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Background: Human infections with a novel avian influenza A virus (H7N9) were reported
in Shanghai municipality, China, at the beginning of 2013. High-pathogenic avian influenza
(HPAI) H7N9 virus emerged in late February 2017 along with existing low-pathogenic avian
influenza (LPAI) H7NO virus, and this has the potential to develop into a pandemic that could
be harmful to humans.

Methods: To elucidate the epidemiological characteristics of H7N9-infected cases from 2013
to 2017 in Shanghai, data on the 59 laboratory-confirmed human cases and 26 bird and envi-
ronmental contamination cases were collected from the WHO website and Food and Agriculture
Organization Emergency Prevention System for Animal Health (FAO EMPRES-AH). Full-length
sequences of H7NO viruses that emerged in Shanghai were collected from the Global Initiative
on Sharing Avian Influenza Data to analyze the evolutionary and genetic features.

Results: We found that genetically different strains emerged in every epidemic in Shang-
hai, and most of the circulating H7N9 strains had affinity to human-type receptors, with the
characteristics of high-virulence and low-pathogenic influenza viruses. Furthermore, our find-
ings suggest that the Shanghai chicken strains are closely related to the HPAI H7N9 virus A/
Guangdong/17SF003/2016, indicating that this viral strain is of avian origin and generated
from the LPAI H7NO viruses in Shanghai. The gradual decrease in H7N9 human infection in
Shanghai was probably due to the control measures taken by the Shanghai government and the
enhanced public awareness leading to a reduced risk of H7N9 virus infection. However, LPAI
H7NO9 viruses from poultry and environmental samples were continually detected in Shanghai
across the epidemics, increasing the risk of new emerging H7N9 outbreaks.

Conclusion: It is important to consistently obtain sufficient surveillance data and implement
prevention measures against H7N9 viruses in Shanghai municipality.
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Introduction

Since the first reports of the outbreak of human infection caused by a novel avian
influenza A H7N9 virus [A(H7N9) virus] in Shanghai, China, in March 2013, there
have been a total of five epidemics up to 2017. As of 31 December 2017, a total of
1,625 human infections with 623 deaths have been reported, with a mortality rate
of approximately 38%.! Direct or indirect contact with poultry may result in human
infection with A(H7N9) virus.? Before the fifth epidemic, A(H7N9) viruses circulat-
ing among poultry in China had been categorized as low-pathogenic avian influenza
(LPAI), and the infected poultry showed no symptoms.® Since poultry carrying the
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LPAI A(H7ND9) virus rarely show signs of sickness, result-
ing in the virus not being detectable in poultry plants or live
poultry markets (LPMs), it is difficult to monitor and prevent
the spread of the virus, which increases the risk that the LPAI
A(H7ND9) viruses in poultry could promote human infections
and deaths.?* During February 2017, in the fifth epidemic,
the appearance of a high-pathogenic avian influenza (HPAI)
A(H7N9) virus infection in humans was first reported in
Guangdong province.® Since then, humans and poultry have
suffered from infections across China resulting from the
outbreak of the HPAI and LPAI A(H7N9) viruses.

A recent study suggests that the HPAT H7NO virus origi-
nated and evolved from the insertion of multiple basic amino
acids into the hemagglutinin (HA) protein cleavage site of
the LPAT A(H7N9) virus. Then, LPATI A(H7N9) or A(HIN2)
viruses reassorted with the HPAI A(H7N9) viruses, resulting
in multiple different genotypes.? The sudden increase in the
number of human infections during the fifth epidemic is likely
to be associated with the broad spread of the LPAI and HPAI
A(H7N9) viruses, which have high levels of genetic varia-
tions, host adaptations, and drug-tolerant mutations.® Owing
to the sharp increase in the numbers of human infections with
A(H7N9) virus and the outbreaks of HPAI A(H7N9) during
the fifth epidemic, there is growing concern regarding the
possibility of a pandemic, which has attracted the public’s
attention.’

Although some groups of limited human-to-human
transmission have been reported,” there is no evidence of
sustained human-to-human transmission of the A(H7N9)
virus.®* A(H7N9) and seasonal A(H3N2) virus co-infection,
which was first reported at the beginning of 2013, shows
that people could be mixing vessels and this could promote
human-to-human transmission.” When human infections
with A(H7N9) virus do occur, they are associated with seri-
ous illness and high fatality rates. Continuous surveillance
is important to identify molecular substitutions in the virus
that may have epidemiological characteristics, including
increased poultry-to-human transmission and antiviral drug
resistance.!°

Shanghai is an international city located at latitude
31°14°N, longitude 121°29’E, in front of the Yangtze River
delta area. This area is on the East Asian Australian migra-
tion flyway, suggesting the probable contribution of wild
birds to the emergence of A(H7N9) viruses because migra-
tory shorebirds are a natural reservoir for avian influenza
virus.'""!* Several coastal wetland areas, which are significant
congregation sites for migratory birds, are also located in
Shanghai, increasing the risk of the emergence of novel

influenza viruses.' It should be noted that the first case of
human infection with the A(H7N9) virus was reported in
Shanghai early in 2013. Although many studies have been
performed on A(H7N9) infection, the epidemiological and
evolutionary relationships between A(H7N9) viruses circulat-
ing in Shanghai remain unclear.

Here, we conducted an epidemiological investigation of
A(H7N9) outbreaks in Shanghai and analyzed the A(H7N9)
virus strains originating in Shanghai from 2013 to 2017. The
phylogenetic and genetic characteristics of A(H7N9) viruses
separated from Shanghai were investigated to reveal the
evolutionary history of A(H7N9) viruses in Shanghai, along
with a detailed discussion on the molecular evolutionary
dynamics of the virus. Our findings provide insight into the
outbreaks of A(H7N9) virus in Shanghai.

Methods

Epidemiological analysis

The epidemiological study included all laboratory-confirmed
cases of human infection with A(H7N9) virus as reported by
the WHO website and the Shanghai Municipal Commission
of Health and Family Planning (SHMCHFP) from 1 January
2013 to 31 December 2017. Avian influenza reports published
by the Department of Health, Government of the Hong Kong
Special Administrative Region (Hong Kong SAR) were col-
lected as a supplementary source to identify the cases with
human infection. Collected information included the month
of onset and the patient’s age and gender. For eight human
infection cases with data on the onset of illness missing, the
date of the onset was calculated by subtracting 10 days from
the WHO reported date. We also collected information on
preventive measures implemented by the Shanghai municipal
government. We defined the first epidemic as being from
January 2013 to September 2013, as defined by the WHO, and
subsequent epidemics as being from October to September
of the following years.

In total, 59 confirmed A(H7N9) human cases were
identified and included in this research. We generated the
epidemic curve using the month of illness onset of reported
cases and also described the epidemiological characteristics
of reported cases to illustrate five epidemics between 2013
and 2017. Birds or environmental cases contaminated with
A(H7N9) virus in Shanghai were also downloaded from the
Food and Agriculture Organization Emergency Prevention
System for Animal Health (FAO EMPRES-AH). The obser-
vation dates of the bird and environmental contamination
cases were collected to identify the outbreak of A(H7N9)
infection in Shanghai.
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Sequence alignment and molecular

evolutionary analysis

From the Global Initiative on Sharing Avian Influenza
Data (GISAID) Database, we downloaded the full-length
sequences of the A(H7N9) virus identified during 2013-2017
from Shanghai, as well as vaccine candidates recommended
by the WHO [A/Guangdong/17SF003/2016(17SF003), A/
HongKong/125/2017(HK125), A/Shanghai/2/2013(SH2),
and A/Anhui/1/2013(AN1)]. As a result, HA (n=59),
neuraminidase (NA) (n=77), polymerase acidic protein (PA)
(n=56), polymerase basic protein 2 (PB2) (n=56), polymerase
basic protein 1 (PB1) (n=49), matrix protein (MP) (n=66),
nucleoprotein (NP) (n=55), and non-structural protein
(NS) (n=66) gene sequences of H7N9 virus were obtained.
Using the CLUSTAL W program,'* we performed multiple
sequence alignments to find the consensus arrangement and
to identify the amino acid residues of interest in the proteins.
Genetic distances of the selected strains were calculated by
pairwise distance calculations. A phylogenetic tree based on
the amino acid sequence of HA or NA in A(H7N9) viruses
was constructed for each protein by the neighbor-joining
(NJ) method and maximum-likelihood (ML) method using
MEGA version 7.0'¢ with 1,000 bootstrap replicates. In
the ML method, the Jones—Taylor—Thornton (JTT) model
was applied as a substitution model. The A(H7N9) strain
A/turkey/Minnesota/1/1988 (GISAID accession number
EPI457629) was used as an outgroup to root the tree. The
trees were drawn and measured, with branch lengths scaled
to the number of mutations per site.

Results

Epidemiological analysis

As shown in Figure 1, five epidemics of A(H7N9) outbreak
have swept through the Shanghai municipality. There were
seasonal changes in the number of infected cases, and most
humans were infected with A(H7N9) virus during November
to March. From January 2013 to December 2017, a total of 59
human cases of A(H7N9) infection was reported in Shanghai
(Table 1); at least 20 (34%) of these infections resulted in
death (Figure 2B). The first epidemic of human infections
with the A(H7N9) virus began in early 2013 in mainland
China, followed by four consecutive epidemics with 33, eight,
eight, four, and six laboratory-confirmed cases. Regarding
the occurrence of bird and environmental cases, 20 cases
were reported in the first epidemic, one case in the second
epidemic, two cases in the third epidemic, one case in the
fourth epidemic, and two cases in the fifth epidemic. In both
human and bird and environmental cases, more infections

were reported during the first epidemic than during the last
four epidemics put together (Figure 2C). Given that each
epidemic combined into a single period to minimize the
risk of the small sample size, 80% of infections occurred
in males (Figure 2A), and the median age was 61.5 years
(range, 2—89 years). The median age in the first epidemic
was 68 years, much older than that observed during the entire
period; in the fifth epidemic, the median age was 51.5 years,
which was much lower than that observed in other epidemics
(Figure 2D). We were unable to analyze correlation among
epidemics, and the estimates as presented above should be
regarded as indicative because of the small number of cases
of human infection in the second to fifth epidemics.

Molecular homology analysis of amino

acid sequences

Homology analyses of amino acid sequences of selected
strains indicated that the variation between the strains
showed diversity at the amino acid level up to 4.6%, and
5.5% was based on the surface HA and NA genes, with
variable differences being observed based on internal gene
sequences. Comparison of the internal gene sequences of
the selected strains revealed amino acid divergences up
to 2.5% (PB2), 2.4% (PB1), 3.6% (PA), 4.9% (NP), 7.9%
(MP), and 13.3% (NS) (Table 2). The two recent A(H7N9)
vaccine candidates had higher amino acid divergences of HA
and NA proteins from the Shanghai strains than the vaccine
candidates of 2013. The HA and NA surface proteins of
Shanghai strains, with four different vaccine candidates,
shared 95.1-98.9% and 96.1-98.9% (HK125), 94.9-97.8%
and 94.7-97.6% (17SF003), 96.7-100% and 96.3—100%
(SH2), and 96.7-100% and 96.5-100% (AN1), respectively,
at the amino acid level (Table 3).

Phylogenetic study of the HA and NA
proteins in Shanghai strains

A total of 59 HA and 77 NA full-length sequences of
A(H7N9) strains were obtained from the GISAID database
(http://www.gisaid.org) to generate the phylogenetic tree.
Both the NJ trees and ML trees, based on HA segments,
showed that they shared similar topologies, and all of the

H7N9 strains formed a closely related lineage except for
four strains, namely A/duck/Shanghai/SD015(SD015), A/
duck/Shanghai/SD016(SD016), A/Shanghai/1/2013(SH1),
and A/Shanghai/05/2013(SHO0S5), when the tree was rooted to
strain A/turkey/Minnesota/1988. These four strains had nodes
and branches distinct from other strains in both the ML and
NJ methods. It was also observed that the A(H7N9) WHO
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Table | Confirmed human cases of avian influenza A(H7N9) virus in Shanghai as of 31 December 2017

Case no. Date of onset* Gender Age (years) Situation Notes

[ 2013-02-19 M 87 Died

2 2013-02-19 M 27 Died

3 2013-03-17 M 2

4 2013-03-22 F 67 Died

5 2013-03-25 M 58 Died

6 2013-03-27 F 52 Died

7 2013-03-28 M 73 Died

8 2013-03-28 M 48 Died

9 2013-03-29 M 65

10 2013-03-29 M 67

Il 2013-03-31 M 4

12 2013-03-31 M 74 Died

13 2013-04-01 M 64 Died

14 2013-04-01 M 62

15 2013-04-01 F 76

16 2013-04-01 M 56 Died

17 2013-04-02 F 83 Died

18 2013-04-03 M 77 Died

19 2013-04-03 M 53

20 2013-04-03 M 86 Died

21 2013-04-04 F 8l

22 2013-04-04 M 68

23 2013-04-04 M 78

24 2013-04-05 M 78

25 2013-04-05 M 73

26 2013-04-08 F 80 Died

27 2013-04-08 M 54

28 2013-04-10 M 47

29 2013-04-12 M 89 Died

30 2013-04-13 F 75

31 2013-04-13 M 68

32 2013-04-13 M 75

33 2013-04 N/A N/A Died

34 2013-12-26 M 86

35 2014-01-01 F 58 Critical

36 2014-01-01 M 35 Died

37 2014-01-03 M 54 Died

38 2014-01-06 F 6l

39 2014-01-06 M 56 Critical

40 2014-01-10 M 77 Died

41 2014-01-11 M 31 Died

42 2014-11-28 M 38

43 2015-01-18 M 69

44 2015-01-22 M 73

45 2015-01-23 F 75

46 2015-02-12 M 53

47 2015-04-05 M 52

48 2015-04-07 F 37

49 2015-06-10 M 6l

50 2015-12-21 M 59

51 2016-01-01 F 58

52 2016-01-30 (estimated) M 66 2016-02-08 (WHO reported date)
53 2016-03 (estimated) F 79 2016-03 (WHO reported date)
54 2016-12-12 (estimated) M 45 2016-12-22 (WHO reported date)
55 2016-12-19 (estimated) M 34 2016-12-29 (WHO reported date)
56 2016-12-29 (estimated) M 58 2017-01-07 (WHO reported date)
57 2017-01-10 (estimated) M 60 — 2017-01-11 (WHO reported date)
58 2017-01-31 (estimated) M 58 — 2017-02-10 (WHO reported date)
59 2016-02-21 (estimated) M 43 2017-03-03 (WHO reported date)

Notes: *Dates are presented as year-month-day. For eight infections whose date of onset was missing, the estimated onset date was calculated by subtracting 10 days from
the WHO reported date.
Abbreviations: F, female; M, male; N/A, not available.
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Figure | Confirmed cases of avian influenza A(H7N9) virus infections in humans, birds, and the environment in Shanghai reported to the WHO and Food and Agriculture
Organization (n=85), by month of illness onset, 2013-2017.

Notes: Origin: Publicly released infections in the Disease Outbreak News (http://www.who.int/csr/don/en/) or avian influenza report issued by the Department of Health,
Government of the Hong Kong Special Administrative Region (http://www.chp.gov.hk/en/index.html).
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Figure 2 Age, gender, and death distributions of confirmed cases of avian influenza A(H7N9) virus infection during the five epidemics in Shanghai, 2013-2017.

Notes: (A) Gender distribution, (B) death distribution, (C) host distribution, and (D) age distribution in all epidemics (Ist, February 2013-September 2013; 2nd, October
2013-September 2014; 3rd, October 2014-September 2015; 4th, October 2015-September 2016; 5th, October 2016—September 2017; and All, 2013-2017). One case (case
no. 33) was excluded from A and D because the data were not available.
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Table 2 Amino acid homology (%) of the eight genes of avian influenza A(H7N9) virus strains in Shanghai, China, 2013-2017

HA NA MP

PB2 PBI PA NS NP

Amino acid homology between strains | 95.4-100 | 94.5-100

92.1-100

97.5-100 | 97.6-100 | 96.4-100 | 86.7-100 | 95.1-100

Abbreviations: HA, hemagglutinin; MP, matrix protein; NA, neuraminidase; NP, nucleoprotein; NS, non-structural protein; PA, polymerase acidic protein; PBI, polymerase

basic protein |; PB2, polymerase basic protein 2.

Table 3 Amino acid homology (%) of the surface HA and NA proteins between the avian influenza A(H7N9) Shanghai strains and

WHO-recommended vaccine candidates

A/Anhui/1/2013 A/Shanghai/02/2013

A/Guangdong/17SF003/2016

A/HongKong/125/2017

HA 96.7-100 96.7-100

94.9-97.8

95.1-98.9

NA 96.5-100 96.3—100

94.7-97.6

96.1-98.9

Abbreviations: HA, hemagglutinin; NA, neuraminidase.

vaccine candidates were closely related to A/chicken/Shang-
hai/S4100/2015 (Figure 3A and B). The phylogenetic trees of
NA segments of Shanghai strains, as shown in Figure 4A and
B, revealed that the ML and NJ trees were broadly similar in
topology and the strains formed several clades. Two vaccine
candidates recommended by the WHO, 17SF003 and HK 125,
were clustered with the Shanghai chicken strains 0of 2014 and
2015 to form a clade. As a result, we inferred that the source
of HPAI A(H7N9) viruses came from poultry. Based on the
two methods of phylogenetic analysis of HA and NA protein,
SHOS5, SD015, and SD016 produced a branch distinct from
the other Shanghai strains and were located closest to the
common ancestor.

Key amino acid substitutions of A (H7N9)
viruses in Shanghai municipality
The genetic characteristics of Shanghai strains that were
associated with host range, receptor binding specificity, and
antiviral tolerance were analyzed. We found that 91% (50/55)
and 92.7% (51/55) of strains contained G186V (H3 number-
ing) and Q226L/I mutations, respectively, in the HA protein,
which may enhance the human receptor binding affinity of
the virus.!” SHO5, SD015, and SD016 had no mutations with
186G and 226Q, while A/chicken/Shanghai/S1410/2013 had
G186V mutations with 226Q, and SH1 and A/Minhang/
S01/2013 had Q226L/I mutations with 186G (Tables 4 and 5).
The HA of all strains from Shanghai included a single
arginine at the HA cleavage site, as shown in Table 4, sug-
gesting that Shanghai strains belong to the LPAI viruses.
Only the vaccine candidate strain 17SF003 had an insert of
multiple basic amino acid residues at the HA cleavage site
(PKRKRTAR/G) in this survey (Table 5). R292K mutations
of NA protein related to antiviral tolerance occurred in only
three strains, including SH1. A key five-amino-acid deletion
in the NA protein at positions 69-73 has been associated

with its increased virulence.!® The Shanghai strains ana-
lyzed in this study had a five-amino-acid (positions 69-73)
deletion in the NA stalk region, except for SHOS5, SDO15,
and SDO16.

Several mutations associated with mammalian adaptation
were generated in the internal protein of Shanghai strains.
The E627K and D701N mutations in the PB2 protein, and
V100A and K356R mutations in PA, are regarded as essential
for mammalian adaptation of the avian influenza virus.'*!
E627K mutations in the PB2 protein occurred in a total of
20 viruses, including A/tree sparrow/Shanghai/01/2013.
The D701N mutation was only observed in A/Shanghai/
PD-02/2014 (Table 5). The PA genes from 52 viruses were
also analyzed. While V100A mutations were presented in 42
strains, the K356R substitution was observed in the major-
ity of the strains except for in SD015 and SD016 (Table 5).
1368V mutations in PB1, which were related to increased
transmission in ferrets, were observed, except for in SH1
and A/Shanghai/11/2013 (Table 5).

All Shanghai viruses as well as WHO-recommended
vaccine candidates had P42S and N205S substitutions,
indicating their enhanced virulence in mice and altered
antiviral response (Table 5). However, the D92E mutation
in the NS protein related to increased virulence and/or
cytokine resistance was found only in SHOS. In the genes
of the SHOS strain, we observed some mammalian adapta-
tion signatures such as the 1368V mutation in PB1, K356R
in PA, and avian-like signatures including G186 and Q226,
which retained the 69—73 amino acids in the stalk region in
HA and V100 in PA. Ren et al*' conjectured that SHO5 had
more avian influenza-like characteristics and was genetically
distinct from other human influenza-like strains, represent-
ing a precursor of A(H7N9) subtypes co-circulating among
humans. It was observed that SDO15 and SD016 had more
avian influenza-like characteristics than SHOS.
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Figure 3 Phylogenetic trees deduced using (A) the maximum-likelihood method and (B) the neighbor-joining method of HA, displaying the genetic divergences of the H7N9

viruses, Shanghai, 2013-2017.

Notes: The current study includes a total of 59 HA full sequences that were downloaded. The trees are rooted with A/turkey/Minnesota/1988 as the outgroup. The WHO-
recommended vaccine candidates are indicated by a black circle.
Abbreviation: HA, hemagglutinin.

Discussion

The A(H7N9) virus that emerged in 2013 originated from
the reassortment between the A(H7N3) virus HA gene in
Zhejiang ducks and A(H7N9) virus NA gene in Korean wild

birds, adopting six internal protein genes of the A(HIN2)
virus in Beijing bramblings.!" HA assists the virus in attach-
ing to and penetrating the host cell via surface receptors,

while NA catalyzes the cleavage of sialic acid residues on the
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Figure 4 Phylogenetic trees deduced using (A) the maximum-likelihood method and (B) the neighbor-joining method of NA, displaying the genetic divergences of the H7N9
viruses, Shanghai, 2013-2017.
Notes: The current study includes a total of 77 NA full sequences that were downloaded. The trees are rooted with A/turkey/Minnesota/|988 as the outgroup. The WHO-
recommended vaccine candidates are indicated by a black circle.
Abbreviation: NA, neuraminidase.
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Table 4 Characterization of key molecular markers of avian influenza A(H7N9) viruses in Shanghai, 20132017

Gene Function Mutation Amino acid Human Non-human Total
HA* Increased binding to human- G186V G 3 2 5
type influenza receptor \4 25 25 50
Q226L/1 Q | 3 4
(]| 24 27 51
Enhanced virulence in poultry Cleavage site with insertion of PKLGR 28 27 55
multiple basic amino acids
NA* Oseltamivir resistance R292K R 25 45 70
K 3 0 3
Increased virulence 69-73 deletion QISNT | 2 3
PB2 Increased virulence in mice E627K E 7 25 32
K 19 | 20
Enhanced transmission in D70IN D 25 26 51
guinea pigs N | 0 |
PBI Increased transmission in 1368V | 2 0 2
ferrets \ 19 24 43
PA Species-associated signature VI100A \ 2 8 10
positions A 23 19 42
K356R K 0 2 2
R 25 25 50
NS Altered antiviral response in N205S N 0 0 0
the host S 34 28 62
Increased pathogenesis in P42S P 0 0 0
mice S 34 28 62
Altered virulence in mice D92E D 33 28 6l
E | 0 |

Notes: *The HA gene was under the H3 numbering system and the NA gene was under the N2 numbering system. Other internal genes were numbered from the start

codon.

Abbreviations: HA, hemagglutinin; NA, neuraminidase; NS, non-structural protein; PA, polymerase acidic protein; PBI, polymerase basic protein |; PB2, polymerase basic

protein 2; J/, cleavage site.

surface receptor, which is believed to play important roles in
influenza infection. It is noteworthy that a single amino acid
mutation of the receptor binding site in HA may contribute to
the change in receptor binding specificity.”> The HA protein
harbored G186V and Q226L (H3 numbering) mutations and
has previously been identified as being related to a switch in
receptor specificity from poultry to human types.* Through
the tuning procedure of enhancing the affinity to human-type
receptors, the virus acquired dual receptor binding capacity.?*
A total of 50 and 51 viruses, including most of the poultry-
derived strains, in this study had the G186V and Q226L
mutations, respectively, in their HA segments, indicating
that most of the Shanghai strain possessed human virus-like
receptor preference.

The NJ method is a well-known distance method, and the
ML method is the most commonly used analysis in phylo-
genetic tree construction.?> We applied the two methods and
compared the results of the constructed trees in this study. We
observed that these two trees were broadly congruent with the
topology and shared some internal nodes and branches near
the ancestral node in the analysis of HA and NA proteins.

The ancestral HA and NA genes of the A(H7N9) virus were
observed in SHO05, SDO15, and SDO016, as these viruses
were phylogenetically close to the common ancestor. While
a five-amino-acid deletion (positions 69—73) in the HA stalk
region is considered a characteristic feature of wild aquatic
bird viruses adapted to terrestrial birds, these three viruses
contain a long stalk in NA, 186G, and 226Q in HA, indicating
that these viruses are associated with aquatic bird viruses.
Wang et al** concluded that early viruses such as these strains
could spread to terrestrial birds and acquire a five-amino-acid
deletion (QISNT) in the NA stalk region, producing terrestrial
poultry-adapted SH1-like viruses. However, how the SHO5
without both G186V and Q226L and the strains with either
G186V or Q226L could still infect humans requires further
investigation.

It is important to note the phylogenetic subgroup con-
sisting of SD015 and SD016, because the domestic duck
could be a key intermediate host for viral reassortment and
ultimately produce A(H7N9) virus. It was observed that
SDO015 and SDO16 have different genetic characteristics that
appeared in the third epidemic. A duck transferring H7N9
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into its environment could potentially lead to the infection of
domestic poultry.?® Therefore, it is necessary to strengthen the
continuous surveillance of birds and environmental samples.

As shown in Figure 3, the WHO-recommended HPAI
A(H7N9) vaccine candidate 17SF003 was rooted from the
Shanghai strains. This finding shows that the HPAI H7N9
virus is of avian origin, stemming from the LPAI A(H7N9)
viruses in Shanghai. Systemic virus replication in poultry
and mammals could be facilitated by the insertion of multiple
basic amino acids in the HA cleavage site of the vaccine
candidates.””? This insertion is considered as a primary
virulence factor of A HPAI viruses.*® While no Shanghai
strains contain these mutations on HA segments, the inser-
tion of multiple basic amino acids in the cleavage site was
observed in the vaccine candidate 17SF003. As stated above,
most Shanghai strains possessed the QISNT deletion in the
NA protein, which may be associated with its increased viru-
lence. These results suggest that most of the Shanghai strains
are low-pathogenic and high-virulence strains.

NA offers an excellent target for antiviral drug develop-
ment. R292K substitution in NA has been reported to be
resistant to NA inhibitor antiviral drugs.’' In the current
study, only 4% of the Shanghai strains (3 of 73 isolates,
only including the isolates in 2013) contained the antiviral
resistance R292K mutations, and no substitutions were
observed in the environmental strains. These findings show
that NA inhibitor antiviral drugs may provide a valid remedy
for A(H7N9)-infected patients in Shanghai.

The polymerase enzyme complex essential for viral repli-
cation is composed of PB2, PB1, and PA genes. Mutations of
these genes are linked with increased virulence and animal-
to-human transmissibility.?**? Based on the different genetic
characteristics of the surface proteins and internal proteins
in H7NO viruses, it appears that the genetically new H7N9
strains have emerged in every epidemic in Shanghai, posing a
risk to public health. Although only non-sustained and limited
transmission was detected, a sharp increase in human infec-
tions and a higher pathogenicity in chickens were reported
in the recent epidemics.**** The A(H7N9) viruses from 32
human cases and 57 poultry or environmental samples were
found to be HPAI viruses, but there have been no reports of
an HPAT A(H7N9) outbreak in Shanghai.'

Geographically, A(H7N9) virus infection extended from
eastern to western China across the epidemics. In addition,
an increasing number of cases of human infections was
observed in the fifth epidemic compared to any of the previ-
ous epidemics in mainland China.?® In contrast, 56% of the
human cases, with a 48% fatality rate, were reported in the
first epidemic in Shanghai. A relatively small number of cases

of human infection were observed from the second to fifth
epidemics in Shanghai. Shen et al*® discovered that during
the first epidemic in Shanghai, late antiviral treatment and
a long duration of viral shedding resulting from deficient
knowledge among the general public of the A(H7N9) virus
were more likely to be associated with a fatal outcome. Cases
of A(H7N9) infection gradually decreased from the first
epidemic to the fourth epidemic, and only four fatal cases
and 28 total cases were observed in Shanghai in the last four
epidemics. This decrease in the number of A(H7N9) infec-
tion cases and the low fatality rate may be associated with
enhanced public awareness, which resulted in a reduced risk
of A(H7N9) virus infection,® along with continuous surveil-
lance and prevention measures.

After the first human infection with the A(H7N9) virus,
the Shanghai government implemented enhanced prevention
and control programs, including the closure of the LPMs,
slaughtering poultry, and investigation of environmental
samples, as well as implementing an emergency monitoring
plan.’” Although this promoted awareness of risk reduction to
decrease A(H7N9) viral infections in the people of Shanghai,
the LPAI A(H7N9) viruses in poultry and environmental
samples have been continually detected in Shanghai across
the epidemics, enhancing the risk of silent epidemics and
occurrences leading to sporadic human infections caused by
contact with infected poultry.®

After the first human infection with the A(H7N9) virus in
Shanghai, all 464 LPMs were temporarily closed on 6 April
2013. The LPMs were cleaned and disinfected, and relevant
authorities in the neighboring provinces were informed
that vehicles should not transport live poultry to Shanghai
municipality. He et al suggested that the poultry in LPMs
may have infected humans, with or without direct contact.*
In January 2014, the Shanghai municipal government issued
a ban stating that the LPMs would be regularly closed from
every Chinese New Year to April. After the LPMs were closed
on the 2014 Chinese New Year, no cases were reported in the
second epidemic. However, the closure of LPMs may not be
the deciding factor in preventing the occurrence of A(H7N9)
in Shanghai because a few of the remaining A(H7N9) cases
occurred during the ban period from 2015 to 2017. The start
dates of the LPM closures in Shanghai were 29 February
2015, 8 February 2016, and 28 January 2017.

Shanghai is one of the least productive municipalities
for poultry in China. Live poultry production in Shanghai
gradually decreased from 2013 (26.41 million) to 2015
(19.43 million). Also, poultry consumption in Shanghai is
approximately 130 million annually, of which 20% is from
Shanghai municipality and 80% is mainly from Jiangsu,
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Anhui, and Zhejiang, indicating that most of the poultry
consumed in Shanghai is imported from other provinces.*
Therefore, when investigating the outbreaks of poultry-
related diseases in Shanghai, it is necessary to be aware of
the poultry imported from other provinces. The closure of
LPMs may have facilitated the movement of LPAT A(H7N9)
virus-infected poultry to the Shanghai district during the ban
period. The poultry trade and transportation routes could
facilitate the silent spread of LPAI A(H7N9) virus.> HPAI
A(H7ND9) viruses may also spread to other provinces via bird
migratory flyways.?

According to the routine environmental surveillance in
Shanghai, H7N9-positive samples dramatically decreased in
the second to fifth epidemics compared to the first epidemic
but were continuously detected across the epidemics, increas-
ing the risk of new emerging H7N9 outbreaks. Also, migratory
birds and poultry transportation could facilitate LPAI and
HPAT A(H7ND9) outbreaks. Therefore, it is necessary to focus
on continuous prevention and surveillance for the A(H7N9)
virus in Shanghai municipality. Because China is composed
of large provinces, each of which has a wide range of popula-
tion, climate, and environment, province-based quarantine and
prevention could be more effective than nationwide policies
in controlling infectious disease. WHO and Chinese experts
assessed that quarantine measures conducted by the Shanghai
government against A(H7N9) infection were considered to
be appropriate and effective*! and also could provide a good
example for A(H7N9) control and prevention in other regions.

Conclusion

In summary, we found that genetically new A(H7N9) strains
emerged in every epidemic in Shanghai, and most of the
emergent strains had affinity for human-type receptors. The
A(H7N9) viruses circulating within Shanghai belong to high-
virulence and low-pathogenic influenza viruses, considering
their NA deletion (positions 69—73) and the insertion of single
basic amino acids within the HA cleavage site. In addition,
it is likely that NA inhibitor antiviral drugs may be a valid
remedy for A(H7N9)-infected patients in Shanghai, based
on the fact that only three Shanghai viruses during the first
epidemic contained the R292K mutations and no environ-
mental or bird samples including the mutations had yet been
reported. This study also indicates that the HPAI A(H7N9)
virus that emerged in the fifth epidemic is of avian origin
because it is phylogenetically closely related to a Shanghai
chicken strain. The improved public awareness of A(H7N9)
pandemic risk,* as well as several surveillance and control
measures, may have contributed to the gradual decrease in

A(H7N9) outbreaks in Shanghai. However, LPAI A(H7N9)
viruses found in poultry and environmental samples were
continually detected in Shanghai across the epidemics,
increasing the risk of new emerging A(H7N9) outbreaks.
Also, LPAI or HPAI A(H7N9) viruses could spread through
poultry transportation and bird migration pathways.?? It is
important to take consistent and sufficient surveillance and
prevention measures against H7N9 viruses in Shanghai
municipality.

There are some limitations to this study. First, the human
cases of A(H7N9) infection during the second to fifth epi-
demics in Shanghai numbered only eight, eight, four, and
six, respectively. Because the relatively small number of
confirmed cases during the second to fifth epidemics makes
it difficult to have a large enough sample size to generate
meaningful statistics and find statistically significant dif-
ferences in the distributions of A(H7N9) outbreaks, our
estimates for fatality, median age, and gender distribution
of the study could be biased. Therefore, it is recommended
that well-designed pilot studies, with small sample sizes, or
pooled analyses with confirmed cases from other regions, are
undertaken to find significant differences in future research.
In addition, some sequences or cases have been missed
because they were not available from the database used in
this study. As the study cases are not representative of the
entire H7N9 group, the results could be skewed. Second, for
the cases infected with H7N9, access to updated informa-
tion, including mortality cases, was limited. Further studies
including additional epidemiological and clinical informa-
tion are required for a better understanding of H7N9 human
infection in Shanghai.
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