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Since the identification of the novel reassortant avian influenza A (H7N9) virus in China in 2013, until Jun 30, 2017, the virus
has caused five epidemic waves leading to a total of 1,552 human infections, with a fatality rate of about 40%. In the spring of
2017, highly pathogenic avian influenza (HPAI) H7N9 virus emerged and has caused 25 human infections. The HPAI H7N9
virus has some biological differences from the LPAI one, such as its multiple basic amino acid residues on HA leading to its
independence on trypsin for replication. The pathogenicity of the HPAI H7N9 virus to experimental animals or humans is
still unclear. A(H7N9) vaccine development for pandemic preparedness is ongoing, including the reassortment (H7N9/PR8)
reverse genetic based vaccine, the virus like particle (VLP) vaccine, the intranasal live attenuated influenza vaccine (LAIV),
the non-adjuvant Vero cell culture-derived inactivated whole-virus vaccine, the MDCK culture-derived vaccine, the H7 DNA
vaccine and the recombinant replicative H7N9 virus \(H7N9-53TM\) vaccine. Five neuramidinase resistant sites of A(H7N9)
virus isolated from patients have been reported. Some alternative drugs have been studied, such as DAS181 (Fludase), ribavirin,
troglitazone and minocycline. Persistent surveillance and enhanced global control are essential to fight against human infections
with A(H7N9) virus.
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INTRODUCTION
Although avian influenza H7 subtype viruses such as H7N1,
H7N2, H7N3 and H7N7 have sporadically infected humans
worldwide, they have never caused human infections with a
big fatal outcome until the outbreak of H7N9 in 2013 (Qi et
al., 2013; Richard et al., 2013; Shi et al., 2013). Human infec-
tions with N9 subtype viruses had never been reported before
2013. Since the notification of human infection with novel
reassortant influenza A(H7N9) virus on 31 March 2013, in
total 1,552 laboratory-confirmed cases have been reported to
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WHO (http://www.chinaivdc.cn/cnic/en/Surveillance/Week-
lyReport/201706/t20170630_144621.htm). Avian influenza
H7N9 virus was recognized as easier to infect mammals and
caused the largest number of human infections, more than
other previously reported avian influenza viruses did, includ-
ing H5N1 (Zhou et al., 2013). What is more, in the spring of
2017, a significant mutation in the Hemagglutinin of H7N9
was observed during the surveillance system (Yang and Liu,
2017; Zhang et al., 2017; Zhu et al., 2017). The presence of
multiple amino acids in the cleavage site indicates that the
H7N9 has evolved from LPAI virus to HPAI virus. This re-
view will discuss the epidemiology, viral characteristics, vac-
cines and drug resistance of H7N9 virus.
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EPIDEMIOLOGY

In March 2013, China reported first human infection with
novel reassortant avian influenza H7N9 virus, the first
three cases were from Shanghai municipal city and Anhui
province, respectively (Gao et al., 2013). This first epi-
demic resulted in 134 laboratory confirmed cases within
6 months. Over the next few years, the feared pathogen
has caused another four epidemic waves. There are 306,
219, 114 and 779 laboratory-confirmed cases respec-
tively in the later successive four winter-spring epidemics
(http://www.chinaivdc.cn/cnic/en/Surveillance/Week-
lyReport/201706/t20170630_144621.htm) (Wang et al.,
2017a), including three cases acquired infection in main-
land China and exported to other countries (Malaysia
and Canada). The fifth epidemic wave that started on
Oct 1, 2016, has included 779 laboratory-confirmed
cases in mainland China just as Figure 1 showed (as of
Jun 30, 2017) (http://www.chinaivdc.cn/cnic/en/Surveil-
lance/WeeklyReport/201706/t20170630_144621.htm;
http://www.who.int/influenza/human_animal_interface/
HAI_Risk_Assessment/en/), and is the largest epidemic wave
so far. No increased risk of human-to-human transmission
was identified (http://www.chinaivdc.cn/cnic/en/Surveil-
lance/WeeklyReport/201706/t20170630_144621.htm), so
the increased number of human infections in the fifth wave
may be associated with wider geographic spread and higher

prevalence of A(H7N9) viruses circulating in poultry in
China. Since 2013, the first four wave outbreaks have been
caused by LPAI H7N9, and LPAI H7N9 is not pathogenic
in poultry, which poses challenges to the prevention and
control of H7N9.LPAI H7N9 virus might be undetected in
poultry farms, and wholesale and retail markets, unless active
surveillance is conducted. Another reason for the geograph-
ical expansion may be that the closure of the live poultry
market in the affected areas has led to the transportation of
infected poultry to other areas.
The epidemiological distribution of the five wave H7N9

epidemics is shown in Table 1. Cases were concentrated
in the Yangtze River Delta in eastern China. The median
age of laboratory-confirmed human infections with A(H7N9)
virus is about 58 years, the case fatality rate of A(H7N9)
influenza virus is approximately 40% (Wang et al., 2017a).
Men consistently accounted for about 70% of all cases dur-
ing the five epidemics (Wang et al., 2017a). This was mostly
due to gender-based differences in exposure to poultry as op-
posed to differences in immunity (WHO. (2013). Overview
of the Emergence and Characteristics of the Avian Influenza
A (H7N9) virus. Geneva: World Health Organization). Ad-
ditionally, older men were found to be weaker than older
women due to their shorter mean life-span (Zhuang et al.,
2013). Estrogen had been suspected to be the protective agent
and mice experiments have been done, but failed to prove this
guess (Hoffmann et al., 2015).

Figure 1         Number of laboratory-confirmed human H7N9 cases and death in mainland China, 2013–2017 (http://www.who.int/influenza/human_animal_inter-
face/HAI_Risk_Assessment/en/).
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Table 1        Characteristics of laboratory-confirmed cases of A(H7N9) virus infection in mainland China

Epidemic 1, Jan
2013–Sept 2013, n=134

Epidemic 2, Oct
2013–Sept 2014, n=306

Epidemic 3, Oct
2014–Sept 2015, n=219

Epidemic 4, Oct
2015–Sept 2016, n=114

Epidemic 5, Oct
2016–Feb 2017, n=447

Median age (range) 61 (2–91) 57 (2–88) 56 (1–89) 58 (13–92) 58 (4–93)

Men 94 (70%) 212 (69%) 156 (71%) 77 (68%) 317 (71%)

Poultry exposure 107 (80%) 209 (68%) 151 (69%) 83 (73%) 337 (75%)

Death 45 (34%) 131 (43%) 102 (47%) 47 (41%) 169 (38%)

It was reported at least 70% of laboratory-confirmed
A(H7N9) human cases have exposure history to poultry
within 10 days before the onset of symptoms across five
epidemics (Wang et al., 2017a). Visiting a live poultry
market and exposure to backyard poultry were the two
major sources of poultry exposure. A nosocomial cluster
induced by co-infections with avian influenza A(H7N9) and
A(H1N1)pdm09 (pH1N1) viruses occurred in two patients
at a hospital in Zhejiang Province, China, suggesting limited
nosocomial co-transmission of H7N9 and pH1N1 viruses
from one immunocompromised patient to another (Chen et
al., 2016). However, to date there is no definitive evidence
on sustained person-to-person transmissions, although few
family clusters were reported (Li et al., 2014; Qi et al., 2013).
HPAI H7N9was reported in the fifth wave. Compared with

all LPAI A(H7N9) case-patients reported during the fifth epi-
demic, HPAI A(H7N9) case-patients were significantly more
likely to live in rural areas, have exposure to sick or dead
poultry, and be hospitalized earlier. No significant differences
were observed between LPAI and HPAI A(H7N9) in median
age, sex, median time from illness onset to starting antivi-
ral treatment, prevalence of underlying chronic medical con-
ditions, or proportion of patients who received oseltamivir
treatment, intensive-care unit admission, or mechanical ven-
tilation (Zhou et al., 2017). It was reported that more rapid
progression and greater disease severity for HPAIH7N9 case-
patients, because mortality was higher and the intervals from
illness onset to diagnosis and to death were shorter com-
pared with LPAI A(H7N9) case-patients; however, these dif-
ferences were not significant (Zhou et al., 2017).

VIRAL CHARACTERISTICS

Based on the first three isolated A(H7N9) viruses, A/An-
hui/1/2013, A/Shanghai/1/2013 and A/Shanghai/2/2013, it
was confirmed to be a novel reassortant virus, sequencing
analyses revealed that the HA gene shared the highest identity
with A/duck/Zhejiang/12/2011(H7N3). The NA gene was
most closely related to A/wild bird/Korea/A14/2011(H7N9).
All the genes from these three viruses were of avian origin,
with six internal genes sharing the highest similarity with
A/brambling/Beijing/16/2012(H9N2)-like virus (Gao et al.,
2013). The internal gene of A(H9N2) has an efficient repli-
cation capacity in mammalian cells. In addition to A(H7N9),

the avian influenza A(H10N8) and A(H5N6) viruses which
infected humans in recent years, also possess internal genes
from H9N2 virus (Jin et al., 2014).
Hemagglutinin (HA) gene sequences demonstrated two

outbreak sources of A(H7N9) viruses have been established
in China since 2014 (Wang et al., 2016), which are the
Yangtze River delta region and the Pearl River delta region.
The two outbreak sources are recognized as the source for
A(H7N9) outbreaks and have been providing virus to other
areas, so far majority of the A(H7N9) viruses belong to
the Yangtze River delta region (Figure 2) (WHO. Increase
in Human Infections with Avian Influenza A(H7N9) Virus
During the Fifth Epidemic—China, October 2016–February
2017).
The HA cleavage site of vast majority of A (H7N9) virus

possesses only a single amino acid R (arginine), indicating
low pathogenic effects in poultry. Of particular note, in the
fifth wave, highly pathogenic avian influenza (HPAI) H7N9
viruses were detected in 25 cases from Taiwan (with likely
exposure to poultry in Guangdong), Guangdong, Guangxi
and Hunan, which has an insertion of four basic amino acid
residues (KRKRTAR/G or KGKRIAR/G motif) at the cleav-
age site connecting the HA1 and HA2 peptide regions (Yang
and Liu, 2017; Zhang et al., 2017; Zhu et al., 2017). Un-
like the LPAI H7N9 virus, the HPAI H7N9 virus has sim-
ilar replication ability with or without trypsin indicating its
trypsin independence quality (Zhu et al., 2017). It was proved
that HPAI H7N9 virus maintaining the “dual receptor bind-
ing” capacity of LPAI H7N9 virus, indicating they can bind
to avian-type (a2,3-linked sialic acid) as well as human-type
(a2,6-linked sialic acid) receptors (Zhu et al., 2017). A most
recent study showed, the HPAI H7N9 strain isolated from
poultry was not lethal in mice or ferrets, but readily obtained
the 627K or 701N mutation in its PB2 segment upon replica-
tion in ferrets, causing it to become highly lethal in mice and
ferrets and to be transmitted efficiently in ferrets by respira-
tory droplet (Imai et al., 2017).
A(H7N9) virus can invade epithelial cells in the human

lower respiratory tract and type II pneumonocytes in alveoli,
and replicated efficiently in ex vivo lung and trachea explant
culture and several mammalian cell lines (Zhou et al., 2013).
A mouse experiment showed that Intranasal infection of mice
with A/Shanghai/2/2013 (Sh2/H7N9) virus led to significant
weight loss without  fatality  (Mok et al., 2013).  This  virus
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Figure 2         (Color online) Phylogenetic relationships of A (H7N9) HA genes.

was more pathogenic than A/duck/Jiangxi/3286/2009
(dk/H7N9) and A/chicken/Hong Kong/HH8/2010 (ck/H9N2)
virus, which has six internal gene segments that are ge-
netically similar to Sh2/H7N9. Sh2/H7N9 replicated well
in the nasal cavity and lung, but there was no evidence
of virus dissemination beyond the respiratory tract. Mice
infected with Sh2/H7N9 produced higher levels of proin-

flammatory cytokines in the lung and serum than did
ck/H9N2 and dk/H7N9 but lower levels than HPAI A/Hong
Kong/483/1997 (483/H5N1). Cytokine induction was pos-
itively correlated with virus load in the lung at early stages
of infection. The results suggest that Sh2/H7N9 virus is able
to replicate and cause disease in mice without prior adap-
tation but is less pathogenic than 483/H5N1 virus. Besides
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mouse, ferret and pig experiments have been done to study
infectivity, transmission, pathology of human-isolated H7N9
influenza virus. Sh2/H7N9 replicated in the upper and lower
respiratory tracts of the ferrets and was shed at high titers
for 6 to 7 days, with ferrets showing relatively mild clinical
signs. Sh2/H7N9 was efficiently transmitted between ferrets
via direct contact, but less efficiently by airborne exposure.
Pigs were productively infected by Sh2/H7N9 and shed
virus for 6 days but were unable to transmit the virus to
naïve pigs or ferrets (Zhu et al., 2013). Similar to what has
been observed for H5N1 infections, immunopathogenetic
analysis of H7N9 infection samples reveals high levels of
plasma proinflammatory cytokines and chemokines, termed
hypercytokinemia, in the early stage of the infection (Liu et
al., 2014).

VACCINES

Vaccination is the primarymeasure to control the spread of in-
fluenza virus infection in humans (Song et al., 2015). The de-
velopment of candidate vaccine viruses (CVVs) of zoonotic
influenza, coordinated byWHO, remains an essential compo-
nent of the overall global strategy for influenza pandemic pre-
paredness. Selection and development of zoonotic influenza
CVVs are the first steps towards timely vaccine production
and do not imply a recommendation for initiating manufac-
ture.
WHO recommended A/Anhui1/2013(H7N9)-like virus

as CVV in May, 2013. However, some A(H7N9) virus
since 2016 reacted less well with post-infection ferret
antiserum raised against the available A/Anhui/1/2013
and A/Shanghai/2/2013-derived CVVs (Figure 2). There-
fore, in March 2017, a new A/Hunan/2650/2016-like
CVV is proposed by WHO. Additionally, the HPAI
A(H7N9) viruses were antigenically significantly dif-
ferent from the 2013 CVVs. Therefore, a new CVV
derived from an A/Guangdong/17SF003/2016-like
virus (HPAI) is proposed (http://apps.who.int/iris/bit-
stream/10665/254827/1/WER9212.pdf?ua=1).
A(H7N9) vaccine based on classical reassortant plat-

form has not been reported yet. A(H7N9) vaccine
strains constructed by reverse genetics technique were
successful, which contained the HA and NA genes
from H7N9 virus and six internal genes from the
A/Puerto Rico/8/34 (PR8) virus (http://apps.who.int/iris/bit-
stream/10665/254827/1/WER9212.pdf?ua=1). Besides,
several new types of vaccines are under development.
The A(H7N9) virus like particle (VLP) vaccine was de-

veloped consisting of full length, unmodified hemagglutinin
(HA) and neuraminidase (NA) from the A/Anhui/1/2013
and the matrix1 (M1) protein from the A/Indonesia/05/2005
(H5N1) (Fries et al., 2013; Smith et al., 2013). The A/An-
hui/1/2013 (H7N9) virus like particle (VLP) vaccine was

produced in insect cells with the use of recombinant bac-
ulovirus. The H7N9 VLP can induce relatively high titers
of HI antibodies against the homologous virus with any
adjuvant. Besides, the H7N9 VLP could also elicit anti-neu-
raminidase (NA) antibody. A lethal murine wild-type
A/Anhui/1/2013(H7N9) challenge demonstrated high sur-
vival of animals receiving the H7N9 VLP vaccine, the data
demonstrate that recombinant H7N9 vaccine can be rapidly
developed and was immunogenic and efficacious, support-
ing testing in men as a pandemic influenza H7N9 vaccine
candidate (Smith et al., 2013).
Scientists developed and evaluated in ferrets an intranasal

live attenuated influenza vaccine (LAIV) against H7N9 based
on the A/Leningrad/134/17/57 (H2N2) cold-adapted master
donor virus (Kong et al., 2015). It demonstrates that the
LAIV is attenuated and safe in ferrets and induces high HA
and NA inhibiting and virus-neutralizing titers. The antibod-
ies against HA were also cross-reactive with divergent H7
strains. The H7N9 LAIV protects against severe disease and
death and inhibits virus replication in ferret models.
Baxter has developed a non-adjuvant Vero cell cul-

ture-derived inactivated whole virus H7N9 vaccine using
A/Anhui/1/2013(H7N9) (Wodal et al., 2015). The whole
virus vaccine induced dose-dependent H7N9-specific HI,
MN and NA antibodies in mice and guinea pigs. Immunized
mice were protected against lethal H7N9 challenge in a
dose-dependent manner. H7N9 and H1N1pdm09 vaccines
were similarly immunogenic. Besides, an egg-derived
influenza H7N9 reassortant was adapted in MDCK cells.
Influenza H7N9 whole virus vaccine antigen was manufac-
tured using microcarrier-based culture system. MDCK cell
derived influenza H7N9 whole virus vaccine candidate is
immunogenic and protective in ferrets (Chia et al., 2015).
A H7 DNA-H7N9 monovalent inactivated vaccine is safe

and immunogenic prime-boost regimen in a randomized
phase I clinical trial. The novel H7 DNA vaccine was safe,
well-tolerated, and immunogenic when boosted with H7N9
monovalent inactivated vaccine, while priming for higher
HAI and neutralizing antibody titers than H7N9 monovalent
inactivated vaccine alone (Imai et al., 2017).
HA-based structural design approach is the first in

the field to generate a recombinant replicative H7N9
virus (H7N9-53TM) showing broadened protection. The
H7N9-53TM contains a replaced H3 HA transmembrane
domain (TM) in its HA protein. In mice, the inactivated
H7N9-53TM vaccine induced significantly higher HI titers,
HA-specific IgG titers, and IFN-γ production than the
corresponding H7N9-53WT inactivated virus vaccine con-
taining wild-type HA. Besides, mice immunized with the
H7N9-53TM showed full protection against homologous
(H7N9-53) and some protection against interclade H7N9
viruses (Wang et al., 2017b). The types and characteristics
of human H7N9 vaccines have been shown in Table 2.
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Table 2        Types and characteristics of H7N9 vaccine

Vaccine types Main characteristics

H7N9 reverse genetics technique reassortant vaccine Fast and applicable to HPAI. Be protected by patent

H7N9 VLP vaccine Fast and safe. Lower immunogenicity

H7N9 LAIV Wider range of cross protection effects

Vero cell culture-derived inactivated whole virus H7N9 vaccine Vero cell is recommended by WHO as a substrate for vaccine production.
Bioreactor could be used for mass production

MDCK cell culture-derived inactivated whole virus H7N9 vaccine MDCK cell is sensitive for influenza viruses. Potential tumor risk

H7 DNA-H7N9 monovalent inactivated vaccine Fast. Lower immunogenicity

recombinant replicative H7N9 virus (H7N9-53TM) vaccine New vaccine. To be tested by practice

DRUG RESISTANT AND ALTERNATIVE
DRUGS

Because of the resistance to M2 blockers, the neuraminidase
(NA) inhibitors (NAIs), particularly oseltamivir and
peramivir, were used to mitigate disease severity among
infected patients during the outbreak of influenza A(H7N9)
infection. However, as with other antiviral drugs, the thera-
peutic benefit of NAIs can be compromised by the emergence
of resistant virus variants. Since the outbreak of H7N9 in
2013, the resistant sites in NA of A(H7N9) virus isolated
from patients have been reported: E119V, R292K, R152K
(Wang et al., 2014) and A246T (Wang et al., 2016). These
four drug resistance mutations in the NA protein have been
detected in LPAI H7N9 virus. R292K had been detected in
a HPAI H7N9 virus, A/Guangdong/17SF003/2016(SF003).
The substitution of R292K in the NA protein in SF003 in-
duced a mean 53,855-fold increase in the IC50 of oseltamivir,
and a 3,556-fold and 73-fold increase in peramivir and
zanamivir, respectively (Zhu et al., 2017). HPAI H7N9
viruses with R292K mutation in NA protein have been
reported to be multiple drugs resistance (Zhu et al., 2017).
Besides R292K, E119Vand H274Y were identified in HPAI
H7N9 isolates from human (Yang et al., 2017).
In addition to the surveillance based on human infections,

a number of scientists have also conducted other studies
on H7N9 NA resistance mutations. One paper reported
that influenza A(H7N9) virus acquires resistance-related
neuraminidase I222T substitution when infected mallards
are exposed to low levels of oseltamivir in water (Gillman
et al., 2015). Scientists in St. Jude Children’s Research
Hospital used random mutagenesis to screen for mutations
conferring reduced susceptibility to NAIs in avian N9 orig-
inating from A/Duck/Memphis/546/1974(H11N9) virus.
The results showed that E119V, I222M, R292K, A246T,
Q136K and H274Y in N9 could lead avian N9 virus resist
to neuraminidase at different levels (Song et al., 2015). A
recent research reported that 14 amino acid substitutions
were introduced into the NA of A/Shanghai/2/2013(H7N9)
and recombinant N9 (recN9) proteins were expressed in a
baculovirus system. All substitutions conferred either re-

duced or highly reduced inhibition by at least 1 NA inhibitor
(Gubareva et al., 2017). H7N9 Neuraminidase resistance
related loci are shown in Table 3.
As mentioned above, emergence of virus variants carry-

ing markers of decreased susceptibility to neuraminidase in-
hibitors was reported in A(H7N9), it is therefore necessary to
investigate whether other classes of drugs can control H7N9
infections. DAS181 is a recombinant fusion protein with sial-
idase activity, removes sialic acid-containing receptor from
respiratory epithelial cells, preventing attachment and repli-
cation of influenza virus. DAS181 was shown to potently
inhibited replication of wild-type influenza A(H7N9) and its
oseltamivir-resistant R292K variants in mice (Marjuki et al.,
2014). Ribavirin is a well-characterized, broad-spectrum nu-
cleoside inhibitor used to halt the synthesis and capping of
viral RNA and mRNA, respectively, by the viral RNA-de-
pendent RNA polymerase. Research showed that ribavirin
is effective against drug-resistant H7N9 influenza virus in-
fections (Bi et al., 2016). Some researches on H7N9 virus
transcriptomic characterization indicated that several kinase
inhibitors, as well as FDA-approved drugs, such as trogli-
tazone and minocycline which regulate the host response to
A(H7N9) that may act as potential anti-virals (Josset et al.,
2014).

CONCLUSION

From 2013 up to now, the majority of human infection with
H7N9 are LPAI H7N9 virus, but recently some HPAI H7N9
virus strains have been detected in the fifth epidemic wave.
The fifth epidemic wave occurred earlier, spread to more ar-
eas, and infected more people than in previous four epidemic
waves. The clinical severity remains unchanged to date. At
present, there is no conclusive evidence that the HPAI H7N9
virus is more pathogenic to experimental animal or human
than LPAI H7N9 virus.
Vaccination is the primary measure to control the spread of

influenza virus infection in humans. In March 2017, WHO
recommended A/Hunan/2650/2016-like and A/Guang-
dong/17SF003/2016-like virus (HPAI) as additional candi-
date vaccine viruses. The multiple NA  mutations  related  to
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Table 3        H7N9 Neuraminidase resistance related sites

Amino acid substitution Source of viruses/tested with Reference

E119V, R292K and R152K LPAI H7N9 virus isolated from human (Wang et al., 2014)

A246T LPAI H7N9 virus isolated from human (Wang et al., 2016)

R292K HPAI H7N9 virus isolated from human
(A/Guangdong/17SF003/2016(SF003)) (Zhu et al., 2017)

R292K, E119V, A246T and H274Y HPAI H7N9 virus isolated from human (Yang et al, 2017)

I222T H7N9 virus isolated from mallard
exposed to oseltamivir in water (Gillman et al., 2015)

E119V, I222M, R292K, A246T, Q136K and H274Y N9 random mutagenesis from
A/Duck/Memphis/546/1974(H11N9)virus (Song et al., 2015)

R289K, H271Y, I219R, I219K, R148K, T244P, N291S, R367K,
E115V, E115A, E115G, E115D, Q132K and E273D

recNA from A/Shanghai/2/2013(H7N9)
virus (Gubareva et al., 2017)

decreased susceptibility to neuraminidase inhibitors high-
lighted the critical role of alternative drugs research and
development, and promising alternative drugs should be
further developed and clinically tested.
It is difficult to predict the circulation level of A(H7N9) in

the following seasons. Continuous surveillance in humans
and avian species is of great importance. Some tools were
developed by WHO for influenza related risk assessment
(http://www.who.int/influenza/publications/TIPRA_man-
ual_v1/en/; http://www.who.int/influenza/surveillance_mon-
itoring/pisa/en/). Regular assessments of the epidemiological
characteristics, virologial characteristics and clinical severity
of human infections with avian influenza A H7N9 virus are
necessary for pandemic risk assessment. In addition, com-
putational methods can be used to analyse antigenic epitopes
of avian influenza A (H7N9) viruses (Liu et al., 2015).
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