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Abstract Since the first case of novel H7N9 infection was reported, China has experienced five epidemics of
H7N9. During the fifth wave, a highly pathogenic H7N9 strain emerged. Meanwhile, the H7N9 virus continues to
accumulate mutations, and its affinity for the human respiratory epithelial sialic acid 2-6 receptor has increased.
Therefore, a pandemic is still possible. In the past 6 years, we have accumulated rich experience in dealing with
H7N9, especially in terms of virus tracing, epidemiological research, key site mutation monitoring, critical disease
mechanisms, clinical treatment, and vaccine development. In the research fields above, significant progress has
been made to effectively control the spread of the epidemic and reduce the fatality rate. To fully document the
research progress concerning H7N9, we reviewed the clinical and epidemiological characteristics of H7N9, the key
gene mutations of the virus, and H7N9 vaccine, thus providing a scientific basis for further monitoring and
prevention of H7N9 influenza epidemics.
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Introduction

In March 2013, Shanghai and Anhui were the first two
provinces/municipalities to report human cases of avian
influenza H7N9 infection. Since then, the disease has
spread, and cases of H7N9 have increased rapidly in
Zhejiang Province. To date, five waves of H7N9 outbreaks
have occurred, and H7N9 cases have spread to most
provinces and cities in China, among which Zhejiang,
Jiangsu, and Guangdong are the most commonly affected
provinces [1]. In addition to China, cases of H7N9 have
also been reported abroad [2,3]. By tracing the source of
the virus, the H7N9 virus was found to originate from the
live poultry market, and its homology with poultry virus
was as high as 99.4%. The H7N9 virus has eight gene
fragments, including H7 and N9 gene, and six internal
protein genes (polymerase basic protein 1 (PB1), poly-
merase basic protein 2 (PB2), nucleocapsid protein (NP),
polymerase acidic protein (PA), matrix protein (M), and
non-structural protein (NS)). It is a new reassortment virus.
The NA gene is from H7N9, the HA gene is from H7N3,

and the six internal genes of the isolate H7N9 are closest to
those of poultry H9N2 viruses of China [4]. The new
H7N9 virus shows low pathogenicity to birds, which do
not show severe symptoms or die after infection. However,
when it infects humans, it can lead to severe symptoms and
even death. From 2013 to 2017, five waves of H7N9
outbreaks have occurred, with a case fatality rate of
approximately 40% [5].
The H7N9 virus evolved and mutated over many years.

In 2017, a new highly pathogenic H7N9 virus emerged and
infected humans, quickly spreading to eight provinces and
cities in China. This new H7N9 virus had four amino acids
inserted into the HA gene splice site compared with
previous H7N9 viruses [6,7]. Through tracing analysis,
this H7N9 virus appeared to originate from the Yangtze
River Delta, and this gene mutation was obtained in the
Pearl River Delta region, where it recombined with low-
pathogenic H7N9 and H9N2 from local poultry sources to
become a new type of highly pathogenic H7N9 virus [7,8].
The mutation occurred during the fifth wave of H7N9. The
fifth wave involved the largest number of cases and was the
most serious outbreak since 2013 [5,9]. Meanwhile, the
H7N9 virus continues to accumulate mutations, and its
affinity for human respiratory epithelial sialic acid 2-6
receptor is increasing. Therefore, a pandemic is still
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possible [10,11]. This article reviews the clinical and
epidemiological characteristics of H7N9 avian influenza,
the key gene mutations of the virus, and H7N9 vaccines. It
also provides a scientific basis for further monitoring and
prevention of H7N9 influenza epidemics.

Clinical characteristics of H7N9 avian
influenza virus

Clinical symptoms

Patients infected with H7N9 generally show symptoms of
pneumonia, often presenting as fever, cough, and expec-
toration, accompanied by muscle pain, headache, chest
tightness, diarrhea, vomiting, and general malaise. In the
case of fever, the body temperature persists above 39 °C,
and breathing is accelerated. In a case of severe disease, the
disease progresses rapidly. Acute respiratory distress
syndrome (ARDS), septic shock, multi-organ failure, and
even death will occur within 3–7 days [12]. In a few
patients, the infection can be mild, only presenting as fever
with upper respiratory tract infection [13,14].

Laboratory examination

Routine blood examination showed that the total number
of early white blood cells is generally not high or low.
Severe cases exhibit lymphocytopenia and thrombocyto-
penia. Blood biochemical examination may include C-
reactive protein, alanine aminotransferase, aspartate ami-
notransferase, lactate dehydrogenase, creatine kinase, and
myoglobin elevation [12,14,15].

Etiology and related detection

Respiratory tract specimens, including nasopharyngeal
secretions, sputum, airway aspirates, and bronchoalveolar
lavage fluid, are mostly used for etiological detection. The
positive rate of lower respiratory tract specimen is higher
than that of upper respiratory tract specimen. Samples must
be submitted for inspection in time after retention. Nucleic
acid detection of H7N9 virus is the most commonly used
and convenient and rapid method of pathogen detection.
Nucleic acid detection should be the first choice for
suspected human infection with H7N9 avian influenza
[16]. Nucleic acids in respiratory secretions should be
tested regularly in all positive cases until they become
negative.
Isolation of the H7N9 virus is another way to confirm

the diagnosis. The isolated H7N9 strain can be retained,
providing valuable materials for follow-up treatment and
research. To isolate H7N9 avian influenza virus from
respiratory specimens of patients, the quality of respiratory
samples must be ensured. Generally, viruses can be

isolated if the cycle threshold value of quantitative PCR
from respiratory samples is below 28. Madin–Darby
canine kidney (MDCK) cells and chicken embryos are
the most commonly used vectors for H7N9 virus isolation.
When viruses are isolated using MDCK cells, additional L-
1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-
treated trypsin at a final concentration of 2 µg/mL is
required to assist virus replication. There is no need to add
TPCK trypsin to isolate H7N9 virus using chicken
embryos. Filtration and sterilization of respiratory tract
samples can improve the virus isolation rate. MDCK cells
are mammal-derived cell lines; therefore, the probability of
virus mutation is low when viruses are isolated; however,
the yield of virus isolated by MDCK cells is small.
H7N9 virus may mutate during isolation using chicken
embryo because they are poultry cells; however, the yield
of virus is high after isolation from chicken embryos.
Currently, both methods are often used [16]. In addition,
respiratory samples can be stored for up to one month
when frozen at – 80 °C after the addition of virus
preservative.
Serological detection can also be used to determine

H7N9 infection. Levels of antibodies specific for H7N9
avian influenza virus in the serum at the acute and
convalescent stages can be determined using dynamic
detection. Serum antibody levels in the convalescent stage
are four or more times higher than those in the acute stage,
which is generally not used for diagnosis [14,15]. The
immunocolloid gold technique can also be used to
diagnose H7N9 virus. However, compared with the
quantitative PCRmethod, the sensitivity of immunocolloid
gold technique is poor, but its specificity is good, reaching
97.56%. Compared with virus culture method, the
sensitivity and specificity of immunocolloid gold techni-
que are better, making it useful as a rapid screening method
with a certain clinical diagnostic value [16].
In addition, some studies have found that in severe and

mild cases, H7N9 virus nucleic acid can be detected in the
feces of patients, showing a positive rate of 67% and 33%,
respectively. Feces can also be used as an auxiliary sample
source for H7N9 virus infection [17]. In a study involving
14 patients infected with H7N9 patients, Hu et al. found
that H7N9 virus nucleic acids could be detected in the
patient’s serum, feces, and urine, suggesting that these
samples can also be used as sources of H7N9 virus nucleic
acids and have potential significance in clinical detection
[18].

Imaging examination

X-ray and computed tomography (CT) are most commonly
used for imaging examination. Patients infected with
H7N9 develop pneumonia, and their lungs exhibit
patchy shadows. Severe lesions progress rapidly and
exhibit double lung grinding glass shadows, and lung
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consolidation images can be accompanied by a small
amount of pleural effusion. In the case of ARDS, the
lesions are widely distributed [19,20]. Ultrasound is also of
certain significance in the examination of H7N9 patients
and can be used as auxiliary examination or temporary
replacement examination [21].

Pathological examination

The lung often presents with acute exudative inflammatory
changes, pulmonary hemorrhage, diffuse alveolar injury,
and transparent membrane formation. In kidney and liver
tissues, ischemic and fatty lesions may be present. Splenic
lymphocyte atrophy may occur in the spleen. Reactive
hemophagocytosis can be found in the bone marrow
[17,20].

Diagnosis

Epidemiological investigation can be used to indicate the
diagnosis of H7N9 virus infection. Generally, within 2
weeks before the onset of the disease, patients slaughter
live birds, come in contact with birds and their excreta and
secretions, go to live poultry markets [22], or have close
contact with human cases of H7N9 avian influenza. The
main source of human infection with H7N9 is believed to
be live poultry. Limited human-to-human transmission
exists sporadically, and no evidence of multigenerational
transmission currently exists [23]. In addition to the
epidemiological history and clinical symptoms, the only
way to diagnose H7N9 virus infection is to detect the
H7N9 pathogen. H7N9 infections can be classified as mild
or severe. Mild infections present with upper respiratory
symptoms. The confirmation of severe cases needs to meet
the following conditions, which require mechanical
ventilation with endotracheal intubation or vasoactive
drug therapy after active fluid resuscitation for septic
shock. Severe cases can be diagnosed in three of the
following six conditions: respiratory rate 30 times/min,
oxygenation index lower than 250 mmHg, disturbance of
consciousness and/or disorientation, multiple lobar infil-
tration, blood urea nitrogen higher than 7.14 mmol/L, or
systolic blood pressure < 90 mmHg requiring active fluid
resuscitation. The main risk factors for severe disease are
age over 65 years; smoking history; complicated with
severe basic diseases or special clinical conditions, such as
heart or basic lung diseases, hypertension, diabetes, liver
disease, obesity, and tumors; immunosuppression; and
pregnant and parturient women. After onset, the fever is
continuously high ( > 39 °C); the lymphocyte count
continuously decreases; C-reactive protein, lactate dehy-
drogenase, and creatine kinase continuously increase; and
chest imaging indicates rapid progress of pneumonia
[14,24].

Treatment

Confirmed and suspected cases should be isolated as soon
as possible. The most basic symptomatic treatment
includes oxygen therapy, cooling, cough relief, and
dispelling phlegm. According to the degree of hypoxia, a
nasal catheter, nasal high-flow oxygen therapy, open mask,
and oxygen storage mask can be used for oxygen therapy.
High fever can be physically cooled or treated with
antipyretic drugs. Patients with severe cough and phlegm
may be given cough expectorant drugs [14]. Four-anti and
two-balance strategies should be followed in clinical
treatment (Fig. 1). The so-called four-anti and two-balance
strategies include antiviral, anti-shock, anti-hypoxemia
and anti-multi-organ failure, and anti-secondary infection
strategies and maintaining water–electrolyte acid–base
balance and maintaining the microecological balance [12].

Antiviral treatment

Currently, the antiviral drugs used to treat patients with
H7N9 mainly include neuraminidase (NA) inhibitors.
These drugs should be used early for suspected and
confirmed cases. NA inhibitors are recommended within
48 h. The mortality of patients treated with NA inhibitors
within 48 h is significantly lower than that of patients
treated within 2–5 days and 5 days after diagnosis. The

Fig. 1 Schematic of the four-anti and two-balance strategies
used in treating severe H7N9. The balance between Yin and Yang
in the human body is very important. The four-anti and two-
balance strategies are used to maintain this balance. Each strategy
(antiviral treatment, anti-shock, anti-hypoxemia and anti-multi-
organ failure, anti-secondary infection, maintaining the water–
electrolyte acid – base balance, and maintaining the microecolo-
gical balance) plays an important role in the treatment of severe
H7N9.
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earlier the treatment, the better. After treatment with NA
inhibitors within 48 h, patients generally become negative
for the virus after 3–9 days (median 4.5 days) [25]. The
commonly used NA inhibitors include oseltamivir, per-
amivir, and zanamivir. Oseltamivir is given to adults at
75 mg twice daily until the virus becomes negative. The
dose for severe cases can be doubled, and the course of
treatment can be extended appropriately. Children aged 1
year and above should be given medicine according to
their weight (a child dosage form should be selected).
Peramivir can be used in severe cases or in individuals who
cannot take it orally. The adult dosage is 300–600 mg once
a day via intravenous drip until the virus turns negative.
The dosage can be adjusted according to clinical needs.
Zanamivir is available for ages 7 years and older. The
dosage is 10 mg (inhalation) twice a day and 12 h apart.
Zanamivir is currently used sparsely and is not recom-
mended for patients with severe illness or complications
[14]. According to the specific condition of patients, a
single drug or combination of drugs can be used
empirically. In a retrospective study of H7N9 treatment,
Zhang et al. found that oseltamivir combined with
peramivir or oseltamivir alone had no effect on the
treatment effect of H7N9 patients. In this study, 43 patients
treated with monotherapy and 39 patients treated with
combination therapy were included, and no statistical
differences in the probability and mortality of ARDS was
observed between the two groups [26]. Before medication,
patients should be collected for virus isolation, drug
sensitivity testing, and drug selection and dose adjustment
according to their drug sensitivity. There have been
experimental reports of drug resistance changes in H7N9.
Therefore, in addition to existing drugs, new drugs still
need to be developed.
Traditional Chinese medicine also plays an important

role in the treatment of H7N9 patients [27]. Luo et al.
showed that honeysuckle and forsythia can effectively
prevent and control H7N9 influenza virus through a
synergistic molecular effect. Ethyl linoleate and forsytho-
side A could be further developed as potential inhibitors of
H7N9 influenza virus [28]. Thermonin combined with NA
inhibitors also plays a role in the treatment of H7N9 and
has achieved good clinical effects [14].

Anti-shock

Maintaining effective perfusion of body organs and
protecting their functions is important. This strategy
includes dynamic hemodynamic detection, sufficient and
effective fluid resuscitation, and reasonable selection of
vasoactive drugs [15]. When a cytokine storm is present,
Li’s artificial liver system should be used in time to treat
and reduce the condition. Three hours after plasma
exchange combined with continuous hemofiltration, the
cytokines and chemokines of patients with H7N9 were

found to be significantly reduced and maintained at a low
level [29].

Anti-hypoxemia and anti-multi-organ failure

H7N9 avian influenza virus mainly affects the respiratory
system; therefore, respiratory failure is the main cause of
death of patients. Major measures to correct hypoxemia
include oxygen therapy, mechanical ventilation, and
extracorporeal membrane oxygenation (ECMO). Oxygen
therapy and mechanical ventilation are most commonly
used to support respiratory function. After 2 h of oxygen
therapy, if the peripheral capillary oxygen saturation
(SpO2) is still less than 92% or if the patient still shows
dyspnea and the improvement of respiratory distress is not
obvious, mechanical ventilation should be conducted.
Non-invasive ventilation can be attempted at an early
stage, and an oral and nasal mask is recommended. The
treatment of ARDS can be conducted according to the
principle of mechanical ventilation. Complications such as
mediastinal emphysema and ventilator-associated pneu-
monia may occur in the treatment of ARDS, which should
be noted. If non-invasive ventilation treatment for 1 to 2 h
does not improve the condition, clinicians may need to
consider the implementation of invasive ventilation as
soon as possible. When ARDS protective ventilation
strategy is applied, the negative expiratory pressure tidal
volume is adopted, and appropriate positive end-expiratory
pressure is selected to achieve active lung re-expansion;
prone ventilation is adopted in severe cases [14]. ECMO
can be selected according to the conditions of patients.
ECMO can effectively improve oxygenation and plays an
important role in rescuing patients with severe H7N9
infection [18,30–37]. Renal replacement therapy and
artificial liver therapy may be used in patients with
impending multiple organ dysfunction.

Anti-secondary infection

Patients with H7N9 are prone to secondary infection
during long-term intensive care unit treatment. Clinical
manifestations and laboratory data can be used to
determine whether or not bacterial infection is complicated
and whether there is sufficient evidence suggesting that the
secondary habitual infection may be treated with anti-
biotics [38]. Specimens need to be cultured before using
antimicrobial agents to find the source of infection.

Maintaining the water–electrolyte acid–base balance

The water–electrolyte acid–base balance plays a key role in
maintaining normal life activities. Patients with H7N9,
especially severe cases, are prone to water–electrolyte
acid–base disorder. Maintaining the water–electrolyte
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acid–base balance is very significant in clinical treatment.
During treatment, water and electrolyte levels, blood
osmotic pressure, and arterial blood gas should be
monitored regularly. At the same time, fluid intake should
be maintained: 50 mL/kg weight daily fluid is generally
recommended, which may increase or decrease according
to the specific clinical situation. Obvious pulmonary
exudation in patients with H7N9 indicates that a negative
balance can be properly maintained to alleviate pulmonary
exudation and improve oxygenation. Li’s artificial liver
treatment system can also play an important role in
correcting water and electrolyte disorders [29].

Maintaining the microecological balance

Normal intestinal flora play an important role in the body;
they maintain the intestinal barrier, regulate immune
function, provide colonization resistance, lower blood
ammonia and cholesterol, promote nutrition, and exert
anti-aging effects. Using second-generation sequencing
technology, Qin et al. found that H7N9 virus infection and
antibiotic administration had a significant impact on the
host’s microbial community, leading to a decline in the
diversity and overgrowth of bacteria such as Escherichia
coli and Enterococcus faecalis. The use of microecological
agents can improve the diversity of intestinal microorgan-
isms and the richness of beneficial bacteria [39]. Hu et al.
found that intestinal flora diversity and population richness
of patients with H7N9 were reduced significantly. Butyric
acid did not reduce or improve secondary infections.
Bacillus subtilis and Enterococcus faecalis may play a role
in reducing or improving secondary infection in these
patients [40]. Lu et al. found that the ratio of Bifidobacteria
to Enterobacteriaceae in patients with H7N9 patients was
less than 1. Most healthy volunteers had a ratio greater than
1. Elderly patients with H7N9 are prone to secondary
bacterial infection, and the repair and treatment of their
microecology can significantly reduce enterogenous sec-
ondary bacterial infections [41].

Intensification mechanism of H7N9 patients

Studies have found that patients with H7N9 avian
influenza often do not have high levels of inflammatory
cytokines, whereas those with severe cases have obvious
cytokine storms [42]. When H7N9 infects humans, it can
trigger cytokine storms that can lead to systemic
inflammation, respiratory distress syndrome, shock,
multi-organ failure, and death. Among the 48 cytokines
and chemokines measured, 34 cytokines and chemokines
were significantly increased. Among them, the increase of
interferon-induced protein 10 (IP-10), which is related to
lung injury, was the most obvious. Cytokines such as

macrophage migration inhibitory factor (MIF), stem cell
factor (SCF), hepatocyte growth factor (HGF), monocyte
chemokine protein 1, stem cell growth factor (SCGF), IP-
10, interleukin (IL)-18, and interferon are closely related to
H7N9 severity and can effectively predict patient prog-
nosis. IP-10, interferon γ-induced mononuclear cytokines,
MIF, HGF, IL-18, SCF, nerve growth factor, and SCGF
levels are positively correlated with H7N9 viral load [43].
In a previous study, angiotensin II was found to be
significantly increased in patients with H7N9 and was
significantly higher than that in H1N1 patients and the
normal control group; it was positively correlated with
viral load in patients with H7N9; thus, angiotensin II could
indicate patient prognosis [44].

Epidemiological characteristics of H7N9
avian influenza

Epidemic season

Human infection with H7N9 bird flu has obvious seasonal
distribution characteristics. Generally, it comes during
winter and spring and peaks in December to April, with the
highest incidence in January and February [5].

Source of infection

Birds carrying H7N9 avian influenza virus or an environ-
ment contaminated by the virus are the main sources of
H7N9 infection [4]. To date, several cases of familial
clusters have been observed, but most of them are
sporadic. Moreover, no evidence of sustained human-to-
human transmission has been documented. Patients with
H7N9 can also serve as a source of infection. They should
be isolated and treated to avoid nosocomial infection
[23,45]. The H7N9 virus has also been detected in poultry
eggs, representing a potential source of infection; however,
no relevant evidence of such transmission has been noted
[45]. Closing a live poultry market can effectively block
the transmission of H7N9 virus from birds to humans [22].
However, shutting down all live poultry markets nation-
wide, even in areas with high incidence of H7N9, is
unrealistic. Intermittent closure of live poultry markets, or
closure of live poultry markets at night, can effectively
reduce the source of the virus by separating aquatic birds,
such as ducks and geese, from those that live on land [46].

Transmission route

Human infection with avian influenza H7N9 occurs mainly
through respiratory tract transmission, from close contact
with infected bird feces or secretions, or through exposure
to virus-contaminated environments.

12 Research progress on human infection with avian influenza H7N9



Susceptible people

People without antibodies to H7N9 are at risk of infection.
Currently, people infected with H7N9 avian influenza are
mainly middle-aged and elderly [47]. The infection rate in
rural areas is higher than that in urban areas [48].

Key genetic variations of H7N9 virus

The key genetic variations of H7N9 virus are shown in
Table 1.

Hemagglutinin (HA)

HA contains two subunits, HA1 and HA2. HA plays a key
role in the invasion of influenza virus into host cells. HA
can bind to the sialic acid receptor of host cells, thus
initiating cell invasion. Avian influenza viruses mainly
bind to 2-3 sialic acid receptors, whereas human influenza
viruses mainly bind to 2-6 sialic acid receptors. Human
upper respiratory tract cells mainly express 2-6 sialic acid
receptors. The HA gene is highly variable; therefore, it is
prone to mutation, leading to changes in the affinity
between HA and sialic acid receptors. When the HA gene
changes at the Q226L and G228S loci, it increases its
affinity for the sialic acid 2-6 receptor, leading to increased
human susceptibility [49]. Mutations at G186V also
enhance the virus’ affinity for sialic acid 2-6 receptors.
These sites were found in abundance early in H2N2 and

H3N2. The G228S mutation has been identified in the
H7N9 virus [50]. Changes in Q226L and G186V have also
been found in H7N9 viruses, making the H7N9 virus more
susceptible to infection from birds to humans [51–53]. In a
study conducted in Guizhou Province, mutations at G186V
and Q226L were also found in HA receptor sites of the
strains from 2014 to 2017 [54]. In a study in Jiangsu
Province, 41 among 167 H7N9 strains showed G186Vand
Q226L/I changes in HA sites [55], and H7N9 strains from
Hangzhou also showed changes in the Q226I site [56].
Mutations at the G186V and Q226L loci have also been
found in H7N9 virus isolated from terrestrial birds, leading
to an increased possibility of human infection [57].
When the HA splicing site was inserted into the four

amino acids of KRTA, low-pathogenic H7N9 became a
highly pathogenic H7N9 [6,7]. HA is also the main
antigenic component of influenza and is an important
target protein of neutralizing antibodies. When HA
changes, the original immunity decreases or the vaccine
becomes ineffective. Some studies have found that when
A143V and R148K emerged on the HA protein of some
H7N9 strains, neutralization of the original antibodies was
significantly reduced, leading to immune escape of the
virus [58]. A ferret experiment showed that when H7N9
comprised the L217Q mutation, the antigenicity was
significantly changed, resulting in a marked decrease in
the titer of the original antibody. Monitoring the change of
this site is of great significance for vaccine development
and upgrading [59].

Table 1 Key genetic variations of the H7N9 virus

Gene Function Mutation References

HAa Change of antigenicity A143V [58]

Change of antigenicity R148K [58]

Change of antigenicity L217Q [59]

Increases affinity for sialic acid α2-6 receptor Q226L/I [49, 51–57]

Increases affinity for sialic acid α2-6 receptor G186V [51–55, 57]

Increases affinity for sialic acid α2-6 receptor G228S [50]

Cleavage peptides PEVPKRKRTAR↓G [6, 7]

NAb Reduces drug sensitivity R292K [54, 60, 61]

Reduces drug sensitivity H274Y [61]

Reduces drug sensitivity E119V [62]

Reduces drug sensitivity I222K [63]

PB2 Enhances viral transcription and replication in cells K526R [61]

Enhances viral transcription and replication in cells E627K [51, 64, 65]

Increases virulence in mammalian models D701N [51, 64, 65]

Restores polymerase activity M535L [66–68]

Host signature amino acids (avian to human) T271A [69]

Increases viral replication and virulence Q591K [66–68]

Increases viral replication and virulence A588V [8]

Host signature amino acids (avian to human) K702R [7, 70]
aThe H3 numbering system was used. bThe N2 numbering system was used.
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NA

NA has the function of hydrolyzing sialic acid. When
influenza virus matures, it binds to host cell sialic acid
receptors through HA, which requires NA to separate the
virus from the host cell surface. Therefore, NA has become
an important target for anti-influenza drugs. Mutations in
NA are likely to result in reduced drug sensitivity or drug
resistance to existing NA inhibitors. Mutations at the
R292K and H274Y (N2 numbering) sites promote
oseltamivir and peramivir resistance, and these sites have
been reported in seasonal influenza H1N1 and H1N1-
pdm2009. Wan et al. found that some human infections of
H7N9 virus strains have mutations at the resistance site of
R292K (N2 numbering) [54]. Zou et al. included 11
patients with H7N9 and isolated the R292K (N2) site
related to oseltamivir resistance from specimens of five
patients [60]. Dong et al. found that some H7N9 strains
had mutations in both R292K and H274Y (N2 numbering)
[61]. E119V is also an important resistance site, which is
often found in H3N2 viruses. Marjuki et al. also found a
mutation at the E119V site in viruses isolated from patients
with H7N9 in Taiwan, which also resulted in decreased
sensitivity to oseltamivir. In addition, oseltamivir sensitiv-
ity also decreased when I222K was present, which was
confirmed in ferrets [62,63].

Polymerase basic protein 2 (PB2)

In the early separation of human infection with H7N9
strains, existing D701N and E627K mutations, which
allow H7N9 to more easily replicate in mammals, were
identified [51]. Another study found that in addition to
D701N and E627K, the mutation A588V could also
increase viral replication in mammals, making the H7N9
virus more pathogenic to humans [8]. Meanwhile, a study
in the Suzhou area found that the H7N9 virus could have
both K526R and E627K mutations, which makes the virus
more likely to replicate [61]. By monitoring poultry
samples, changes in these key sites were observed, and
H7N9 has acquired the mutation of E627K or D701N in
poultry, which increases the risk of human H7N9 infection
from birds [64,65]. In addition, other studies have found
that an increasing number of H7N9 strains possess the two
mutations of M535L and Q591K, which potentially
enhance the possibility of human infection and may
increase the virulence of H7N9 [66–68]. Meanwhile,
studies have found that T271A, Q591K, and D701N can
complement each other in increasing infectivity [69].
K702R is an important mutation in the avian influenza
virus site, which makes the virus more infective to humans.
Some studies have found that certain H7N9 strains have
mutations at this site, increasing their infectivity to humans
[7,70].

Research status of H7N9 vaccine

Avian influenza A H7N9 virus is a new kind of virus. Its
antigenic characteristics are different from those of
previous influenza viruses. Specific vaccines for H7N9
are under development and have been submitted for
clinical trials; however, no vaccine has been approved for
sale. The World Health Organization has announced
several vaccine candidates for H7N9. The vaccine
candidates were from several basic strains, including A/
Anhui/1/13 (H7N9), A/Shanghai/2/2013(H7N9), A/
Hongkong/125/2017(H7N9), and A/Guangdong/17sf003/
2016 (H7N9). Currently, the vaccine seeds that are
involved in clinical trials are mainly from two strains, A/
Anhui/1/13 (H7N9) and A/Shanghai/2/2013(H7N9).
Since the H7N9 outbreak in 2013, a vaccine has been

put into clinical trials. This vaccine is a virus-like particle
vaccine from A/Anhui/1/13(H7N9). A recombinant bacu-
lovirus was expressed in insect cells comprising the HA
and NA genes derived from A/Anhui/1/13(H7N9) and M1
from A/Indonesia/5/05. The trials used a new adjuvant,
ISCOMATRIX. This adjuvant is developed on the basis of
ISCOMS (spherical cage particles composed of saponins,
cholesterol, phospholipids, and antigens), which is a brand
new antigen presentation system with dual functions of
adjuvant and antigen presentation. In essence, it has the
same composition and structure as ISCOMS but also
comprises cholesterol, phospholipids, and saponins with-
out antigens. The clinical trial enrolled 284 adults who
were immunized with a two-injection regimen for 0 to 21
days and monitored for side effects and safety. The
experiment was divided into seven groups: a placebo
group, 15 and 45 µg groups, 5 and 15 µg plus 30 units of
adjuvant groups, and 5 and 15 µg plus 60 units of adjuvant
groups. The results showed that 60 units of ISCOMATRIX
had the best effect in the 5 µg group. Two weeks after
immunization, the titer of hemagglutination inhibition
reached 64.3 (95% confidence interval, 485–85.3), and the
serum positive conversion rate reached 80.6% (64.0%–
91.8%). However, the addition of ISCOMATRIX adjuvant
increased local and systemic adverse events and may easily
lead to the recurrence of previous diseases [71].
In 2014, a vaccine derived from MDCK cell culture was

also put into clinical trials. The HA and NA proteins of this
vaccine were derived from A/Shanghai/2/2013(H7N9),
which was recombined with PR8 through reverse genetics
and cultured in MDCK cells. The MF59 adjuvant was used
in this clinical trial. The phase I trial recruited 402 subjects.
Results showed that 15 µg HA plus 0.25 mL of MF59
adjuvant had the best immune effect. The positive
conversion rate of the hemagglutination inhibitory anti-
body and the microneutralizing antibody reached 78% at 3
weeks after injection, with no significant increase in side
effects [72].
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From September 2013 to May 2014, a pasteurization-
derived vaccine based on A/Shanghai/2/13 (H7N9) was
used in a US multi-center phase II clinical trial. The clinical
trial recruited 700 subjects between the ages of 19 and 64
years. The 3.75 µg vaccine plus MF59 adjuvant had the
best effect in both the first dose and the booster
immunization. The titer of serum neutralizing antibodies
reached 81.4, and the positive rate of antibody reached
81%. The results also showed that the H7N9 vaccine was
more effective than the previous flu vaccine. The younger
the person, the better the immune response. The experi-
ment also found that the use of MF59 adjuvant increased
the local reaction in the arm [73].
From September 2013 to January 2015, a monovalent

inactivated vaccine based on A/Shanghai/2/2013(H7N9)
strain (produced in the same way as the seasonal flu
vaccine) was also conducted in the USA for a phase II
clinical trial. This trial recruited 980 people, aged 19–64
years, who were also immunized over 0–21 days using the
two-injection method. The tests were divided into 3.75,
7.5, 15, and 45 µg of HA, containing either AS03
(tocopherol and squalene aqueous emulsion) or MF59.
The results showed that the antibody level in response to
the 3.75 µg plus AS03 dose was the best, and the titer of
neutralizing antibodies reached 211.9 at 8 days after the
two immunizations. The titer of neutralizing antibodies
remained at 170.9 at 3 weeks after immunization. This
suggested that the AS03 adjuvant might be superior to the
MF59 adjuvant in combination with an H7N9 vaccine. At
the same time, the antibody levels of each group at all ages
were compared 21 days after the second immunization,
and the immune effect was good in patients aged 19–34
years old, suggesting that the vaccine had a better effect on
young people [74].
Another trial, conducted in Canada and the USA,

involved 424 and 386 participants in phase I and phase
II clinical trials, respectively. The experimental vaccine
was based on A/Shanghai/2/2013 (H7N9), an inactivated
vaccine produced using reverse genetics. The adjuvants
were 5.93 mg AS03B or 11.86 mg AS03A. The clinical
trial was followed for 385 days. The results showed that
11.86 mg AS03A combined with 7.5 µg of vaccine had the
best protective effect against H7N9 after immunization,
and the titer of hemagglutination inhibitory antibodies
reached 151.1 at 21 days after the two injections [75].
Thus, AS03 could significantly increase the antibody level
in response to the H7N9 vaccine.
A recent report on a live attenuated vaccine was

published. Forty subjects were recruited for this clinical
trial. The experimental and control groups were con-
structed at a ratio of 3:1. The HA and NA genes of this
recombinant virus were from A/Anhui/1/2013 (H7N9),
and the remaining six gene fragments were from the
Leningrad/134/17/57 (H2N2) cold adaptation virus. The
experimental results showed that the attenuated live

vaccine did not lead to a significant increase in side effects
[76].
In 2017, a team composed of people in Taiwan

performed clinical trials of a vaccine derived from
MDCK cells. The seed strains of the vaccine were based
on the Anhui strain. This experiment used the vaccine after
the culture and lysis of MDCK cells, with 40 people in the
first phase and 160 people in the second phase.
Approximately 15 or 30 µg of vaccine, with or without
an aluminum adjuvant, was used. The overall effect of the
vaccine was poor, and the levels of the hemagglutination
inhibitory antibodies and neutralizing antibodies did not
reach 40. In these four groups of tests, the effect of 30 µg
plus aluminum adjuvant was relatively good [77].
Currently, clinical trials of H7N9 vaccines are still

ongoing. Some clinical trials have been completed and
new ones are still under way (Supplementary Tables S1
and S2). The USA, Australia, and other countries are
leading clinical trials of H7N9 vaccines. Clinical trials
have been carried out in different countries with different
strains of vaccine, different types of vaccine (lysed vaccine
or live attenuated vaccine), and different doses of vaccine
mixed with different adjuvants. Currently, China’s H7N9
vaccine research mainly uses Anhui and Zhejiang strains.
The seed strain of H7N9 vaccines is constructed by reverse
genetic method (Fig. 2). Clinical trials of H7N9 vaccines
are underway in China, and phase I and II trials have been
completed in Taiwan. Phase II clinical trials have been
conducted in Chinese mainland. The lack of intellectual
property rights and experience in the use of MF59, AS03,
ISCOMATRIX, and other adjuvants indicates that the
adjuvants currently used in clinical trials in Chinese
mainland are mainly based on aluminum adjuvants. With
the broadening of clinical trials, the clinical data for H7N9
vaccines will be constantly improved, laying a solid
foundation for the storage and marketing of H7N9
vaccines.

Conclusions

H7N9 is an avian influenza virus that is harmful to human
beings. In the past 6 years, H7N9 infections have
continuously occurred, and the virus has accumulated
mutations, increasing its adaptability and drug resistance in
humans. Meanwhile, a new type of highly pathogenic
H7N9 bird flu emerged in 2017, spreading to eight
provinces/municipalities in a short time. Although the
fatality rate of highly pathogenic H7N9 avian influenza
and previous H7N9 avian influenza is not significantly
different, highly pathogenic H7N9 avian influenza has a
large number of acquired adaptive mutation and drug
resistance sites within a short period of time. Thus, the
spread of this highly pathogenic H7N9 avian influenza still
requires attention. Meanwhile, the H7N9 virus continues to
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be isolated from both environmental and poultry samples,
indicating that the H7N9 virus can re-infect humans and
cause a new wave of outbreaks.
At present, H7N9 infection in humans has been brought

under control by shutting down live poultry markets and
injecting H5 and H7 vaccines into poultry in many
provinces/municipalities across the country. At present, no
sixth H7N9 epidemic has occurred [78]. Although
domestic and foreign academic researchers have made
remarkable progress in the research into H7N9 within a
short time, many problems remain to be solved. The
fatality caused by H7N9 has been reduced to less than 10%
in some areas; however, it is still as high as 40%
nationwide. Reducing the death rate nationwide remains
a huge challenge. A small number of patients do not have a
clear history of poultry or viral exposure, and the source of
their infection cannot be explained. The H7N9 virus can be
transmitted from person to person with limited frequency.
However, its mechanism and ability to evolve into a strain
with more frequent human-to-human transmission remain
unknown. The H7N9 virus mainly infects middle-aged and
elderly people. Workers with a history of contact with
H7N9 virus are not necessarily infected with this virus.
The selective infection mechanism of H7N9 in the
population is still unknown. Currently, poultry is under
effective supervision; however, wild waterfowl and
migratory birds may still become hosts of H7N9, which
are mostly out of human control. H7N9 vaccines for
humans are currently undergoing clinical trials. However,
none are available on the market. Thus, the risk of infection
is still present.
Considering the high mortality of H7N9 in China,

national educational workshops should be conducted to
popularize the four-anti and two-balance strategies of
severe H7N9 treatment, to set up teams that can prevent
and treat H7N9 in all parts of the country, and to popularize
the experience of ECMO and artificial liver system in order
to decrease the fatality rate of H7N9 in the future. The
selective infection mechanism of H7N9 in the population
should be studied. In our experience, four main factors
determine whether people will be infected with H7N9,
namely, virus load, receptor quantity, receptor affinity, and
host immunity. We should focus on studies of receptor
affinity and the interaction between virus and host. At the
same time, we should control the source of H7N9 virus and
monitor and control poultry, wild birds, and migratory
birds. At present, poultry has been controlled; thus, we
should strengthen the monitoring and inspection of wild
birds and migratory birds and take timely and effective
measures to prevent the spread of the virus. Monitoring
and control of H7N9 are still a long way off. Further
clinical trials of the H7N9 vaccine still need to be
conducted. Continuously strengthening and deepening
research into H7N9 will make it possible for us to detect
and track variations and to prepare for outbreaks.

Acknowledgements

This work was supported by the State Project of Essential Drug
Research and Development (No. 2015ZX09101044).

Compliance with ethics guidelines

Xiaoxin Wu, Lanlan Xiao, and Lanjuan Li declare that they have no

Fig. 2 Seed strain construction of H7N9 vaccine by reverse genetic method. The HA and NA genes were from the H7N9 strain. All
other internal genes (PB1, PB2, NS, M, NP, PA) were derived from A/Puerto Rico/8/34 (PR8). All the genes were constructed into
pHW2000 plasmid. Then, all eight plasmids were co-transfected into MDCK or VERO cells. The seed strain of H7N9 vaccine could be
collected in culture supernatant.

16 Research progress on human infection with avian influenza H7N9



financial conflicts of interest. This manuscript is a review article and

does not require approval by a relevant institutional review board or
ethics committee.

Electronic Supplementary Material Supplementary material is
available in the online version of this article at https://doi.org/

10.1007/s11684-020-0739-z and is accessible for authorized users.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,

as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made.

The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you

will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit https://creativecommons.org/

licenses/by/4.0/.

References

1. Liu T, Kang M, Zhang B, Xiao J, Lin H, Zhao Y, Huang Z, Wang X,
Zhang Y, He J, Ma W. Independent and interactive effects of
ambient temperature and absolute humidity on the risks of avian
influenza A(H7N9) infection in China. Sci Total Environ 2018; 619-
620: 1358–1365

2. Skowronski DM, Chambers C, Gustafson R, Purych DB, Tang P,
Bastien N, Krajden M, Li Y. Avian influenza A(H7N9) virus
infection in 2 travelers returning from China to Canada, January
2015. Emerg Infect Dis 2016; 22(1): 71–74

3. William T, Thevarajah B, Lee SF, Suleiman M, Jeffree MS, Menon
J, Saat Z, Thayan R, Tambyah PA, Yeo TW. Avian influenza (H7N9)
virus infection in Chinese tourist in Malaysia, 2014. Emerg Infect
Dis 2015; 21(1): 142–145

4. Chen Y, Liang W, Yang S, Wu N, Gao H, Sheng J, Yao H, Wo J,
Fang Q, Cui D, Li Y, Yao X, Zhang Y, Wu H, Zheng S, Diao H, Xia
S, Zhang Y, Chan KH, Tsoi HW, Teng JL, Song W, Wang P, Lau
SY, Zheng M, Chan JF, To KK, Chen H, Li L, Yuen KY. Human
infections with the emerging avian influenza A H7N9 virus from wet
market poultry: clinical analysis and characterisation of viral
genome. Lancet 2013; 381(9881): 1916–1925

5. Wang X, Jiang H, Wu P, Uyeki TM, Feng L, Lai S, Wang L, Huo X,
Xu K, Chen E, Wang X, He J, Kang M, Zhang R, Zhang J, Wu J, Hu
S, Zhang H, Liu X, Fu W, Ou J, Wu S, Qin Y, Zhang Z, Shi Y,
Zhang J, Artois J, Fang VJ, Zhu H, Guan Y, Gilbert M, Horby PW,
Leung GM, Gao GF, Cowling BJ, Yu H. Epidemiology of avian
influenza A H7N9 virus in human beings across five epidemics in
mainland China, 2013–17: an epidemiological study of laboratory-
confirmed case series. Lancet Infect Dis 2017; 17(8): 822–832

6. Zhang F, Bi Y, Wang J, Wong G, Shi W, Hu F, Yang Y, Yang L,

Deng X, Jiang S, He X, Liu Y, Yin C, Zhong N, Gao GF. Human
infections with recently-emerging highly pathogenic H7N9 avian

influenza virus in China. J Infect 2017; 75(1): 71–75

7. Yang L, Zhu W, Li X, Chen M, Wu J, Yu P, Qi S, Huang Y, Shi W,
Dong J, Zhao X, Huang W, Li Z, Zeng X, Bo H, Chen T, Chen W,
Liu J, Zhang Y, Liang Z, Shi W, Shu Y, Wang D. Genesis and
spread of newly emerged highly pathogenic H7N9 avian viruses in
mainland China. J Virol 2017; 91(23): e01277-17

8. Qi W, Jia W, Liu D, Li J, Bi Y, Xie S, Li B, Hu T, Du Y, Xing L,
Zhang J, Zhang F, Wei X, Eden JS, Li H, Tian H, Li W, Su G, Lao
G, Xu C, Xu B, Liu W, Zhang G, Ren T, Holmes EC, Cui J, Shi W,
Gao GF, Liao M. Emergence and adaptation of a novel highly
pathogenic H7N9 influenza virus in birds and humans from a 2013
human-infecting low-pathogenic ancestor. J Virol 2018; 92(2):

e00921-17

9. Iuliano AD, Jang Y, Jones J, Davis CT, Wentworth DE, Uyeki TM,
Roguski K, Thompson MG, Gubareva L, Fry AM, Burns E, Trock
S, Zhou S, Katz JM, Jernigan DB. Increase in human infections with
avian influenza A(H7N9) virus during the fifth epidemic — China,
October, 2016–February, 2017. MMWR Morb Mortal Wkly Rep

2017; 66(9): 254–255

10. Shi J, Deng G, Ma S, Zeng X, Yin X, Li M, Zhang B, Cui P, Chen Y,
Yang H, Wan X, Liu L, Chen P, Jiang Y, Guan Y, Liu J, Gu W, Han
S, Song Y, Liang L, Qu Z, Hou Y, Wang X, Bao H, Tian G, Li Y,
Jiang L, Li C, Chen H. Rapid evolution of H7N9 highly pathogenic
viruses that emerged in China in 2017. Cell Host Microbe 2018;

24(4): 558–568.e7

11. Quan C, Shi W, Yang Y, Yang Y, Liu X, Xu W, Li H, Li J, Wang Q,
Tong Z, Wong G, Zhang C, Ma S, Ma Z, Fu G, Zhang Z, Huang Y,
Song H, Yang L, Liu WJ, Liu Y, Liu W, Gao GF, Bi Y. New threats
from H7N9 influenza virus: spread and evolution of high- and low-
pathogenicity variants with high genomic diversity in Wave Five. J

Virol 2018; 92(11): e00301-18

12. Gao HN, Lu HZ, Cao B, Du B, Shang H, Gan JH, Lu SH, Yang YD,
Fang Q, Shen YZ, Xi XM, Gu Q, Zhou XM, Qu HP, Yan Z, Li FM,
Zhao W, Gao ZC, Wang GF, Ruan LX, WangWH, Ye J, Cao HF, Li
XW, ZhangWH, Fang XC, He J, LiangWF, Xie J, ZengM,Wu XZ,
Li J, Xia Q, Jin ZC, Chen Q, Tang C, Zhang ZY, Hou BM, Feng ZX,

Sheng JF, Zhong NS, Li LJ. Clinical findings in 111 cases of
influenza A (H7N9) virus infection. N Engl J Med 2013; 368(24):
2277–2285

13. Sun HY, Tong JH, Cui DW, Chen Y. Research progress on human
infection with avian influenza H7N9. Chin J Clin Infect Dis
(Zhonghua Lin Chuang Gan Ran Bing Za Zhi) 2017; 10(7):

8 (in Chinese)

14. State Health and Family Planning Commission of the People’s
Republic of China. Diagnosis and treatment Program for Human
infection with H7N9 Avian Influenza (2014 Edition). 2014

15. Yang MF. Clinical study on the early warning of the severe avian
influenza H7N9. Doctor Thesis. Zhejiang University School of
Medicine, Hangzhou, Zhejiang, China, 2015 (in Chinese)

16. Jin C, Wu N, Peng X, Yao H, Lu X, Chen Y, Wu H, Xie T, Cheng L,
Liu F, Kang K, Tang S, Li L. Comparison of a new gold
immunochromatographic assay for the rapid diagnosis of the novel
influenza A (H7N9) virus with cell culture and a real-time reverse-
transcription PCR assay. BioMed Res Int 2014; 2014: 425051

17. Yu L, Wang Z, Chen Y, Ding W, Jia H, Chan JF, To KK, Chen H,
Yang Y, Liang W, Zheng S, Yao H, Yang S, Cao H, Dai X, Zhao H,
Li J, Bao Q, Chen P, Hou X, Li L, Yuen KY. Clinical, virological,
and histopathological manifestations of fatal human infections by

Xiaoxin Wu et al. 17



avian influenza A (H7N9) virus. Clin Infect Dis 2013; 57(10):
1449–1457

18. Hu Y, Lu S, Song Z, WangW, Hao P, Li J, Zhang X, Yen HL, Shi B,
Li T, Guan W, Xu L, Liu Y, Wang S, Zhang X, Tian D, Zhu Z, He J,
Huang K, Chen H, Zheng L, Li X, Ping J, Kang B, Xi X, Zha L, Li
Y, Zhang Z, Peiris M, Yuan Z. Association between adverse clinical
outcome in human disease caused by novel influenza A H7N9 virus
and sustained viral shedding and emergence of antiviral resistance.
Lancet 2013; 381(9885): 2273–2279

19. Chen C, Chen J, Huang JA. Persistence of lymphocytopenia with
CT abnormalities among patients with critical H7N9 swine-origin
influenza A virus infection. Jpn J Radiol 2015; 33(10): 657–662

20. Huang JB, Li HY, Liu JF, Lan CQ, Lin QH, Chen SX, Zhang HY,
Wang XH, Lin X, Pan JG, Weng H. Histopathological findings in a
critically ill patient with avian influenza A (H7N9). J Thorac Dis

2015; 7(12): E672–E677

21. Tsai NW, Ngai CW, Mok KL, Tsung JW. Lung ultrasound imaging
in avian influenza A (H7N9) respiratory failure. Crit Ultrasound J
2014; 6(1): 6

22. Yu H,Wu JT, Cowling BJ, Liao Q, Fang VJ, Zhou S, Wu P, Zhou H,
Lau EH, Guo D, Ni MY, Peng Z, Feng L, Jiang H, Luo H, Li Q,

Feng Z, Wang Y, Yang W, Leung GM. Effect of closure of live
poultry markets on poultry-to-person transmission of avian
influenza A H7N9 virus: an ecological study. Lancet 2014; 383
(9916): 541–548

23. Wang J, Su N, Dong Z, Liu C, Cui P, Huang JA, Chen C, Zhu Y,
Chen L. The fifth influenza A (H7N9) epidemic: a family cluster of
infection in Suzhou City of China, 2016. Int J Infect Dis 2018; 74:
128–135

24. Liu S, Sun J, Cai J, Miao Z, Lu M, Qin S, Wang X, Lv H, Yu Z,
Amer S, Chai C. Epidemiological, clinical and viral characteristics
of fatal cases of human avian influenza A (H7N9) virus in Zhejiang
Province, China. J Infect 2013; 67(6): 595–605

25. Zheng S, Tang L, Gao H, Wang Y, Yu F, Cui D, Xie G, Yang X,
Zhang W, Ye X, Zhang Z, Wang X, Yu L, Zhang Y, Yang S, Liang
W, Chen Y, Li L. Benefit of early initiation of neuraminidase

inhibitor treatment to hospitalized patients with avian influenza A
(H7N9) virus. Clin Infect Dis 2018; 66(7): 1054–1060

26. Zhang Y, Gao H, Liang W, Tang L, Yang Y, Wu X, Yu L, Chen P,
Zheng S, Ou H, Li L. Efficacy of oseltamivir-peramivir combination
therapy compared to oseltamivir monotherapy for influenza A
(H7N9) infection: a retrospective study. BMC Infect Dis 2016; 16
(1): 76

27. Xi ZQ, Zhou XM, Wang X, Bing QL, Chang N, Guo T, Zhong J,
Feng GZ, Huang XM. Severe analysis of human H7N9 avian
influenza treated with traditional Chinese medicine. Jiangsu J Tradit
Chin Med (Jiangsu Zhong Yi Yao Za Zhi ) 2015; 47(8): 13–17 (in
Chinese)

28. Luo X, Shen X, Hu BX. Studies on the anti-influenza virus H7N9 of
honeysuckle and Forsythia suspensa based on molecular docking
method. Modern Tradit Chin Med (Xian Dai Zhong Yi Yao) 2016;

36(2): 75–78 (in Chinese)

29. Liu X, Zhang Y, Xu X, Du W, Su K, Zhu C, Chen Y, Lei S, Zheng
S, Jiang J, Yang S, Guo J, Shao L, Yang Q, Chen J, Li L. Evaluation
of plasma exchange and continuous veno-venous hemofiltration for

the treatment of severe avian influenza A (H7N9): a cohort study.
Ther Apher Dial 2015; 19(2): 178–184

30. YuWQ, Ding MD, Dai GH, Gu CJ, Xue L, Chen Y, Zhou DM, Xian

JC, Xu HT. Analysis of 15 cases of avian influenza virus (H7N9)
infection. Chin J Tuberc Respir Dis (Zhonghua Jie He He Hu Xi Za
Zhi) 2018; 41(7): 534–538 (in Chinese)

31. Huang L, Zhang W, Yang Y, Wu W, Lu W, Xue H, Zhao H, Wu Y,
Shang J, Cai L, Liu L, Liu D, Wang Y, Cao B, Zhan Q, Wang C.
Application of extracorporeal membrane oxygenation in patients
with severe acute respiratory distress syndrome induced by avian
influenza A (H7N9) viral pneumonia: national data from the
Chinese multicentre collaboration. BMC Infect Dis 2018; 18(1): 23

32. Nie Q, Zhang DY, Wu WJ, Huang CL, Ni ZY. Extracorporeal
membrane oxygenation for avian influenza A (H7N9) patient with
acute respiratory distress syndrome: a case report and short literature
review. BMC Pulm Med 2017; 17(1): 38

33. Qian L, Zheng J, Xu H, Shi L, Li L. Extracorporeal membrane
oxygenation treatment of a H7N9-caused respiratory failure patient

with mechanical valves replacement history: a case report. Medicine
(Baltimore) 2016; 95(40): e5052

34. Wang G, Zhou Y, Gong S, Dong H, Wu G, Xiang X, Tang J. A
pregnant woman with avian influenza A (H7N9) virus pneumonia
and ARDS managed with extracorporeal membrane oxygenation.
Southeast Asian J Trop Med Public Health 2015; 46(3): 444–448

35. Tang X, He H, Sun B, Wan J, Ban C, Zhang C, Wang S, Xia J, Li J,
Liu Y, Cao B, Tong Z. ARDS associated with pneumonia caused by
avian influenza A H7N9 virus treated with extracorporeal membrane
oxygenation. Clin Respir J 2015; 9(3): 380–384

36. Liu C, Li J, Sun W, Yang R, Lu W, Gao D, Wu D. Extracorporeal
membrane oxygenation as rescue therapy for H7N9 influenza-
associated acute respiratory distress syndrome. Chin Med J (Engl)
2014; 127(9): 1798

37. Xi X, Fang Q, Gu Q, Du B; China Critical Care Clinical Trial Group
(CCCCTG). Avian influenza A (H7N9) infections: intensivists as
virus hunters in the new century. J Crit Care 2013; 28(4): 528–530

38. Yang M, Gao H, Chen J, Xu X, Tang L, Yang Y, Liang W, Yu L,
Sheng J, Li L. Bacterial coinfection is associated with severity of
avian influenza A (H7N9), and procalcitonin is a useful marker for
early diagnosis. Diagn Microbiol Infect Dis 2016; 84(2): 165–169

39. Qin N, Zheng B, Yao J, Guo L, Zuo J, Wu L, Zhou J, Liu L, Guo J,
Ni S, Li A, Zhu Y, Liang W, Xiao Y, Ehrlich SD, Li L. Influence of
H7N9 virus infection and associated treatment on human gut
microbiota. Sci Rep 2015; 5(1): 14771

40. Hu X, Zhang H, Lu H, Qian G, Lv L, Zhang C, Guo J, Jiang H,
Zheng B, Yang F, Gu S, Chen Y, Bao Q, Yu L, Jiang X, Hu Q, Shi

H, Gao H, Li L. The effect of probiotic treatment on patients infected
with the H7N9 influenza virus. PLoS One 2016; 11(3): e0151976

41. Lu H, Zhang C, Qian G, Hu X, Zhang H, Chen C, Liang W, Gao H,
Yang Y, Li L. An analysis of microbiota-targeted therapies in
patients with avian influenza virus subtype H7N9 infection. BMC
Infect Dis 2014; 14(1): 359

42. Wang Z, Zhang A, Wan Y, Liu X, Qiu C, Xi X, Ren Y, Wang J,
Dong Y, Bao M, Li L, Zhou M, Yuan S, Sun J, Zhu Z, Chen L, Li Q,
Zhang Z, Zhang X, Lu S, Doherty PC, Kedzierska K, Xu J. Early
hypercytokinemia is associated with interferon-induced transmem-
brane protein-3 dysfunction and predictive of fatal H7N9 infection.
Proc Natl Acad Sci USA 2014; 111(2): 769–774

43. Guo J, Huang F, Liu J, Chen Y, Wang W, Cao B, Zou Z, Liu S, Pan
J, Bao C, Zeng M, Xiao H, Gao H, Yang S, Zhao Y, Liu Q, Zhou H,

18 Research progress on human infection with avian influenza H7N9



Zhu J, Liu X, Liang W, Yang Y, Zheng S, Yang J, Diao H, Su K,
Shao L, Cao H, Wu Y, Zhao M, Tan S, Li H, Xu X, Wang C, Zhang
J, Wang L, Wang J, Xu J, Li D, Zhong N, Cao X, Gao GF, Li L,
Jiang C. The serum profile of hypercytokinemia factors identified in
H7N9-infected patients can predict fatal outcomes. Sci Rep 2015; 5
(1): 10942

44. Huang F, Guo J, Zou Z, Liu J, Cao B, Zhang S, Li H, Wang W,
Sheng M, Liu S, Pan J, Bao C, Zeng M, Xiao H, Qian G, Hu X,
Chen Y, Chen Y, Zhao Y, Liu Q, Zhou H, Zhu J, Gao H, Yang S,

Liu X, Zheng S, Yang J, Diao H, Cao H, Wu Y, Zhao M, Tan S, Guo
D, Zhao X, Ye Y, Wu W, Xu Y, Penninger JM, Li D, Gao GF, Jiang
C, Li L. Angiotensin II plasma levels are linked to disease severity
and predict fatal outcomes in H7N9-infected patients. Nat Commun
2014; 5(1): 3595

45. Liu B, Havers FP, Zhou L, Zhong H, Wang X, Mao S, Li H, Ren R,
Xiang N, Shu Y, Zhou S, Liu F, Chen E, Zhang Y, Widdowson MA,
Li Q, Feng Z. Clusters of human infections with avian influenza A
(H7N9) virus in China, March 2013 to June 2015. J Infect Dis 2017;

216(suppl_4): S548–S554

46. Peiris JS, Cowling BJ, Wu JT, Feng L, Guan Y, Yu H, Leung GM.
Interventions to reduce zoonotic and pandemic risks from avian
influenza in Asia. Lancet Infect Dis 2016; 16(2): 252–258

47. Gong Z, Lv H, Ding H, Han J, Sun J, Chai C, Cai J, Yu Z, Chen E.
Epidemiology of the avian influenza A (H7N9) outbreak in Zhejiang

Province, China. BMC Infect Dis 2014; 14(1): 244

48. Chen E, Wang MH, He F, Sun R, Cheng W, Zee BCY, Lau SYF,
Wang X, Chong KC. An increasing trend of rural infections of
human influenza A (H7N9) from 2013 to 2017: a retrospective
analysis of patient exposure histories in Zhejiang Province, China.
PLoS One 2018; 13(2): e0193052

49. Rogers GN, Daniels RS, Skehel JJ, Wiley DC, Wang XF, Higa HH,
Paulson JC. Host-mediated selection of influenza virus receptor
variants. Sialic acid-α 2,6Gal-specific clones of A/duck/Ukraine/1/
63 revert to sialic acid-α 2,3Gal-specific wild type in ovo. J Biol
Chem 1985; 260(12): 7362–7367

50. Ou X, Chen F, Zhang R, Chen J, Liu R, Sun B. Analysis of the full-
length genome of a novel strain of the H7N9 avian influenza virus.
Exp Ther Med 2014; 7(5): 1369–1375

51. Liu Q, Zhou B, Ma W, Bawa B, Ma J, Wang W, Lang Y, Lyoo Y,
Halpin RA, Lin X, Stockwell TB, Webby R, Wentworth DE, Richt
JA. Analysis of recombinant H7N9 wild-type and mutant viruses in
pigs shows that the Q226L mutation in HA is important for
transmission. J Virol 2014; 88(14): 8153–8165

52. de Vries RP, Peng W, Grant OC, Thompson AJ, Zhu X, Bouwman
KM, de la Pena ATT, van Breemen MJ, Ambepitiya Wickrama-

singhe IN, de Haan CAM, Yu W, McBride R, Sanders RW, Woods
RJ, Verheije MH, Wilson IA, Paulson JC. Three mutations switch
H7N9 influenza to human-type receptor specificity. PLoS Pathog
2017; 13(6): e1006390

53. Wang D, Yang L, Gao R, Zhang X, Tan Y, Wu A, Zhu W, Zhou J,
Zou S, Li X, Sun Y, Zhang Y, Liu Y, Liu T, Xiong Y, Xu J, Chen L,
Weng Y, Qi X, Guo J, Li X, Dong J, Huang W, Zhang Y, Dong L,
Zhao X, Liu L, Lu J, Lan Y, Wei H, Xin L, Chen Y, Xu C, Chen T,

Zhu Y, Jiang T, Feng Z, YangW,Wang Y, Zhu H, Guan Y, Gao GF,
Li D, Han J, Wang S, Wu G, Shu Y. Genetic tuning of the novel
avian influenza A(H7N9) virus during interspecies transmission,
China, 2013. Euro Surveill 2014; 19(25): 20836

54. Wan YH, Zhuang L, Zheng QN, Ren LJ, Fu L, Jiang WJ, Tang GP,

Zhang DZ, Li SJ. Genetic characteristics of hemagglutinin and
neuraminidase of avian influenza A (H7N9) virus in Guizhou
Province, 2014–2017. Chin J Epidemiol (Zhonghua Liu Xing Bing
Xue Za Zhi) 2018; 39(11): 1465–1471 (in Chinese)

55. Qi X, An X, Jiao Y, Yu H, Xu K, Cui L, Wang S, Deng F, Huo X,
Huang H, Dai Q, Bao C. Co-circulation of multiple genotypes of
influenza A (H7N9) viruses in eastern China, 2016–2017. Arch
Virol 2018; 163(7): 1779–1793

56. Li J, Yu X, Pu X, Xie L, Sun Y, Xiao H, Wang F, Din H, Wu Y, Liu
D, Zhao G, Liu J, Pan J. Environmental connections of novel avian-

origin H7N9 influenza virus infection and virus adaptation to the
human. Sci China Life Sci 2013; 56(6): 485–492

57. Wong CK, Zhu H, Li OT, Leung YH, Chan MC, Guan Y, Peiris JS,
Poon LL. Molecular detection of human H7N9 influenza A virus
causing outbreaks in China. Clin Chem 2013; 59(7): 1062–1067

58. Ning T, Nie J, Huang W, Li C, Li X, Liu Q, Zhao H, Wang Y.
Antigenic drift of influenza A (H7N9) virus hemagglutinin. J Infect
Dis 2019; 219(1): 19–25

59. Chang P, Sealy JE, Sadeyen JR, Iqbal M. Amino acid residue 217 in
the hemagglutinin glycoprotein is a key mediator of avian influenza
H7N9 virus antigenicity. J Virol 2018; 93(1): e01627-18

60. Zou X, Guo Q, Zhang W, Chen H, Bai W, Lu B, Zhang W, Fan Y,
Liu C, Wang Y, Zhou F, Cao B; Community-acquired Pneumonia-
China Network. Dynamic variation and reversion in the signature
amino acids of H7N9 virus during human infection. J Infect Dis
2018; 218(4): 586–594

61. Dong Z, Xia Y, Ya X, Chen L, Liu C, Wang R, Shen Q.

Epidemiological and genetic characteristics of the fifth avian
influenza A (H7N9) wave in Suzhou, China, from October 2016
to April 2017. Virus Genes 2018; 54(2): 182–189

62. Marjuki H, Mishin VP, Chesnokov AP, De La Cruz JA, Davis CT,
Villanueva JM, Fry AM, Gubareva LV. Neuraminidase mutations
conferring resistance to oseltamivir in influenza A(H7N9) viruses. J
Virol 2015; 89(10): 5419–5426

63. Marjuki H, Mishin VP, Chesnokov AP, Jones J, De La Cruz JA,
Sleeman K, Tamura D, Nguyen HT, Wu HS, Chang FY, Liu MT,
Fry AM, Cox NJ, Villanueva JM, Davis CT, Gubareva LV.
Characterization of drug-resistant influenza A (H7N9) variants
isolated from an oseltamivir-treated patient in Taiwan. J Infect Dis
2015; 211(2): 249–257

64. Yiu Lai K, Wing Yiu Ng G, Fai Wong K, Fan Ngai Hung I, Kam Fai
Hong J, Fan Cheng F, Kwok Cheung Chan J. Human H7N9 avian

influenza virus infection: a review and pandemic risk assessment.
Emerg Microbes Infect 2013; 2(8): e48

65. Shi J, Deng G, Kong H, Gu C, Ma S, Yin X, Zeng X, Cui P, Chen Y,
Yang H, Wan X, Wang X, Liu L, Chen P, Jiang Y, Liu J, Guan Y,
Suzuki Y, Li M, Qu Z, Guan L, Zang J, Gu W, Han S, Song Y, Hu
Y, Wang Z, Gu L, Yang W, Liang L, Bao H, Tian G, Li Y, Qiao C,
Jiang L, Li C, Bu Z, Chen H. H7N9 virulent mutants detected in
chickens in China pose an increased threat to humans. Cell Res

2017; 27(12): 1409–1421

66. Li W, Lee HHY, Li RF, Zhu HM, Yi G, Peiris JSM, Yang ZF, Mok
CKP. The PB2 mutation with lysine at 627 enhances the
pathogenicity of avian influenza (H7N9) virus which belongs to a
non-zoonotic lineage. Sci Rep 2017; 7(1): 2352

67. Chen GW, Kuo SM, Yang SL, Gong YN, Hsiao MR, Liu YC, Shih

Xiaoxin Wu et al. 19



SR, Tsao KC. Genomic signatures for avian H7N9 viruses adapting
to humans. PLoS One 2016; 11(2): e0148432

68. Chan LL, Bui CT, Mok CK, Ng MM, Nicholls JM, Peiris JS, Chan
MC, Chan RW. Evaluation of the human adaptation of influenza A/
H7N9 virus in PB2 protein using human and swine respiratory tract
explant cultures. Sci Rep 2016; 6(1): 35401

69. Mok CK, Lee HH, Lestra M, Nicholls JM, Chan MC, Sia SF, Zhu H,

Poon LL, Guan Y, Peiris JS. Amino acid substitutions in polymerase
basic protein 2 gene contribute to the pathogenicity of the novel A/
H7N9 influenza virus in mammalian hosts. J Virol 2014; 88(6):
3568–3576

70. Deng Y, Li C, Han J, Wen Y, Wang J, Hong W, Li X, Liu Z, Ye Q,
Li J, Zhou C, Yu L, Qin C, Zhang F, Jiang T. Phylogenetic and
genetic characterization of a 2017 clinical isolate of H7N9 virus in
Guangzhou, China during the fifth epidemic wave. Sci China Life

Sci 2017; 60(12): 1331–1339

71. Fries LF, Smith GE, Glenn GM. A recombinant viruslike particle
influenza A (H7N9) vaccine. N Engl J Med 2013; 369(26): 2564–
2566

72. Bart SA, Hohenboken M, Della Cioppa G, Narasimhan V,
Dormitzer PR, Kanesa-Thasan N. A cell culture-derived MF59-

adjuvanted pandemic A/H7N9 vaccine is immunogenic in adults.
Sci Transl Med 2014; 6(234): 234ra55

73. Mulligan MJ, Bernstein DI, Winokur P, Rupp R, Anderson E,
Rouphael N, Dickey M, Stapleton JT, Edupuganti S, Spearman P,
Ince D, Noah DL, Hill H, Bellamy AR; DMID 13-0032 H7N9
Vaccine Study Group. Serological responses to an avian influenza

A/H7N9 vaccine mixed at the point-of-use with MF59 adjuvant: a
randomized clinical trial. JAMA 2014; 312(14): 1409–1419

74. Jackson LA, Campbell JD, Frey SE, Edwards KM, Keitel WA,
Kotloff KL, Berry AA, Graham I, Atmar RL, Creech CB, Thomsen
IP, Patel SM, Gutierrez AF, Anderson EL, El Sahly HM, Hill H,
Noah DL, Bellamy AR. Effect of varying doses of a monovalent
H7N9 influenza vaccine with and without AS03 and MF59
adjuvants on immune response: a randomized clinical trial. JAMA
2015; 314(3): 237–246

75. Madan A, Segall N, Ferguson M, Frenette L, Kroll R, Friel D, Soni
J, Li P, Innis BL, Schuind A. Immunogenicity and safety of an
AS03-adjuvanted H7N9 pandemic influenza vaccine in a rando-
mized trial in healthy adults. J Infect Dis 2016; 214(11): 1717–1727

76. Rudenko L, Isakova-Sivak I, Naykhin A, Kiseleva I, Stukova M,
Erofeeva M, Korenkov D, Matyushenko V, Sparrow E, Kieny MP.

H7N9 live attenuated influenza vaccine in healthy adults: a
randomised, double-blind, placebo-controlled, phase 1 trial. Lancet
Infect Dis 2016; 16(3): 303–310

77. Wu UI, Hsieh SM, Lee WS, Wang NC, Kung HC, Ou TY, Chen FL,
Lin TY, Chen YC, Chang SC. Safety and immunogenicity of an
inactivated cell culture-derived H7N9 influenza vaccine in healthy
adults: a phase I/II, prospective, randomized, open-label trial.
Vaccine 2017; 35(33): 4099–4104

78. Wu J, Ke C, Lau EHY, Song Y, Cheng KL, Zou L, KangM, Song T,
Peiris M, Yen HL. Influenza H5/H7 virus vaccination in poultry and
reduction of zoonotic infections, Guangdong Province, China,
2017–18. Emerg Infect Dis 2019; 25(1): 116–118

20 Research progress on human infection with avian influenza H7N9


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78


