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Abstract: The A(H1N1)pdm09 virus emerged in 2009 and continues to circulate in human populations.
Recent A(H1N1)pdm09 viruses, that is, A(H1N1)pdm09 viruses circulating in the post-pandemic era,
can cause more or less severe infections than those caused by the initial pandemic viruses. To evaluate
the changes in pathogenicity of the A(H1N1)pdm09 viruses during their continued circulation in
humans, we compared the nucleotide and amino acid sequences of ten A(H1N1)pdm09 viruses
isolated in Japan between 2009 and 2015, and experimentally infected mice with each virus. The
severity of infection caused by these Japanese isolates ranged from milder to more severe than that
caused by the prototypic pandemic strain A/California/04/2009 (CA04/09); however, specific mutations
responsible for their pathogenicity have not yet been identified.

Keywords: influenza; pandemic virus; pathogenicity

1. Introduction

In the 20th and 21st centuries, human populations have experienced four influenza pandemics:
the ‘Spanish influenza’ in 1918/1919, the ‘Asian influenza’ in 1957, the ‘Hong Kong influenza’ in 1968,
and the ‘A(H1N1)pdm09’ virus, which emerged in Mexico in the spring of 2009 and rapidly spread
worldwide within a few months [1–3]. This first influenza pandemic of the 21st century mainly caused
mild symptoms in adults [4]; however, many cases of severe infection in healthy individuals without
underlying health issues were also reported [5,6].

In fatal cases of human infection with A(H1N1)pdm09 virus during the pandemic, severe
lung lesions, diffuse alveolar damage, and hemorrhagic interstitial pneumonitis were observed [7,8].
Pathological evaluation of those cases revealed A(H1N1)pdm09 virus antigen predominantly in the
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lung parenchyma [7–9], which is unusual in humans infected with seasonal influenza viruses, but
often observed in fatal cases of human infection with highly pathogenic H5 avian influenza virus [10].
Experimental infection of mammalian models with A(H1N1)pdm09 viruses isolated early in the
pandemic demonstrated that these viruses replicated more efficiently in the lungs and caused more
severe viral pneumonia than contemporary circulating seasonal influenza viruses [11,12], suggesting
that the initial isolates of the 2009 pandemic were more pathogenic in mammals than the pre-2009
pandemic seasonal influenza viruses.

In the post-pandemic era, studies on the severity of A(H1N1)pdm09 virus infection have yielded
inconsistent results, with one group reporting increased [13] severity of the virus and another reporting
a decrease in severity [14]. It is unclear whether the changes in severity of the post-pandemic
A(H1N1)pdm09 viruses are due to alterations in host or viral factors, such as herd immunity in humans,
or are due to alterations in viral pathogenicity. To clarify this point, here we compared the nucleotide
and amino acid sequences of A(H1N1)pdm09 viruses isolated during the pandemic and post-pandemic
periods and evaluated the pathogenicity of these viruses in a mouse infection model.

2. Materials and Methods

2.1. Cells and Viruses

Madin–Darby canine kidney (MDCK) cells were maintained in minimal essential medium
(MEM) containing 5% newborn calf serum at 37 ◦C in 5% CO2. In the present study, we used the
following ten A(H1N1)pdm09 viruses that were isolated between 2009 and 2015: A/Osaka/488/2009
(Osaka488/09), A/Osaka/83/2011 (Osaka83/11), A/Yokohama/UT-K101/2012 (YokohamaUTK101/12),
A/Osaka/33/2013 (Osaka33/13), A/Osaka/UT-A01/2013 (OsakaUTA01/13), A/Osaka/6/2014 (Osaka6/14),
A/Yokohama/50/2015 (Yokohama50/15), A/Yokohama/90/2015 (Yokohama90/15), A/Yokohama/94/2015
(Yokohama94/15), and A/Yokohama/100/2015 (Yokohama100/15). In addition to these Japanese isolates,
A/California/04/2009 (CA04/09), the prototypic strain isolated early in the pandemic, was used as
a reference strain. The accession numbers of the gene sequences of the viruses used in this study
are shown in Table S1. The Japanese viruses were isolated from patients; unfortunately, detailed
medical records, including vaccination history, treatment, and medical support after the onset of
influenza in these patients were unavailable. CA04/09 was generated by reverse genetics as described
elsewhere [15]. All Japanese strains were grown in MDCK cells to make stock viruses (no strain was
passaged more than 4 times), and the viral genes of the stock viruses were sequenced.

2.2. Phylogenetic Analysis

The phylogenetic tree of A(H1N1)pdm09 virus was constructed using 124 whole amino acid
sequences of hemagglutinin (HA) protein by the neighbor-joining method with Kimura distances and
the 1000 replicates bootstrap using ClustalW 1.83 on the DDBJ (DNA Data Bank of Japan) website
(http://clustalw.ddbj.nig.ac.jp/). The HA sequence of A/California/04/2009 was used as the outgroup to
root the tree. The HA sequences of the A(H1N1)pdm09 isolates were obtained from the EpiFlu database
(https://www.gisaid.org/), and the HA genetic clades were determined based on representative isolates
of each clade available through the EpiFlu database.

2.3. Sequencing

Viral RNA was extracted from the culture supernatant of MDCK cells infected with each virus
by using a QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany). The first-strand cDNA was
synthesized by using Uni12 primer [16] and a SuperScript III (Invitrogen, Carlsbad, CA, USA). PCR
was carried out with Phusion High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) and primer
sets specific for A(H1N1) virus to amplify the viral genes of the Japanese isolates and the CA04/09 virus
from the synthesized cDNA. The primer sequences used are shown in Table S2. The PCR products
were purified with a gel extraction kit (QIAGEN, Hilden, Germany) and sequenced with a BigDye
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Terminator version 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, USA) on an ABI PRISM
3130 DNA analyzer (Applied Biosystems, Foster City, USA).

2.4. Mouse Experiments

Six-week-old female BALB/c mice weighing 15 to 20 g (Japan SLC, Inc., Shizuoka, Japan) were
used in this study. Baseline body weights were measured prior to infection. To determine the MLD50

values (mouse lethal dose 50; i.e., the dose required to kill 50% of infected mice), five mice per group
were intranasally inoculated with 104 to 106 PFU (in 50 µl) of virus under sevoflurane anesthesia. Body
weight and survival were monitored daily for 14 days post-infection. The percentage of body weight
change was calculated by comparing the weight of each mouse at each timepoint to its initial weight
on day 0. The percentage of maximum body weight loss was determined by comparing the greatest
reduction in body weight for each mouse to its initial body weight. We euthanized mice when they
developed >25% body weight loss and classified them as fatalities. The MLD50 values were calculated
by using the method of Reed and Muench [17].

To assess virus growth in respiratory organs, nine mice per group were infected intranasally with
105 PFU of virus; at days 3, 6, and 9 post-infection (dpi), three mice per group were euthanized and
their lungs were collected, homogenized with MEM containing 0.3% bovine serum albmin, and titrated
in MDCK cells by using plaque assays.

2.5. Statistical Analysis

Data were analyzed by using a one-way ANOVA and Dunnett tests for multiple comparisons;
p-values of <0.05 were considered statistically significant.

Human H1N1 protein sequences were downloaded from the Influenza Research Database
(www.fludb.org), on 12 October, 2019. Using IRD search filter options, we searched for human
H1N1 protein sequences that were similar to pdmH1N1 2009, excluded laboratory strains, removed
duplicated sequences, considered sequences from all geographic locations, and considered only isolates
from the 2009 (April to September 2009) to the 2015–2016 seasons. In total, the numbers of sequences
we analyzed were as follows: 1297 (polymerase basic 2; PB2), 1119 (polymerase basic 1; PB1), 1312
(polymerase acidic protein; PA), 4637 (HA), 2481 (neuraminidase; NA), 560 (nucleoprotein; NP),
374 (matrix 1 protein; M1), 356 (matrix 2 protein; M2), 777 (non-structural protein 1; NS1), and 284
(non-structural protein 2; NS2). Next, we aligned separately the sequences of each segment at each
season, using MAFFT [18]. Finally, for each alignment, we used in-house scripts to determine the
frequencies of each amino acid at each position of the alignments.

2.6. Ethics

A(H1N1)pdm09 viruses used in this study were isolated from patients by following a protocol
approved by the Research Ethics Review Committee of the Institute of Medical Science, the University
of Tokyo (approval numbers 30-77-B0304 and 26-42-0822; approved on March 4, 2018 and August
22, 2014, respectively). All experiments in this manuscript were performed in accordance with the
University of Tokyo’s guidelines and regulations. Written informed consent was obtained from
all participants.

All experiments with mice, including methods for sample collection and virological analysis,
were performed in the biosafety level 2 containment laboratory in the Institute of Medical Science,
the University of Tokyo (Tokyo, Japan) in accordance with the Regulations for Animal Care of the
University of Tokyo and the Guidelines for Proper Conduct of Animal Experiments by the Science
Council of Japan, and were approved by the Animal Experiment Committee of the Institute of Medical
Science, the University of Tokyo (approval no. PA 15-10; approved on May 26, 2015).
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3. Results

3.1. Genetic Analyses of Japanese A(H1N1)pdm09 Isolates

To compare the pathogenicity of viruses isolated from patients during the pandemic with that
of those isolated from patients in the post-pandemic era, we selected one Japanese isolate from the
pandemic period and 1–3 isolates from each of the six clusters identified through phylogenetic analysis
of their HA gene (Figure 1). A total of ten Japanese A(H1N1)pdm09 viruses isolated from 2009 up to
the 2015–2016 season were analyzed: Osaka488/09, Osaka83/11, YokohamaUTK101/12, Osaka33/13,
OsakaUTA01/13, Osaka6/14, Yokohama50/15, Yokohama90/15, Yokohama94/15, and Yokohama100/15.
In addition to these Japanese isolates, CA04/09, the prototypic strain isolated early in the pandemic,
was used as a reference strain.

Genetic analysis revealed that the nucleotide sequences of the eight segments of the Japanese
isolates exhibited very high identities (>97.2%) with those of CA04/09 (Table 1). When we compared
the amino acid sequences of the ten major viral proteins (HA, NA, PB2, PB1, PA, NP, M1, M2, NS1,
and NS2) of the Japanese isolates with those of CA04/09, we found a total of 145 differences in the
amino acid sequences of the Japanese isolates compared with those of CA04/09 (Table S3). These
substitutions did not include virulence markers previously reported in A(H1N1)pdm09 viruses, such
as the Asp-to-Gly change at position 222 of HA [20–24]. To evaluate whether these 145 amino acid
substitutions are common among A(H1N1)pdm isolates, we examined the frequency with which they
appear in reported A(H1N1)pdm isolate sequences in the Influenza Research Database (www.fludb.org)
(Table S4). The numbers of strains per protein we analyzed were as follows: 1297 (PB2), 1119 (PB1),
1312 (PA), 4637 (HA), 2481 (NA), 560 (NP), 374 (M1), 356 (M2), 777 (NS1), and 284 (NS2). The frequency
with which these substitutions have appeared in the viral proteins of the Japanese isolates has increased
over time since 2009 (Table S4), suggesting that some of these mutations were gradually acquired,
possibly to enhance viral fitness during circulation among humans.

Table 1. Nucleotide identities among the gene segments of the Japanese isolates and those of CA04/09 a.

Viruses Isolation Year
Nucleotide Identity with CA04/09 (%)

PB2 PB1 PA HA NP NA M NS

Osaka488/09 2009 99.8 99.8 99.7 99.4 99.8 99.5 99.8 100.0
Osaka83/11 2011 99.1 99.4 99.1 98.8 99.4 99.1 99.2 99.0

YokohamaUTK101/12 2012 99.2 99.4 99.2 98.9 99.4 99.2 99.4 99.2
Osaka33/13 2013 98.6 98.9 98.6 98.4 98.7 98.9 98.5 97.8

OsakaUTA01/13 2013 98.8 99.1 98.6 98.3 98.8 98.9 98.5 98.4
Osaka6/14 2014 98.3 98.7 98.7 98.1 98.5 98.8 99.2 97.2

Yokohama50/15 2015 98.2 98.2 98.7 97.7 98.0 98.0 98.5 97.5
Yokohama90/15 2015 98.1 98.2 98.1 97.8 98.3 98.0 98.8 97.2
Yokohama94/15 2015 98.1 98.3 98.1 97.7 98.2 98.0 98.9 97.2
Yokohama100/15 2015 98.2 98.3 98.3 97.5 98.2 97.8 98.6 97.2

a Nucleotide identities among the coding regions of the eight viral segments of the Japanese isolates and those
of CA04/09 were determined. Segments of Osaka488/09 exhibited the highest nucleotide identities with those of
CA04/09. The minimum nucleotide identities with CA04/09 are shown in boldface.
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3.2. Pathogenicity of A(H1N1)pdm09 Isolates in Mice

To examine the pathogenicity of the Japanese A(H1N1)pdm09 isolates in vivo, five BALB/c mice
per group were infected intranasally with 105 PFU of each of the ten different Japanese viruses and
CA04/09. The infected mice were monitored for body weight changes and mortality for up to 14
days (Figure S1). We also determined the MLD50. Of the Japanese isolates, only Osaka6/14 and
Yokohama90/15 were lethal in infected mice (Table 2). Four of the ten isolates (i.e., Osaka488/09,
Osaka83/11, Osaka33/13, and Yokohama94/15) caused similar mean maximum body weight loss to
that caused by CA04/09 (Table 2), and the remaining four Japanese isolates (i.e., YokohamaUTK101/12,
OsakaUTA01/13, Yokohama50/15, and Yokohama100/15) caused significantly less weight loss than
did CA04/09 (Table 2 and Figure 2). In contrast, Osaka6/14 and Yokohama90/15, which were isolated
in 2014 and 2015, respectively, exhibited relatively high pathogenicity in mice (Table 2, Figure 2 and
Figure S1); their MLD50 values were lower than that of CA04/09 and they caused more severe body
weight loss than CA04/09 did at 3 and 4 dpi (Figure 2).
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Table 2. Pathogenicity of the Japanese A(H1N1)pdm09 and CA04/09 viruses a.

Virus MLD50 % of Mean Maximum Body Weight Loss (mean ± SD) b

CA04/09 >106.5 10.5 ± 2.5
Osaka488/09 >106.5 11.4 ± 4.2
Osaka83/11 >106.5 9.1 ± 3.1

YokohamaUTK101/12 >106.5 2.6 ± 2.3**c

Osaka33/13 >106.5 7.6 ± 2.9
Osaka UTA01/13 >106.5 1.2 ± 1.3**

Osaka 6/14 105.8 12.3 ± 4.8
Yokohama50/15 >106.5 5.4 ± 2.9*

Yokohama90/15 105.8 11.8 ± 3.1
Yokohama94/15 >106.5 8.6 ± 5.0

Yokohama100/15 >106.5 3.9 ± 2.8*

a BALB/c mice were infected intranasally with 10-fold serial dilutions of each virus (from 104 to 106 PFU per mice).
Body weight and survival of infected mice were monitored daily for 14 days post-infection. b Maximum body
weight loss of mice infected with 105 PFU of virus. c Asterisks indicate that the body weight loss was significantly
higher or lower in mice infected with the respective virus compared with that in mice infected with CA04/09 (*, p <
0.05; **, p < 0.01).

We next examined the replicative ability of the Japanese isolates in mice. Mice were infected
with 105 PFU of the viruses and virus titers in the lungs were determined at 3, 6, and 9 dpi. All of the
Japanese isolates replicated efficiently in the lungs of the infected mice at 3 and 6 dpi, whereas no virus
was detected at 9 dpi (Table 3). Compared with CA04/09, YokohamaUTK101/12 and OsakaUTA01/13
replicated in mouse lung less efficiently, whereas Osaka6/14, Yokohama90/15, and Yokohama94/15
replicated more efficiently (Table 3).

Table 3. Replicative ability of the Japanese A(H1N1)pdm09 and CA04/09 viruses a.

Virus
Virus Titers (mean log10 PFU/g ±SD)in the Lung

Day 3 Day 6

CA04/09 7.2 ± 0.1 5.9 ± 0.7
Osaka488/09 7.2 ± 0.2 6.4 ± 0.1
Osaka83/11 7.1 ± 0.1 6.2 ± 0.2

YokohamaUT-K101/12 6.3 ± 0.2 ** b 5.3 ± 0.1
Osaka33/13 7.2 ± 0.2 6.1 ± 0.2

OsakaUT-A01/13 6.9 ± 0.1 * 5.9 ± 0.3
Osaka6/14 7.8 ± 0.2 ** 6.2 ± 0.4

Yokohama50/15 7.4 ± 0.1 6.0 ± 0.8
Yokohama90/15 7.8 ± 0.2 ** 6.0 ± 0.2
Yokohama94/15 7.7 ± 0.1 ** 6.2 ± 0.2

Yokohama100/15 7.1 ± 0.1 5.9 ± 0.5
a Mice (three mice per group) were infected with 105 PFU of each virus and euthanized at 3, 6, and 9 days
post-infection (dpi). Virus titers in the lung were determined by use of plaque assays. No virus was detected at 9
dpi. b Asterisks indicate that the virus titers were significantly higher or lower in the lungs of mice infected with
that Japanese isolate compared with those in the lungs of mice infected with CA04/09 (*, p < 0.05; **, p < 0.01).

Taken together, these findings suggest that the pathogenicity and replicative ability of
A(H1N1)pdm09 viruses isolated in Japan between 2009 and 2015 varies; however, the molecular basis
for these differences in pathogenicity and replicative ability remain unknown.

4. Discussion

Here we demonstrated that the frequency with which specific substitutions arise in influenza viral
proteins has increased from the pandemic to the post-pandemic era, and that the pathogenicity in mice
of A(H1N1)pdm09 viruses isolated during and after the 2009 pandemic varies. Further studies will be
required to determine which factors are associated with their pathogenicity and replicative ability.
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Previous studies demonstrated that viral replicative ability in the lungs reflects the virulence of
the A(H1N1)pdm09 viruses [25–27]. Consistent with these previous observations, we found that the
more pathogenic Japanese isolates (i.e., Osaka6/14 and Yokohama90/15) replicated more efficiently
in mouse lung and less pathogenic Japanese isolates (i.e., YokohamaUT-K101/12 and OsakaUT-A01)
replicated less efficiently in mouse lung compared with CA04/09. However, Yokohama50/15 and
Yokohama100/15 were less pathogenic than CA04/09 despite having similar replicative ability to that of
CA04/09, suggesting that factors other efficient replicative ability are important for the pathogenicity
of A(H1N1)pdm09 viruses. Continuous monitoring of the virulence of A(H1N1)pdm09 viruses is
essential for risk assessment of A(H1N1)pdm09 virus infection.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/2/155/s1,
Figure S1: Survival of mice infected with viruses, Table S1: The accession numbers for the gene sequences of the
viruses used in this study, Table S2: A list of primer sets specific for A(H1N1) virus used to amplify the viral
genes of the Japanese isolates and the CA04/09 virus from the synthesized cDNA, Table S3: A list of primer sets
specific for A(H1N1) virus used to amplify the viral genes of the Japanese isolates and the CA04/09 virus from the
synthesized cDNA, Table S4: Frequency of amino acid substitutions at the respective positions of influenza A
virus proteins.

Author Contributions: H.M., T.W., and Y.K. designed the study. H.M., A.Y., Y.T.-S., K.S., H.O., C.K., S.M., N.S.,
and T.W. performed the experiments. H.M., A.Y., T.J.S.L., and T.W. analyzed the data. H.M., T.W., and Y.K. wrote
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Leading Advanced Projects for medical innovation (LEAP) from the
Japan Agency for Medical Research and Development (AMED) (JP18am001007), by Grants-in-Aid for Scientific
Research on Innovative Areas from the Ministry of Education, Culture, Science, Sports, and Technology (MEXT) of
Japan (Nos. 16H06429, 16K21723, and 16H06434), by Research Program on Emerging and Re-emerging Infectious
Diseases from AMED (JP19fk0108056; JP19fk0108104), by the Japan Initiative for Global Research Network
on Infectious Diseases (J-GRID) from MEXT and AMED (JP19fm0108006), by JSPS KAKENHI Grant Number
19K06399, and by the NIAID-funded Center for Research on Influenza Pathogenesis (CRIP, HHSN272201400008C).

Acknowledgments: We thank Susan Watson for editing the manuscript.

Conflicts of Interest: Y.K. has received speaker’s honoraria from Toyama Chemical and Astellas; grant support
from Chugai Pharmaceuticals, Daiichi Sankyo Pharmaceutical, Toyama Chemical, Tauns Laboratories, Otsuka
Pharmaceutical, and Kyoritsu Seiyaku; and is a founder of FluGen. All of the other authors declare that they have
no conflicts of interest.

References

1. Garten, R.J.; Davis, C.T.; Russell, C.A.; Shu, B.; Lindstrom, S.; Balish, A.; Sessions, W.M.; Xu, X.; Skepner, E.;
Deyde, V.; et al. Antigenic and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses
circulating in humans. Science 2009, 325, 197–201. [CrossRef] [PubMed]

2. Team Eurosurveillance editorial Pandemic alert level 6: Scientific criteria for an influenza pandemic fulfilled.
Eurosurveillance 2009, 14, 1.

3. Fraser, C.; Donnelly, C.A.; Cauchemez, S.; Hanage, W.P.; Van Kerkhove, M.D.; Hollingsworth, T.D.; Griffin, J.;
Baggaley, R.F.; Jenkins, H.E.; Lyons, E.J.; et al. Pandemic Potential of a Strain of Influenza A (H1N1): Early
Findings. Science 2009, 324, 1557–1561. [CrossRef] [PubMed]

4. Peiris, J.S.M.; Poon, L.L.M.; Guan, Y. Emergence of a novel swine-origin influenza A virus (S-OIV) H1N1
virus in humans. J. Clin. Virol. 2009, 45, 169–173. [CrossRef]

5. Bautista, E.; Chotpitayasunondh, T.; Gao, Z.; Harper, S.; Shaw, M.; Uyeki, T.M.; Zaki, S.R.; Hayden, F.; Hui, D.;
Kettner, J.; et al. Clinical Aspects of Pandemic 2009 Influenza A (H1N1) Virus Infection. N. Engl. J. Med.
2010, 362, 1708–1719.

6. Jain, S.; Kamimoto, L.; Bramley, A.M.; Schmitz, A.M.; Benoit, S.R.; Louie, J.; Sugerman, D.E.;
Druckenmiller, J.K.; Ritger, K.A.; Chugh, R.; et al. Hospitalized Patients with 2009 H1N1 Influenza
in the United States, April–June 2009. N. Engl. J. Med. 2009, 361, 1935–1944. [CrossRef]

7. Shieh, W.-J.; Blau, D.M.; Denison, A.M.; DeLeon-Carnes, M.; Adem, P.; Bhatnagar, J.; Sumner, J.; Liu, L.;
Patel, M.; Batten, B.; et al. 2009 Pandemic Influenza A (H1N1): Pathology and Pathogenesis of 100 Fatal
Cases in the United States. Am. J. Pathol. 2010, 177, 166–175. [CrossRef]

http://www.mdpi.com/1999-4915/12/2/155/s1
http://dx.doi.org/10.1126/science.1176225
http://www.ncbi.nlm.nih.gov/pubmed/19465683
http://dx.doi.org/10.1126/science.1176062
http://www.ncbi.nlm.nih.gov/pubmed/19433588
http://dx.doi.org/10.1016/j.jcv.2009.06.006
http://dx.doi.org/10.1056/NEJMoa0906695
http://dx.doi.org/10.2353/ajpath.2010.100115


Viruses 2020, 12, 155 9 of 10

8. Bal, A.; Suri, V.; Mishra, B.; Bhalla, A.; Agarwal, R.; Abrol, A.; Kanta Ratho, R.; Joshi, K. Pathology and
virology findings in cases of fatal influenza A H1N1 virus infection in 2009–2010. Histopathology 2012, 60,
326–335. [CrossRef]

9. Nakajima, N.; Hata, S.; Sato, Y.; Tobiume, M.; Katano, H.; Kaneko, K.; Nagata, N.; Kataoka, M.; Ainai, A.;
Hasegawa, H.; et al. Short Communication The First Autopsy Case of Pandemic Influenza (A/H1N1pdm)
Virus Infection in Japan: Detection of a High Copy Number of the Virus in Type II Alveolar Epithelial Cells
by Pathological and Virological Examination. Jpn. J. Infect. Dis. 2010, 63, 67–71.

10. Virgilia Soto-Abraham, M.; Soriano-Rosas, J.; Diaz-Quiñonez, J.A.; Silva-Pereyra, J.; Vazquez-Hernandez, P.;
Torres-López, O.; Roldán, A.; Cruz-Gordillo, A.; Alonso-Viveros, P.; Navarro-Reynoso, F. Pathological
Changes Associated with the 2009 H1N1 Virus. N. Engl. J. Med. 2009, 361, 2001–2003. [CrossRef]

11. Itoh, Y.; Shinya, K.; Kiso, M.; Watanabe, T.; Sakoda, Y.; Hatta, M.; Muramoto, Y.; Tamura, D.; Sakai-Tagawa, Y.;
Noda, T.; et al. In vitro and in vivo characterization of new swine-origin H1N1 influenza viruses. Nature
2009, 460, 1021–1025. [CrossRef] [PubMed]

12. Maines, T.R.; Jayaraman, A.; Belser, J.A.; Wadford, D.A.; Pappas, C.; Zeng, H.; Gustin, K.M.; Pearce, M.B.;
Viswanathan, K.; Shriver, Z.H.; et al. Transmission and Pathogenesis of Swine-Origin 2009 A(H1N1) Influenza
Viruses in Ferrets and Mice. Science 2009, 325, 484–487. [CrossRef] [PubMed]

13. Kwok, K.; Riley, S.; Perera, R.A.P.M.; Wei, V.W.; Wu, P.; Wei, L.; Chu, D.K.; Barr, I.G.; Peiris, J.M.; Cowling, B.J.
Relative incidence and individual-level severity of seasonal influenza A H3N2 compared with 2009 pandemic
H1N1. BMC Infect. Dis. 2017, 17, 337. [CrossRef] [PubMed]

14. Rao, S.; Torok, M.R.; Bagdure, D.; Cunningham, M.A.; Williams, J.T.B.; Curtis, D.J.; Wilson, K.; Dominguez, S.R.
A comparison of H1N1 influenza among pediatric inpatients in the pandemic and post pandemic era. J. Clin.
Virol. 2015, 71, 44–50. [CrossRef] [PubMed]

15. Neumann, G.; Watanabe, T.; Ito, H.; Watanabe, S.; Goto, H.; Gao, P.; Hughes, M.; Perez, D.R.; Donis, R.;
Hoffmann, E.; et al. Generation of influenza A viruses entirely from cloned cDNAs. Proc. Natl. Acad. Sci.
USA 1999, 96, 9345–9350. [CrossRef]

16. Hoffmann, E.; Stech, J.; Guan, Y.; Webster, R.G.; Perez, D. Universal primer set for the full-length amplification
of all Influenza A viruses. Arch. Virol. 2002, 146, 2275–2289. [CrossRef]

17. Reed, L.J.; Muench, H. A simple method of estimating fifty percent endpoint. Am. J. Epidemiol. 1938, 27,
493–497. [CrossRef]

18. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]

19. Nelson, M.; Spiro, D.; Wentworth, D.; Beck, E.; Fan, J.; Ghedin, E.; Halpin, R.; Bera, J.; Hine, E.; Proudfoot, K.;
et al. The early diversification of influenza A/H1N1pdm. PLoS Curr. 2009, 1, RRN1126. [CrossRef]

20. Goka, E.; Vallely, P.; Mutton, K.; Klapper, P.E. Mutations associated with severity of the pandemic influenza
A(H1N1)pdm09 in humans: A systematic review and meta-analysis of epidemiological evidence. Arch. Virol.
2014, 159, 3167–3183. [CrossRef]

21. Zhao, Z.; Yi, C.; Zhao, L.; Wang, S.; Zhou, L.; Hu, Y.; Zou, W.; Chen, H.; Jin, M. PB2-588I Enhances 2009 H1N1
Pandemic Influenza Virus Virulence by Increasing Viral Replication and Exacerbating PB2 Inhibition of Beta
Interferon Expression. J. Virol. 2014, 88, 2260–2267. [CrossRef] [PubMed]

22. Wedde, M.; Wählisch, S.; Wolff, T.; Schweiger, B. Predominance of HA-222D/G Polymorphism in Influenza
A(H1N1)pdm09 Viruses Associated with Fatal and Severe Outcomes Recently Circulating in Germany. PLoS
ONE 2013, 8, e57059. [CrossRef] [PubMed]

23. Barde, P.; Sahu, M.; Shukla, M.K.; Bharti, P.; Sharma, R.K.; Sahare, L.; Ukey, M.J.; Singh, N. The high frequency
of non-aspartic acid residues at HA222 in influenza A(H1N1) 2009 pandemic viruses is associated with
mortality during the upsurge of 2015: A molecular and epidemiological study from central India. Epidemiol.
Infect. 2017, 145, 1–10. [CrossRef]

24. Watanabe, T.; Shinya, K.; Watanabe, S.; Imai, M.; Hatta, M.; Li, C.; Wolter, B.F.; Neumann, G.; Hanson, A.;
Ozawa, M.; et al. Avian-type receptor-binding ability can increase influenza virus pathogenicity in macaques.
J. Virol. 2011, 85. [CrossRef] [PubMed]

25. Farooqui, A.; Leon, A.J.; Lei, Y.; Wang, P.; Huang, J.; Tenorio, R.; Dong, W.; Rubino, S.; Lin, J.; Li, G.; et al.
Heterogeneous virulence of pandemic 2009 influenza H1N1 virus in mice. Virol. J. 2012, 9, 104. [CrossRef]
[PubMed]

http://dx.doi.org/10.1111/j.1365-2559.2011.04081.x
http://dx.doi.org/10.1056/NEJMc0907171
http://dx.doi.org/10.1038/nature08260
http://www.ncbi.nlm.nih.gov/pubmed/19672242
http://dx.doi.org/10.1126/science.1177238
http://www.ncbi.nlm.nih.gov/pubmed/19574347
http://dx.doi.org/10.1186/s12879-017-2432-7
http://www.ncbi.nlm.nih.gov/pubmed/28494805
http://dx.doi.org/10.1016/j.jcv.2015.07.308
http://www.ncbi.nlm.nih.gov/pubmed/26370314
http://dx.doi.org/10.1073/pnas.96.16.9345
http://dx.doi.org/10.1007/s007050170002
http://dx.doi.org/10.1093/oxfordjournals.aje.a118408
http://dx.doi.org/10.1093/molbev/mst010
http://dx.doi.org/10.1371/currents.RRN1126
http://dx.doi.org/10.1007/s00705-014-2179-z
http://dx.doi.org/10.1128/JVI.03024-13
http://www.ncbi.nlm.nih.gov/pubmed/24335306
http://dx.doi.org/10.1371/journal.pone.0057059
http://www.ncbi.nlm.nih.gov/pubmed/23451145
http://dx.doi.org/10.1017/S0950268817001595
http://dx.doi.org/10.1128/JVI.00859-11
http://www.ncbi.nlm.nih.gov/pubmed/21937653
http://dx.doi.org/10.1186/1743-422X-9-104
http://www.ncbi.nlm.nih.gov/pubmed/22672588


Viruses 2020, 12, 155 10 of 10

26. Uraki, R.; Kiso, M.; Shinya, K.; Goto, H.; Takano, R.; Iwatsuki-Horimoto, K.; Takahashi, K.; Daniels, R.S.;
Hungnes, O.; Watanabe, T.; et al. Virulence determinants of pandemic A(H1N1)2009 influenza virus in a
mouse model. J. Virol. 2013, 87. [CrossRef]

27. Watanabe, T.; Imai, M.; Watanabe, S.; Shinya, K.; Hatta, M.; Li, C.; Neumann, G.; Ozawa, M.; Hanson, A.;
Zhong, G.; et al. Characterization in vitro and in vivo of pandemic (H1N1) 2009 influenza viruses isolated
from patients. J. Virol. 2012, 86, 9361–9368. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.01565-12
http://dx.doi.org/10.1128/JVI.01214-12
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cells and Viruses 
	Phylogenetic Analysis 
	Sequencing 
	Mouse Experiments 
	Statistical Analysis 
	Ethics 

	Results 
	Genetic Analyses of Japanese A(H1N1)pdm09 Isolates 
	Pathogenicity of A(H1N1)pdm09 Isolates in Mice 

	Discussion 
	References

