. Triplicate wells were used to calculate the mean and SD of inhibition. The 50%
inhibitory concentration (IC50) was determined by use of a sigmoidal dose-response curve (GraphPad
Prism, v4.0, software).

Mouse experiments. All protocols involving mice were approved by the University of Rochester
Committee of Animal Resources and complied with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Research Council (85). Five- to 7-week-old female BALB/c mice
were purchased from the National Cancer Institute (NCI) and maintained in the animal care facility at the
University of Rochester under specific-pathogen-free conditions. For viral infections, cohorts of mice
(n � 5 or 4 for virulence or imaging analysis, respectively) were anesthetized intraperitoneally (i.p.) with
2,2,2-tribromoethanol (Avertin; 240 mg/kg of body weight) and inoculated intranasally (i.n.) with the
number of PFU of BIRFLU indicated above.

In vivo bioluminescence imaging of whole mice was performed with an IVIS Spectrum multispectral
imaging instrument (Caliper Life Sciences, Inc.). The mice were lightly anesthetized with isoflurane, and
Nano-Glo luciferase substrate (Promega) was diluted 1:10 in PBS and injected retro-orbitally in a final
volume of 100 �l. The mice were immediately imaged, and bioluminescence data acquisition and
analysis were performed using Living Image software (v4.5; PerkinElmer). Flux measurements were
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acquired from the region of interest. The scale used for the data is included in each specific figure.
Immediately after imaging, the mice were euthanized and the expression of Venus in whole excised
lungs was analyzed in the IVIS as previously described (34–36). Mice were euthanized by administration
of a lethal dose of 2,2,2-tribromoethanol followed by bleeding. Lungs were surgically extracted and
washed with PBS, and images were acquired and analyzed with Living Image (v4.5) software to
determine the radiant efficiency of the regions of interest. The fluorescence signal induced was
normalized to the signal for mock-infected animals. Viral replication was assessed in the lungs of infected
mice at 2, 4, 6, 8, and 10 days p.i. Briefly, the lungs were homogenized after imaging and virus titers (in
FFU per milliliter) were determined by immunofocus assay as indicated above and as previously
described (34–36, 51, 68, 69).
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