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Abstract

Background: The highly pathogenic Influenza H7N9 virus is believed to cause multiple organ infections. However,
there have been few systematic animal experiments demonstrating the virus distribution after H7N9 virus infection.
The present study was carried out to investigate the viral distribution and pathological changes in the main organs of
mice after experimental infection with highly pathogenic H7N9 virus.

Methods: Infection of mice with A/Guangdong/GZ8H002/2017(H7N9) virus was achieved via nasal inoculation.
Mice were killed at 2, 3, and 7 days post infection. The other mice were used to observe their illness status and weight
changes. Reverse transcription polymerase chain reaction and viral isolation were used to analyse the characteristics
of viral invasion. The pathological changes of the main organs were observed using haematoxylin and eosin staining
and immunohistochemistry.

Results: The weight of H7NO9 virus-infected mice increased slightly in the first two days. However, the weight of

the mice decreased sharply in the following days, by up to 20%. All the mice had died by the 8th day post infection
and showed multiple organ injury. The emergence of viremia in mice was synchronous with lung infection. On the
third day post infection, except in the brain, the virus could be isolated from all organs (lung, heart, kidney, liver, and
spleen). On the seventh day post infection, the virus could be detected in all six organs. Brain infection was detected
in all mice, and the viral titre in the heart, kidney, and spleen infection was high.

Conclusion: Acute diffuse lung injury was the initial pathogenesis in highly pathogenic H7N9 virus infection. In addi-
tion to lung infection and viremia, the highly pathogenic H7N9 virus could cause multiple organ infection and injury.
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Background

Virus infection is a serious human health problem, and
influenza virus is one of the major pathogenic viruses
[1, 2]. Over the past 100 years, there have been many
influenza epidemics, with the Spanish flu outbreak
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has caused more than 800 infections, with more than
400 deaths, with a mortality rate of more than 50%. In
2009, the HIN1 pandemic appeared in the American
continent. Since 2009, the HIN1 pandemic has spread
worldwide, killing more than 200,000 people. In 2013,
the novel H7N9 avian virus started to infect humans,
causing more than 1500 infections, with a fatality rate
as high as 40% [4]. In 2017, the H7N9 virus mutated
and changed to a highly pathogenic H7N9 virus [5, 6].
Since then, 32 cases of human infection with highly
pathogenic H7N9 virus have occurred in eight prov-
inces in China, with a mortality rate of around 50% [7].
Fortunately, in order to control and eradicate the H7N9
virus, many actions had been taken including closing
live poultry markets and culling poultry, standard bio-
informatics analysis for monitoring virus evolution, the
establishment of the platform for influenza research,
early-warning, and introduction of the bivalent H5/H7
vaccine in poultry [8—13]. Several studies reported that
the use of the poultry vaccine could reduce the H7N9
virus prevalence in poultry and successfully eliminate
the human infection with H7N9 virus [11-13]. How-
ever, the H7N9 virus has not been eradicated in poultry
in China, and might escape from the vaccine-induced
immunity [14]. At the same time, the influenza virus
is still changing, different viruses are emerging, and a
novel H7N9 virus might appear again, causing new
threats to human health [14].

Many clinical and epidemiological studies have shown
that H7N9 displays obvious family aggregation, indi-
cating that close contact between people might lead to
H7N9 infection [15-19]. Once H7N9 increases its adapt-
ability to human receptors to acquire human transmis-
sion ability, it will lead to an influenza epidemic and
mass infection [20]. Fortunately, a recent study reported
that the highly pathogenic H7N9 viruses isolated from
poultry between 2018 and 2019 have weakened abil-
ity to bind to human-type receptors but high affinity to
bind to avian-type receptors [14]. Highly pathogenic
H7N9 viruses isolated from avian species have low-to-
moderate pathogenicity in mice, but after replication
in mammalian hosts, the H7N9 influenza viruses could
easily acquire the mutations (PB2 627 K or PB2 701 N)
and then become more virulent in mice [5, 13, 14]. With
the evolution and recombination, the highly pathogenic
H7N09 viruses may also has the potential to infect human.
Mortality could also increase because of mutations in
highly pathogenic H7N9 virus. Therefore, on the one
hand, we should study the affinity of the virus to receptor,
and on the other hand, we should also study the patho-
genic characteristics of the virus, especially its multiple
organ distribution and pathological characteristics after
virus infection.
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Many influenza viruses have been reported have
acquired an extra-pulmonary infection ability [21, 22].
Clinically, the most frequently described symptoms are
viral encephalitis and viral myocarditis [1, 23, 24]. The
HIN1 virus has been confirmed to cause viremia, which
led to brain infection. H5N1 has also been confirmed to
cause viremia [25]. Viremia could more often be detected
in fatal cases rather than in nonfatal cases [26]. H5N1
pathogenesis is characterised by intense inflammatory
responses and a high viral load. The morbidity of H5N1
viruses is associated with their extra-pulmonary [27-
30]. The plasma of patients was shown to contain H7N9
virus RNA; however, this did not correlate with the clini-
cal outcome. H7N9 virus RNA could also be detected in
urine and faeces [31]. We have confirmed the presence of
viremia in highly pathogenic H7N9 infections. The initial
infection site of highly pathogenic H7N9 is the lung. Lung
infection is the main manifestation, and it will eventually
develop to multiple organ failure [32]. Patients infected
with H7N9 virus developed cytokine storms and viremia,
and died from multiple organ failure. Whether multiple
organ failure is an inflammatory response caused by lung
infection, or a later viral, multi-organ infection is unclear,
and solving this problem would guide treatment. There
is currently limited clinical and pathological research on
H7NO9 virus infection, and there have been few systematic
animal experiments to prove the virus distribution after
highly pathogenic H7N9 virus infection [33]. To answer
the above questions, we designed experiments in mice
infected with highly pathogenic H7N9 viruses to clarify
the viral distribution and pathological changes to impor-
tant organs after viral infection.

Methods

Animal experiment ethical statement
Specific-pathogen-free (SPF) female BALB/c mice
(n=31, 6-8 weeks old) were obtained from the Experi-
mental Animal Center of Zhejiang Province, China. All
animal experiments were carried out following the prin-
ciples of the Guide for the Care and Use of Laboratory
Animals of Zhejiang Province. The Ethics Committee of
the First Affiliated Hospital, Zhejiang University School
of Medicine, approved the present study. A bio-safety
level 3 laboratory at the First Affiliated Hospital, Zheji-
ang University School of Medicine was used to perform
all the H7NO virus experiments (Registration No. CNAS
BL0022).

Viruses and cells

The American type culture collection (Rockville, MD,
USA) provided the Madin-Darby canine kidney cell
line (MDCK). MDCK cells were cultured using Dulbec-
co’s modified Eagle’s medium (DMEM; Cat#11965092,
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Gibco, Grand Island, NY, USA) containing 10% foe-
tal bovine serum (FBS; Cat#10100147, Thermo Fisher
Scientific, Waltham, MA, USA) at 37 °C in a 5% CO,
atmosphere. The present study used a A/Guangdong/
GZ8H002/2017(H7N9) virus (GenBank: MF455313-
455320) isolated from an infected patient in Guangzhou,
China, in 2017. Viruses were grown in the allantoic cavi-
ties of 9-day-old SPF embryonated chicken eggs at for
72 h 37 °C. The harvested allantoic fluid was tested using
a haemagglutinin (HA) assay. Fifty microliters of allantoic
fluid was diluted at 1:2 using phosphate-buffered saline
(PBS; Cat#20012500BT, Gibco) in a 96-well blood coag-
ulation plate. Then, an equal volume of 1% chicken red
blood cells were added, and observed at room tempera-
ture for 30—45 min. The highest dilution at which blood
coagulation appeared was the HA titre. Allantoic fluid
aliquots containing the virus were placed in a—80 °C
freezer until further use.

Virus median tissue culture infectious dose (TCID5,)
determination

MDCK cells were inoculated into 96-well cell culture
plates at 3 x 10* cells/well (in 100 pl). The virus was
diluted in viral growth liquid 10 times continuously, from
107! to 10719 and the last two rows were reserved for the
controls. After cells grew into a single layer in the 96-well
plate, the medium was removed, the wells were rinsed
with sterile PBS once, and the diluted virus (100 pl/well)
was added to the wells, with each concentration infect-
ing cells in four wells. A normal cell control well (virus
free) was set. The 96-well plate was incubated at 37 °C in
a 5% CO, incubator for 2 h, and then washed two times
with PBS. The normal control well and the virus infec-
tion wells then received virus growth fluid (DMEM with
1% FBS; 100 pl/well). The microtitre plate was incubated
for 72 h in a 5% CO, incubator at 37 °C. The HA assay
was then used to identify positive or negative wells. The
TCIDg, was calculated according to a previously pub-
lished method [34].

Inoculation of the virus

Fifty microliters of 10° TCID;, of A/Guangdong/
GZ8H002/2017(H7N9) virus was inoculated into the
mice intranasally. The control group (n=5) received the
same volume of PBS. The mice (n=14) were observed
for signs of death, weight loss, and illness post-infection.
Some mice (n=12) were sacrificed humanly at 2, 3,
and 7 days post infection (dpi). Their serum and organs
(spleens, livers, kidneys, hearts, brains, and lungs) were
excised or collected. The organs were dived into parts,
one of which was fixed in 10% buffered formalin, and the
other subjected to viral isolation and quantitative PCR to
detect virus levels.
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Organ histopathology

Haematoxylin eosin (HE) staining of organ tissues was
performed. The organ tissues were also subjected to
Immunohistochemistry (IHC) staining. Organ tissues
were embedded in paraffin and sectioned. The sections
were then de-waxed and heated in citrate buffer. H,O,
(0.3%) in methanol was used to quench endogenous per-
oxidase activity. Sections were blocked for 2 h with Three
percent bovine serum albumin (BSA; Cat#H1130, Solar-
bio, Tongzhou, Beijing, China) in PBS was used to block
the sections for 2 h. The sections were then incubated at
4 °C overnight (12 h) with a 1:200 dilution of rabbit poly-
clonal antibodies recognizing H7N9 (Cat#GTX125989,
GeneTex, Irvine, CA, USA). EnVision System reagents
(Cat#K5007, DAKO, Glostrup, Denmark) were used to
detect the bound antibodies. HE was used to counter-
stain all the slides.

Virus isolation from mouse serum and organs

Virus isolation was attempted from serum sampled at
2, 3, and 7 dpi. The allantoic cavities of 9-day-old SPF
embryonated chicken eggs were injected with approxi-
mately 100 pl of serum and cultured in an incubator for
72 h at 37 °C. Thereafter, the allantoic fluid was sampled
and subjected to an HA assay.

The tissue leachate was obtained as follows: 1 ml of
sterile PBS was added to the frozen tissues in storage
tubes, and then the tissue was cut using sterile scissors
in the biosafety cabinet. The tubes were centrifuged at
500 x g for 10 min. Then, 200 pl of the supernatant was
used to isolate the virus. The virus separation from the
tissue leachate was similar to serum virus separation
procedure.

Determination of the virus titre of organs

One millilitre of sterile PBS was added to the frozen tis-
sues in storage tubes, and then the tissue samples were
cut using sterile scissors in the biosafety cabinet. The
tubes were then centrifuged at 500 x g for 10 min. Then,
200 pl of the supernatant was added with 800 ul Trizol
to extract the RNA. Quantitative real-time PCR (qPCR)
was then used to calculate the amount of the virus. qPCR
was carried out using an H7N9 nucleic acid quantitative
detection kit (Cat#Z-RR-0309-02; Zhijiang biological
technology Co., Ltd. (Shanghai, China). Nineteen micro-
litres of H7N9 nucleic acid PCR detection reaction mix-
ture and 1 ul of quantitative PCR enzyme were mixed by
vortexing and then centrifuged at 500 x g for several sec-
onds. This mixture was added to the PCR reaction tube,
together with 5 pl of the RNA sample, for a total reac-
tion volume of 25 pl. The tube was covered, centrifuged
briefly, and subjected to the following PCR conditions: 40
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cycles of 45 °C for 10 min, 95 °C for 15 s, and 60 °C for
60 s. The relative quantity of H7N9 virus was determined
by the cycle threshold (Ct) value.

Statistical analysis

GraphPad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA) was used for the statistical analyses of the sur-
vival rate and weight data. Statistical analyses of the data
for weight was conducted using Mann—Whitney test.
P-values < 0.05 were considered statistically significant.

Results

The change in weight and the survival status

of the H7N9-infected mice

After H7N9 challenge, the mice lost weight, displayed
signs of illness, and eventually died. Up to 2 dpi, the
H7N9-infected mice showed mild illness, with a minor
decrease in appetite and activity. The weight of the mice
increased slightly over the first two days (Fig. 1A). How-
ever, subsequently, the weight of the mice decreased
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sharply (Fig. 1A, C, D), reaching a weight loss of nearly
20% (Fig. 1A). After 2 dpi, The health of the mice dete-
riorated gradually. The mice showed signs of a relatively
acute clinical disease, manifested by poor appetite, ruf-
fled fur, and inactivity. By 7 dpi, the death rate of the mice
was more than 64% (Fig. 1B). The remaining live mice
had signs of severe respiratory disease, such as respira-
tory distress and an increasing lack of appetite. By 8 dpi,
all the mice had died (Fig. 1B). Throughout the obser-
vation period, the mice in the uninfected control group
remained healthy, with no obvious loss of weight or
illness.

Histopathology of organs

HE staining was used to evaluate the histopathology of
lung tissue. The number and appearance of the lesions
varied at different dpi. At 2 dpi, the mice showed a
lesion with inflammatory cell infiltration, exudation, and
intra-alveolar haemorrhage. At 3 dpi, the mouse lungs
showed pathological changes in the exudate and severe
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multifocal interstitial inflammatory hyperaemia. At 7 time point, the intra-alveolar haemorrhage area was
dpi, the lung lesions were larger compared with those at  enlarged (Fig. 2A). As the dpi increased, varying degrees
2 and 3 dpi, and many patchy lesions had fused. At this  of lung injury were revealed using immunohistochemical
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Fig. 2 Histopathology of lung, brain, and heart tissue. A Immunological and HE staining of mouse lungs at 2, 3, and 7 days post infection. B
Immunological and HE staining of mouse brains at 2, 3, and 7 days post infection. C Immunological and HE staining of mouse hearts at 2, 3, and
7 days post infection. The viral antigen is shown using a red arrow. HE: Haematoxylin and eosin; IHC: Immunohistochemistry; dpi: days post infection
-

)



Wau et al. Virology Journal (2021) 18:237

staining. Lung tissue, particularly the bronchiolar epithe-
lium, showed the presence of viral antigens. The mice at 3
and 7 dpi suffered severe injury, with many viral antigens
being detected (Fig. 2A).

The brain tissue samples were also subjected to HE
staining. As the dpi increased, the H7N9-infected showed
more severe pathological changes. Brain IHC stain-
ing revealed abundant H7N9 antigens at 7 dpi (Fig. 2B).
These results suggested that the brain was infected by the
virus.

HE staining was also used to examine the heart his-
topathology. The number and appearance of the lesions
varied according to the dpi. At 3 and 7 dpi, IHC stain-
ing revealed large amounts of H7N9 antigens in the heart
(Fig. 2C). These results suggested that from 3 dpi, the
heart became infected with the virus.

HE staining of kidney tissue revealed that H7N9 infec-
tion caused more severe pathological changes over time.
At 3 and 7 dpi, IHC staining showed large quantities of
H7N9 antigens in the kidneys (Fig. 3A). These results
suggested that from 3 dpi, the kidneys became infected
with the virus.

HE staining liver tissue was also revealed that the num-
ber and appearance of the lesions varied according to the
dpi. At 3 and 7 dpi, IHC staining detected H7N9 viral
antigens in the liver (Fig. 3B). These results suggested
that from 3 dpi, the liver became infected with the virus.

HE staining of spleen tissue revealed that H7N9 infec-
tion caused more severe pathological changes over time.
At 3 and 7 dpi, IHC staining detected H7N9 viral anti-
gens in the spleen (Fig. 3C). These results suggested that
from 3 dpi, the spleen became infected with the virus.

Isolation of the virus from mouse serum and organs

Live H7N9 virus could be isolated from the serum of
infected mice persistently until death (Table 1). At 2 dpi,
H7N09 virus was isolated from the lung one of three mice.
Virus could also be isolated from mice at 3 and 7 dpi.
However, 2 and 3 dpi, no H7N9 virus could be isolated
from brain samples. By contrast, at 7 dpi, H7N9 virus
was isolated from all mouse brains. At 2 dpi, no H7N9
virus was isolated from heart samples, whereas at 3 dpi,
virus could be isolated from the heart of one of three
mice. At 7 dpi, the virus was isolated from three of six
mouse hearts. At 2 dpi, no H7N9 virus could be isolated
from the kidney samples. At 3 and 7 dpi, the virus was
isolated from the kidney of one of three mice and two of
six mice, respectively. The H7N9 virus was not isolated
from the liver at 2 dpi. At 3 dpi and 7 dpi, virus was iso-
lated from the liver of one of three and one of six mice
respectively. At 2 dpi, no H7N9 virus could be isolated
from the spleen samples. At 3 dpi and 7 dpi, virus was
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isolated from the spleen of one of three mice and two of
six mice, respectively.

The amount of virus in mouse organs

Quantitative PCR was used to evaluate the amount of
virus in mouse organs. The RNA level was represented
by the Ct value. A Ct value > 38 was considered negative.
The lower the Ct value, the higher the virus content. The
RNA level was relatively low in mouse lungs at 2 dpi, but
increased sharply at 3 dpi and again at 7 dpi (Fig. 4). The
RNA level was relatively low in the brains of the mice at
2 and 3 dpi, but increased to a high level at 7 dpi. The
RNA level was relatively low in the hearts of mice at 2
dpi. However, the virus content in the heart was rela-
tively high in one of three mice at 3 dpi and in three of
six mice at 7 dpi. The RNA level was relatively low in the
kidneys of the mice at 2 dpi. However, the virus content
in the kidney was relatively high in one of the mice at 3
dpi and in two of six mice at 7 dpi. The RNA level was
relatively low in the livers of the mice at 2 dpi. However,
the virus content in the liver was relatively high in one
of three mice at 3 dpi and in one 1 of six mice at 7 dpi.
The RNA level was relatively low in the spleens of mice at
2 dpi. However, the virus content in the spleen was rela-
tively high in one of three mice at 3 dpi and in two of six
mice at 7 dpi.

Discussion

We have confirmed that viremia was associated with the
high mortality caused by highly pathogenic H7N9. Lung
infection is the main manifestation, and the virus eventu-
ally causes multiple organ failure. Multiple organ failure
might have many causes, including a systemic inflamma-
tory response resulting from pulmonary infection [35],
but might also be caused by late multiple organ infection.
In the present study, we found that in mice infected with
the A/Guangdong/GZ8H002/2017(H7N9) virus. Their
weight decreased sharply from 3 dpi. Our results sug-
gested that in the early phase of infection (up to 2 dpi),
lung lesions were few and the virus titre was low. Dur-
ing this early period, the other organs were not infected.
The first two days is a very important time window for
early diagnosis and treatment. In a previous study of
in patients with H7N9 viral infection, the early use (in
the first 48 h of illness) of a neuraminidase inhibitor
decreased the duration of viral shedding and improved
survival [36]. In addition, as the virus has changed, the
time of antiviral use has been extended to fully control
the infection [36]. Thus, in highly pathogenic H7N9 virus
infection, antiviral treatment should be started as early as
possible. We observed that on the third day post infec-
tion, the disease burden increased sharply, enhancing
the risk of multiple organ infection, which would require
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Fig. 3 Histopathology of kidney, liver, and spleen tissue. A Immunological and HE staining of mouse kidneys at 2, 3, and 7 days post infection. B
Immunological and HE staining of mouse livers at 2, 3, and 7 days post infection. C Immunological and HE staining of mouse spleens at 2, 3, and

7 days post infection. The viral antigen is shown using a red arrow. HE: Haematoxylin and eosin; IHC: Immunohistochemistry; dpi: days post infection
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Table 1 The H7N9 virus isolated from serum and different
tissues of mice

Tissue Number of animals from which the virus was isolated
2dpi(n=3) 3dpi(n=3) 7 dpi(n=6)

Lung 1 3 6

Brain 0 0 6

Heart 0 1 3

Kidney 0 1 2

Liver 0 1 1

Spleen 0 1 2

Serum 1 3 6

Dpi, days post infection

a longer period of antiviral therapy and might result in
multiple organ injury.

In our previous study, the H7N9 virus was not lethal
to mice [34]. In other previous studies, the highly patho-
genic H7NO viruses isolated from the avian species could
replicate in the airway of mice but were no lethal to mice
[5]. However, with the evolution of H7N9 highly patho-
genic viruses, some of the viruses became highly virulent
in mice. Recent studies have shown that after circulation
in poultry for a few weeks, some viruses acquired the
ability to kill mice [13]. Once the virus obtained the PB2
701 N or PB2 627 K mutation, its virulence in mice could
increase over 10,000-fold [5, 13, 14]. In another study,
the authors using the highly pathogenic H7N9 viruses
isolated from the avian species between 2018 and 2019
to infect the mice, some mice were detected with brain
and spleen infection, but the authors have not explore the
infection in other major organs like hearts, kidneys and
livers [14]. However, in our present study, all the mice
infected with highly pathogenic H7N9 were dead by the
8th day post infection with multiple organ injuries.

K526R in PB2 gene can increase pathogenicity to
mice in the absence of E627K and D70IN mutations
[37]. M535L in PB2 gene has been reported to increase
viral polymerase activity [38]. Having both K526R
and M535L mutations in PB2 gene might be responsi-
ble for the increased viral virulence of A/Guangdong/
GZ8H002/2017(H7N9) virus, which required further
verification by reverse genetic techniques. The highly
pathogenic H7N9 virus induced a more enhanced
immune response than the low pathogenic H7N9 virus.
Pathogenicity of high pathogenic H7N9 was increased
by inducing a stronger cytokine storm [39]. The cause
of death in mice is considered to be a result of increased
replication capacity of highly pathogenic H7N9 virus,
which is observed as rapid viral replication in lungs of
mice on 3—4 dpi, the lung blood barrier breaking, viremia
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and other organs infection, later multi-organ infection
and failure [39]. It simultaneously induced a cytokine
storm, resulting in multi-organ function impairment
[39]. Direct damage caused by high pathogenic H7N9
virus and immune damage together contribute to death
in mice.

Heart, kidney, and liver injuries are common in influ-
enza infection [22, 40, 41]. Moreover, influenza A (HIN1)
has been detected in patients’ pericardial and myocardial
tissues [42, 43]. These studies suggest that infection-asso-
ciated cardiac injury is caused by direct viral invasion.
Heart changes have also been reported during H7N9
infection. For example, in 203 out of 321 patients, evi-
dence of cardiac injury was observed [44]. Cardiac injury
was associated with severe infections, acute respiratory
distress syndrome, and the associated settings of the
mechanical ventilator and was linked higher mortality
during hospitalization [44]. In our study, heart infection
was confirmed in mice. Heart infection might also be the
cause of high rates of pathogenic H7N9 mortality. There-
fore, we should closely monitor myocardial function in
patients infected with highly pathogenic H7N9.

In our study, during the late stage of infection, all
the mice showed brain infection. Influenza-associated
encephalopathy might be another important cause of
death in patients with influenza [45]. Seasonal and pan-
demic HINI infections in 2009 were found to cause
encephalopathy in patients [46, 47]. In a previous study,
the highly pathogenic H7N9 virus exhibited enhanced
virulence and extended viral tropism in mice compared
with low pathogenic H7N9 viruses [48]. Meanwhile, the
highly pathogenic H7N9 virus has been proven to repli-
cate in brain tissues in animal models [48]. H5N1 viru-
lence in mice correlates with that in humans; therefore,
we could speculate that highly pathogenic H7N9 strains
that caused fatalities in mice would also show increased
lethality in humans [12, 13]. When the patients develops
multiple organ injuries and brain infection, they should
receive urgent intensive care treatment. In the intensive
care unit, we should maintain organ function, strengthen
antiviral treatment, and provide life support treatment.
Such comprehensive treatment can save patients’ lives
[4, 49]. At the same time, we should pay attention to a
patient’s intracranial pressure and note any changes to
their mental capacity [50].

Conclusions

In summary, influenza virus mutations increase infec-
tion rates in humans and may also lead to pathogenic
enhancement. We should closely monitor the H7N9
virus because it might gain greater multi-organ infec-
tion capacity through mutations, leading to higher fatal-
ity rates. Acute diffuse lung injury is the initial stage of
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pathogenesis in highly pathogenic H7N9 virus infection.
In addition to lung infection and viremia, the highly
pathogenic H7N9 virus can cause multiple organ infec-
tion and injury, which should receive more research
attention. Therefore, early diagnosis, early use of drugs
or neutralization antibodies to control the virus, and the
prevention and control of multiple organ infection are
very important.

Abbreviations

PB2: Polymerase basic protein 2; SPF: Specific-pathogen-free; MDCK: Madin-
Darby canine kidney; DMEM: Dulbecco's modified Eagle’s medium; FBS: Foetal
bovine serum; HA: Haemagglutinin; PBS: Phosphate-buffered saline; TCIDsy:
Median tissue culture infectious dose; dpi: Days post infection; HE: Haema-
toxylin eosin; IHC: Immunohistochemistry; gPCR: Quantitative real-time PCR;
Ct: Cycle threshold.

Acknowledgements

We would like to thank Professor Fu-Chun Zhang (Guangzhou Eighth People’s
Hospital) for kindly providing H7N9 virus used in the present study. We also
thank the native English speaking scientists of Elixigen Company for editing
our manuscript.

Authors’ contributions

HY, NW, and LL designed the experiments. XW, ST, SY, YZ, LX, LC, and FL
performed the experiments. XW and ST drafted the manuscript. All authors
participated in revising the manuscript. All authors read and approved the
final manuscript.

Funding

This work was supported by China Postdoctoral Science Foundation (Grant
Number 2020T130102Z2X), the Postdoctoral Science Foundation of Zhejiang
Province (Grant Number ZJ2020031), the Natural Science Foundation of
Zhejiang Province (Grant Number LQ21H190004), and the Medical and Health
Science and Technology Program of Zhejiang Province (Grant Numbers
2020379356 and 2020377610). The funding sources had no role in the study
design; in the writing of the report; or in the decision to submit the paper for
publication.

Declarations

Ethics approval and consent to participate

All mouse experiments were carried out following the Guide for the Care and
Use of Laboratory Animals of Zhejiang Province. The Ethics Committee of the
First Affiliated Hospital, Zhejiang University School of Medicine approved the
study.

Consent for publication
Not applicable.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Competing interests
The authors declare that they have no competing interests.

Author details

IState Key Laboratory for Diagnosis and Treatment of Infectious Diseases,
National Clinical Research Centre for Infectious Diseases, Collaborative Innova-
tion Center for Diagnosis and Treatment of Infectious Diseases, The First Affili-
ated Hospital, Zhejiang University School of Medicine, 79 Qing Chun Road,
Hangzhou 310003, Zhejiang, China. *Plastic and Aesthetic Surgery Depart-
ment, Affiliated Hangzhou First People’s Hospital, Zhejiang University School
of Medicine, Hangzhou 310000, Zhejiang, China. *Department of Stomatol-
ogy, Wenzhou Medical University Renji College, Wenzhou 325035, Zhejiang,

Page 10 of 11

China. “Department of Respiratory Medicine, The Sir Run Run Shaw Hospital,
Zhejiang University School of Medicine, Hangzhou 310016, Zhejiang, China.

Received: 11 August 2021 Accepted: 21 November 2021
Published online: 29 November 2021

References

1. Sellers SA, Hagan RS, Hayden FG, Fischer WA 2nd. The hidden burden of
influenza: a review of the extra-pulmonary complications of influenza
infection. Influenza Other Respir Viruses. 2017;11(5):372-93. https://doi.
org/10.1111/irv.12470.

2. Lombardi AF, Afsahi AM, Gupta A, Gholamrezanezhad A. Severe acute
respiratory syndrome (SARS), Middle East respiratory syndrome (MERS),
influenza, and COVID-19, beyond the lungs: a review article. Radio Med.
2021;126(4):561-9. https://doi.org/10.1007/511547-020-01311-x.

3. Zitzow LA, Rowe T, Morken T, Shieh WJ, Zaki S, Katz JM. Pathogenesis
of avian influenza A (H5N1) viruses in ferrets. J Virol. 2002;76(9):4420-9.
https://doi.org/10.1128/jvi.76.9.4420-4429.2002.

4. Wu X, Xiao L, Li L. Research progress on human infection with avian influ-
enza H7N9. Front Med. 2020. https://doi.org/10.1007/511684-020-0739-z.

5. ShiJ,Deng G, Kong H, Gu C, Ma S, Yin X, et al. H7N9 virulent mutants
detected in chickens in China pose an increased threat to humans. Cell
Res. 2017;27(12):1409-21. https://doi.org/10.1038/cr.2017.129.

6. ZhuW, Zhou J, Li Z,Yang L, Li X, Huang W, et al. Biological characterisa-
tion of the emerged highly pathogenic avian influenza (HPAI) A(H7N9)
viruses in humans, in mainland China, 2016 to 2017. Euro Surveill.
2017;22(19):30533. https://doi.org/10.2807/1560-7917.E5.2017.22.19.
30533.

7. Zhoul,TanY,Kang M, Liu F, Ren R, Wang Y, et al. Preliminary epidemiol-
ogy of human infections with highly pathogenic avian influenza A(H7N9)
Virus, China, 2017. Emerg Infect Dis. 2017,23(8):1355-9. https://doi.org/10.
3201/eid2308.170640.

8. LiuJ, XiaoH,Wu, Liu D, Qi X, ShiY, et al. H7N9: a low pathogenic avian
influenza A virus infecting humans. Curr Opin Virol. 2014;5:91-7. https://
doi.org/10.1016/j.coviro.2014.03.001.

9. BiY, ShiW, Chen J, Chen Q, Ma Z, Wong G, et al. CASCIRE surveil-
lance network and work on avian influenza viruses. Sci China Life Sci.
2017;60(12):1386-91. https://doi.org/10.1007/511427-017-9251-2.

10. Wei X, Chen M, Cui J. Bayesian evolutionary analysis for emerging
infectious disease: an exemplified application for H7N9 avian influenza
viruses. Sci China Life Sci. 2017,60(12):1392-5. https://doi.org/10.1007/
s11427-017-9227-6.

11. Wei X, Cui J. Why were so few people infected with H7N9 influ-
enza A viruses in China from late 2017 to 2018? Sci China Life Sci.
2018;61(11):1442-4. https://doi.org/10.1007/511427-018-9406-4.

12. Zeng X, Tian G, Shi J, Deng G, Li C, Chen H.Vaccination of poultry success-
fully eliminated human infection with H7N9 virus in China. Sci China Life
Sci. 2018;61(12):1465-73. https://doi.org/10.1007/511427-018-9420-1.

13. ShiJ,Deng G, Ma S, Zeng X, Yin X, Li M, et al. Rapid evolution of H7N9
highly pathogenic viruses that emerged in China in 2017. Cell Host
Microbe. 2018;24(4):558-68.e7. https://doi.org/10.1016/j.chom.2018.08.
006.

14. Yin X, Deng G, Zeng X, Cui P, Hou Y, Liu Y, et al. Genetic and biological
properties of H7N9 avian influenza viruses detected after application of
the H7N9 poultry vaccine in China. PLoS Pathog. 2021;17(4): €1009561.
https://doi.org/10.1371/journal.ppat.1009561.

15. Gao HN, Yao HP, Liang WF, Wu XX, Wu HB, Wu NP, et al. Viral genome and
antiviral drug sensitivity analysis of two patients from a family cluster
caused by the influenza A(H7N9) virus in Zhejiang, China, 2013.Int J
Infect Dis. 2014;29:254-8. https://doi.org/10.1016/}.ijid.2014.10.029.

16. HuJ, ZhuY, Zhao B, Li J, Liu L, Gu K, et al. Limited human-to-human
transmission of avian influenza A(H7N9) virus, Shanghai, China, March to
April 2013. Euro Surveill. 2014. https://doi.org/10.2807/1560-7917.es2014.
19.25.20838.

17. Zhou L, Chen E, Bao C, Xiang N, Wu J, Wu S, et al. Clusters of human
infection and human-to-human transmission of avian influenza A(H7N9)
Virus, 2013-2017. Emerg Infect Dis. 2018. https://doi.org/10.3201/eid24
02.171565.


https://doi.org/10.1111/irv.12470
https://doi.org/10.1111/irv.12470
https://doi.org/10.1007/s11547-020-01311-x
https://doi.org/10.1128/jvi.76.9.4420-4429.2002
https://doi.org/10.1007/s11684-020-0739-z
https://doi.org/10.1038/cr.2017.129
https://doi.org/10.2807/1560-7917.ES.2017.22.19.30533
https://doi.org/10.2807/1560-7917.ES.2017.22.19.30533
https://doi.org/10.3201/eid2308.170640
https://doi.org/10.3201/eid2308.170640
https://doi.org/10.1016/j.coviro.2014.03.001
https://doi.org/10.1016/j.coviro.2014.03.001
https://doi.org/10.1007/s11427-017-9251-2
https://doi.org/10.1007/s11427-017-9227-6
https://doi.org/10.1007/s11427-017-9227-6
https://doi.org/10.1007/s11427-018-9406-4
https://doi.org/10.1007/s11427-018-9420-1
https://doi.org/10.1016/j.chom.2018.08.006
https://doi.org/10.1016/j.chom.2018.08.006
https://doi.org/10.1371/journal.ppat.1009561
https://doi.org/10.1016/j.ijid.2014.10.029
https://doi.org/10.2807/1560-7917.es2014.19.25.20838
https://doi.org/10.2807/1560-7917.es2014.19.25.20838
https://doi.org/10.3201/eid2402.171565
https://doi.org/10.3201/eid2402.171565

Wau et al. Virology Journal

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

(2021) 18:237

Wang X, Wu P, Pei Y, Tsang TK, Gu D, Wang W, et al. Assessment of human-
to-human transmissibility of avian influenza A(H7N9) virus across 5 waves
by analyzing clusters of case patients in Mainland China, 2013-2017. Clin
Infect Dis. 2019,68(4):623-31. https://doi.org/10.1093/cid/ciy541.

Ding H, Chen'Y, Yu Z, Horby PW, Wang F, Hu J, et al. A family cluster of
three confirmed cases infected with avian influenza A (H7N9) virus in
Zhejiang Province of China. BMC Infect Dis. 2014;14:698. https://doi.org/
10.1186/512879-014-0698-6.

QiW, JiaW, Liu D, Li J, BiY, Xie S, et al. 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.
https://doi.org/10.1128/JV1.00921-17.

Mok MM, Cheng VC, Lui SL, Kwan LP, Chan GC, Yap DY, et al. Severe liver
failure due to influenza A infection in a hemodialysis patient. Hemodial
Int. 2016,20(1):E16-8. https://doi.org/10.1111/hdi.12335.

Parikh M, Dolson G, Ramanathan V, Sangsiraprapha W. Novel HIN1-asso-
ciated rhabdomyolysis leading to acute renal failure. Clin Microbiol Infect.
2010;16(4):330-2. https://doi.org/10.1111/j.1469-0691.2010.03185 x.
Kumar K, Guirgis M, Zieroth S, Lo E, Menkis AH, Arora RC, et al. Influenza
myocarditis and myositis: case presentation and review of the literature.
Can J Cardiol. 2011;27(4):514-22. https://doi.org/10.1016/j.cjca.2011.03.
005.

Haessler S, Paez A, Rothberg M, Higgins T. 2009 pandemic H1N1-asso-
ciated myocarditis in a previously healthy adult. Clin Microbiol Infect.
2011;17(4):572-4. https://doi.org/10.1111/j.1469-0691.2010.03315x.
Chutinimitkul S, Bhattarakosol P, Srisuratanon S, Eiamudomkan A, Kong-
somboon K, Damrongwatanapokin S, et al. H5N1 influenza A virus and
infected human plasma. Emerg Infect Dis. 2006;12(6):1041-3. https://doi.
0rg/10.3201/eid1206.060227.

de Jong MD, Bach VC, Phan TQ, Vo MH, Tran TT, Nguyen BH, et al. Fatal
avian influenza A (H5N1) in a child presenting with diarrhea followed by
coma. N EnglJ Med. 2005;352(7):686-91. https://doi.org/10.1056/NEJMo
a044307.

Tolnay AE, Baskin CR, Tumpey TM, Sabourin PJ, Sabourin CL, Long

JP et al. Extrapulmonary tissue responses in cynomolgus macaques
(Macaca fascicularis) infected with highly pathogenic avian influenza

A (H5N1) virus. Arch Virol. 2010;155(6):905-14. https://doi.org/10.1007/
s00705-010-0662-8.

Vahlenkamp TW, Teifke JP, Harder TC, Beer M, Mettenleiter TC. Systemic
influenza virus H5N1 infection in cats after gastrointestinal exposure.
Influenza Other Respir Viruses. 2010;4(6):379-86. https://doi.org/10.
1111/j.1750-2659.2010.00173 x.

Rimmelzwaan GF, van Riel D, Baars M, Bestebroer TM, van Amerongen

G, Fouchier RA, et al. Influenza A virus (H5N1) infection in cats causes
systemic disease with potential novel routes of virus spread within and
between hosts. Am J Pathol. 2006;168(1):176-83. https://doi.org/10.2353/
ajpath.2006.050466.

Gu J, Xie Z, Gao Z, Liu J, Korteweg C, Ye J, et al. H5N1 infection of the
respiratory tract and beyond: a molecular pathology study. Lancet.
2007;370(9593):1137-45. https://doi.org/10.1016/50140-6736(07)
61515-3.

Zhu Z, LiuY, Xu L, Guan W, Zhang X, Qi T, et al. Extra-pulmonary viral
shedding in H7N9 Avian Influenza patients. J Clin Virol. 2015;69:30-2.
https://doi.org/10.1016/jjcv.2015.05.013.

Keilich SR, Bartley JM, Haynes L. Diminished immune responses with
aging predispose older adults to common and uncommon influenza
complications. Cell Immunol. 2019;345:103992. https://doi.org/10.1016/].
cellimm.2019.103992.

Yu L, Wang Z, Chen Y, Ding W, Jia H, Chan JF, et al. Clinical, virological,
and histopathological manifestations of fatal human infections by avian
influenza A(H7N9) virus. Clin Infect Dis. 2013;57(10):1449-57. https://doi.
org/10.1093/cid/cit541.

OuH,Yao H, Yao W, Wu N, Wu X, Han C, et al. Analysis of the immuno-
genicity and bioactivities of a split influenza A/H7N9 vaccine mixed with
MF59 adjuvant in BALB/c mice. Vaccine. 2016;34(20):2362-70. https://doi.
org/10.1016/j.vaccine.2016.03.037.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11 of 11

Gao HN, Lu HZ, Cao B, Du B, Shang H, Gan JH, et al. Clinical find-

ingsin 111 cases of influenza A (H7N9) virus infection. N Engl J Med.
2013;368(24):2277-85. https://doi.org/10.1056/NEJMoa1305584.

Zheng S, Tang L, Gao H, Wang Y, Yu F, Cui D, et al. Benefit of early initiation
of neuraminidase inhibitor treatment to hospitalized patients with avian
influenza A(H7N9) virus. Clin Infect Dis. 2018;66(7):1054-60. https://doi.
org/10.1093/cid/cix930.

Song W, Wang P, Mok BW, Lau SY, Huang X, Wu WL, et al. The K526R sub-
stitution in viral protein PB2 enhances the effects of E627K on influenza
virus replication. Nat Commun. 2014;5:5509. https://doi.org/10.1038/
ncomms6509.

Chen GW, Kuo SM, Yang SL, Gong YN, Hsiao MR, Liu YC, et al. Genomic
signatures for avian H7N9 viruses adapting to humans. PLoS ONE.
2016;11(2):e0148432. https://doi.org/10.1371/journal.pone.0148432.

Wu XX, Zhao LZ, Tang SJ, Weng TH, Wu WG, Yao SH, et al. Novel
pathogenic characteristics of highly pathogenic avian influenza virus
H7N9: viraemia and extrapulmonary infection. Emerg Microbes Infect.
2020;9(1):962-75. https://doi.org/10.1080/22221751.2020.1754135.
Sidhu RS, Sharma A, Paterson ID, Bainey KR. Influenza HINT1 infection
leading to cardiac tamponade in a previously healthy patient: a case
report. Res Cardiovasc Med. 2016;5(3):e31546. https://doi.org/10.5812/
cardiovascmed.31546.

ZhangY, Liu J, Yu L, Zhou N, Ding W, Zheng S, et al. Prevalence and char-
acteristics of hypoxic hepatitis in the largest single-centre cohort of avian
influenza A(H7N9) virus-infected patients with severe liver impairment in
the intensive care unit. Emerg Microbes Infect. 2016;5:e1. https://doi.org/
10.1038/emi.2016.1.

Davoudi AR, Maleki AR, Beykmohammadi AR, Tayebi A. Fulminant
myopericarditis in an immunocompetent adult due to pandemic 2009
(H1N1) influenza A virus infection. Scand J Infect Dis. 2012;44(6):470-2.
https://doi.org/10.3109/00365548.2011.631575.

Calabrese F, Carturan E, Chimenti C, Pieroni M, Agostini C, Angelini A,

et al. Overexpression of tumor necrosis factor (TNF)alpha and TNFalpha
receptor | in human viral myocarditis: clinicopathologic correlations. Mod
Pathol. 2004;17(9):1108-18. https://doi.org/10.1038/modpathol.3800158.
Gao C,Wang Y, Gu X, Shen X, Zhou D, Zhou S, et al. Association between
cardiac injury and mortality in hospitalized patients infected with avian
influenza A (H7N9) virus. Crit Care Med. 2020;48(4):451-8. https://doi.org/
10.1097/CCM.0000000000004207.

Britton PN, Blyth CC, Macartney K, Dale RC, Li-Kim-Moy J, Khandaker G,
et al. The spectrum and burden of influenza-associated neurological
disease in children: combined encephalitis and influenza sentinel site
surveillance from Australia, 2013-2015. Clin Infect Dis. 2017,65(4):653-60.
https://doi.org/10.1093/cid/cix412.

Kawashima H, Morichi S, Okumara A, Nakagawa S, Morishima T, collabo-
rating study group on influenza-associated encephalopathy in J. National
survey of pandemic influenza A (H1N1) 2009-associated encephalopathy
in Japanese children. J Med Virol. 2012,84(8):1151-6. https://doi.org/10.
1002/jmv.23317.

Mylonaki E, Harrer A, Pilz G, Stalzer P, Otto F, Trinka E, et al. Neurological
complications associated with influenza in season 2017/18 in Austria—a
retrospective single center study. J Clin Virol. 2020;127:104340. https://
doi.org/10.1016/j,jcv.2020.104340.

Sun X, Belser JA, Pappas C, Pulit-Penaloza JA, Brock N, Zeng H, et al. Risk
assessment of fifth-wave H7N9 influenza A viruses in mammalian models.
JVirol. 2019. https://doi.org/10.1128/JVI.01740-18.

Cantan B, Luyt CE, Martin-Loeches I. Influenza infections and emer-

gent viral infections in intensive care unit. Semin Respir Crit Care Med.
2019;40(4):488-97. https://doi.org/10.1055/5-0039-1693497.

Studahl M. Influenza virus and CNS manifestations. J Clin Virol.
2003;28(3):225-32. https://doi.org/10.1016/51386-6532(03)00119-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1093/cid/ciy541
https://doi.org/10.1186/s12879-014-0698-6
https://doi.org/10.1186/s12879-014-0698-6
https://doi.org/10.1128/JVI.00921-17
https://doi.org/10.1111/hdi.12335
https://doi.org/10.1111/j.1469-0691.2010.03185.x
https://doi.org/10.1016/j.cjca.2011.03.005
https://doi.org/10.1016/j.cjca.2011.03.005
https://doi.org/10.1111/j.1469-0691.2010.03315.x
https://doi.org/10.3201/eid1206.060227
https://doi.org/10.3201/eid1206.060227
https://doi.org/10.1056/NEJMoa044307
https://doi.org/10.1056/NEJMoa044307
https://doi.org/10.1007/s00705-010-0662-8
https://doi.org/10.1007/s00705-010-0662-8
https://doi.org/10.1111/j.1750-2659.2010.00173.x
https://doi.org/10.1111/j.1750-2659.2010.00173.x
https://doi.org/10.2353/ajpath.2006.050466
https://doi.org/10.2353/ajpath.2006.050466
https://doi.org/10.1016/S0140-6736(07)61515-3
https://doi.org/10.1016/S0140-6736(07)61515-3
https://doi.org/10.1016/j.jcv.2015.05.013
https://doi.org/10.1016/j.cellimm.2019.103992
https://doi.org/10.1016/j.cellimm.2019.103992
https://doi.org/10.1093/cid/cit541
https://doi.org/10.1093/cid/cit541
https://doi.org/10.1016/j.vaccine.2016.03.037
https://doi.org/10.1016/j.vaccine.2016.03.037
https://doi.org/10.1056/NEJMoa1305584
https://doi.org/10.1093/cid/cix930
https://doi.org/10.1093/cid/cix930
https://doi.org/10.1038/ncomms6509
https://doi.org/10.1038/ncomms6509
https://doi.org/10.1371/journal.pone.0148432
https://doi.org/10.1080/22221751.2020.1754135
https://doi.org/10.5812/cardiovascmed.31546
https://doi.org/10.5812/cardiovascmed.31546
https://doi.org/10.1038/emi.2016.1
https://doi.org/10.1038/emi.2016.1
https://doi.org/10.3109/00365548.2011.631575
https://doi.org/10.1038/modpathol.3800158
https://doi.org/10.1097/CCM.0000000000004207
https://doi.org/10.1097/CCM.0000000000004207
https://doi.org/10.1093/cid/cix412
https://doi.org/10.1002/jmv.23317
https://doi.org/10.1002/jmv.23317
https://doi.org/10.1016/j.jcv.2020.104340
https://doi.org/10.1016/j.jcv.2020.104340
https://doi.org/10.1128/JVI.01740-18
https://doi.org/10.1055/s-0039-1693497
https://doi.org/10.1016/s1386-6532(03)00119-7

	The viral distribution and pathological characteristics of BALBc mice infected with highly pathogenic Influenza H7N9 virus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Animal experiment ethical statement
	Viruses and cells
	Virus median tissue culture infectious dose (TCID50) determination
	Inoculation of the virus
	Organ histopathology
	Virus isolation from mouse serum and organs
	Determination of the virus titre of organs
	Statistical analysis

	Results
	The change in weight and the survival status of the H7N9-infected mice
	Histopathology of organs
	Isolation of the virus from mouse serum and organs
	The amount of virus in mouse organs

	Discussion
	Conclusions
	Acknowledgements
	References


