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Summary
Background Severe respiratory viral infections can lead to viral sepsis (VS), a life-threatening condition characterized
by lung and extrapulmonary organ dysfunction. However, the pathology of VS is not clear. Specifically, it is unknown
how the cytokine storm and direct virus infection contribute to the damage of extrapulmonary organs.

Methods In this study, we established survival and lethal mouse models of VS by intranasally administering different
doses of PR8/H1N1 influenza virus in C57BL/6J male mice, as well as model of bacterial sepsis (BS) caused by Strep-
tococcus pneumoniae as references. Viraemia and extrapulmonary dissemination and infection of the virus were examined.
Single-cell sequencing of the lungs and livers was performed at different days post-infection (dpi) in three groups.

Findings While bacteria can spread and colonize extensively in extrapulmonary organs, causing multiple organ
injuries, IAVs mainly replicate and cause damage in pulmonary cells. Live virus can be isolated in the blood and
extrapulmonary organs. Disseminating via the bloodstream, IAVs transiently infect the liver and spleen, causing liver
dysfunction and spleen atrophy, without affecting kidney function, despite systematically elevated cytokine levels.
Compared to BS, a more significant decrease in the proportion of alveolar macrophages, epithelial cells, endothelial
cells, and fibroblasts in the lungs, as well as endothelial cells and Kupffer cells in the liver, was observed in VS. This
was accompanied by a longer activated PANoptosis pathway and downregulated genes responsible for barrier
function and antigen presentation in the epithelial and endothelial cells.

Interpretation Our study suggests that H1N1 influenza virus disseminates through the bloodstream and infects
extrapulmonary organs to varying extents, which may lead to differential cell death, organ dysfunction, and trigger VS.
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Research in context

Evidence before this study
Previous clinical reports have shown that, similar to bacterial
sepsis, respiratory viruses could be detected in multiple organs
and body fluids outside the lungs in severe viral pneumonia,
which was associated with poor prognosis. Other studies also
showed that respiratory viruses such as PR8/H1N1 influenza
virus could spread to and replicate in the hearts of mouse
models after pulmonary infection, leading to cardiac
dysfunction.

Added value of this study
We established mouse models of viral sepsis (VS) and bacterial
sepsis (BS) and employed single-cell RNA sequencing (scRNA-
seq) on lung and liver tissues of these models at different days
post infection. We demonstrated that live H1N1 influenza

virus could directly disseminate through the bloodstream and
infect extrapulmonary organs to varying extents, which may
be the main cause of organ dysfunction in VS. Additionally,
we identified changes of cellular functions in the lungs and
livers that may contribute to the spread of the virus and
extrapulmonary organ dysfunction in VS.

Implications of all the available evidence
This research provided deeper understanding of the
similarities and differences between VS and BS, offering a
detailed description of the dynamic changes of viraemia and
cellular states in the lungs and livers. This finding may have
significant implications for the treatment of VS in clinical
practice.
Introduction
Respiratory virus infections caused by respiratory viruses
such as the influenza virus (IAV) and SARS-CoV-2 have
been significant to threaten human health in this century.
These infections not only lead to common cold symptoms,
but may also cause dysfunction of lung and extrapulmo-
nary organs, posing a serious risk to the lives of patients.

For IAV, clinical reports have demonstrated that
besides pneumonia, it can also lead to damage in other
organs, such as the heart, brain, kidneys, liver, muscles,
eyes, and blood systems. The most prevalent complica-
tions are viral myocarditis, viral encephalitis1 and liver
injury. The extent of extrapulmonary dysfunction caused
by different viral strains varies. Highly pathogenic avian
influenza viruses (HPAIV), including H7N9 and H5N1,
often lead to multi-organ infections and severe disease.2

Pandemic influenza viruses, such as the 2009 pandemic
strain, can cause complications like myocarditis,3,4 liver
damage,4,5 and kidney injury.6 Seasonal influenza
viruses may also lead to extrapulmonary complications,
particularly in populations with underlying chronic
conditions.7 In a human challenge experiment, 4
(26⋅6%) out of 15 subjects infected by the H1N1 influ-
enza virus experienced a significant increase in ALT.8

During the 2009 influenza pandemic, elevated liver
enzymes were observed more frequently.5
For SARS-CoV-2, it can cause dyspnoea, cardiovas-
cular disease, liver failure, kidney failure, and coagula-
tion dysfunctions in patients.9 These patients met the
diagnostic criteria for sepsis or septic shock according to
the Sepsis-3 International Consensus.10 Our previous
study showed that 59% of adult hospitalized patients
infected with the original strain developed sepsis, and
48% among them died.11

Therefore, after the outbreak of COVID-19, we call
attention to this multiple organ dysfunction caused by
the dysregulated host response against the respiratory
viral infection, namely viral sepsis (VS).12,13 In clinical
settings, the diagnosis of sepsis can be indicated by a
SOFA score≥ 2,10 and VS was defined as sepsis resulted
from viral pneumonia.14 However, the unclear patho-
logical mechanism underlying VS greatly hampers the
development of effective intervention therapies.
Although specific antiviral drugs have been developed
for SARS-CoV-2 and influenza in recent years, there
remains a lack of drugs for other respiratory viruses.
Furthermore, there is a severe shortage of immuno-
modulatory drugs that target the host. While glucocor-
ticoids and immunomodulatory drugs are available for
severe COVID-19, antibiotics, fluid replacement, and
vasoactive agents remain the most commonly used
treatments for both BS and VS. For IAV-induced severe
www.thelancet.com Vol 116 June, 2025
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cases, no immunomodulatory drugs are available and
glucocorticoids are not recommended.12,15 Therefore, it
is imperative to determine whether the pathological
mechanism of VS differs from BS, which may lead to
effective drug development.

The cytokine storm, considered as an important
trigger to bacterial sepsis (BS),16 was also important for
VS. In viral sepsis caused by respiratory viruses such as
IAV or SARS-CoV-2, cytokine storms or systematically
elevated cytokine levels have been reported to be associ-
ated with disease severity and mortality.17–19 However, it
has been found that while bacterial sepsis typically causes
severe damage to multiple organs, respiratory viral in-
fections usually result in more severe lung damage but
less severe damage to other organs outside the lungs.20,21

In addition, it is evident that the extent of extrapulmonary
organ damage may not be consistent under the same
level of cytokine exposure, as various levels of cardio-
vascular, neurological, urological, and hepatic dysfunc-
tions are recorded in different patients.22,23 Therefore,
other factors besides cytokine storm could be considered
for causing this differential extrapulmonary injury.

In our previous studies, we have found a correlation
between viral nucleic acidaemia and poor prognosis,15,24

which raises doubts about whether the virus can spread
to multiple organs through the bloodstream and cause
damage. There have long been occasional reports of live
viraemia in severe influenza infections.25,26 Additionally,
SARS-CoV-2 and influenza viruses have been detected
in multiple organs of autopsy biopsies and even live
virus can be isolated.27,28 Therefore, we hypothesized that
respiratory viruses primarily infect the lungs and cause
significant damage. After spreading through the blood-
stream, the virus may also infect other organs to a lesser
extent, potentially causing varying degrees of damage.

In this study, we established mouse models of sur-
vival and lethal VS through intranasal instillation of
different doses of the PR8/H1N1 influenza virus, as
well as model for bacterial sepsis caused by Streptococcus
pneumoniae (Spn), which is the most common patho-
gens causing community-acquired pneumonia. We
evaluated the spread of the virus through the blood
stream and the resulting damage to extrapulmonary
organs in the VS groups. We then utilized single-cell
transcriptome sequencing technology to analyse cell
proportions and gene expression in the lungs and liver
at various time points after infection, attempting to
elucidate the distinct cellular and molecular mecha-
nisms underlying lung and extrapulmonary injury in VS
compared to BS.
Methods
Virus and bacteria
The H1N1 influenza A virus (IAV) PR8 strain (A/Puerto
Rico/8/1934) (ATCC, Cat# VR-95), influenza A virus
(A/WS/1933 (H1N1)) (ATCC, Cat# VR-1520) and
www.thelancet.com Vol 116 June, 2025
influenza A virus (A/Wisconsin/67/2005 (H3N2)) (ATCC,
Cat# VR-1881) were obtained from ATCC. The virus was
amplified in chicken embryos. Briefly, 100 plaque-forming
units (PFU) virus in 100 μL DPBS was injected into the 9-
to 11-day-old embryonated chicken egg above the air sack.
The pin hole in the shell was sealed with melted candle
wax. The egg was incubated at 37 ◦C for 2 days, and then
transferred to 4 ◦C for at least 12 h. The allantoic fluid was
collected into a 15 mL conical tube. The supernatant
containing the virus was obtained by centrifugation at
3000 g for 10 min at 4 ◦C. The viral titre was measured
using a plaque assay in the Madin–Darby canine kidney
(MDCK) (ATCC, Cat# CCL-34) cell line and 2 μg/mL
TPCK-treated trypsin (Thermo Fisher Scientific, Cat#
20233) was added. Briefly, a monolayer of MDCK cells was
inoculated in a 12-well plate, and infectious samples were
subjected to a tenfold serial dilution with serum-free
DMEM, starting from the undiluted stock solution. Cells
were washed twice with PBS and infected with 100 μL
dilution for 1 h at 37 ◦C. Gently rock plates every 20 min,
after which a solid overlay comprising DMEM medium,
2% agarose, and 2 μg/mL TPCK-treated trypsin was added.
After 48 h of infection, cells stained with 0⋅2% crystal violet
and plaques were counted.

The high virulent Spn strain TH870 (type 6 A) was
kindly provided by Dr. Jing-Ren Zhang at Tsinghua
University, Beijing, China. Pneumococci were cultured
in Todd-Hewitt broth with 0⋅5% yeast extract or tryptic
soy agar plates with 3% defibrinated sheep blood at
37 ◦C with 5% CO2 as described.29

Ethics
The Animal Ethics Committee of Beijing Laboratory
Animal Research Center Co. Ltd (BLARC-JSB-DW/013-
JL/001) and Institute of Biophysics, Chinese Academy
of Sciences (No. ABSL-2-2023019) reviewed and
approved all animal experiments, which were performed
according to the Principles of Laboratory Animal Care.

Animal experiments
This study was conducted in compliance with the
ARRIVEreporting guidelines.30 Specific pathogen-free
C57BL/6 J male mice (8–10 weeks old) weighing
20–25 g were purchased from Vital River Laboratory
Animal Technology Co., Ltd, Beijing, China. Mice were
held five per cage under specific-pathogen-free conditions
with food and water ad libitum. The feeding conditions
were as follows: 24 ± 2 ◦C; 50 ± 10% relative humidity;
12-h light/dark cycle. Mice were acclimatized to the lab-
oratory conditions for 5–7 days prior to experimentation.

The individual mouse was considered the experi-
mental unit within the study. The sample size was
guided by our experimental design and reflected
consideration of ethical principles and adherence to the
3Rs (Replacement, Reduction, and Refinement) in ani-
mal use. At least three replicates were set for molecular
and immunofluorescence experiments. At least five
3
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replicates were set for other experiments. The following
are the numbers of animals used in different experi-
ments. Body weight and survival rate (n = 40); cytokines
analysis and H&E staining (n = 80); biochemical anal-
ysis and blood routine examination (n = 147); viral RNA
analysis in organs (n = 21); plaque assay for live virus
(n = 20); viraemia (n = 25); siNC or siGNE tranfected
animal experiments (n = 26); intravenous injection
models (n = 45); scSeq (n = 54); flow cytometry (n = 20);
PI and NP staining (n = 18); barrier function and
neutralizing antibodies assay (n = 20); spleen weight
(n = 9); viral RNA in parenchymal cells (n = 5); bacterial
loads (n = 8). A total of 538 units were used in this study.

Healthy male mice (8–10 weeks old) weighing
20–25 g were included in the study; those not meeting
these criteria were excluded. Samples that were outside
the detection range in cytokine analysis and biochemical
and blood routine examination were excluded.

For this study, experimental units were randomly
assigned to groups according to the ear marker number
of mice. Briefly, mice were tagged with ear markers prior
to the experiment and the simple random sampling
method was used to assign the ear marker numbers into
groups for the experiment. The control group was always
processed first to avoid cross-contamination between
different groups, therefore investigators who conducted
experiments could not be blinded. Investigators who
evaluated H&E staining results were unaware of the
group allocations. The location of mouse cages was ran-
domized. In a multi-time-point experiment, the time of
collecting samples was consistent each day.

To establish VS or BS models, the mice were anes-
thetized with an intraperitoneal injection of 1% pento-
barbital sodium (45 mg/kg), and then intranasally
inoculated with 105 or 103 PFU PR8 virus in 30 μL PBS
for the VS models, or 2 × 106 colony forming units
(CFU) TH870 Spn in 30 μL PBS for the BS model or
104 PFU influenza A virus (A/WS/1933 (H1N1)), and
3 × 106 PFU influenza A virus (A/Wisconsin/67/2005
(H3N2)) in 30 μL PBS for the comparison. 30 μL PBS
was intranasally inoculated in control group. Mice were
monitored daily and euthanized if their weight loss
exceeded 30% of the initial body mass or if they met
other endpoint criteria, such as severe hunching posture
and lack of mobility according to previous studies.31

To establish a tail vein injection model, the mice
were intravenously injected with 106 PFU and 104 PFU
PR8 in 200 μL saline solution, respectively. 200 μL saline
solution was intravenously injected in control group.
Blood, lungs, hearts, kidneys, livers, and spleens were
harvested at 5 min, 2 h, 24 h, and 72 h.

To detect dead cells in the mice, propidium iodide
(1 mg/kg) (MedChemExpress, Cat# 00-4976-93) was
injected into mice via the tail vein 1 h before harvest.

To establish a severe acute respiratory distress syn-
drome (ARDS) mouse model, the mice were intra-
tracheally injected with LPS derived from Escherichia coli
(O111:B4) (15 mg/kg) (Sigma–Aldrich, Cat# 93572-42-0)
in 30 μL PBS, and the blood samples were collected for
analysis 3 days post injection. 30 μL PBS was intra-
tracheally injected in control group.

Blood samples were collected from the heart. For
blood routine examination, 200 μL of anticoagulant
blood was used. Another 300 μL serum was used for
biochemical analysis, including lactate dehydrogenase
(LDH), creatine kinase (CK), creatine kinase MB
(CK-MB), aspartate aminotransferase (AST), alanine
transaminase (ALT), total bilirubin (TBill), creatinine
(CREA), and urea nitrogen (BUN). The tests were
performed by Beijing Yiming Fuxing Biotechnology Co.
Ltd, China and the Institute of Clinical Medical Sciences
in China–Japan Friendship Hospital.

Multiple cytokine analysis
To quantify the production of cytokines or chemokines
in the animals at different time points after infection,
serum IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,
IL-12 (p40), IL-12 (p70), IL-13, IL-17A, Eotaxin, G-CSF,
GM-CSF, IFN-γ, KC, MCP-1 (MCAF), MIP-1α, MIP-1β,
RANTES, TNF-α were measured using Bio-Plex Pro
Mouse Cytokine 23-plex Assay panel and the Bio-Plex
200 system (Bio-Rad, Cat# M60009RDPD, Hercules,
CA, USA) according to the manufacturer’s instructions.

Histological analysis
For histological analysis, the tissue samples were fixed
in neutral formalin overnight, and then prepared into
paraffin sections for H&E staining.

For immunofluorescence, the tissues samples were
fixed in neutral formalin for 2 h, balanced in 30%
sucrose/PBS overnight, and then prepared into frozen
sections before staining. Immunofluorescent staining
was performed according to the standard procedure.

The primary antibodies used were: anti-nucleocapsid
protein (Sino Biological, Cat# 11675-T62, RRID:
AB_3676512), anti-NP (Santa Cruz Biotechnology, Cat#
sc-101352, RRID: AB_1124491), anti-S. pneumoniae
(abcam, Cat# ab20429, RRID: AB_445576). The sec-
ondary antibodies used were Alex Fluor® 488 Goat
Anti-Mouse IgG (H + L) (abcam, Cat# ab150113, RRID:
AB_2576208), Alex Fluor® 488 Donkey Anti-Rabbit IgG
(H + L) (Thermo Fisher Scientific, Cat# A-21206, RRID:
AB_2535792), Alex Fluor® 555 Donkey Anti-Rat IgG
(H + L) (Thermo Fisher Scientific, Cat# A48270, RRID:
AB_2896336), and Alex Fluor® 555 Donkey Anti-Mouse
IgG (H + L) (Thermo Fisher Scientific, Cat# A-31570,
RRID: AB_2536180). DAPI (Yeasen, Cat# 40728ES03,
Shanghai, China) was used to stain the cell nuclei.

Isolation of the virus from mouse blood and
extrapulmonary organs
Blood samples were collected in EDTA tubes. Centri-
fuge the blood sample at 200×g for 10 min at 4 ◦C. After
centrifugation, three distinct layers will be visible:
www.thelancet.com Vol 116 June, 2025
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platelet-poor plasma (PPP) (top), Platelet-rich plasma
(PRP) (middle), and haemocytes (bottom). Plasma was
isolated from the upper layer. PRP was collected from
the middle layer. Next, the PRP was transferred into a
new tube and centrifuged at 500×g for 10 min to pellet
the platelets. Haemocytes were isolated from the bottom
layer. Then, platelet and haemocytes pellet were resus-
pended in PBS. The separated PPP, platelet, and hae-
mocytes from the peripheral blood were collected at
2 and 3 dpi to isolate the virus. About 100 μL of PPP,
platelet, and haemocytes were injected into the 9- to
11-day-old SPF embryonated chicken eggs as previously
described. The allantoic fluid was harvested and tested
using an HA assay. Then the virus isolation rate of
different parts of whole blood can be calculated. The
virus isolation from the whole blood and tissue ho-
mogenates was similar to the virus isolation procedure
above. Briefly, whole blood and fresh tissue samples
including hearts, livers, and kidneys were collected in
1⋅5 mL tubes. 200 μL whole blood was injected into SPF
embryonated chicken eggs. 500 μL sterile PBS was
added to the tubes and then the tissues were cut using
sterile scissors and homogenized using a tissue ho-
mogenizer. The tubes were centrifuged at 500×g for
10 min at 4 ◦C to obtain supernatant. Then, 500 μL
supernatant was totally injected into SPF embryonated
chicken eggs. The allantoic fluid was harvested and
tested using a plaque assay.

RNA extraction and PCR analysis
The RNA of tissue samples was extracted by TRIzol
reagent (Invitrogen, Cat# 15596018CN, Waltham, MA,
USA) and plasma samples were extracted using
QIAamp viral RNA mini kit (QIAGEN, Cat# 52904,
Hilden, Germany) according to the manufacturer’s in-
structions for virus detection. The HifairIII 1st Strand
cDNA Synthesis kit (Yeasen, Cat# 11141ES60,
Shanghai, China) was used for reverse transcription and
the PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific, Cat# A25742, USA) for real-time fluorescent
quantitative PCR detection. Briefly, approximately
0⋅1 mg fresh tissue of samples were collected in 1⋅5 mL
tubes. 500 μL of TRIzol reagent was added and then the
tissues were homogenized and total RNA was extracted.
1 μg of RNA was reverse-transcribed into cDNA, and
10 ng of cDNA was used for the qRT-PCR reaction. The
primers for qRT-PCR were listed in Supplementary
Table S1 (Table S1). In experiments for detecting viral
NP RNA load in tissues, viral load was calculated by
plotting Ct values onto the standard curve based on the
standard product of plasmid containing NP sequence.
In experiments for detecting relative expression of RNA
load, Gapdh was used as an internal control.

Barrier permeability assessment
The integrity of the lung barrier was evaluated using the
Evans blue dye extravasation technique (Sigma–Aldrich,
www.thelancet.com Vol 116 June, 2025
Cat# 314-13-6, St. Louis, MO, USA). Mice were intra-
venously administered 100 μL of 1% Evans blue dye.
Thirty minutes post-injection, cardiac perfusion was
conducted, followed by the retrieval of lung tissues.

CFU quantification
Blood samples collected from Spn-infected and control
mice were processed to obtain platelet-free plasma via
centrifugation at 3000 rpm for 5 min. Subsequently,
lung, heart, liver, and kidney tissues were harvested and
weighed. Tissue samples were homogenized using
3 mm diameter steel beads (Servicebio, Cat# G0103-
200G, Wuhan, China) in PBS with a homogenizer
(HUXI, Shanghai, China), followed by serial dilution
with ten times. The diluted homogenates and plasma
were spread on 5% sheep blood agar plate and incubated
at 37 ◦C with 5% CO2 for 12 h. The Spn colonies were
then counted and presented as 1og10 (CFU)/0⋅1 g of
tissue.

Preparation of single-cell suspensions
To obtain the single-cell suspension, lungs, livers, and
kidneys were trimmed of fat and connective tissue, then
finely minced using scissors. The resulting fragments
were incubated and digested for 30 min at 37 ◦C in 5%
CO2 using the Mouse Lung Dissociation Kit (Miltenyi
Biotech, 130-095-927), Mouse Liver Dissociation Kit
(Miltenyi Biotech, 130-105-807), and kidney digestion
medium (a gift from Beijing SeekGene BioSciences Co.,
Ltd.), respectively, following the manufacturers’ in-
structions. Digestion was terminated by adding an equal
volume of PBS. The cell suspensions were then filtered
through a 70 μm cell strainer and collected by centri-
fugation at 400×g for 5 min. Erythrocytes were subse-
quently removed by incubating the samples with RBC
lysis buffer (Solarbio, R1010) at room temperature for
10 min. Finally, the cells were collected again by
centrifugation at 400×g for 5 min.

Flow cytometry
For flow cytometry, single-cell suspension of lungs was
first stained with LIVE/DEAD ™ Fixable Near IR (876)
Viability kit for 808 nm excitation (ThermoFisher Scien-
tific, 2841589) in PBS at room temperature in the dark
for 30 min. After replacing PBS with Staining Buffer
(biolegend, 420201), CD16/CD32 blocking (biolegend,
anti-mouse CD16/32 antibody, 101320) was conducted at
room temperature in the dark for 30 min. Cells were
then stained with respective antibodies at room tem-
perature in the dark for 30 min. All the cells were fixed
prior to flow cytometry (ThermoFisher Scientific,
00-8222-49). Flow cytometric analysis was performed
using a CytoFLEX LX flow cytometer (Beckman
Coulter), and the resulting data were analysed using
Cytexpert software (Beckman Coulter, version
2⋅5⋅0⋅77). The information of antibody was listed in
Supplementary Table S2 (Table S2).
5
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siRNA knockdown
Mouse liver cell line AML-12 (Procell, Cat# CL-0602,
China) was used to test the knockdown efficiency. The
sequences of siRNAs were listed in Supplementary
Table S3 (Table S3). 110 pmol siNC, siGNE_1,
siGNE_2 were transfected into AML-12 cells in 6-well
plate by mixing with 8 μL siRNA-mate (GenePharma,
Cat# G04026, China) in 200 μL opti-MEM. After incu-
bating for 5 min at room temperature, the mixture was
added to the culture medium. RNA was extracted from
the cells 48 h after transfection. qRT-PCR was per-
formed using primers in Supplementary Table S1
(Table S1).

To test the knockdown of Gne on the infection effi-
ciency in vitro, AML-12 were seeded in 96-well plates.
24 h later, the cells were transfected with individual
siRNAs, and then infected with PR8 at MOI = 1 48 h
after transfection. Cells were collected to measure viral
RNA expression level by qRT-PCR 24 h after infection.

To test the knockdown of Gne on the infection effi-
ciency in vivo, 40 μg GNA + GalNac modified siNC or
siGNE_2 were mixed with 30 μL invivo-siRNA mate
(GenePharma, Cat# G04031, China) and 140 μL buffer.
The mixture was injected into the tail vein of the mice.
24 h later, the mice were challenged with 105 PFU PR8
virus. The livers of the mice were harvested at 3 days
post infection, digested into single cells and subjected to
qRT-PCR to detect the expression levels of Gne and viral
NP genes. The sera of the mice were harvested at 5 days
post infection to perform the biochemical analysis.

Neutralization assays
Fifteen mice were randomly divided into three treatment
groups, each consisting of five mice: (1) PBS control
group; (2) PR8 infection group with 103 PFU; (3) PR8
infection group with 105 PFU. Plasma samples were
collected five days post-infection. MDCK cells were
seeded in 96-well plates at a density of 3 × 104 cells per
well in complete DMEM. Serial 2-fold dilutions of the
plasma samples were prepared in serum-free DMEM
containing 2 μg/mL TPCK-treated trypsin. The PR8 virus
stock was diluted to achieve a multiplicity of infection
(MOI) of 0⋅1 and mixed with an equal volume of diluted
plasma, followed by a 30-min incubation at room tem-
perature to allow neutralization. The serum-virus mix-
tures were then added to MDCK cells and incubated for
2 h at 37 ◦C. Then the culture medium was replaced with
serum-free DMEM to remove unbound viruses, and the
cells were incubated for an additional 3 days at 37 ◦C.
Infectivity was identified by the presence of CPE.32 The
titre was calculated as the highest plasma dilution that
eliminated virus CPE in 50% wells per dilution.

Single-cell transcriptome sequencing of lung and
liver samples
For isolation of single cells from the lungs, lung tissues
from three mice were removed and placed in storage
medium (Miltenyi Biotech, Bergisch Gladbach, Ger-
many) until further processing. Three lung samples
from mice with the same treatment conditions were
mixed together and used as one sample. Lung lobes
were minced with scissors and mixed. About 1/3 vol-
ume of total lung tissues were digested in enzymatic
digestion medium (Miltenyi Biotech, Bergisch Glad-
bach, Germany) for 30 min at 37 ◦C. Cell suspensions
were pressed through 70 μm cell strainers. Red blood
cells were lysed in 1 mL Red Blood Cell Removal So-
lution (Miltenyi Biotech, Bergisch Gladbach, Germany)
for 10 min at 4 ◦C, washed with 10 mL wash buffer
(1 × PBS, 0⋅04% BSA, 0⋅01 mM EDTA) and resus-
pended in wash buffer to generate a cell suspension
with a concentration of 700–1200 cells/μL.

Liver samples were collected from the VS and BS
groups at 3 and 7 dpi, as well as the PBS control group,
for snRNA seq analysis. Three liver samples from mice
with the same treatment conditions were mixed together
and used as one sample. Approximately 500 mg of liver
tissue was dissociated into a single-cell nucleus sus-
pension using tissue homogenization in a cold lysis
buffer (Termo Scientific, Cat# O0381, USA), filtered
through a 70 μm cell strainer, and mixed with an equal
volume of 50% iodixanol solution (0⋅16 M sucrose,
10 mM NaCl, 3 mM MgCl2, 10 mM Tris HCl pH 7⋅4,
1U/μL RiboLock RNase inhibitor, 1 mM DTT, and
0⋅1 mM PMSF protease inhibitor) (Thermo Scientific,
Cat# 36978, USA) to achieve a final concentration of
25%. 1 mL of 33% iodixanol solution was added at the
bottom of the 50 mL centrifuge tube and 30% iodixanol
solution at the top. The solution was mixed 10 times in
reverse and then centrifuged at 500×g for 8 min at 4 ◦C.
The myelin layer was then removed from the top layer.
The cell nuclei were collected from the interface of the
30% iodixanol, resuspended in nuclear washing and
resuspension buffer (0⋅04% bovine serum albumin, 0⋅2
U/μL RiboLock RNase inhibitor, 500 mM mannitol, and
0⋅1 mM PMSF protease inhibitor in PBS), and centri-
fuged at 500×g and 4 ◦C for 5 min. The sample was
filtered through a 40 μm cell filter, and the cell numbers
were counted with a fluorescent hematocytometer. The
nuclear concentration was adjusted to 700–1200 nuclei/
μL and examined using a 10 × chromium platform.

Barcoded full-length cDNAs were generated by
reverse transcribing polyadenylated mRNA. Silane
magnetic beads were then employed to remove any
remaining biochemical reagents and primers after the
GEM reaction. Then cDNA libraries were constructed
and sequenced using the Chromium Next GEM Single
Cell 3′ Reagent Kits v3⋅1 on a Novaseq 6000 platform
(Illumina, SD, USA).

Analysis of single-cell RNA-sequencing data of lung
samples
The raw sequencing data were first demultiplexed and
then aligned to the reference genome mm10-1⋅2⋅0 using
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the Cell Ranger v3⋅1⋅0 pipeline by 10 × Genomics. After
this step, the gene expression matrix was converted into
Seurat objects using the Seurat (v4⋅3⋅0) R package.
Influenza genome (NCBI records: NC-002016⋅1, NC-
002017⋅1, NC-002018⋅1, NC-002019⋅1, NC-002020⋅1,
NC-002021⋅1, NC-002022⋅1, NC-002023⋅1) was set as a
joint reference.33 Low-quality cells were filtered out
which had less than 200 genes expressed, genes detec-
ted in fewer than 3 cells and more than 10% mito-
chondrial-derived genes. Next, we evaluated and sorted
the doublets using Scrublet,34 and these doublets were
identified manually in cell type annotation by specific
markers, and removed. Then the obtained 164,584 cells
matrices were normalized, scaled, and processed by
using principal component analysis (PCA) as tutorials.
We further visualized the data and these clusters were
plotted by using uniform manifold approximation and
projection (UMAP).

After the first-round of unsupervised clustering (the
resolution was set to 1⋅0), Ptprc, Pdgfrb, Pecam1 and
Epcam were used to cluster all cells into immune cells,
mesenchymal cells, endothelial cells and epithelial cells.
Then these major clusters underwent the same
dimensionality reduction, clustering, visualization as
described above and batch correction using Harmony
algorithm35 and further were clustered into subgroups
and manually annotated by individual cell markers
(Supplementary Table S4).

Differentially expressed gene (DEG) analysis was
performed using the ‘FindMarkers’ function in Seurat.
Then, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways were analysed utilizing the enrich-
KEGG functions in the R package ClusterProfiler
(v4⋅6⋅2),36 and pvalueCutoff was set to 0⋅05. Further-
more, gene set variation analysis (GSVA) was employed
to score the pathway activity in each sample based on
Hallmarks gene sets.

Hallmarks gene sets and other gene sets used in this
study were obtained from the Molecular Signatures
Database (MSigDB). We also created a Viral gene set
including eight viral gene segments of PR8 to evaluate
the distribution of viral genes in individual cells. Then
we calculated the signature score of specific gene sets,
including Inflammatory response, IFN-γ response,
IFN-α response, Coagulation, Complement, Apoptosis,
Necroptosis and Pyroptosis scores in different cell types
using AddModuleScore function in Seurat. We then fit
each score to the time in different groups using a
polynomial regression model (the highest degree was
set to 2) as previous studies.37

The definition of “viral load” in a cell is the per-
centage of UMIs mapped to one of eight viral segments
in the total mapped UMIs. Viral load was classified into
four categories: none (<0⋅05%), low (between 0⋅05% and
0⋅5%), medium (between 0⋅5% and 5%), and high
(>5%). These definitions were used in previous
studies.33,38
www.thelancet.com Vol 116 June, 2025
Analysis of single-cell RNA-sequencing data of liver
samples
For the newly generated scRNA-seq data, Cell Ranger
(v3⋅1⋅0, 10 × Genomics Inc) was used for sequencing
reads mapping against mm10-1⋅2⋅0 mouse reference
genome, UMI counting and cell identification. Then, we
applied Seurat (v5⋅0⋅1) to convert gene expression ma-
trix into Seurat objects. Genes detected in ≥1 cells were
kept, cells with more than 200 and less than 10000
genes detected or <25% mitochondrial UMI counts
were kept. We followed the suggested workflow
described in the author’s tutorial pages and used the R
package DoubletFinder (v2⋅0⋅4)39 to remove potential
doublets from each sequencing library. The expected
doublet rate was set to 0⋅076, and cells identified as
doublets were filtered out using default parameters.

Then, the D0_ctrl, D3_V2, D7_V2, D3_B, and D7_B
matrices were normalized, scaled, and subjected to
principal component analysis (PCA) based on the highly
variable genes identified. Gene–cell count matrices from
different samples were merged using Canonical Corre-
lation Analysis (CCA) as the integration method. The
resulting combined matrix, comprising 74,837 cells, was
prepared for downstream analysis. We constructed
nearest neighbour graphs using the ‘FindNeighbors’
function and applied the Louvain algorithm for clus-
tering with a resolution of 0⋅8 using the ‘FindClusters’
function. Dimensionality reduction was performed
using UMAP.

We used the FindMarkers and FindAllMarkers
functions to identify DEGs, applying Bonferroni
correction with adjusted P < 0⋅05. Manual annotation
was performed using canonical cell markers derived
from previously published studies. Epithelial cells,
including hepatocytes and cholangiocytes, were
collectively analysed in the cluster analysis.

Developmental pseudotime was determined using
the Monocle package (version 2⋅28⋅0). First, raw counts
were converted from the Seurat object into a CellDataSet
object using the importCDS function. Next, ordering
genes were selected with the differentialGeneTest
function (FDR-adjusted P-value <0⋅01), identifying
genes likely to be informative for cell ordering along the
pseudotime trajectory. Dimensionality reduction and
clustering analysis were performed using the reduc-
eDimension function, followed by trajectory inference
with the orderCells function, both using default
parameters.

Statistical analysis
Statistical analyses were performed using GraphPad
Prism software (version 10⋅1⋅2). The one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple
comparison test was used to compare the values of the
treated groups against the control group. The one-way
ANOVA followed by Tukey’s post hoc test was employed
to compare values among multiple treated groups.
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Unpaired t test was used to compare values between two
groups. The values are presented as means ± SD for the
indicated sample sizes. P-values < 0⋅05 were considered
statistically significant.

Role of funders
The funders were not involved in any aspect of the
study, including its design, data collection, analysis,
interpretation, report writing, or the decision to publish.
Results
Establishment of models for respiratory viral sepsis
and bacterial sepsis
To establish VS models, we used intranasal inoculation
of the IAV PR8 strain with doses of 105 and 103 PFU.
While all mice in the 105 PFU group died by the 8th day,
no mouse in the 103 PFU group died, thus generating a
VS lethal group and a VS survival group. In parallel, we
used intranasal inoculation of 2 × 106 CFU Spn TH870
to model BS, resulting in a mortality rate of approxi-
mately 70% while avoiding very early death (Fig. 1a and
b and Supplementary Fig. S1a).

Inflammatory cytokine storms are considered to play
important roles in both VS and BS. We detected in-
flammatory factors in the serum at multiple time points
in the three groups. As a result, cytokines including
TNFα, IFNγ, IL-1β, IL-6, IL-17A, IL-10, MIP-1α, GM-
CSF, IL-12 (P70) were upregulated during the acute
phase in the three groups, with differences in the
dynamic trends observed. In the VS lethal group, the
cytokines gradually increased along the time, with most
reaching peak levels in 5–7 days post infection of the
acute phase, which is higher than that in the VS survival
group. In the BS group, IL-1β, IL-6, and IL-10 upregu-
lated dramatically, which are higher than those in the
VS groups. For the difference between VS survival and
VS lethal groups, we found that IL-6 was more upre-
gulated since 2 dpi to 7 dpi in VS lethal than in VS
survival group, which may serve as a biomarker to
discriminate these two groups (Fig. 1c).

To evaluate multiorgan damage, we conducted blood
routine tests and blood biochemical tests on these
modelled mice. The results showed a decrease in both
the absolute values and percentages of lymphocytes,
while an increase was observed in both the absolute
values and percentages of neutrophils in both the VS
and BS groups (Supplementary Fig. S1b). ALT level
significantly increased in both the VS and BS groups,
suggesting liver dysfunction in both models. However,
LDH, CK, and CK-MB, which indicate cardiac function,
as well as UREA and CREA, which indicate renal
function, showed elevated levels in the BS group, while
remaining constant in the VS groups (Fig. 1d and
Supplementary Fig. S1c). The results in the VS groups
are unexpected, as the systematic increase of the cyto-
kines did not lead to uniform organ damage.
Histopathology analysis confirmed severe broncho-
pneumonia in both the VS and BS groups, with visible
bleeding, oedema, and extensive infiltration of inflam-
matory cells in the lungs. While the formation of bac-
terial colonization foci could be observed in the heart
and kidney, and significant tissue necrotic damage
could be observed in the liver of mice in the BS group,
the pathological damage to extrapulmonary organs in
the VS group was not as obvious as that in the BS group,
with only small focal necrosis observed in the liver
(Fig. 1e), and spleen atrophy was evident at 5 dpi in the
VS lethal group (Supplementary Fig. S1d).

Dispersion of the virus to extrapulmonary organs
through bloodstream
Since increased levels of cytokines alone cannot explain
the differential organ damage in the VS groups, we
suspect that the dissemination and infection of the
pathogen in the extrapulmonary organs, rather than
the cytokine storm, might be the primary reason for the
organ dysfunction. We first test this hypothesis in the
bacteria infection model. We established a severe acute
respiratory distress syndrome (ARDS) mouse model by
intratracheal injection of LPS and monitored their
biochemical values prior to death. The rationale behind
this model is that when LPS is injected intraperitoneally
to induce sepsis, it disperses throughout the body,
mimicking a bacterial infection in multiple organs.
Previous studies have shown clear evidence of multi-
organ damage in this scenario.40 However, in our LPS
intratracheal injection model, the LPS remains mainly
in the lungs and does not significantly harm the
extrapulmonary organs. As expected, unlike the LPS
intraperitoneal injection model, the LPS intratracheal
injection only caused slight impairment of the liver and
kidney as shown by biochemical abnormalities, sug-
gesting that direct bacterial infection, rather than a
cytokine storm, is the primary cause of extrapulmonary
organ injury in BS (Supplementary Fig. S1e).

Similar to bacterial infection, since the increased
levels of cytokines alone cannot explain the differential
organ damage in the VS groups, we suspected whether
there was differential viral infection occurring in these
extrapulmonary organs. We discovered that the viral
RNA was detectable in the heart, liver, spleen, kidney
and brain in the VSL group (Fig. 2a), indicating that the
virus can spread to these organs.

Besides PR8, we also used the H1N1(WS) and H3N2
strains to infect the mice. As a result, H1N1(WS) caused
an elevation in liver and kidney functional indicators,
while H3N2 did not show significant changes in the
indicator levels (Supplementary Fig. S2a–d). Meanwhile,
the plaque assay results also confirmed the presence of
infectious virus particles in the heart, liver and kidneys
of PR8-induced VS models, as well as in these organs in
H1N1(WS)-infected mice, but only in the heart of
H3N2-infected mice (Fig. 2b).
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Fig. 1: Establishment of mouse models of VS survival (VSS), VS lethal (VSL), and BS. (a) Schematic diagram of animal model preparation and
experimental design. 1 × 103 PFU PR8, 1 × 105 PFU PR8, and 2 × 106 CFU Spn were intranasally administrated to establish the VSS, VSL, and BS
mouse models, respectively. @ Ctrl group. # The lung tissues were harvested from three animals for each group at 1, 2, 3, 5, 7 dpi and control
group and mixed for scSeq. * Additional three lung tissues from VSS group were obtained at 14 and 28 dpi. & the liver tissues were harvested
from three animals for VSL and BS group at 3 and 7 dpi and control group and mixed for snSeq. Created with BioRender.com. (b) Survival rate
of Ctrl, VSS, VSL, and BS mouse models (n = 10). (c) Serum levels of cytokines at 0, 1, 2, 3, 5, 7 dpi as indicated. The values are presented as
means ± SD for the indicated sample sizes. Comparisons were analysed by one-way ANOVA with Dunnett’s multiple comparison test. (d) Results
of blood biochemical tests of the VSS, VSL, and BS groups at 0, 1, 2, 3, 5, 7 dpi as indicated (n = 3–7). The values are presented as means ± SD
for the indicated sample sizes. Comparisons were analysed by one-way ANOVA with Dunnett’s multiple comparison test. *, #, P < 0⋅05, **, ##,
P < 0⋅01, ***, ###, P < 0⋅001, ****P < 0⋅0001. (e) H&E staining on the paraffin sections of lung, heart, liver, kidney, and spleen of the Ctrl, VSS,
VSL and BS groups at 0 and 7 dpi. Scale bar: 100 μm.
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Fig. 2: Virus dispersion to the extrapulmonary organs. (a) Detection of viral RNA in the lung, heart, liver, spleen, kidney and brain from the
VSL group by qRT-PCR. Gapdh was used as an internal control (n = 3). The values are presented as means ± SD for the indicated sample sizes. (b)
Frequency of detection of live virus by plaque assay from different tissues of mice infected with different virus strains at 3 dpi (n = 5). The limit
of plaque assay is 1 PFU. (c) Detection of viral RNA in parenchymal cells of different tissues in VSL group at 3 dpi. (n = 5). Data points represent
individual value. Comparisons were analysed by one-way ANOVA with followed by Tukey’s post hoc test.*, #, P < 0⋅05, **, ##, P < 0⋅01, ***, ###,
P < 0⋅001, ****P < 0⋅0001. (d) Immunofluorescence of IAV NP expression in the kidney and liver at 0, 2, 5 dpi. Scale bar: 20 μm. (e) Virus
isolation rate in the separated platelet-poor plasma (PPP), platelet, and haemocytes from the peripheral blood at 2 and 3 dpi (n = 5).
(f) Detection of viral RNA in the separated PPP, platelet, and haemocytes from the peripheral blood at 0, 1, 2, 3 and 5 dpi as indicated (n = 3).
The values are presented as means ± SD for the indicated sample sizes (g–i) Detection of viral RNA in different tissues in mice infected with
103 PFU PR8 (g), 105 PFU PR8 (h), and H1N1(WS) (i) at 3 dpi (n = 5).
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To investigate whether the virus exists in the organs
that can truly infect host cells in extrapulmonary organs,
we digested the kidney and liver into single cells,
removed the interstitial tissue that may include the
disseminated virus, and performed qRT-PCR analysis.
The results showed that the number of virus genes
detected in liver cells was significantly higher than in
kidney cells, indicating a higher level of viral infection in
liver cells (Fig. 2c). Immunofluorescence analysis
confirmed strong expression of the viral NP protein in
the lung at 5 dpi and weak expression in the liver at
2 dpi, but no NP protein expression was detected in the
kidney either at 2 or 5 dpi (Fig. 2d, Supplementary
Fig. S3a). The Spn protein was detected dispersedly in
the lung and liver, and in clusters in the heart and
kidney at 3 dpi (Supplementary Fig. S3a). This finding is
consistent with the previously measured functional
damage in these organs, suggesting that, similar to
bacteria, the virus may spread to extrapulmonary organs
and cause varying degrees of damage based on different
levels of infection.

To further verify the role of virus infection in liver
damage, we knocked down the expression of GNE,
a rate-limiting enzyme, UDP-GlcNAc 2-epimerase/
ManNAc kinase, involved in sialic acid synthesis in the
mouse liver,41,42 to limit viral infection in this organ, as
sialic acid serves as a receptor for IAV entry.43 We chose
this gene because hepatic conditional knockout of this
gene did not affect liver function according to the liter-
ature,44 and downregulation of sialic acid on the surface
of the cells may inhibit IAV infection.45 We first select
siGNE_2, as this siRNA showed more than 80%
knockdown efficiency (Supplementary Fig. S3b) and
50% reduction of viral gene expression in the mouse
liver cell line AML-12 (Supplementary Fig. S3c). As a
result, in vivo injection of GNA + GalNac modified
siRNA downregulated Gne and viral NP gene expression
at 3 dpi (Supplementary Fig. S3d, e), and the liver
functional indicators AST and ALT showed a decreasing
trend at 5 dpi compared to the control (Supplementary
Fig. S3f, g), indicating that virus infection may play a
role in compromising liver function.

Since the virus is most likely to spread through the
bloodstream, we conducted various experiments to
isolate mouse plasma at different time points after
infection, including virus amplification in chicken em-
bryos, and plaque assays. Our findings indicate that live
viruses can be isolated from the whole blood in both the
PR8-induced VS lethal group and the H1N1 (WS) group
at 3 days post-infection (dpi) (Fig. 2b, Supplementary
Fig. S3h). Furthermore, we separated platelet-poor
plasma (PPP), platelets, and haemocytes from the
peripheral blood and discovered that live virus can be
found in all three components at 2 and 3 dpi (Fig. 2e).
Additionally, the viral RNA levels were highest at 3 dpi
in these three blood components (Fig. 2f). The quantity
of live virus, as well as the amount of viral RNA,
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depends on the viral dose in the lungs and the specific
viral strain (Fig. 2g–i). Notably, it is more likely to detect
viruses in extrapulmonary organs than in blood (Fig. 2b,
g–i), suggesting that even if viruses are not detected in
the blood, it cannot be ruled out that there may be live
viruses in the extrapulmonary organs. The reason may
be that there are a large number of immune cells in the
blood, which have a strong ability to clear the viruses. In
comparison, extrapulmonary organs may provide a bet-
ter habitat for the viruses. Together, all these data sug-
gest that the influenza virus in the lungs may penetrate
the gas-blood barrier and enter the bloodstream, sub-
sequently spreading to extrapulmonary organs through
the serum or by utilizing platelets or haemocytes as a
means of transportation.

To visualize the consequences of viraemia directly,
we conducted a tail vein injection model by injecting 104

or 106 PFU PR8. We observed that within 5 min after
injection, the virus primarily accumulated in blood cells
and lungs. After 2 h, the viral load in peripheral blood
and lungs notably decreased. Interestingly, at 24 h post-
injection, the viral load in organs such as the lungs,
liver, and spleen increased, indicating successful inva-
sion and replication of the uneliminated virus in these
organs. However, after 72 h, the viral load in the liver
and spleen significantly decreased, which may be caused
by quickly elimination of virus by immune response or
abortive infection of the virus in these organs. Permis-
sive replication of the virus only occurred in a portion of
the lungs in the 106 group, as the viral load continued to
increase (Supplementary Fig. S3i, j). The residence
and proliferation of viruses in the lungs were
confirmed by immunofluorescence (Supplementary
Fig. S3k). As a control, live Spn could be isolated from
the lungs, livers, hearts, kidneys, and blood
(Supplementary Fig. S3l, m).

Monocyte-derived macrophage recruitment at early
stage and T cell proliferation at late stage in the
lungs are prominent features in VS
To investigate the distinct cellular and molecular
mechanisms of VS in more detail, we conducted single-
cell transcriptome sequencing on the lungs at 1, 2, 3, 5,
and 7 dpi for all three groups. We categorized the cells
in the lungs into 21 distinct populations (Fig. 3a;
Supplementary Table S4), and observed significant
changes in cell composition across the three groups.

One noteworthy change in the BS group was the
infiltration of neutrophils, which began as early as 1 dpi.
The proportion of neutrophils increased from approxi-
mately 25% to as high as 60–70% by 3 dpi. There was
also an increase in neutrophils in the VS groups.
However, in the VS survival group, the proportion of
neutrophils returned to normal by 7 dpi. This suggests
that the reduced proportion of neutrophils could
potentially serve as a biomarker for predicting a
favourable prognosis (Fig. 3b).
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Fig. 3: Monocyte-derived macrophages recruit to the lungs in the VS. (a) Dimensionality reduction and clustering of cells in the lung. 21 cell
clusters demonstrated by UMAP plot of combined single cell sequencing results of pulmonary cells at different time points post infection in Ctrl,
VSS, VSL, and BS groups. (b) Proportion of cell subpopulations at various time points after infection as shown by stacking diagram. (c) Fre-
quencies of AM, EP, Endo, Ma, CD8+ CZMB+T cell and plasma cell in Ctrl, VSS, VSL, and BS groups at the indicated time points. (d) Expression of
influenza A virus genes on the UMAP embedding. (e) Expression of different viral gene segments of influenza A virus in clusters as shown by dot
plot. (f) Heterogeneity of intracellular viral load in different cell types of lungs in control and virus infected mice. The percentages of viral load
are displayed for different cell types, categorized as none (blue), low (yellow), medium (light red), and high (red).
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The most significant increase in the proportion of
monocyte-derived macrophages was observed in the VS
groups. In the control group, this population accounted
for less than 5%, but in the VS lethal group, it emerged
at 2 dpi, and in the VS survival group, it emerged at 3
dpi. In both groups, it accounted for approximately 30%
and remained at this high level until 7 dpi. Conversely,
the BS group had significantly fewer monocyte-derived
macrophages (Fig. 3b and c).

We found that viral genes are primarily expressed in
epithelial cells, followed by alveolar macrophages, as well
as in multiple cell types, including neutrophils,
monocyte-derived macrophages, endothelial cells, and fi-
broblasts (Fig. 3d and e). The scSeq results revealed that
the viral load peaked at 3 dpi and significantly decreased
at 5 and 7 dpi in the VS groups (Fig. 3f). The expression
of viral genes aligns with the observed reduction in tissue
resident epithelial cells, alveolar macrophages, endothe-
lial cells, and fibroblasts in the VS groups (Fig. 3b and c
and Supplementary Fig. S4a–e). We also examined the
proportion of cells with viral fragments in different sub-
sets of endothelial cells (Supplementary Table S4). Our
analysis revealed that viral RNA was primarily enriched in
the endothelial cells of capillary blood vessels; further-
more, it can also be detected in the lymphatic endothelial
cells (Supplementary Fig. S4f–h). This finding suggests
that, in addition to directly entering the bloodstream
through the compromised blood-gas barrier, the virus
could also enter the bloodstream via lymphatic reflux.

We then analysed the connection between the pro-
portion of monocyte-derived macrophages and neutro-
phils and the pulmonary viral load. The decline of viral
load aligns with the decline of neutrophils in the VS
survival group. However, in the VS lethal group, the
decline in neutrophils and monocyte-derived macro-
phages did not occur until 7 dpi (Fig. 3b, c, f), sug-
gesting that these cells may have potential detrimental
functions at the late stage of infection in this group.

For the adaptive immune cells, a decrease in T lym-
phocytes was observed starting from 3 dpi in all three
groups. This decrease was particularly noticeable in CD4+

T cells in the VS lethal and BS groups (Fig. 3b). Inter-
estingly, a population of Mki67+ T cells appeared pri-
marily in the VS groups at 7 dpi (Fig. 3b). In parallel,
GZMB+ cytotoxic T lymphocytes significantly increased in
the VS groups from 2 dpi (Fig. 3c). The number of B cells
decreased in the VS lethal group at 2 and 3 dpi and in the
BS group at 3 and 5 dpi (Fig. 3b). Plasma cells increased
in the VS survival group at 5 and 7 dpi and increased even
more at 14 and 28 dpi while they did not significantly
increase in the VS lethal group until 7 dpi (Fig. 3b and c).

Activation of the innate immune response,
inflammation and PANoptosis pathways in the
lungs in both VS and BS groups
To determine the overall dynamic changes in signalling
pathways among three different groups, we conducted
www.thelancet.com Vol 116 June, 2025
an enrichment analysis on hallmark pathways for all cell
groups within each group at each time point. All three
groups exhibited interferon and inflammatory re-
sponses. The BS group displayed the most significant
inflammatory response at 3 dpi, and a relatively weaker
IFN response at 3 and 5 dpi. In the VS lethal group, the
IFN response was higher at 2 dpi, while inflammation
was higher at 3 dpi, and they were comparable at 5 and
7 dpi. In the VS survival group, the IFN response was
consistently higher than the inflammation response
from 2 to 7 dpi (Fig. 4a). We also analysed the above
hallmark pathways in different cell types. As a result,
interferon response was higher in epithelial cells,
endothelial cells, fibroblasts, and alveolar macrophages
(Fig. 4b and Supplementary Fig. S5a).

We analysed the functions of monocyte-derived
macrophages in the VS lethal group and neutrophils
in the BS group. In the VS lethal and survival groups,
the significantly recruited monocyte-derived macro-
phages demonstrated upregulation of pathways related
to virus defence (Supplementary Fig. S5b). On the other
hand, in the BS group, the neutrophils exhibited
upregulation of immunoinflammatory pathways, as well
as TNF and NF-kappa B signalling pathways
(Supplementary Fig. S5d).

We analysed the upregulated pathways in monocyte-
derived macrophages in the VS lethal group by
comparing them to the BS group. We observed a
stronger upregulation of a panel of virus-induced ISGs,
including Isg15,Mx1, Rsad2, Ifit1, etc., at 2 and 3 dpi. As
the viral load decreased, the expression of these genes
also decreased. However, another panel of Clec7a/
Mapk/inflammation-related genes, such as Clec7a, Atf4,
Jun, Junb, Fos, Fosb, Tnf, and several relative regulators
like Dusp1, Gadd45b, Gadd45g, showed sustained or
even further upregulation at 5 dpi, indicating a proin-
flammatory role of monocyte-derived macrophages in
VS during the late-acute phase (Fig. 4c and d). We also
analysed the pathways between the VS lethal and sur-
vival groups. Compared with VS survival group, the
inflammation-related pathways of monocyte-derived
macrophages at 3 dpi were more significantly elevated
in the VS lethal group (Supplementary Fig. S5e).

In the proliferating T cells, in addition to the acti-
vation of adaptive immune pathways such as TCR
pathways, the PD1-PD-L1 pathways, apoptosis pathways,
and NFκB pathways were more activated in the VS lethal
group than in the BS group (Supplementary Fig. S5f).

Since the innate immune response of cells can acti-
vate the PANoptosis pathway, we examined the expres-
sion of death-related genes and assessed the apoptosis,
necroptosis, and pyroptosis pathways at different time
points after infection in various cell groups in the lungs.
These cell groups included epithelial cells, endothelial
cells, fibroblasts, and alveolar macrophages, as well as
CD4+ T cells, CD8+ T cells, B cells, and plasma cells
(Fig. 4e and Supplementary Fig. S6a, b). The extensive
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http://www.thelancet.com


Fig. 4: Hyperinflammation and PANoptosis coexist in the lungs in VS. (a) Hallmark enrichment analysis for all cells stratified by samples and
groups as shown by heatmap plot. (b) Scores of Inflammatory response, IFN-α response, IFN-γ response, Coagulation and Complement for EP,
Endo, Fib, AM, Ma, and Neu plotted along the indicated time points. (c) KEGG pathway enrichment of upregulated genes between VSL and BS in
Ma at 3 dpi. The pvalue shown in the figure are unadjusted. (d) Expression of ISGs, inflammatory genes and inflammatory relative regulators in Ma
as shown by dot plot. (e) Scores of Apoptosis, Necroptosis and Pyroptosis of EP, Endo, Fib and AM plotted along the indicated time points.
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cell death in the lungs was further verified by in vivo
propidium iodide staining (Supplementary Fig. S6c).
The findings demonstrated that the activated innate
immune response could induce PANoptosis in multiple
cell types, resulting in cell death.
Barrier functions and surfactant secreting functions
are compromised in the lungs in VS
Since pulmonary epithelial and endothelial cells form
the blood-air barrier for gas exchange, which is the main
function of the lung, we investigated whether the
www.thelancet.com Vol 116 June, 2025
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cellular functions of these two cell types were compro-
mised during viral sepsis. Therefore, we specifically
analysed downregulated pathways in the VS lethal group
compared to the BS group at 3 dpi. Our findings
revealed that cellular junctions and antigen presenting
pathways were among the top 30 enriched pathways in
both epithelial and endothelial cells (Fig. 5a and b).
Furthermore, Itga1, Cav2, Cav1, Gja4, Gja1, and Cadm1
exhibited a more significant dysregulation at 3–7 dpi in
theVS groups compared to the BS group (Fig. 5c).
Compared with the VS survival group, blood-barrier
related pathways of EP at 3 dpi in the VS lethal group
were more significantly downregulated (Supplementary
Fig. S7a). An Evans blue dye extravasation assay was
conducted to further confirm the impaired function of
blood-air barrier (Supplementary Fig. S7b).

For the antigen presenting genes, H2-Eb1, H2-Aa,
H2-Ab1, H2-DMb1, and Cd74, specific downregulation
was observed at 3 or 5 dpi in the VS lethal group within
the epithelial cells (Supplementary Fig. S7c). These
genes were also examined in DCs and monocyte-derived
Fig. 5: Dysregulated cellular functions in the lungs in VS. (a & b) KEGG
EP (a) and Endo (b) at 3 dpi. The p values shown in the figure are unadju
shown by dot plot. (d) Expression of genes encoding for surfactant prot
factor in EP as shown by dot plot.

www.thelancet.com Vol 116 June, 2025
macrophages, yielding similar results (Supplementary
Fig. S7d). To determine whether the potential compro-
mised antigen presentation affected the production of
neutralizing antibodies, we analysed the neutralizing
antibody levels in the VS groups. As a result, the level of
neutralizing antibodies was significantly higher in the
VS lethal group than the VS survival group
(Supplementary Fig. S7e), suggesting that the produc-
tion of neutralizing antibodies was not affected in the
VS lethal group.

Besides their role in barrier function, epithelial AT2
cells also play an important role in the secretion of
surfactant proteins, which is crucial for maintaining
pulmonary compliance and preventing the collapse of
alveoli at the end of expiration. To investigate this
further, we analysed the gene expression related to
epithelial secretion. In the VS groups, we observed
significant downregulation of genes encoding surfactant
proteins A, B, C, and D (Sftpa, Sftpb, Sftpc, Sftpd) in the
epithelial cells. Additionally, regulatory proteins
involved in surfactant metabolism (Abca3, Napsa,
pathway enrichment of downregulated genes between VSL and BS in
sted. (c) Expression of cell junction related genes in EP and Endo as
eins, regulatory proteins of surfactant metabolism and transcription
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Gpr116, Ttf1) and the key transcription factor Nkx2-1
were also downregulated (Fig. 5d). These findings sug-
gest a compromised function in surfactant protein
secretion.

Acute-phase response in hepatocytes and
dysregulated cellular functions in cholangiocytes in
VS and BS
Since liver function was compromised in both the VS
lethal and BS groups according to the data of blood
biochemical tests and histopathology analysis, we con-
ducted single-cell transcriptome sequencing of the livers
at 3 and 7 dpi in both groups. In total, we classified the
cells into 12 populations (Fig. 6a). Among these pop-
ulations, hepatocytes were further categorized into four
sub-populations. This included periportal hepatocytes
(Hep_periportal), marked by the expression of gluta-
mate synthetase encoded by Glul; the pericentral hepa-
tocytes (Hep_pericentral), marked by the expression of
serine dehydratase encoded by Sds, an important factor
in gluconeogenesis; midzone hepatocytes (Hep_mid)
with the transcriptome that overlapped with both peri-
portal and pericentral hepatocytes; and acute-phase
hepatocytes (Hep_related)46 characterized as being acti-
vated in protein synthesis, mitochondria respiration,
and displaying an upregulation of acute phase proteins
(Fig. 6b and Supplementary Fig. S8a).

The proportion of total hepatocytes increased grad-
ually at 3 and 7 dpi in both groups, marked by a sig-
nificant rise in acute-phase hepatocytes, particularly in
the VS group. On the other hand, the proportions of the
other three subpopulations exhibited a differential
decrease. Interestingly, the pericentral and middle zone
hepatic cells showed a greater decrease in the VS group,
whereas the periportal zone hepatic cells showed a
greater decrease in the BS group (Fig. 6c). Pseudotime
analysis demonstrates that hepatocytes in all three zones
have the ability to transform into acute-phase hepato-
cytes (Fig. 6d). Therefore, it can be inferred that during
the development of VS and BS, liver cells from different
zones undergo transformation into acute-phase hepa-
tocytes to defend against pathological challenges.

Additionally, we observed differential changes in the
proportion of other cell populations. The endothelial
cells, Kupffer cells, and stellate cells decreased more
significantly at 7 dpi in the VS group compared to the
BS group. On the other hand, the neutrophils and NKT
cells increased at 3 dpi only in the BS group, not in the
VS group (Fig. 6c).

As mentioned earlier, viral infection of the liver can
be a transient event. Therefore, it is not surprising that
the viral RNA was not detected in the single-cell
sequencing of the liver in the VS group, even though
the virus RNA can be detected by PCR (Fig. 2a) and
signal of viral NP protein can be observed by immu-
nostaining (Fig. 2d). However, it is worth noting that the
interferon response was moderately induced in the
hepatocytes in the VS group at 3 dpi and further
enhanced at 7 dpi (Fig. 6e), suggesting that the transient
liver infection can trigger a delayed interferon response
and may have subsequent effects.

In the BS group, there was a significant enhance-
ment in interferon response, inflammatory response,
apoptosis, ECM synthesis, and complement pathways in
the hepatocytes at 3 dpi, and returned to normal at 7 dpi.
These findings are largely consistent with those
observed in the lungs (Fig. 6e).

The hallmark pathways analysis of the hepatocytes
demonstrated a notable disruption of homoeostasis at
7 dpi in the VS group, characterized by a decrease in bile
acid, fatty acid, cholesterol metabolism, and glycolysis.
Additionally, we found that the coagulation pathway was
upregulated in the VS group at 3 dpi, indicating a po-
tential correlation with the coagulopathy exhibited by
patients with viral sepsis. In the BS group, several
homoeostatic processes were also disrupted at 3 dpi,
indicating a significant disturbance of liver function at
this early timepoint. Interestingly, metabolism of haem
and xenobiotics was specifically downregulated in the BS
group, indicating the acquisition of haem for iron utili-
zation by the bacteria growth,47 as well as the impact of
inflammation on the cytochrome P450 system48 (Fig. 6e).

Besides hepatic functions, we also investigated the
barrier function and bile acid transport function of
cholangiocytes in sepsis. Our findings revealed that the
expression of the tight junction gene Cldn1, which is
crucial for bile duct barrier function,49 was significantly
downregulated in the BS group at 3 dpi but recovered by
7 dpi. In contrast, its expression remained significantly
downregulated in the VS group from 3 dpi to day 7.
For the tight junction proteins, Tjp1 and Tjp2 were only
significantly downregulated in the VS group and
showed no significant change in the BS group (Fig. 6f).
Regarding the expression of bile acid transporters,50 the
bile acid transport protein SLC10A2 showed no signifi-
cant changes in the VS group but decreased in the BS
group at 7 dpi. Cftr, on the other hand, was similarly
downregulated in both the VS and BS groups, with a
greater decrease on day 3 compared to day 7 (Fig. 6g).
The expression of Cldn1 and Cftr were also verified by
PCR analysis (Supplementary Fig. S8b). These results
indicate that both the bile duct barrier function and bile
acid transport function may be impaired in both the
VS and BS groups.
Discussion
In this study, we established mouse models for influ-
enza VS, and Spn BS, and conducted single-cell tran-
scriptome sequencing at various time points after
infection to elucidate the cellular and molecular mech-
anisms of VS. In the VS model, although the serum
levels of cytokines elevated, only elevated levels of liver
functional indicators were observed. Consistently, the
www.thelancet.com Vol 116 June, 2025
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Fig. 6: Induction of ISGs and dysregulated cellular functions in hepatocytes and cholangiocytes in VS and BS. (a) 12 cell clusters
demonstrated by UMAP plot of combined single cell sequencing results of cells in the livers at 0, 3, and 7 dpi in VS and BS groups. (b) Marker
genes expressions in different cell types in the livers as shown by dot plot. (c) Proportion of cell subpopulations at various time points after
infection as shown by the stacking diagram. (d) Pseudotime analysis of the differentiation track of hepatocytes subpopulations. (e) Hallmark
analysis of the combined hepatocyte subpopulations at 0, 3, and 7 dpi in the VS and BS groups (f & g) Expression of genes of cell junctions
(f) and bile acid transportation (g) in cholangiocytes are shown in dot plot.
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live influenza virus can spread from the lungs to the
extrapulmonary organs via thebloodstream, causing vi-
rus infection in the liver. Upon virus infection, the
expression of ISGs was induced in the pulmonary cells
and hepatocytes, and the expression of genes for cellular
functions were downregulated. In this study, we
demonstrated that direct viral infection may trigger
extrapulmonary organ damage through dysregulated
cellular function during VS.
www.thelancet.com Vol 116 June, 2025
The viraemia and extrapulmonary dissemination of
the virus may arouse similarities between the pathology
of VS and BS, as bloodstream infection and extrap-
ulmonary implantation is well known in BS. Our pre-
vious studies on COVID-19 and adenovirus suggest that
respiratory viral nucleic acidaemia is associated with a
poor prognosis.15,24 For influenza, even live viraemia can
be detected in severe influenza patients. Virus was
isolated most frequently on day 3 after onset of
17
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symptoms. Isolated case reports also indicate that hos-
pitalized patients can exhibit viraemia either pre- or
postmortem.25,26,51,52 In animal models for H7N9 and
H5N1, live viruses have been detected in serum and
extrapulmonary organs.53,54 The pandemic influenza
might be more likely to cause viraemia and have higher
pathogenicity than seasonal influenza.55 Our study pro-
vides a detailed description of the dynamic changes in
viral nucleic RNAemia and confirms that live viraemia is
most easily detected at 2 and 3 dpi during infection.
This suggests that the virus can enter the bloodstream
after extensive expansion in the lungs, spread to and
infect external organs.

Unlike bacterial sepsis, which occurs when bacteria
multiply in large quantities in the blood and cause
damage to cells through endotoxins, exotoxins, or bac-
terial components, viruses are unable to replicate inde-
pendently in the blood. They mainly cause damage by
directly infecting tissue cells. In fact, influenza virus
infection can be detected from the extrapulmonary or-
gans, such as in brain, liver, spleen, pancreas, heart,
muscle, and kidney.28,56,57 For viral entry as the first step
of infection, the influenza virus prefers to use alpha
2,6-linked sialic acid as an receptor, which is abundant
not only in the respiratory systems but also present in
placental Hofbauer cells, hepatic bile duct epithelial
cells, Kupffer cells, liver cells, glomerular cells, distal
tubular cells, splenic B cells, and endothelial cells, etc.43

This suggests that these cells may also become potential
target cells for the influenza virus. However, it remains
unclear whether other host factors, such as ectopic
trypsins58 and the endocytic receptor mGluR2,59 are
required for influenza virus entry in various cell types.

For the subsequent steps following viral entry,
pulmonary epithelial cells allow for viral replication,
packaging, and release of offspring viruses. Some other
cell types only support limited replication or abortive
infection. In our VS mouse model, although extrap-
ulmonary infection is likely transient, which is consis-
tent with previous report,60 the viral RNA could be
detected at a much higher level in the digested liver cells
than in the kidney cells. In addition, viral NP protein
can be detected in the liver, but not kidney. The virus
infection of the liver cells leads to significant liver
function damage.54 On the other hand, there were no
significant changes in renal function indicators. There-
fore, the severity of tissue damage may be determined
by the degree of viral replication in different organs or
the vulnerability of the cell types to virus infection. For
the heart, although viral RNA was detected at a similar
level as in the liver, no NP protein was detected in the
PR8 infection model, and there was no significant
change in CK or CK-MB. In the H1N1(WS) strain
infection model, CREA elevation was observed. Whether
the H1N1(WS) strain has a stronger ability to infect the
kidney cells and cause injury requires further investi-
gation. Moreover, there was evidence indicating that
targeting virus replication in cardiomyocytes led to the
rescue of cardiac dysfunction.31 Our result also demon-
strated that in the mice with sialic acid knockdown in
the liver, the viral infection of the liver cells decreased,
and the liver functional indicators showed a decreasing
trend. These data further confirmed a role of viral
infection in the extrapulmonary organ dysfunction.

Nevertheless, the extent of extrapulmonary organ
injury differs between animal models and clinical prac-
tice. In animal models, liver injury is more pronounced,
whereas brain and heart injury are more prevalent in
clinical practice. This difference may be attributed to
variations in virus strain61 and host heterogeneity, high-
lighting the need for further research.

It is known that the virus activates natural immune
pathways, leading to PANoptosis of immune cells, such
as macrophages62 and T cells.63 However, there is
limited research on the impact of cell death pathways in
the tissue resident cells. Therefore, the purpose of this
study is to address these gaps in knowledge. Here we
demonstrated that viral infection causes subsequent
induction of ISGs and PANoptosis genes not only in
immune cells but also in tissue resident cells. In the VS
lethal group, where the viral load is higher than in the
VS survival group, induction of ISGs and PANoptosis
was more prominent in the lungs. Therefore, the pro-
portion of tissue resident epithelial, endothelial, fibro-
blast cells, and alveolar macrophages decreased more
significantly in the VS lethal group.

It is well known that in BS, excessive inflammation
and immunosuppression may coexist, leading to a
complex dysregulated innate and adaptive immune
response, which makes it difficult to restore immune
homoeostasis.64 In our VS lethal model, we inferred that
the specific recruitment of monocyte-derived macro-
phages to the lungs through the activated Clec7a/Mapk/
inflammation axis according to the scRNA-seq data. The
overall ISG response and activated inflammation were
evident. Furthermore, several antigen presenting genes,
including CD74, were downregulated in the epithelial
cells, monocyte-derived macrophages and DCs, indi-
cating a simultaneous suppression of the immune sys-
tem in the VS. Additionally, we observed suppressed
plasma cell expansion in the VS lethal group in our
scRNA-seq data. These findings remind us with reports
linking impaired adaptive immune response to severe
influenza disease.64 However, we found that the anti-
body level was much higher in the VS lethal group than
in the VS survival group, indicating that the plasma cell
number and function in the lungs may not be associated
with the overall antibody response in the body.

In addition to the immune response and cell death, it
is also important to pay attention to the changes in cell
function in the lungs and other organs during viral
infection, since the activation of antiviral immunity may
lead to cellular dysfunction. Several single-cell
sequencing studies of COVID-19 autopsies have
www.thelancet.com Vol 116 June, 2025
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provided evidence. In the lungs, surfactant genes were
downregulated.65 In the heart, the expression of myocar-
dial structural protein genes is significantly reduced.66 In
the kidneys, genes related to renal function, such as
molecular transport and amino acid metabolism, are
downregulated.67 In the liver, the expression of bile duct
cell barrier proteins and bile acid transport genes is
downregulated.68 Consistent with these reports, our IAV
research shows that in the lungs, the expression of
various cell junction proteins in epithelial and endothelial
cells is significantly reduced, indicating disruption of the
gas-blood barrier. Additionally, genes coding for surfac-
tant proteins and regulatory proteins are also down-
regulated, indicating impaired surfactant protein
secretion of the lung epithelium. In the liver, several
epithelial barrier genes and bile acid transport gene Cftr
of cholangiocytes are downregulated. However, contrary
to the results of the COVID-19 study,68 another bile acid
transport molecule, SLC10A2, did not change signifi-
cantly in the IAV VS group, suggesting that pathogen-
specific regulation may play a role.

This study has the following limitations. Firstly, our
main conclusions were derived from mice models, which
may not be completely applied to human diseases due to
variations in virus strain and host heterogeneity. Secondly,
there is a lack of mechanistic exploration, such as the
mechanisms of barrier damage and how the virus enters
the bloodstream, which require further investigation.

Overall, our study clarifies that the influenza virus
spreading to organs outside the lungs and infecting target
cells may be necessary for causing damage to extrap-
ulmonary function. This finding has significant implica-
tions for the treatment of VS. Firstly, it suggests that
using antiviral drugs for a sufficient period of time can
help limit the spread of the virus and prevent infection
beyond the lungs. Secondly, since the dysfunction and
loss of tissue resident cells are key distinguishing features
of VS as compared to BS, future studies should focus on
suppressing PANoptosis signalling and maintaining
cellular functions in order to reduce organ damage.
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