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Influenza A virus (IAV) is a major human pathogen associated with significant morbidity and mortality worldwide. Through serial passage in mice, we generated a recombinant pdmH1N1 2009 IAV, A/Guangdong/GLW/2018 (GLW/18-MA), which encodes an mCherry gene fused to the C-terminal of a polymerase acidic (PA) segment and demonstrated comparable growth kinetics to the wild-type. Nine mutations were identified in the GLW/18-MA genome: PA (I61M, E351G, and G631S), NP (E292G), HA1 (T164I), HA2 (N117S and P160S), NA (W61R), and NEP (K44R). The recombinant IAV reporter expresses mCherry, a red fluorescent protein, at a high level and maintains its genetic integrity after five generations of serial passages in Madin-Darby Canine Kidney cells (MDCK) cells. Moreover, the imaging is noninvasive and permits the monitoring of infection in living mice. Treatment with oseltamivir or baicalin followed by infection with the reporter IAV led to a decrease in fluorescent protein signal in living mice. This result demonstrates that the IAV reporter virus is a powerful tool to study viral pathogenicity and transmission and to develop and evaluate novel anti-viral drugs, inhibitors, and vaccines in the future.
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Introduction

Influenza A virus (IAV) is the most widespread virus worldwide, which causes respiratory diseases in avian and mammalian host species (Webster, 2002). To date, pandemic H1N1 (pdmH1N1/2009) and H3N2 subtypes co-circulate with type B viruses worldwide (Phipps et al., 2017). However, outbreaks of avian influenza viruses (i.e., H5N1, H7N9, and H9N2) in humans, although not resulting in a pandemic, show that exposure to infected poultry is the main risk factor for infection (Centers for Disease, C. and Prevention, 1997; Song and Qin, 2020; Song et al., 2021). Moreover, the IAV-segmented genome structure easily undergoes reassortment among hosts and among various subtypes, which may result in novel pandemic strains that threaten human health (Steel and Lowen, 2014).

The latest development of in vivo bioluminescence or fluorescence imaging technology enables scientists to directly monitor cell activity in living organisms (Kim et al., 2015). Bioluminescence uses the luciferase gene to label cells or DNA, while fluorescence technology uses fluorescent reporter groups (i.e., eGFP, RFP, mCherry, or Venus) without the need to inject substrates for imaging (Perez et al., 2013). The use of sensitive optical detection equipment allows researchers to directly analyze molecules, cells, and tissues from a range of living systems and investigate their real-time dynamics.

One of the useful approaches used to monitor how the virus replicates in cells in real-time is to generate reporter-expressing influenza viruses which are engineered to express bioluminescent or fluorescent proteins in the polymerase genes, surface genes, or non-structural genes (Pan et al., 2013). However, most of the reporter viruses generated are derived from laboratory strains, such as A/Puerto Rico/8/1934 or A/WSN/33, which are atypical since they lack glycosylation sites on the HA segments, and are hard to reflect pathogenicity to contemporary humans (DiPiazza et al., 2017). Recently, a mouse-adapted pdm09 H1N1 (A/CA/4/2009) was used to generate a reporter virus that expressed a NanoLuc luciferase gene (Cai et al., 2018). However, the description of the generation of this reporter virus was unclear.

An IAV is encapsulated by a lipid bilayer envelope, and the viral particle is composed of eight single-stranded RNA segments (vRNA) (Webster et al., 1992). Each vRNA segment is separately encapsulated by multiple copies of NP protein forming a twisted panhandle structure. Three polymerase proteins (PB2, PB1, and PA) bind to the non-coding regions (NCRs) or untranslated regions (UTRs) to form an RNP complex. Each segment contains a coding region, which encodes one or two viral proteins, flanked by 5’- and 3’-terminal UTRs (Noda and Kawaoka, 2010). A selective packaging hypothesis emphasizes the importance of each of the eight segments for viral propagation. The packaging region of each viral segment includes 5’- and 3’-terminal UTRs and partial coding regions (Gerber et al., 2014; Seshimo et al., 2021). It has been reported that the influenza A virus can insert foreign genes into polymerase, surface, or nonstructural segments to express artificial proteins with virus replication but decrease virus replication efficiency (Pan et al., 2013; Tran et al., 2013; Fukuyama et al., 2015; Chiem et al., 2019). However, gene manipulation to a human IAV segment may fail to produce a recombinant virus unless the integrity of the packaging signal region is retained (Li et al., 2021).

A previous study used a mouse model to elucidate adapted mutations related to host interactions and viral pathogenicity through experiments in which mice were infected with human IAVs (Brown et al., 2001). However, seasonal pdmH1N1 and H3N2 human isolates replicate poorly and show no symptoms in mice (Ilyushina et al., 2010; Baz et al., 2019). Therefore, the serial lung-to-lung passage is necessary for selecting mouse-adapted human IAVs, which results in mutations in multiple genes (Ilyushina et al., 2010; Boivin et al., 2012; Choi et al., 2020). HA segment substitutions, a major factor in determining viral virulence or infectivity, are common; these affect the preference of host receptor binding (Keleta et al., 2008) or are associated with the loss of glycosylation sites (Chen et al., 2007). Furthermore, substitutions in polymerase genes have been commonly identified in mouse-adapted strains and are related to enhanced virulence in mice (Ping et al., 2010; Zhang et al., 2017). These mutations are considered crucial markers of mammalian virulence and adaptation, possibly through changing the stereo structure to affect polymerase activities in mice.

Several anti-influenza drugs that have good activities against a broad spectrum of influenza viruses, including neuraminidase inhibitors, M2 ion channel inhibitors, and polymerase inhibitors, have been licensed for the treatment of seasonal flu and pandemic infections (Pielak et al., 2009; McKimm-Breschkin, 2013; Jones et al., 2020). Tamiflu™ (the phosphate salt of oseltamivir) developed by Gilead Sciences, Inc. and F. Hoffman–La Roche Ltd is a popular orally available anti-flu drug, which is well absorbed and rapidly cleaved by endogenous esterase in vivo. However, the appearance of flu variants with acquired drug resistance led to the development of novel anti-flu inhibitors or chemical components for preventing future pandemics (Wu et al., 2017). Baicalin is a type of flavonoid extracted from the dried roots of the traditional Chinese herbal medicine Scutellaria baicalensis and possesses potent inhibitory activity against the neuraminidase of IAV (Chu et al., 2015).

In this study, we used a clinically isolated pdmH1N1 2009 influenza virus – A/Guangdong/GLW/2018 (GLW/18) – to generate a mouse-adapted strain followed by insertion of an external red mCherry gene to produce a fluorescent influenza reporter virus, GLW18-MA-mCherry. Two known chemical compounds, oseltamivir and baicalin, were applied to evaluate the inhibitory effects on the reporter virus. This reporter virus is suitable for in vivo imaging assay by examining its fluorescence intensity, which can be extended to carry out viral pathogenicity and transmission studies and screen anti-viral drugs using a mouse model.



Results


Adaptation of a pdmH1N1 2018 Variant in Mice

Mice are almost avirulent to original pandemic H1N1 (pdmH1N1) isolates (Ilyushina et al., 2010). Therefore, to increase its virulence in mice, we generated a mouse-adapted mutant strain of the A/Guangdong/GLW/2018 (H1N1, GLW/18) by serial lung-to-lung blind passages, initialized by intranasal inoculation of 1.0 × 105 PFU in 25 µL of phosphate buffered saline (PBS). After 12 passages, mice demonstrated a trend toward weight loss, suggesting that GLW/18 acquires adaptative mutations, which allows it to replicate effectively in vivo. We then passaged for a further three rounds. The viral RNA of the 15th generation isolate extracted from the lung homogenate was reverse-transcribed to generate cDNA, whose genome sequences were determined and named GLW/18-MA. GLW/18-MA exhibited greater virulence compared to the wild-type virus. Growth kinetics data demonstrated that the viral population of the GLW/18-MA grew approximately 10 times higher than the wild-type in 24-, 48-, and 72-hours post-infection, respectively, indicating that the mouse-adapted variant acquired substitutions in mice (Figure 1). Genome sequence comparison showed that nine mutations were identified in the mouse-adapted genome (GLW/18-MA). Four substitutions were related to virus replication (PA I61M, PA E351G, PA G631S, and NP E292G); another four were located at the surface gene (HA1 T164I, HA2 N117S, HA2 P160S, and NA W61R); and one was relevant to nuclear export (NEP K44R) (Table 1). It was reported that the mutation I to T at position PA-61 affected PA endonuclease activity to cleave host capped pre-mRNAs (Hu et al., 2016). In this study, the substitution I to M at position PA-61 might have a similar function in mice. The substitution T to I at position HA1-164 disappears a glycosylation site around the epitope Ca, which might result in the conformational change of the epitope. Hu et al. reported that HA2-117 is a key amino acid residue that affects HA stability (Hu et al., 2020). The mutation N to S at position HA2-117 in the GLW/18-MA might also increase the stability of the HA trimer for better replication and transmission in mice. These results indicated that the GLW/18-MA isolate had acquired mutations that significantly affected virulence in mice.




Figure 1 | Growth curves of the wild-type and mouse-adapted GLW/18 recombinant viruses. The growth kinetics of the wild-type GLW/18 RG virus and the mouse-adapted viruses in MDCK cells were compared. The cell culture supernatants of MDCK cells infected at a multiplicity of infection (MOI) of 0.001 were collected at 12, 24, 48, and 72 h post-infection and subjected to plaque assay in MDCK cells to determine virus titers. The values displayed are the log10 means ± s.d. from three separate experiments. Statistical significance was determined by Student’s t-test. **P < 0.01.




Table 1 | Amino acid substitutions identified in mouse-adapted GLW/18 pdmH1N1 isolate.





Distribution of Mouse-Adapted Mutations in Natural Isolates

To examine whether the amino acid mutations identified in GLW/18-MA have the potential to occur in nature, we compared its genome sequence with that stored in the Global Initiative on Sharing Avian Influenza Data (GISAID). In total, we downloaded 61,737 human pdm09 strains from April 2009 to November 2021. The mouse-adapted substitutions were found in nature; I61M was found in the PA protein of 1.7% of contemporary isolates, and one glycosylation site of HA1 T164 was mutated, which occupied approximately 0.1% in the database. Both PA I61M and HA1 T164I substitutions appeared after 2017, indicating that such mutations might be co-evolved with other amino acids. The other seven mouse-adapted mutations were rare in the GISAID database.



PA Substitutions Increased Virus Replication

We tested whether the presence of substitutions altered the ribonucleoprotein (RNP) complex polymerase activity of the GLW/18 strain in human embryonic kidney 293T (HEK293T) cells. It was found that three PA substitutions (I61M, E351K, and G631S), either individually or together with other mutations, demonstrated higher polymerase activity than wild-type. The wild-type PA and NP E292G RNP complex showed higher polymerase activity than that of the wild-type group, but no significant difference (P value = 0.0501). Although the single mutation of PA with NP E292G did not increase the polymerase activity significantly, the PA triple substitutions with NP E292G contributed to the polymerase activity. Overall, three PA substitutions, individually or combinatorically, but not NP E292G, increased the polymerase activities of the GLW/18-MA which might affect its virulence in vivo (Figure 2).




Figure 2 | Polymerase activity of GLW/18 variants in vitro. HEK293T cells were transfected with GLW/18 complexes composed of wild-type genotypes of pHW2000 derived plasmids PB2, PB1, PA, and NP, and pHW2000 substitutive PA plasmids, as shown in , with the firefly luciferase reporter pYH-Luci and a Renilla luciferase reporter (internal control). Luciferase activity was measured at 24 h post-transfection, following incubation at 33°C. Statistical significance was analyzed by one-way analysis of variance, corrected by the Bonferroni post-test. **P < 0.01, *P < 0.05. n.s., no significant.





Effect of HA Substitutions on Antigenic Specificity

To assess whether the amino acid changes identified in the GLW/18-MA affected its antigenic specificity due to acquired HA mutations, an HI assay was performed to test the antigenic properties of wild-type and GLW/18-MA using antiserum collected from GLW/18-infected patients (Xing et al., 2021). The HI titer of the wild-type was 2560, while that of the variant was only 40, suggesting that the reactivity of the antiserum against GLW/18-MA was dramatically decreased (Table 2). Of the three substitutions, HA1-164 was an N-glycosylation site (NQT) in the wild-type isolate, which is located at the antigenic site Ca (Kao et al., 2012). The loss of the N-glycosylation site might change the epitope of HA and increase the fitness of the variant in mice.


Table 2 | Antigenic characterization of GLW/18 wild-type and mouse-adapted variant by hemagglutination inhibition assay.





Effect of NA Substitution

To characterize whether NA substitution contributed to increasing the virulence of the GLW/18-MA in mice, a NA activity assay was performed using a neuraminidase assay (Beyotime) according to the manufacturer’s instruction. Three dosages (1, 0.5, and 0.25 TCID50) were applied in the assay, but it did not demonstrate the significant difference between the two groups, indicating that NA W61R substitution did not affect the virulence of the mouse-adapted variant (Supplementary Figure 1).



Generation of a GLW/18-MA-mCherry Reporter Virus

It has been reported that the insertion of external genes at the C-terminal of polymerase genes does not affect viral propagation unless the packaging signals or functions of the native viral polymerase are disrupted (Marsh et al., 2008; Gao et al., 2010; Hamilton et al., 2018). Briefly, influenza codon-optimized mCherry nucleotide sequences were synthesized and fused before the packaging sequence of the PA segment (Puigbo et al., 2007). A PTV-1 2A autoproteolytic cleavage site peptide triggered by ribosomal skipping of the peptide bond was inserted between the PA and mCherry coding sequences to translate two separate peptides (Figure 3A). Synonymous changes were introduced to inactivate the PA ORF region packaging signals. The packaging region, including the PA native packaging sequences, the stop codon, and the 5’ non-coding region (5’ NCR), retained its integrity.




Figure 3 | In vitro and in vivo growth characteristics of the reporter virus. (A) Diagram of the GLW/18 mouse-adapted PA segment engineered to express mCherry fluorescent protein during infection. (B) Detection of the transgenic segment in the GLW/18-MA-mCherry reporter virus. Viral RNA was isolated, and RT-PCR was performed to amplify the C-terminal of wild-type and transgenic PA segments. Forward primer: 5′-TTGAGAGCATGATTGAAGCC-3′; reverse primer: 5′-AGTAGAAACAAGGTACTTTTTTGGAC-3′. Following viral growth at 33°C for 3 days, allantoic fluid was isolated, diluted 10−6, and injected back into three eggs; this was repeated for a total of five passages. (C) The growth kinetics of the reporter virus and the mouse-adapted RG virus in MDCK cells were compared. The cell culture supernatants of MDCK cells infected at an MOI of 0.001 were collected at 12, 24, 48, and 72 h post-infection and subjected to plaque assay in MDCK cells to determine virus titers. The values displayed are the log10 means ± s.d. from three separate experiments. Statistical significance was determined by Student’s t-test. **P < 0.01. (D) To test virus replication in mice, groups of five BALB/c mice were each inoculated intranasally with 1 × 105 PFU in 25 µL phosphate buffered saline (PBS). Mice were observed daily for changes in body weight for 14 days.



We adopted Dr. Peter’s approach to generate a reporter influenza A virus (Gao et al., 2010). To this end, we made 13 PA constructs whose packaging signals on the coding region ranged from 108 nt to 138 nt (excluding stop codons). Two plasmids whose packaging sequences contained 126 and 129 nt, respectively, were successfully rescued using recombinant reporter viruses in an eight-plasmid influenza A virus rescue system (see Materials and Methods) (Hoffmann and Webster, 2000). The reporter virus carrying 126 nt of the PA packaging sequence was named GLW/18-MA-mCherry. Interestingly, the packaging region of GLW/18-MA was slightly different from that of PR8. The latter included 123 nt (not including stop codons) in the PA ORF region (Gao et al., 2010), while the former (including GLW/18-MA-mCherry) included 126 nt packaging sequences in the PA coding region, respectively, showing that the packaging signals are crucial for the viability of the virus.



Characterization of Recombinant Reporter Virus

To test the genetic integrity and stability of the reporter virus, the reporter virus was continuously passaged for five generations in ovo. Briefly, following viral growth in 8- to 10-day-old SPF eggs at 33°C for 3–4 days, allantoic fluid was isolated, diluted 10−5 to 10−6, and used to inoculate another egg. Genome sequencing revealed that no mutations were present in the PA-mCherry segment, indicating that the insertion appears stable for at least five passages in ovo (Figure 3B).

To examine the phenotype of mouse-adapted reporter virus, a comparison of the growth kinetics of three viruses revealed that the GLW/18-MA-mCherry reporter virus replicated at a titer approximately one log lower than the mouse-adapted strain (GLW/18-MA) in MDCK cells, but grew similar to the GLW/18 wild-type (Figure 3C).

To further characterize the pathogenicity of the reporter virus, both GLW/18-MA and GLW/18-MA-mCherry viruses were tested in a mouse infection model. We calculated the 50% mouse lethal dose (MLD50) of both viruses; the GLW/18-MA was 105.25 PFU and the GLW/18-MA-mCherry was 105.5 PFU. Mice were infected with a sub-lethal dose (105.0 PFU in 25 µL PBS) and changes in body weight were recorded over the following 14 days. Viruses carrying mCherry reporter genes caused moderated body weight loss, while GLW/18-MA caused more serious body weight loss, which peaked at around 20% on day 7 post-infection (Figure 3D).



Calculation of TCID50 and EC50

To test whether the fluorescent virus can be used as a reporter system in vitro and in vivo, we selected two known anti-influenza NA inhibitors, oseltamivir (Roche) and baicalin (Chengdu Aifa, purity > 98%), in this study.

To determine the virus infectivity to MDCK cells, we calculated the median tissue culture infective dose (TCID50) using the CPE observation and HA assay methods, whose values were 10-6.25/100 µL for the GLW/18-MA-mCherry reporter virus and 10-5.25/100 µL for the GLW/18-MA virus (Supplementary Figures 2A, B). To define the half-maximal concentration of a drug, the half-maximal effective concentration (EC50) of oseltamivir and baicalin to MDCK cells was calculated as 1.293 and 36.64 µg/mL, respectively, using the standard method (Supplementary Figures 3A, B).



Western Blotting and Immunofluorescent Assay

To examine the inhibitory effect, confluent MDCK cells were infected with reporter virus using a 100TCID50 dosage. After absorption for 2 h, 3.15 µM of oseltamivir or 82.09 µM of baicalin were added and incubated at 33°C for 24 h. Cell lysis was examined by western blotting and immunofluorescent assay (IFA). It was shown that both oseltamivir and baicalin efficiently inhibited viral propagation (Figures 4A, B).




Figure 4 | Inhibitory effect of baicalin and oseltamivir against the reporter virus. (A) Confluent MDCK cells were absorbed with 100 TCID50 GLW/18-wild-type or reporter virus for 2 h followed by treatment with 3.15 µM oseltamivir or 30.99 µM baicalin, respectively. Viruses and chemical compounds were cultured at 33°C for 24 h before cell lysis for western blotting detection. (B) MDCK cells were infected with wild-type or mCherry-expressing reporter virus at an MOI of 1. Infected cells were processed for microscopy at 8 h post-infection. After fixation, imaging of cells was performed using a fluorescent microscope (Nikon Ti-S). DAPI (4’,6’-diamidino-2-phenylindole) was used to visualize the nuclei of the cells. (C) Mice were infected with 1 × 105 PFU viruses and analyzed for fluorescent signals at 7 d. p. i. (D) viral titers in lung homogenates were determined by plaque assay. (E) fluorescent signals of mice described for (C) were quantified (n=3). (F) To further examine the inhibitory efficiency in vivo, three groups of mice were intragastrically treated with oseltamivir phosphate (50 mg/kg), baicalin (150 mg/kg), or sterile water 2 days before infection. After infecting an inoculum of 1 × 105 PFU reporter viruses, inhibitors were daily treated until 7 d. p. i. (n=3), images were captured at 3, 5, and 7 d. p. i., respectively. (G) quantification of fluorescent signals of three groups of mice infected with reporter virus untreated or treated inhibitors. (H) Three groups of mice in panel F were sacrificed at 7 d. p. i. for calculation of the number of viral particles in lung homogenates. ***P < 0.001, **P < 0.01, *P < 0.05.





In Vivo Imaging of Reporter Virus Infection

Each group of eight Balb/c mice was intranasally infected with an inoculum of 1 × 105 PFU of the reporter virus, GLW/18-MA-mCherry. The body weight of the infected groups began decreasing at 2 days post-infection (data now shown). The fluorescent output reached a maximum at 7 days post-infection (Figure 4C). No obvious fluorescent signals were detected in the groups of mock infection and GLW/18-MA. To examine the virus replication ability in mice lung tissue, three mice from two groups were euthanized on day 7 post-infection and lung tissue was collected for virus titration. Consistent with the body weight loss and growth kinetic results, mouse-adapted viruses replicated twice as fast as the mCherry reporter virus in vivo (Figure 4D). Both groups infected with mouse-adapted viruses had clear lesions, but mice infected with mCherry-expressed reporter viruses were visualized robust fluorescence (Figure 4E). In vivo imaging data demonstrated that mCherry-expressed influenza A virus could be used to monitor the animal infection.

To further examine the inhibitory efficiency in vivo, three groups of mice were intragastrically treated with oseltamivir phosphate (50 mg/kg), baicalin (150 mg/kg), or PBS 2 days before infection. After infecting an inoculum of 1 × 105 PFU reporter viruses, inhibitors were given daily until 7 days post-infection. As expected, mice infected with GLW/18-MA-mCherry demonstrated increased fluorescent signals over time. In total, images were captured at 3, 5, and 7 d. p. i., respectively. However, the fluorescent outputs of the inhibitor-treated groups were much weaker than the untreated group (Figure 4F). The fluorescent signals of three groups were quantified (Figure 4G). The number of viral particles from lung homogenates was consistent with the fluorescent signals at 7 days post-infection (Figure 4H).

In vivo imaging data demonstrated that the mCherry-expressed influenza reporter virus could monitor animal infection. Thus, this method provides an approach for the study of viral pathogenicity and the development and evaluation of new anti-viral drugs, inhibitors, and vaccines in the future.




Materials And Methods


Viral Propagation

Viruses were propagated in 8-to 10-day-old SPF eggs or MDCK cells for 3-4days at 33°C. Viral RNAs (vRNAs) were extracted to prepare single-strand complementary DNA (ss cDNA) for amplification of viral segments (QIAGEN).



Construction of Recombinant Reporter Viruses

All of the influenza A viruses applied in this study were rescued using reverse genetics (RG) techniques to ensure the absence of contamination from other microbes (Hoffmann and Webster, 2000). The viral plasmids were constructed as described previously (Xing et al., 2021). The mCherry gene was cloned into pHW2000-GLW-PA plasmid. To avoid redundancy of packaging sequences within the PA vRNA segment, silent mutation of packaging sequences (SMPS) within the terminal 126 nt of PA was applied, and the original PA packaging sequences were fused downstream of the mCherry gene. A 2A peptide from porcine teschovirus 1 (PTV-1 2A) was inserted between PA and mCherry for the translation of two independent proteins.



Minigenome Reporter Assays

Luciferase activity-based minigenome reporter assays were performed as described previously (Huang et al., 2017). RNP complexes composed of PA, PB1, PB2, and NP derived from A/Guangdong/GLW/2018-wild-type and mouse-adapted strains and cloned into the pHW2000 vector (50 ng each) were mixed with a luciferase reporter plasmid (50 ng) and a thymidine kinase promoter-Renilla luciferase reporter plasmid (pRL_TK) construct (10 ng). Subsequently, these constructs were co-transfected into HEK293T cells and incubated at 33°C, supplied with CO2. The luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega) at 24 h post-transfection. The RNP polymerase activity was normalized against pRL_TK activity.



Viral Growth Kinetics in Cells

Confluent MDCK cells were infected with RG viruses at a multiplicity of infection (MOI) of 0.001. The viral inocula were removed after 1 h of adsorption at 33°C and replaced with minimal essential medium (MEM) containing 1 mg/mL of L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated trypsin. Infected cells were further incubated at 33°C, supplied with 5% CO2. Culture supernatants were collected at different time points post-infection and viral titers were determined by the plaque assay in MDCK cells. Culture supernatants were collected at different time points post-infection and viral titers were determined by the standard 50% tissue culture infective dose assay in MDCK cells.



TCID50 Determination of Viruses

MDCK cells were grown in 96-well plates for 24 h. The virus stock was serially diluted 2-fold by serum-free media. Then, 100 µL of serial virus dilution was added to each well at 33°C for 2 h. The cells were incubated in a maintenance medium at 33°C for another 48 h. The cell viability was measured by hemagglutination assay. The TCID50 (50% tissue culture infectious dose) was determined using the Reed-Muench method (Reed and Muench, 1938).



HI Assay

HI tests with recombinant viruses were conducted as described previously (Wu et al., 2008). Briefly, recovered patient sera collected from the GLW/18-infected patient were treated with receptor-destroying enzyme (RDE, Denka Seiken Co., Tokyo, Japan). Control antibodies and sera were then 2-fold serially diluted in 96-well plates. Subsequently, 8 HA units of the virus were added to each well and incubated at room temperature for 1 h. Then, 50 μL of 0.5% Turkey erythrocytes (Lampire Biological Laboratories, PA) was added to the serum/virus mixture followed by incubation for 30 min. The HI titer is defined as the reciprocal of the highest dilution of sera that completely inhibits hemagglutination. The HI test was started at a 1:20 dilution for anti-GLW/18 serum.



NA Activity Assay

NA activity was detected by a Neuraminidase Assay Kit (Beyotime), following the manufacturer’s instructions. Briefly, the same TCID50 doses of wild-type or reporter viruses were added to 70 μL detection buffer, followed by adding 10 μL water and 10 μL NA fluorescent substrate. After incubation at 37°C for 30 min, the fluorescence intensity was measured at an excitation of 322 nm and an emission of 450 nm using a Synergy X Multi-Mode Microplate Reader (Bio-Tek, Winooski, Vermont, USA).



Preparation of Chemical Compounds

Baicalin and oseltamivir were dissolved in 60°C sterile water and stored at 4°C.



Replication in Mice and Lethal Dose Determination

For replication in mice and lethal dose determination, female BALB/c mice, aged 5–6 weeks, were obtained from Beijing Huafukang Biotechnology Co., Ltd. For MLD50 determination, groups of five mice were anesthetized with isoflurane (Halocarbon Laboratory) and intranasally inoculated with 25 mL of 10-fold serial dilutions of RG virus in PBS, at a dose range of 104–106 PFU. Body weight and survival were monitored daily for 14 days after infection. The MLD50 of RG viruses was calculated by the Reed-Muench Method (Reed and Muench, 1938) using GraphPad Prism Version 8 software. To test virus replication in mice, groups of eight mice were anesthetized with isoflurane and inoculated intranasally with 1 × 105 PFU (25 µL) of RG viruses. Animals were observed daily for mortality and body weight was measured for up to 14 days after infection. At 7 days post-infection, three mice from each group infected with wild-type or reporter virus carrying mCherry were euthanized and lung tissue samples were collected from each mouse for virus titration. In vivo imaging was performed using a PerkinElmer IVIS Lumina III imaging system. Imaging capture and analysis were performed by the PerkinElmer Living Imaging software. The protocols for the animal experiments were approved by the Ethics Committee of The First Affiliated Hospital of Guangzhou Medical University (File No. 2021072 approved on March 16, 2021).



Statistical Analysis

Statistical analysis was conducted using GraphPad Prism Version 8 software (GraphPad Software Inc.).




Discussion

Genome packaging of IAV is a fundamental process in the viral life cycle. All eight vRNAs are selectively packaged into each progeny virion through segment-specific genome-packaging signal sequences located in the noncoding and terminal coding regions of both the 5′ and the 3′ ends of the vRNAs (Goto et al., 2013). Packaging regions of the viral eight segments are proved to be crucially involved in the generation of reassorted viruses (Essere et al., 2013). Reporter viruses can be generated by inserting foreign genes into the viral segments. It has been reported that six segments of the influenza A virus, including PB2, PB1, PA, HA, NA, and NS. However, most of them were derived from the PR8 or WSN laboratory-adapted isolates, which may not be suitable for the study of contemporary epidemics (Kittel et al., 2004; Gao et al., 2010; Martinez-Sobrido et al., 2010; Pan et al., 2013; Fukuyama et al., 2015). Therefore, in this study, we selected a pdmH1N1 2018 clinical isolate to engineer its PA segment and created a fluorescent-expressed reporter virus. Interestingly, it was found that the 5’ packaging signal region of the PA segment of GLW/18 contained 187 nt (129 nt in the coding region and 58 nt in the 5’ non-coding region), which was 3 nt more than that of the PR8 strain (Gao et al., 2010). Dr. Mehle’s group generated a WSN-based PA-Nluc reporter virus, whose packaging sequences in the coding region were only 50 nt, but failed to rescue a recombinant GLW/18 reporter virus (Tran et al., 2013). Meanwhile, we engineered the PA segment of a cold-adapted H2N2 strain, A/Ann Arbor/6/1960, and identified that its packaging region was different from that of PR8, WSN, and GLW/18, respectively (data not shown). PA segments from three isolates have different packaging signals at 5’ NCR, suggesting that packaging signal regions are variable in the different subtypes. Another two basic polymerases, PB2 and PB1, also can be used a similar approach to translate a foreign mRNA like PA segment, but the insertion sizes cannot be longer than 1kbp (Heaton et al., 2013; Munier et al., 2013; Yan et al., 2015). Our unpublished data showed that, among 3 polymerase subunits, PA is the most stable gene which can express around 2k bp size of foreign gene separated by the PTV-1 2A peptide. Influenza viruses with NS1 deletions (DelNS1 influenza viruses) are another common reporter virus that expresses foreign proteins taking over the NS1 open reading frame with some modifications to prevent the splicing activity (Salvatore et al., 2002; Zheng et al., 2015). It seems that the size of the DelNS1 virus for insertion of foreign genes could not be longer than 1 kbp (Salvatore et al., 2002; Wang et al., 2019). Packaging signal regions are composed of 3’- and 5’- NCRs and partial ORFs of each viral segment. Once viral packaging signals sequences were disrupted, the reporter virus would not be successfully rescued. Therefore, the generation of reporter influenza viruses might be a good approach to study the mechanism of the selective packaging model of IAV.

In past decades, several epidemics of respiratory infections from newly emerging viruses have seriously threatened global health and the economy; such viruses include severe acute respiratory syndrome coronavirus (SARS-CoV-1 and SARS-CoV-2), Middle East respiratory syndrome coronavirus (MERS-CoV), and the pandemic influenza A (H1N1), H5N1, and H7N9 avian influenza (AI) viruses. Therefore, it is necessary to develop pandemic risk assessment tools that evaluate the pathogenicity, pandemic potential, and susceptibility to antiviral interventions of such viruses (Harrington et al., 2021). Reporter viruses expressing bioluminescent or fluorescent proteins can facilitate us to monitor virus replication in live animals noninvasively, such as PR8, WSN, CA4, and SARS-CoV-2 reporter viruses (Tran et al., 2013; Heaton et al., 2013; Cai et al., 2018; Thi Nhu Thao et al., 2020). The advantages of recombinant reporter viruses can be easily observed virus replication in vivo by detecting fluorescent strength expressed by inserted genes such as luciferase, eGFP or mCherry without euthanasia of rodents for detection of lung titers and acquire whole-body imaging by a non-invasion technology. However, the reporter virus usually has a lower titer and pathogenicity than its wild-type form, possibly due to the external gene that might decrease the transcriptional and translational efficiency during virus propagation. To solve this problem, the adapted strain could be passaged more generations in mice to acquire sufficient mutations for future study.

Here, we engineered a reporter influenza A virus, which replicates well and expresses a fluorescent mCherry protein to the virus in vivo that can be used to detect flu replication and rapidly assess the safety and efficacy of antiviral inhibitors in the same animal throughout the course of infection. Moreover, reporter viruses can be applied as a useful tool for screening of anti-viral drugs or inhibitors, identification of host factors related to viral replication, and development of live-attenuated vaccines.
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Supplementary Figure 1 | Neuraminidase (NA) activity assay. The NA activity of viruses was determined by a kit as described in Materials and Methods. Three dosages (1 TCID50, ½ TCID50, and ¼ TCID50) of wild-type and reporter viruses were used in the assay, and the results are displayed as means ± s.d. (n = 3).

Supplementary Figure 2 | Groups of mice were infected with 25 µL inocula containing 105 or 106 PFU of reverse genetic versions of viruses, as specified. Mice were observed daily for changes in body weight for 14 days (day 0 to day 14). Animals that lost 25% of their pre-infection weight were euthanized, in accordance with our institutional animal ethics guidelines. The MLD50 values were calculated using the Reed and Muench method.

Supplementary Figure 3 | Confluent MDCK cells cultured in 96-well plates were absorbed with 100TCID50 virus for 2 h, followed by co-culturing with baicalin (2-fold dilution from 204 μg/mL to 2.37 μg/mL) or oseltamivir (2-fold dilution from 20µg/mL to 0.156 µg/mL). The EC50 values were determined by the MTT method (Abcam) using GraphPad Prism 8.



References

 Baz, M., M'Hamdi, Z., Carbonneau, J., Lavigne, S., Couture, C., Abed, Y., et al. (2019). Synergistic PA and HA Mutations Confer Mouse Adaptation of a Contemporary A/H3N2 Influenza Virus. Sci. Rep. 9 (1), 16616. doi: 10.1038/s41598-019-51877-4

 Boivin, G. A., Pothlichet, J., Skamene, E., Brown, E. G., Loredo-Osti, J. C., Sladek, R., et al. (2012). Mapping of Clinical and Expression Quantitative Trait Loci in a Sex-Dependent Effect of Host Susceptibility to Mouse-Adapted Influenza H3N2/HK/1/68. J. Immunol. 188 (8), 3949–3960. doi: 10.4049/jimmunol.1103320

 Brown, E. G., Liu, H., Kit, L. C., Baird, S., and Nesrallah, M. (2001). Pattern of Mutation in the Genome of Influenza A Virus on Adaptation to Increased Virulence in the Mouse Lung: Identification of Functional Themes. Proc. Natl. Acad. Sci. U.S.A. 98 (12), 6883–6888. doi: 10.1073/pnas.111165798

 Cai, H., Liu, M., and Russell, C. J. (2018). Directed Evolution of an Influenza Reporter Virus To Restore Replication and Virulence and Enhance Noninvasive Bioluminescence Imaging in Mice. J. Virol. 92 (16) (16), e00593–18. doi: 10.1128/JVI.00593-18

 Centers for Disease, C. and Prevention (1997). Isolation of Avian Influenza A(H5N1) Viruses From Humans–Hong Kong, May-December 1997. MMWR Morb Mortal Wkly Rep. 46 (50), 1204–1207.

 Chen, H., Bright, R. A., Subbarao, K., Smith, C., Cox, N. J., Katz, J. M., et al. (2007). Polygenic Virulence Factors Involved in Pathogenesis of 1997 Hong Kong H5N1 Influenza Viruses in Mice. Virus Res. 128 (1-2), 159–163. doi: 10.1016/j.virusres.2007.04.017

 Chiem, K., Rangel-Moreno, J., Nogales, A., and Martinez-Sobrido, L. (2019). A Luciferase-Fluorescent Reporter Influenza Virus for Live Imaging and Quantification of Viral Infection. J. Vis. Exp. 150, e59890. doi: 10.3791/59890

 Choi, E. J., Lee, Y. J., Lee, J. M., Kim, Y. J., Choi, J. H., Ahn, B., et al. (2020). The Effect of Mutations Derived From Mouse-Adapted H3N2 Seasonal Influenza A Virus to Pathogenicity and Host Adaptation. PloS One 15 (1), e0227516. doi: 10.1371/journal.pone.0227516

 Chu, M., Xu, L., Zhang, M. B., Chu, Z. Y., and Wang, Y. D. (2015). Role of Baicalin in Anti-Influenza Virus A as a Potent Inducer of IFN-Gamma. BioMed. Res. Int. 2015, 263630. doi: 10.1155/2015/263630

 DiPiazza, A., Nogales, A., Poulton, N., Wilson, P. C., Martinez-Sobrido, L., and Sant, A. J. (2017). Pandemic 2009 H1N1 Influenza Venus Reporter Virus Reveals Broad Diversity of MHC Class II-Positive Antigen-Bearing Cells Following Infection In Vivo. Sci. Rep. 7 (1), 10857. doi: 10.1038/s41598-017-11313-x

 Essere, B., Yver, M., Gavazzi, C., Terrier, O., Isel, C., Fournier, E., et al. (2013). Critical Role of Segment-Specific Packaging Signals in Genetic Reassortment of Influenza A Viruses. Proc. Natl. Acad. Sci. U.S.A. 110 (40), E3840–E3848. doi: 10.1073/pnas.1308649110

 Fukuyama, S., Katsura, H., Zhao, D., Ozawa, M., Ando, T., Shoemaker, J. E., et al. (2015). Multi-Spectral Fluorescent Reporter Influenza Viruses (Color-Flu) as Powerful Tools for In Vivo Studies. Nat. Commun. 6, 6600. doi: 10.1038/ncomms7600

 Gao, Q., Lowen, A. C., Wang, T. T., and Palese, P. (2010). A Nine-Segment Influenza a Virus Carrying Subtype H1 and H3 Hemagglutinins. J. Virol. 84 (16), 8062–8071. doi: 10.1128/JVI.00722-10

 Gerber, M., Isel, C., Moules, V., and Marquet, R. (2014). Selective Packaging of the Influenza A Genome and Consequences for Genetic Reassortment. Trends Microbiol. 22 (8), 446–455. doi: 10.1016/j.tim.2014.04.001

 Goto, H., Muramoto, Y., Noda, T., and Kawaoka, Y. (2013). The Genome-Packaging Signal of the Influenza A Virus Genome Comprises a Genome Incorporation Signal and a Genome-Bundling Signal. J. Virol. 87 (21), 11316–11322. doi: 10.1128/JVI.01301-13

 Hamilton, J. R., Vijayakumar, G., and Palese, P. (2018). A Recombinant Antibody-Expressing Influenza Virus Delays Tumor Growth in a Mouse Model. Cell Rep. 22 (1), 1–7. doi: 10.1016/j.celrep.2017.12.025

 Harrington, W. N., Kackos, C. M., and Webby, R. J. (2021). The Evolution and Future of Influenza Pandemic Preparedness. Exp. Mol. Med. 53 (5), 737–749. doi: 10.1038/s12276-021-00603-0

 Heaton, N. S., Leyva-Grado, V. H., Tan, G. S., Eggink, D., Hai, R., and Palese, P. (2013). In Vivo Bioluminescent Imaging of Influenza a Virus Infection and Characterization of Novel Cross-Protective Monoclonal Antibodies. J. Virol. 87 (15), 8272–8281. doi: 10.1128/JVI.00969-13

 Hoffmann, E., and Webster, R. G. (2000). Unidirectional RNA Polymerase I-Polymerase II Transcription System for the Generation of Influenza A Virus From Eight Plasmids. J. Gen. Virol. 81 (Pt 12), 2843–2847. doi: 10.1099/0022-1317-81-12-2843

 Huang, X., Zheng, M., Wang, P., Mok, B. W., Liu, S., Lau, S. Y., et al. (2017). An NS-Segment Exonic Splicing Enhancer Regulates Influenza A Virus Replication in Mammalian Cells. Nat. Commun. 8, 14751. doi: 10.1038/ncomms14751

 Hu, M., Chu, H., Zhang, K., Singh, K., Li, C., Yuan, S., et al. (2016). Amino Acid Substitutions V63I or A37S/I61T/V63I/V100A in the PA N-Terminal Domain Increase the Virulence of H7N7 Influenza A Virus. Sci. Rep. 6, 37800. doi: 10.1038/srep37800

 Hu, M., Yang, G., DeBeauchamp, J., Crumpton, J. C., Kim, H., Li, L., et al. (2020). HA Stabilization Promotes Replication and Transmission of Swine H1N1 Gamma Influenza Viruses in Ferrets. Elife 9, e56236. doi: 10.7554/eLife.56236

 Ilyushina, N. A., Khalenkov, A. M., Seiler, J. P., Forrest, H. L., Bovin, N. V., Marjuki, H., et al. (2010). Adaptation of Pandemic H1N1 Influenza Viruses in Mice. J. Virol. 84 (17), 8607–8616. doi: 10.1128/JVI.00159-10

 Jones, J. C., Pascua, P. N. Q., Fabrizio, T. P., Marathe, B. M., Seiler, P., Barman, S., et al. (2020). Influenza A and B Viruses With Reduced Baloxavir Susceptibility Display Attenuated In Vitro Fitness But Retain Ferret Transmissibility. Proc. Natl. Acad. Sci. U.S.A. 117 (15), 8593–8601. doi: 10.1073/pnas.1916825117

 Kao, C. L., Chan, T. C., Tsai, C. H., Chu, K. Y., Chuang, S. F., Lee, C. C., et al. (2012). Emerged HA and NA Mutants of the Pandemic Influenza H1N1 Viruses With Increasing Epidemiological Significance in Taipei and Kaohsiung, Taiwan, 2009-10. PloS One 7 (2), e31162. doi: 10.1371/journal.pone.0031162

 Keleta, L., Ibricevic, A., Bovin, N. V., Brody, S. L., and Brown, E. G. (2008). Experimental Evolution of Human Influenza Virus H3 Hemagglutinin in the Mouse Lung Identifies Adaptive Regions in HA1 and HA2. J. Virol. 82 (23), 11599–11608. doi: 10.1128/JVI.01393-08

 Kim, J. E., Kalimuthu, S., and Ahn, B. C. (2015). In Vivo Cell Tracking With Bioluminescence Imaging. Nucl. Med. Mol. Imaging 49 (1), 3–10. doi: 10.1007/s13139-014-0309-x

 Kittel, C., Sereinig, S., Ferko, B., Stasakova, J., Romanova, J., Wolkerstorfer, A., et al. (2004). Rescue of Influenza Virus Expressing GFP From the NS1 Reading Frame. Virology 324 (1), 67–73. doi: 10.1016/j.virol.2004.03.035

 Li, X., Gu, M., Zheng, Q., Gao, R., and Liu, X. (2021). Packaging Signal of Influenza A Virus. Virol. J. 18 (1), 36. doi: 10.1186/s12985-021-01504-4

 Marsh, G. A., Rabadan, R., Levine, A. J., and Palese, P. (2008). Highly Conserved Regions of Influenza a Virus Polymerase Gene Segments are Critical for Efficient Viral RNA Packaging. J. Virol. 82 (5), 2295–2304. doi: 10.1128/JVI.02267-07

 Martinez-Sobrido, L., Cadagan, R., Steel, J., Basler, C. F., Palese, P., Moran, T. M., et al. (2010). Hemagglutinin-Pseudotyped Green Fluorescent Protein-Expressing Influenza Viruses for the Detection of Influenza Virus Neutralizing Antibodies. J. Virol. 84 (4), 2157–2163. doi: 10.1128/JVI.01433-09

 McKimm-Breschkin, J. L. (2013). Influenza Neuraminidase Inhibitors: Antiviral Action and Mechanisms of Resistance. Influenza Other Respir. Viruses 7 (Suppl 1), 25–36. doi: 10.1111/irv.12047

 Munier, S., Rolland, T., Diot, C., Jacob, Y., and Naffakh, N. (2013). Exploration of Binary Virus-Host Interactions Using an Infectious Protein Complementation Assay. Mol. Cell Proteomics 12 (10), 2845–2855. doi: 10.1074/mcp.M113.028688

 Noda, T., and Kawaoka, Y. (2010). Structure of Influenza Virus Ribonucleoprotein Complexes and Their Packaging Into Virions. Rev. Med. Virol. 20 (6), 380–391. doi: 10.1002/rmv.666

 Pan, W., Dong, Z., Li, F., Meng, W., Feng, L., Niu, X., et al. (2013). Visualizing Influenza Virus Infection in Living Mice. Nat. Commun. 4, 2369. doi: 10.1038/ncomms3369

 Perez, J. T., Garcia-Sastre, A., and Manicassamy, B. (2013). Insertion of a GFP Reporter Gene in Influenza Virus. Curr. Protoc. Microbiol. 29 (1), 15G.4.1–16. doi: 10.1002/9780471729259.mc15g04s29

 Phipps, K. L., Marshall, N., Tao, H., Danzy, S., Onuoha, N., Steel, J., et al. (2017). Seasonal H3N2 and 2009 Pandemic H1N1 Influenza A Viruses Reassort Efficiently But Produce Attenuated Progeny. J. Virol. 91 (17), e00830–17. doi: 10.1128/JVI.00830-17

 Pielak, R. M., Schnell, J. R., and Chou, J. J. (2009). Mechanism of Drug Inhibition and Drug Resistance of Influenza A M2 Channel. Proc. Natl. Acad. Sci. U.S.A. 106 (18), 7379–7384. doi: 10.1073/pnas.0902548106

 Ping, J., Dankar, S. K., Forbes, N. E., Keleta, L., Zhou, Y., Tyler, S., et al. (2010). PB2 and Hemagglutinin Mutations are Major Determinants of Host Range and Virulence in Mouse-Adapted Influenza A Virus. J. Virol. 84 (20), 10606–10618. doi: 10.1128/JVI.01187-10

 Puigbo, P., Guzman, E., Romeu, A., and Garcia-Vallve, S. (2007). OPTIMIZER: A Web Server for Optimizing the Codon Usage of DNA Sequences. Nucleic Acids Res. 35 (Web Server issue), W126–W131. doi: 10.1093/nar/gkm219

 Reed, L. J., and Muench, H. (1938). A SIMPLE METHOD OF ESTIMATING FIFTY PER CENT Endpoints12. Am. J. Epidemiol. 27 (3), 493–497. doi: 10.1093/oxfordjournals.aje.a118408

 Salvatore, M., Basler, C. F., Parisien, J. P., Horvath, C. M., Bourmakina, S., Zheng, H., et al. (2002). Effects of Influenza A Virus NS1 Protein on Protein Expression: The NS1 Protein Enhances Translation and is Not Required for Shutoff of Host Protein Synthesis. J. Virol. 76 (3), 1206–1212. doi: 10.1128/JVI.76.3.1206-1212.2002

 Seshimo, E., Momose, F., and Morikawa, Y. (2021). Identification of the 5'-Terminal Packaging Signal of the H1N1 Influenza A Virus Neuraminidase Segment at Single-Nucleotide Resolution. Front. Microbiol. 12, 709010. doi: 10.3389/fmicb.2021.709010

 Song, W., Huang, X., Guan, W., Chen, P., Wang, P., Zheng, M., et al. (2021). Multiple Basic Amino Acids in the Cleavage Site of H7N9 Hemagglutinin Contribute to High Virulence in Mice. J. Thorac. Dis. 13 (8), 4650–4660. doi: 10.21037/jtd-21-226

 Song, W., and Qin, K. (2020). Human-Infecting Influenza A (H9N2) Virus: A Forgotten Potential Pandemic Strain? Zoonoses Public Health 67 (3), 203–212. doi: 10.1111/zph.12685

 Steel, J., and Lowen, A. C. (2014). Influenza A Virus Reassortment. Curr. Top. Microbiol. Immunol. 385, 377–401. doi: 10.1007/82_2014_395

 Thi Nhu Thao, T., Labroussaa, F., Ebert, N., V'Kovski, P., Stalder, H., Portmann, J., et al. (2020). Rapid Reconstruction of SARS-CoV-2 Using a Synthetic Genomics Platform. Nature 582 (7813), 561–565. doi: 10.1038/s41586-020-2294-9

 Tran, V., Moser, L. A., Poole, D. S., and Mehle, A. (2013). Highly Sensitive Real-Time In Vivo Imaging of an Influenza Reporter Virus Reveals Dynamics of Replication and Spread. J. Virol. 87 (24), 13321–13329. doi: 10.1128/JVI.02381-13

 Wang, P., Zheng, M., Lau, S. Y., Chen, P., Mok, B. W., Liu, S., et al. (2019). Generation of DelNS1 Influenza Viruses: A Strategy for Optimizing Live Attenuated Influenza Vaccines. mBio 10 (5), e02180–19. doi: 10.1128/mBio.02180-19

 Webster, R. G. (2002). The Importance of Animal Influenza for Human Disease. Vaccine 20 (Suppl 2), S16–S20. doi: 10.1016/S0264-410X(02)00123-8

 Webster, R. G., Bean, W. J., Gorman, O. T., Chambers, T. M., and Kawaoka, Y. (1992). Evolution and Ecology of Influenza A Viruses. Microbiol. Rev. 56 (1), 152–179. doi: 10.1128/mr.56.1.152-179.1992

 Wu, W. L., Chen, Y., Wang, P., Song, W., Lau, S. Y., Rayner, J. M., et al. (2008). Antigenic Profile of Avian H5N1 Viruses in Asia From 2002 to 2007. J. Virol. 82 (4), 1798–1807. doi: 10.1128/JVI.02256-07

 Wu, X., Wu, X., Sun, Q., Zhang, C., Yang, S., Li, L., et al. (2017). Progress of Small Molecular Inhibitors in the Development of Anti-Influenza Virus Agents. Theranostics 7 (4), 826–845. doi: 10.7150/thno.17071

 Xing, L., Chen, Y., Chen, B., Bu, L., Liu, Y., Zeng, Z., et al. (2021). Antigenic Drift of the Hemagglutinin From an Influenza A (H1N1) Pdm09 Clinical Isolate Increases its Pathogenicity In Vitro. Virol. Sin. 36, 1220–1227. doi: 10.1007/s12250-021-00401-y

 Yan, D., Weisshaar, M., Lamb, K., Chung, H. K., Lin, M. Z., and Plemper, R. K. (2015). Replication-Competent Influenza Virus and Respiratory Syncytial Virus Luciferase Reporter Strains Engineered for Co-Infections Identify Antiviral Compounds in Combination Screens. Biochemistry 54 (36), 5589–5604. doi: 10.1021/acs.biochem.5b00623

 Zhang, C., Zhao, Z., Guo, Z., Zhang, J., Li, J., Yang, Y., et al. (2017). Amino Acid Substitutions Associated With Avian H5N6 Influenza A Virus Adaptation to Mice. Front. Microbiol. 8, 1763. doi: 10.3389/fmicb.2017.01763

 Zheng, M., Wang, P., Song, W., Lau, S. Y., Liu, S., Huang, X., et al. (2015). An A14U Substitution in the 3' Noncoding Region of the M Segment of Viral RNA Supports Replication of Influenza Virus With an NS1 Deletion by Modulating Alternative Splicing of M Segment mRNAs. J. Virol. 89 (20), 10273–10285. doi: 10.1128/JVI.00919-15




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bu, Chen, Xing, Cai, Liang, Zhang, Wang and Song. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-827790-g004.jpg
A Lo AR IO, R |

|| | B
Q.,wf..i»‘m MNORAES, mcherry
=
= EEE-

—_————— i

w18 MA

GLW/18-MA-mCherry

Ho GUW/IEMA  GLW/1SMA
J mCherry e
ad
.
3dpi

H
wscin |

= I

H

3 1

. i

< e —
g pr—

e e e + Radance





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Generation of a pdmH1N1 2018 Influenza A Reporter Virus Carrying a mCherry Fluorescent Protein in the PA Segment

      

        		

          Introduction

        



        		

          Results

        

          		

            Adaptation of a pdmH1N1 2018 Variant in Mice

          



          		

            Distribution of Mouse-Adapted Mutations in Natural Isolates

          



          		

            PA Substitutions Increased Virus Replication

          



          		

            Effect of HA Substitutions on Antigenic Specificity

          



          		

            Effect of NA Substitution

          



          		

            Generation of a GLW/18-MA-mCherry Reporter Virus

          



          		

            Characterization of Recombinant Reporter Virus

          



          		

            Calculation of TCID50 and EC50

          



          		

            Western Blotting and Immunofluorescent Assay

          



          		

            In Vivo Imaging of Reporter Virus Infection

          



        



        



        		

          Materials And Methods

        

          		

            Viral Propagation

          



          		

            Construction of Recombinant Reporter Viruses

          



          		

            Minigenome Reporter Assays

          



          		

            Viral Growth Kinetics in Cells

          



          		

            TCID50 Determination of Viruses

          



          		

            HI Assay

          



          		

            NA Activity Assay

          



          		

            Preparation of Chemical Compounds

          



          		

            Replication in Mice and Lethal Dose Determination

          



          		

            Statistical Analysis

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-11-827790-g001.jpg
MDCR

— Glwiswa
— Glwirawr

I e o

7






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Residue (H3 numbering) HA1 HA2 GLW/18 antisera against recombinant virus
164 117 160

GLW/18 T N P 2560

GLW/18-MA | S S 40

GLW/18-MA-mCherry | S S 40





OEBPS/Images/fcimb-11-827790-g003.jpg
A

R 5 1] E351K G631S MEM | GLW/18 PA segment
O (511 E351K G631
2 2022 126 66 711 26758 bp

TG TAG
PS: packaging sequence SMPS: silence-mutated packaging sequence 2A: PTV-12A

d 6B GNP MAmChery
o MA e p bs
2000} o
1500
1000 ¥
750 i
13
b
i
i .






OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2021.827790_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Generation of a pdmH1N1 2018
Influenza A Reporter Virus Carrying a
mCherry Fluorescent Protein
in the PA Segment





OEBPS/Images/fcimb-11-827790-g002.jpg
<
3






OEBPS/Images/table1.jpg
Gene

Residue at position no.

Wild-type Substitution

PA 61 | M

351 E K

631 G S
HA1 164 T |
HA2 117 N S

160 P S
NP 292 E G
NA 61 w R
NEP 44 K R





