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Extracellular nucleoprotein exacerbates influenza virus
pathogenesis by activating Toll-like receptor 4 and the NLRP3
inflammasome
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Host immune responses, such as those initiated by pattern recognition receptor (PRR) activation, are important for viral
clearance and pathogenesis. However, little is known about the interactions of viral proteins with surface PRRs or, more
importantly, the association of innate immune activation with viral pathogenesis. In this study, we showed that internal
influenza virus proteins were released from infected cells. Among these proteins, nucleoprotein (NP) played a critical role in
viral pathogenesis by stimulating neighboring cells through toll-like receptor (TLR)2, TLR4, and the NLR family pyrin domain
containing 3 (NLRP3) inflammasome. Through the activation of these PRRs, NP induced the production of interleukin (IL)-1β and
IL-6, which subsequently led to the induction of trypsin. Trypsin induced by NP increased the infectivity of influenza virus,
leading to increases in viral replication and pathology upon subsequent viral infection. These results reveal the role of released
NP in influenza pathogenesis and highlight the importance of the interactions of internal viral proteins with PRRs in the
extracellular compartment during viral pathogenesis.
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INTRODUCTION
Influenza is a major global health problem, causing approximately
3–5 million cases of severe illness and 290000–650000 deaths
annually. Although several vaccines and therapeutic agents are
commercially available, frequent antigenic changes might render
them less effective or inapplicable [1]. Therefore, understanding
the mechanisms of viral pathogenesis is required for the
development of novel antiviral approaches.
Pattern recognition receptors (PRRs) are the first line of

defense of the host innate immune system, which provides
immediate protection against infectious pathogens. PRRs
recognize pathogen-associated molecular patterns (PAMPs)
and trigger the activation of responses by the innate immune
system, such as the production of antiviral and proinflamma-
tory cytokines/chemokines and subsequent infiltration of
immune cells to the infection site [2]. These are critical events
for viral clearance. For example, activation of Toll-like receptor
(TLR)3, retinoic-acid inducible gene I (RIG-I), and mitochondrial
antiviral-signaling protein (MAVS) by influenza virus RNA leads
to the production of type I interferons (IFNs), which are critical
factors for antiviral immunity during the initial stage of
infection [3].

PRR activation, however, often results in increased viral
pathogenesis. Influenza virus proteins such as PB1-F2 and M2
increase viral pathogenesis through the activation of the NLR
family pyrin domain containing 3 (NLRP3) inflammasome [4, 5].
In addition, surface glycoproteins of dengue virus, Ebola virus,
and vesicular stomatitis virus are known to directly interact with
TLR4, leading to virus-induced inflammation [6–8]. Intriguingly, a
recent study showed that the spike protein of SARS-CoV-2 is
sensed by TLR2 to induce inflammatory cytokine production [9].
Therefore, further investigation into the interactions between
viral proteins and host PRRs is imperative for understanding the
mechanisms of viral pathogenesis and developing novel
therapeutic measures.
In this study, we investigated the role of influenza virus

proteins in viral pathogenesis mediated via PRR activation in a
mouse model. The release of nucleoprotein (NP) from infected
cells triggered innate immune activation via a direct interaction
with TLR4 on monocytic cells. These results suggest a
pathogenic role for NP in influenza virus pathogenesis and a
new perspective on the interaction mode between internal viral
proteins and PRRs on neighboring cells in the extracellular
compartment.
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MATERIALS AND METHODS
Mice
Seven- to eight-week-old female C57BL/6 mice were purchased from
KOATECH (Gyeonggi-do, Korea) and maintained in a specific pathogen-
free, biosafety level-2 facility at the Korea Research Institute of Bioscience
and Biotechnology (KRIBB). TLR2 KO and TLR4 KO mice were purchased
from The Jackson Laboratory, and TLR2/4 DKO mice were generated by
breeding TLR2 KO and TLR4 KO mice. NLRP3 KO and caspase-1/11 KO mice
were obtained from Prof. Gabriel Nuñez at the University of Michigan
(USA). MyD88 KO and TRIF KO mice were obtained from Profs. Sin-Hyeog
Im and Kwang Soon Kim at POSTECH (Korea). In this study, only female
mice were used, and the mice were 8–12 weeks old. All animal
experiments were approved by the Institutional Animal Use and Care
Committee of the KRIBB and performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health.

Cell culture
THP-1 cells were purchased from ATCC and maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium (Corning, NY, USA) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, Utah, USA) and 1×
antibiotics (Gibco, Massachusetts, USA). HEK Blue TLR (InvivoGen, San
Diego, CA, USA), L929 (ATCC), MDCK (ATCC), and A549 (ATCC) cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Corning)
supplemented with 10% FBS (HyClone) and 1× antibiotics (Gibco). BMDMs
were generated from C57BL/6 N, TLR2 KO, TLR4 KO, TLR2/4 DKO, NLRP3
KO, caspase-1/11 DKO, MyD88 KO, and TRIF KO mice. For the preparation
of BMDMs, bone marrow cells were harvested from the femur and tibia
and differentiated in DMEM (Corning) containing 25% L929-conditioned
medium, 10% FBS (HyClone), and 1× antibiotics (Gibco). L929 cells were
grown until confluent in DMEM containing 10% FBS (HyClone) and 1×
antibiotics (Gibco). The medium was changed, and the cells were
incubated for 7 days, after which the supernatants were harvested and
filtered. Cells were cultured at 37 °C with 5% CO2.

Virus
The influenza A/Puerto Rico/8/1934 (PR8) virus was cultivated in the
allantoic cavities of embryonated chicken eggs. Viruses were titrated by
calculating the 50% egg infectious dose (EID50) and 50% tissue culture
infective dose (TCID50) and stored at –80 °C until use.

Plasmid DNA cloning for immunization and protein
expression
Recombinant DNA was used for mouse immunization. For protein
expression and purification, DNA fragments suitable for cloning of NP
and the R416A mutant were cloned into pEXPR-IBA 103 vectors (IBA
Lifesciences, Göttingen, Germany). Recombinant plasmid DNA expressing
NP, M1, PA, PB1, PB2, NS1, NS2, and PB1-F2 was constructed in the DNA
vector pGX-10. pGX-10 is a DNA vaccine vector composed of a CMV
promoter, a tripartite leader sequence, a late poly A signal sequence of
simian virus 40, a simian virus 40 enhancer, and a kanamycin resistance
gene [10]. The NP, M1, PA, PB1, PB2, and NS1 genes were obtained from
the PR8 virus, and the R416A mutant NP, NS2, and PB1-F2 genes were
synthesized by CosmogenTech (Seoul, Korea).

Protein purification
The pEXPR-IBA 103-NP plasmid was obtained using a maxi prep kit
(QIAGEN, Hilden, Germany). DNA was transfected into ExpiCHO cells using
a transfection system (Gibco), and enhancers and feeds were added 20 h
after transfection (Gibco). After 5 days of transfection, the cells were
centrifuged at 4000 rpm for 30min, and the supernatant was removed. A
1× strep wash buffer (IBA Lifesciences) was added to the cells, sonication
(58%, 10 s on/10 s off, total time: 10 min) was performed, and the
supernatant was collected after centrifugation at 13,000 rpm for 30min.
After filtering the supernatant using a 0.45-μm filter (Corning), it was
bound to strep-tactin XT resin (IBA Lifesciences) using a gravity flow
column. After washing with 5 bed volumes of 1X wash buffer (IBA
Lifesciences), the bound protein was eluted with elution buffer (IBA
Lifesciences) . The endotoxin level in the purified protein sample was
determined using an endotoxin test kit (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Protein sample was stored at –80 °C until use.

Serum harvest and antibody purification
Mice were immunized intramuscularly with NP-, M1-, PA-, PB1-, PB2-,
NS1-, NS2-, and PB1-F2-expressing plasmid DNA (10 μg) by electrophor-
esis. Mice were immunized twice, with a 3-week interval between the
immunizations. Serum was obtained 2 weeks after the final vaccination.
Anti-NP serum was purified from the serum of mock- or NP-vaccinated
mice using an serum antibody purification kit (Abcam) according to
the manufacturer’s protocol. Serum and purified antibodies were stored
at −20 °C.

Experimental schedule
Mice were infected intranasally with the PR8 virus. The immune cell
population in the lungs and the levels of viral proteins in the BALF were
determined at each indicated time point. To investigate the functions of
the influenza virus-cytokine-trypsin cycle induced by NP, mice were
infected with the PR8 virus (32 PFU) 3 days pre- and post-injection of
PBS, NP, IL-1ß (R&D Systems, Minneapolis, Minnesota, USA), or IL-6
(R&D Systems) or infected with virus treated with trypsin. For serum
transfer, 200 μl of anti-NP serum or purified serum IgG (200 μg) was
injected into the intraperitoneal cavity daily for 3 days. NK cells were
depleted by intraperitoneal injection of an anti-mouse NK1.1 antibody
(100 μg/mouse, PK136; BioLegend). Two days after NK-cell depletion,
mice were infected with influenza virus. The body weight change and
survival rate of mice were monitored for 14 days after infection with
influenza virus.

Lung and BALF sampling
Total lung samples were obtained at the indicated time points. Lungs were
minced, and 1.5ml of RPMI 1640 medium containing collagenase D (150
unit/ml, Gibco), DNase I (50 μg/ml, Merck, Kenilworth, New Jersey, USA), 10%
FBS, and 1× antibiotics was added and incubated for 90min. Then, 3 μl of 0.5
M EDTA was added to the mixture and allowed to react for 20min. Cells were
separated from the lung tissue using a strainer (SPL). The lung cells were
treated with RBC lysis buffer (BD Biosciences) for RBC lysis. For BALF
sampling, after euthanasia, the trachea was catheterized, and the BALF was
collected by flushing the lungs twice with 1ml of ice-cold PBS containing
protease inhibitors (Merck). Cells were removed via centrifugation (4000 rpm,
5min, 4 °C), and the BALF was obtained and stored at –80 °C.

Viral titration
MDCK cells were cultured in MEM containing 10% FBS and 1× antibiotics
and seeded at 1 × 106 cells/well in a 6-well plate or 5 × 104 cells/well in a
96-well plate. After 16 h, the medium was removed, the cells were washed
with PBS, and MEM containing 3.33 g/ml bovine serum albumin and 1×
antibiotics was added. Influenza virus was treated with NP-treated BMDM
culture supernatant with/without a protease inhibitor cocktail (Roche) at
37 °C for 1 h and then used to infect the cells for 1 h. After infection, the
supernatant was removed, and the cells were washed with PBS and
cultured in MEM containing 10% FBS (HyClone) and 1× antibiotics (Gibco).
Three days after infection, the viral titer was determined with a
hemagglutinin test and calculated by the Reed and Muench method.
The viral titer is expressed as log10 of the 50% tissue culture infective dose
(TCID50) per milliliter. For qRT–PCR, total RNA was extracted from influenza
virus-infected MDCK cells using an RNA prep kit (Clontech, California, USA).
cDNA synthesis and RT–PCR were performed using the qRT–PCR Kit
[Green] (NANOHELIX, Daejeon, Korea). M gene RT–PCR was performed. The
fold difference in mRNA expression between treatment groups was
determined by the standard delta-delta Ct method. GAPDH was used as an
internal control.

Viral protein detection in the infected MDCK cell culture
supernatant
MDCK or THP-1 cells were infected with the PR8 virus (103 TCID50/ml), and
A549 cells were infected with the PR8 virus (0.01 MOI) for 72 h.
Subsequently, the cell culture supernatant was harvested by centrifugation
(1500 rpm, 10min, 4 °C) to remove cells from the culture supernatant. The
cell culture supernatant was filtered using a 50-nm syringe filter. The
influenza virus-infected MDCK cell culture supernatant was separated
by sucrose gradient ultracentrifugation (sucrose 20–60%, 32000 rpm, 1 h,
4 °C). Viral proteins were detected in unfiltered, filtered, and ultracen-
trifuged samples using ELISA.
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TLR reporter cell line assay
A TLR reporter cell line system that monitored TLR activity using secreted
embryonic alkaline phosphatase (SEAP) induced by NF-κB and AP-1
activation was used. HEK-Blue™ Detection (InvivoGen) reacts with SEAP to
turn the medium color purple/blue, and the color intensity can be
measured with a spectrophotometer. The TLR reporter cell lines
(InvivoGen) were cultured in DMEM containing 10% FBS and 1× antibiotics.
When the cells reached 80% confluent, they were washed with PBS, and
detection medium was added to harvest the cells using a scraper. Cells (5 ×
104 cells/well; 180 μl) were seeded in a 96-well plate, and 20 μl of PBS,
samples, PAM3 (Invitrogen, Waltham, Massachusetts, USA), LPS (Invitro-
gen), poly I:C (Invitrogen), flagellin (Invitrogen), R848 (Invitrogen), or CpG-
ODN (Invitrogen) was added to each well. Then, the cells were cultured at
37 °C, 5% CO2, and 90% humidity for 20 h, and the absorbance at 630 nm
was recorded.

Flow cytometry
Single-lung-cell suspensions were blocked using anti-mouse CD16/CD32
(mouse BD Fc block, BD Biosciences, New Jersey, USA) at room
temperature for 15min prior to staining. Surface antigens were stained
with the indicated conjugated antibodies at room temperature for 15min.
The following antibodies were used: APC-conjugated anti-CD4 (Thermo
Fisher Scientific), PerCP-eFluor 710-conjugated anti-CD3e (Thermo Fisher
Scientific), PE-Cyanine7-conjugated anti-CD45R (Thermo Fisher Scientific),
APC/Cyanine7-conjugated anti-CD45 (BioLegend, San Diego, CA, USA), PE-
conjugated anti-Siglec-F (Thermo Fisher Scientific), PerCD-eFluor710-
conjugated anti-Ly6G, Alexa Fluor 700-conjugated anti-MHC Class II (I-A/
I-E) (Thermo Fisher Scientific), eFluor 450-conjugated anti-F4/80 (Thermo
Fisher Scientific), APC-conjugated anti-CD11b (BioLegend), FITC-
conjugated anti-NK1.1 (BD Biosciences), PE-conjugated anti-CD49b (Bio-
Legend), and PerCP-e710-conjugated anti-CD3e (BD Biosciences). For all
experiments, cells were analyzed using a Gallios flow cytometer (Beckman
Coulter). Panel setup and fluorescence compensation were performed
using UltraCompeBeads™ Compensation Beads (Invitrogen). All analyses
were performed using FlowJo software (Becton, Dickinson and Company,
New Jersey, USA).

ELISA
BMDMs, A549 cells, and THP-1 cells were seeded at 1 × 106 cells/well, and
the THP-1 cells were treated with a TLR4 inhibitor (Merck) or an NLRP3
inhibitor (InvivoGen) for 1 h. The cells were treated with purified NP, PAM3
(InvivoGen), LPS (InvivoGen), and ATP (Sigma-Aldrich, Burlington, MA,
USA). The BMDMs were treated with 50-nm-filtered infected cell culture
supernatant and anti-NP serum. At 20 h after treatment, the supernatant
was collected. BALF samples were obtained from mice at the indicated
time points. Cytokines were measured in cell culture supernatants and
BALF samples with IL-1β (R&D Systems), IL-6 (R&D Systems), CCL2
(R&D Systems), RANTES (R&D Systems), keratinocyte chemoattractant
(KC) (R&D Systems), and trypsin (MY BioSource, San Diego, USA) ELISA kits
according to the manufacturer’s protocol.
For the detection of interaction between NP and TLRs, TLR2 (LSBio) and

TLR4 (LSBio) proteins were used to coat an ELISA plate (Corning) at a
concentration of 2 μg/mL (50 μl/well). After an overnight incubation at 4 °C,
blocking was performed using 3% skim milk. NP was added at a
concentration of 6.25–100 μg/ml (with/without purified serum anti-NP
IgG) and incubated at room temperature for 2 h. Subsequently, an anti-NP
antibody (Abcam) was diluted at 1:200, and 50 μl/well was added for 1 h.
Then, anti-mouse total IgG-HRP (Cell Signaling Technology, Danvers,
Massachusetts, USA) was diluted at 1:5000, and 50 μl/well was added for 1
h. Thereafter, a colorimetric reaction was performed by adding 50 μl/well
TMB solution and then 25 μl/well 0.5 N H2SO4. The absorbance at 450 nm
was then recorded.

Western blotting and immunoprecipitation (IP)
MDCK cells were infected with the PR8 virus (101–103 TCID50/ml). BMDMs,
THP-1 cells, and A549 cells were treated with PBS, NP, or LPS. The cells
were lysed in CETilysis buffer (TransLab) for 10min on ice. Samples were
diluted in 1× Sample Buffer (TransLab) and boiled for 10min. The samples
were fractionated by SDS-polyacrylamide gel electrophoresis (SDS–PAGE).
The proteins were transferred to PVDF membranes (Merck). The
membranes were blocked with 3% BSA (Gibco) in TBS with 0.5% Tween
(TBS-T) for 1 h, after which the membranes were incubated with primary
antibodies overnight at 4 °C. The membranes were then washed three

times with TBS-T for 5 min and incubated with HRP-conjugated secondary
antibodies (all diluted in 3% BSA in TBS with 0.5% Tween). The bound
antibodies were visualized using Immobilon Forte Western HRP substrate
(Merck) and imaged using EZ capture II (ATTO). Dynabeads (Invitrogen)
were coated with the indicated antibodies according to the manufacturer’s
instructions.
BMDMs were seeded at 1 × 106 cells/well in 6-well plates. The BMDMs

were treated with rNP (100 μg/ml) for 30min. The cells were treated with
CETi lysis buffer (TransLab) for 10min on ice. The lysates were centrifuged,
and the supernatants were transferred to fresh tubes containing antibody-
coated Dynabeads (Invitrogen). IP was performed following the manu-
facturer’s instructions (Invitrogen). Samples were analyzed by western blot
analysis. The following antibodies were used: anti-TLR2 (Abcam), anti-TLR4
(Santa Cruz, Thermo Fisher Scientific), anti-influenza NP (Santa Cruz,
Abcam), anti-phospho-SAPK/JNK (Cell Signaling Technology), anti-phos-
pho-p44/42 MAPK (Cell Signaling Technology), anti-phospho-p38 MAPK
(Cell Signaling Technology), anti-phospho-IkappaB (Cell Signaling Technol-
ogy), anti-rabbit IkappaB-alpha (Cell Signaling Technology), anti-NF-kappaB
p65 (Cell Signaling Technology), anti-NLRP3 (Cell Signaling Technology),
anti-β-actin (Cell Signaling Technology), anti-caspase-1 (Enzo Life
sciences, Farmingdale, New York, USA), anti-Strep-tag II (Abcam, Cam-
bridge, UK), HRP-linked anti-mouse IgG (Cell Signaling Technology), and
HRP-linked anti-rabbit IgG (Cell Signaling Technology).

RESULTS
Influenza virus proteins are released from infected cells into
the extracellular compartment
During the pathogenesis of influenza virus infection, viral proteins
as well as complete viral particles can be released into the
extracellular space by lytic cell death because internal viral
proteins are present in the cytoplasm or nucleus of the infected
cells [11]. To investigate the functions of these extracellular viral
proteins in viral replication and pathogenicity, first, the presence
of viral proteins released from influenza virus-infected cells was
analyzed in vitro.
MDCK cells were infected with the PR8 virus (103 TCID50/ml),

and the culture supernatant was filtered through a filter with a
pore size of 50 nm to remove intact influenza virions, as the
diameter of influenza virus ranges between 80 nm and 120 nm.
Internal viral proteins of influenza virus were detected at similar
levels in the unfiltered and filtered culture supernatants, but the
level of the envelope protein hemagglutinin (HA) was decreased
in the filtered supernatant (Fig. 1a). To check whether the filtered
supernatant contained influenza virus, reinfection with the filtered
supernatant was performed, and the TCID50, M gene replication,
and viral protein expression were not increased (Fig. 1b–d).
Furthermore, the detection of NP among the internal viral proteins
increased in an infectious dose-dependent manner (Fig. 1e). The
release of internal viral proteins was further confirmed through
classic viral purification. PR8 virus-infected MDCK cell culture
supernatants were subjected to sucrose gradient ultracentrifuga-
tion for virus purification. After ultracentrifugation, the super-
natant and sucrose were obtained by dividing the gradient into 4
fractions (Supplementary Fig. 1a). When each fraction was
subjected to a TCID50 assay, fraction 1 (supernatant fraction,
referred to as #1) was observed to not contain the virus, while
fraction 4 (sucrose fraction, referred to as #4) contained the virus
(Supplementary Fig. 1b). Similar to the results obtained using a
syringe filter, internal viral proteins were detected at similar levels
in fractions #1 and #4 (Supplementary Fig. 1c and d), but the level
of HA was significantly reduced in #1 (Supplementary Fig. 1d).
These observations indicate that virion or cell-free internal
proteins exist in the culture supernatant. Consistent with the
in vitro data, viral proteins, including NP, M1, and NS1, were
detected in the virion-free bronchoalveolar lavage fluid (BALF) of
PR8-infected mice (Fig. 1f and Supplementary Fig. 1e). These data
show that influenza virus proteins are released from infected cells
and exist as virion-free entities in the extracellular compartment.
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Extracellular NP interacts with TLR2 and TLR4 to induce
proinflammatory cytokine secretion
Influenza virus infection leads to the recruitment of various
immune cells, such as neutrophils, monocytes, dendritic cells
(DCs), and T cells, into the lungs [12]. Given that influenza virus
proteins exist outside cells, we hypothesized that viral proteins
can directly interact with infiltrated immune cells in the lungs.
First, we confirmed the infiltration of various immune cells upon
viral infection (Supplementary Fig. 2a). NP is one of the most
abundant molecules in the influenza virion [13], and it has a highly
conserved amino acid sequence observed in various influenza A
viruses, including the seasonal influenza virus that infects humans
[14]. Therefore, to investigate the effect of NP on the behavior of
innate immune cells, we purified recombinant NP (rNP) from the
expiCHO cell line at an endotoxin-free level (0.16 EU/mg;
Supplementary Fig. 3a–d). We investigated the inflammatory
pathway induced by NP in bone marrow-derived macrophages
(BMDMs) because macrophages are commonly used in the study
of inflammation. When BMDMs were treated with rNP, the
mitogen-activated protein (MAP) kinase family and nuclear factor
kappa light chain enhancer of activated B cells (NF-κB) were
activated from an early time point (15 min) in a dose-dependent
manner (Fig. 2a, b). rNP induced the production of proinflamma-
tory cytokines and chemokines, including IL-1ß and IL-6, in
BMDMs (Fig. 2c).
Such responses are well-known downstream events of TLR

signaling in inflammatory monocytes or macrophages [15].
Therefore, we used TLR-expressing cell lines to evaluate whether
rNP can stimulate TLRs. When TLR-expressing reporter cell lines
were treated with rNP, the TLR2- and TLR4-expressing cell lines
were activated in a dose-dependent manner (Fig. 2d). To
investigate the physical interactions between rNP and these two
TLRs, BMDMs were treated with rNP, and the cell lysates were
immunoprecipitated using anti-TLR2, anti-TLR4, or anti-NP anti-
bodies. In each case, NP, TLR2, and TLR4 were detected in the

precipitate, indicating that rNP directly interacted with TLR2 and
TLR4 (Fig. 2e). rNP also bound to recombinant TLR2 and TLR4
proteins (Fig. 2f), confirming these interactions. Subsequently, the
activation of TLR downstream molecules and the production of
proinflammatory factors, except IL-1ß, were significantly reduced
in TLR2 KO, TLR4 KO, and TLR2/4 double knockout BMDMs upon
NP treatment in a dose-dependent manner, confirming that the
immunostimulatory effect of rNP depends upon TLR2 and TLR4
(Fig. 2g and Supplementary Fig. 4a–c).
NP exists in the form of trimers or larger oligomers in

equilibrium with monomers [16, 17]. rNP was divided into
fractions of less and greater than 100 kDa to assess which
quaternary structure of NP predominates in TLR stimulation. We
observed that TLR4 stimulation was significantly increased when
rNP with a molecular weight of 100 kDa or greater was used
(Fig. 2h), suggesting that oligomeric NP has a greater stimulatory
effect than monomeric NP. To confirm this possibility, we
prepared R416A-mutant NP, which does not form oligomers
[16], and we observed that R416A-mutant NP could not stimulate
TLR4 (Fig. 2i). Purified recombinant NP is known to form trimers
after 30–60min at room temperature [16, 17]. Therefore, we
purified and incubated rNP at various temperatures to assess the
TLR-stimulating activity and observed that incubation with rNP at
25 °C for 18 h showed the highest TLR-stimulating activity (Fig. 2j).
These findings suggest that extracellular NP can stimulate TLR4 by
forming a quaternary structure of oligomers rather than
monomers.

Extracellular NP activates the NLRP3 inflammasome
Activation of NF-κB increases the levels of pro-IL-1ß, but the
production of active IL-1ß requires the activation of the
inflammasome [18]. Based on the detection of active IL-1ß
following rNP treatment in BMDMs (Fig. 2c), we sought to
evaluate NLRP3 inflammasome activation by exogenous NP. When
BMDMs were treated with rNP, they produced IL-1ß in an rNP
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Fig. 1 Release of influenza virus proteins from influenza virus-infected cells MDCK cells were infected with the PR8 virus (103 TCID50/ml) for
3 days, followed by filtration using a 50-nm syringe filter. a Internal viral proteins in the culture supernatant were detected by enzyme-linked
immunosorbent assay (ELISA). b The viral titer was measured as TCID50/ml. c The M gene was detected by qRT–PCR, and d the M1 and NP
proteins were detected by western blotting. e The supernatants of MDCK cells treated with phosphate-buffered saline (PBS) or the PR8 virus
(101–103 TCID50/ml) were obtained. After filtration through a 50-nm filter, the nucleoprotein (NP) levels were measured by ELISA. f Mice (n= 4)
were infected with the PR8 virus (32 PFU), and then on Days 0, 1, 3, 5, 7, and 9, NP in the bronchoalveolar lavage fluid (BALF) was detected by
ELISA. The data in a–c are presented as the mean ± standard deviation (SD) from triplicate culture wells. The data in d are presented as the
mean ± standard error of the mean (SEM). ***p < 0.001
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dose-dependent manner (Fig. 3a). rNP also triggered the
activation of caspase-1 and oligomerization of NLRP3 (Fig. 3b, c).
Notably, all of these responses were independent of lipopolysac-
charide (LPS) priming, which indicates that NP is able to activate
both TLR-dependent NK-κB pathways and NLRP3-dependent
inflammasome pathways. Consistent with our observations,
extracellular NP-triggered IL-1ß production was abolished in
NLRP3 KO and caspase-1/11 double KO BMDMs (Fig. 3d),
confirming that the induction of IL-1ß is NLRP3 inflammasome
dependent.
Extracellular NP induces proinflammatory cytokines through

activation of TLR4 and the NLRP3 inflammasome in human cell
lines We next investigated whether influenza virus infection
induces internal viral protein release and TLR and NLRP3
inflammasome activation and whether extracellular NP can be
applied to human cells. PR8 virus-infected THP-1 and A549 cells
showed induction of internal viral proteins, including NP release,
similar to that observed in the MDCK cell line (Supplementary
Fig. 5a–c). In addition, rNP induced the activation of the TLR
signaling cascade and the production of IL-1ß and IL-6 in THP-1
and A549 cells, which represent human monocytes and lung
epithelial cells, respectively (Supplementary Fig. 5d–g). Further-
more, a TLR4 inhibitor decreased IL-6 production, and an NLRP3
inhibitor reduced IL-1ß production in NP-treated THP-1 cells
(Supplementary Fig. 5h, i). These results indicate that the release
of viral proteins upon viral infection and the function of
extracellular NP are not limited to the mouse model studied.

Extracellular NP increases the infectivity of influenza virus by
upregulating trypsin
Proteolytic cleavage of HA precursor (HA0) into the HA1 and
HA2 subunits is a critical event for membrane fusion and productive
infection by influenza virus [19]. During this process, trypsin derived
from host cells plays an indispensable role [20], and viral infection
upregulates the expression of trypsin via proinflammatory cytokines
such as IL-1ß and IL-6 (Supplementary Fig. 6a) [21, 22]. This series of
reactions is known as the ‘influenza virus-cytokine-trypsin cycle’. As
we observed increases in these cytokines induced by NP stimulation
(Figs. 2c and 3a, and Supplementary Fig. 4c), we next assessed
whether NP upregulates trypsin in host cells. When BMDMs were
treated with rNP, trypsin was significantly upregulated in a dose-
dependent manner (Fig. 4a). Consistent with this, the effect of rNP
was TLR2 and TLR4 dependent, while the level of trypsin following

rNP treatment was significantly decreased in TLR2-deficient, TLR4-
deficient, TLR2/4 double-deficient and downstream adaptor mole-
cule (MyD88 and TRIF)-deficient BMDMs (Fig. 4b, c). Trypsin
expression was also decreased in NLRP3- and caspase-1/11-deficient
BMDMs (Fig. 4d). Finally, we evaluated whether NP-triggered trypsin
cleaves HA0 into an active form and increases viral infectivity. When
the virus was incubated in conditioned medium from rNP-treated
BMDMs, cleaved HA subunits were detected (Fig. 4e). In addition,
when MDCK cells were infected with the incubated virus, viral
replication was significantly increased (Fig. 4f). To investigate
whether trypsin upregulation induced by extracellular NP treatment
increases viral replication, rNP-treated BMDM supernatants were
incubated with the virus and a protease inhibitor for 1 h.
Subsequently, upon infection with the incubated virus, viral
replication was significantly reduced in the protease inhibitor-
treated group (Fig. 4g). These data show that extracellular NP
induces trypsin in host cells, thereby increasing viral infectivity by
enhancing the proteolytic cleavage of HA.

Extracellular NP contributes to an increased viral titer and
influenza pathogenicity in vivo
Given that NP increases viral infectivity through the ‘influ-
enza virus-cytokine-trypsin cycle’ in vitro, we next investigated
whether NP affects the host immune response and influenza
pathogenicity in vivo. When mice were cotreated with influenza
virus and trypsin or pretreated with IL-1ß and IL-6 and then
infected with influenza virus, increased weight loss and a
decreased survival rate were observed, suggesting that the
influenza virus-cytokine-trypsin cycle also plays an important role
in vivo (Supplementary Fig. 6b–e). When mice were intranasally
treated with rNP, the levels of IL-1ß, IL-6, and trypsin were
significantly increased in the BALF at 6 h (Fig. 5a). Nonetheless, NP-
induced inflammatory cytokines per se did not have significant
effects on lung epithelial cell integrity or lung lesions (Fig. 5b, c).
To identify which cell population mainly interacts with NP, we

isolated immune cells from lung tissue and incubated them with
Alexa488-labeled rNP. The major populations of Alexa488-positive
cells were neutrophils, monocytes, and macrophages (Fig. 5d),
indicating that these immune cells, which express TLR2 and TLR4
[23], were the primary cells interacting with NP.
We next evaluated whether rNP increases viral replication and

influenza pathogenicity in vivo. Mice were treated with rNP
intranasally and, 3 days later, infected with a sublethal dose of
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influenza virus. Pretreatment with rNP significantly and dose-
dependently decreased the survival rate upon subsequent
infection with influenza virus compared to PBS pretreatment
(Fig. 5e). Consistently, the viral titer in the lungs increased with
increasing rNP doses (Fig. 5f). In addition, the albumin levels in the
BALF were increased 5 days after infection with rNP pretreatment,
and histological findings also showed that rNP pretreatment
increased viral pathogenicity (Fig. 5g, h). In addition, treatment
with rNP at 3 days post-viral infection increased the mouse fatality
rate (Fig. 5i). However, in TLR4 KO and NLRP3 KO mice,
pretreatment with rNP did not increase the fatality rate
(Supplementary Fig. 7c, d). Altogether, these data indicate that
extracellular NP substantially influences the viral titer and
pathogenicity of influenza virus, mainly via stimulation of TLR4
and NLRP3 inflammasome pathways in vivo.

Anti-NP antibody reduces the viral titer and ameliorates
influenza pathogenicity in vivo
Given that NP released from infected cells increases influenza
pathogenesis by triggering IL-1β and IL-6 and then trypsin, we
next investigated whether NP blockade decreases the levels of
these soluble factors and reduces viral replication and influenza

pathogenicity in vivo. We first assessed the inhibitory effect of
anti-NP antibodies on viral infection and the interaction between
NP and TLR4 in vitro. Although anti-NP serum isolated from NP-
immunized mice was not able to neutralize influenza virus in vitro
(Supplementary Fig. 8a), it significantly reduced the binding of rNP
to recombinant TLR4 (Fig. 6a). Moreover, BMDMs were treated
with filtered PR8 virus-infected cell culture supernatant containing
anti-NP serum. Anti-NP serum reduced proinflammatory cytokine
production induced by the filtered supernatant, while naïve serum
did not produce this effect (Fig. 6b, c).
To investigate whether anti-NP serum reduces viral pathogenicity

by dampening the influenza virus-cytokine-trypsin cycle in vivo,
influenza virus-infected mice were treated with anti-NP serum, and
body weight loss and the BALF viral titer were significantly reduced
(Fig. 6d, e, and Supplementary Fig. 8b). Weight loss and the fatality
rate were also significantly decreased by injecting IgG purified from
immune poly serum in a dose-dependent manner (Supplementary
Fig. 8c). On Day 5 post-infection with anti-NP serum, the albumin
level in the BALF was significantly decreased compared to that in the
naïve serum-treated group, and anti-NP serum treatment also
reduced pathogenicity, as indicated by histological findings (Fig. 6f,
g). To further investigate the mechanism by which NP blockade
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alleviates influenza severity in vivo, we measured the levels of various
soluble factors following viral infection and anti-NP serum treatment.
The levels of IL-1ß, IL-6, and trypsin were significantly decreased in
mice in the anti-NP serum-treated group on Day 5 (Fig. 6h).
Anti-NP antibodies, which cannot neutralize influenza virus,

have been shown to have anti-influenza effects in vivo, pre-
sumably via antibody-dependent cellular cytotoxicity (ADCC) [24].
To verify whether the anti-influenza effect of anti-NP serum is
mediated by ADCC, we investigated the effect of anti-NP serum on
influenza after depletion of NK cells. Intraperitoneally injecting
100 μg of anti-NK1.1 antibody on Day 2 depleted approximately
95% of NK cells in vivo (Supplementary Fig. 9a). Even after the
depletion of NK cells, the survival rate of mice in the anti-NP
serum-injected group was significantly increased compared to
that of mice in the naïve serum-injected group (Supplementary
Fig. 9b). This indicates that anti-NP antibodies can lower, at least
partially, influenza pathogenicity in an ADCC-independent
manner.

Altogether, these results indicate that anti-NP serum or purified
antibodies can inhibit the interaction between NP and TLR4,
thereby leading to a decrease in the production of proinflamma-
tory cytokines and trypsin and eventually a decrease in
pathogenicity in vivo.

DISCUSSION
Influenza virus is one of the major causes of infectious disease
worldwide, and its pathogenic mechanism has been widely
studied. The interaction between the virus and host innate
immunity is thought to be essential for type I IFN-mediated
antiviral defense and the induction of antigen-specific immune
responses [25] but is often highly associated with viral patho-
genicity [26]. In this study, we suggest a novel mechanism by
which viral NP released from influenza virus-infected cells interacts
with host cell PRRs to increase influenza pathogenicity. In
particular, extracellular NP stimulates TLRs on the cell surface,
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suggesting that internal viral proteins may have different
functions at different locations.
Interactions between influenza virus proteins and host cell

proteins affect the adaptive immune response, viral prolifera-
tion, and/or disease pathology. NP binds to ZBP-1 and activates
the NLRP3 inflammasome to induce lung epithelial cell death
[27], and M2 binds to the autophagy regulatory protein LC3 to
inhibit autophagy and increase viral stability [28]. Furthermore,
NS1 inhibits the type I IFN response through direct binding with
RIG-1 and MAVS [29]. To date, these functions have been studied
in the cytoplasm of infected cells. However, in this study, we
demonstrated that influenza virus proteins, which are consid-
ered to exist only in the cytoplasm or inside the virion, can also
have effects outside of host cells. NP was present in cell-free and
virion-free forms outside infected cells and directly bound to
TLR2 and TLR4 to induce innate immune responses. We also
observed that various other influenza virus proteins, such as M1

and PA, existed outside infected cells. Therefore, the extra-
cellular functions of other internal viral proteins need to be
further investigated.
It has been generally regarded that internal influenza virus

proteins such as NP and matrix 1 (M1) function inside infected
cells, whereas external proteins such as hemagglutinin (HA) and
neuraminidase (NA) function outside cells [30]. In this study,
however, we showed that internal viral proteins exist outside of
cells and play an immunoregulatory role in the extracellular space.
Although we did not show the exact mechanism by which NP is
secreted or released from infected cells, there are several possible
mechanisms: (1) Influenza virus induces lytic cell death, resulting
in the release of cellular viral proteins into the extracellular space
[31]. (2) During the replication of influenza virus, M1 interacts with
both phosphatidylserine in the plasma membrane on its apical
side [32] and the ribonucleoprotein (RNP) complex on its basal
side [33]. As infected cells undergo apoptosis, PS in the inner
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and chemokines in the cell culture supernatants were measured by ELISA. Mice (n= 6) were infected with the PR8 virus (32 PFU) and then
injected with anti-NP serum (200 μl/mouse) intraperitoneally daily for three days. d Body weight was monitored for two weeks. e The TCID50
was evaluated using BALF samples obtained on Days 5 and 7 post-infection. f, g The albumin level in the BALF was measured, and the
histology of lung tissue was assessed by H&E staining at 5 days post-infection. h Proinflammatory cytokines and trypsin in the BALF were
measured by ELISA at five days post-infection. The data in a are presented as the mean ± SD from triplicate culture wells. The data in b–f are
presented as the mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05
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leaflet flips to the outer leaflet of the plasma membrane, and
hence, the phosphatidylserine-associated M1 and NP in the RNP
complex can be exposed to the extracellular space [34]. (3) NP
might be secreted or released from infected cells in the form of a
complex with the high-mobility-group box 1 protein [35, 36].
Further study is required to identify the underlying mechanism for
the release of internal viral proteins.
TLR2 and TLR4 exist in the cytoplasmic membrane and are

known to recognize PAMPs that are mainly derived from bacteria
[37]. In our study, we identified for the first time the direct
interactions between influenza virus NP and TLR2 or TLR4. The
interactions of different viral proteins and TLRs have been
previously reported. Some of these proteins include the fusion
(F) protein of respiratory syncytial virus, glycoprotein of Ebola
virus, and glycoprotein of vesicular stomatitis virus [6, 8, 38].
Recently, the spike protein of SARS-CoV-2 was also reported to
activate TLR2 and trigger an inflammatory reaction [9]. However,
these proteins are present outside of the virion and therefore can
interact through simple physical proximity between the virus and
immune cells. Here, we demonstrated that NP, which is present
inside the virion, activates TLR2 and TLR4 through translocation
and that this mechanism can increase viral infectivity and
pathogenicity.
HA proteolytic cleavage is an important step in influenza viral

infectivity. In this process, serine proteases, such as trypsin, play an
important role. Studies have shown that viral infection increases
under conditions of high trypsin secretion and that treatment with
trypsin inhibitors inhibits influenza virus [39]. Viral proteolytic
cleavage by serine proteases is well known for herpesvirus
glycoprotein B, coronavirus spike protein, dengue virus envelope
proteins, and influenza virus HA, and this process is essential for
viral infection [40–42]. In our study, NP did not directly induce
lung inflammation or abnormal symptoms; however, it induced
cytokines, including IL-1ß and IL-6, and increased trypsin
expression. Moreover, NP-induced trypsin increased HA protein
cleavage in vitro and viral infection both in vitro and in vivo. This is
a new positive feedback mechanism by which viral proteins
increase HA proteolytic cleavage through the cytokine–trypsin
cycle to increase viral infectivity.
Here, influenza virus NP was shown to directly bound to TLR2

and TLR4 and stimulate effective downstream signaling. As
mentioned above, studies have shown that several viral surface
proteins stimulate TLRs to increase pathogenicity [6, 8, 9, 43];
however, studies have not reported that the nucleocapsid or
capsid proteins perform such functions. Studies have shown that
treatment of cells with viral nuclear proteins in vitro stimulates
innate immune activities, such as cytokine secretion. When the
SARS-CoV nucleocapsid protein was administered to the mouse
nasal cavity, TNF-α and IFN-γ were found to be increased in the
lungs [44]. Furthermore, the highly positively charged hepatitis
B virus core antigen protein induced the secretion of cytokines,
such as TNF-α and IL-6, in human macrophage cell lines through
an interaction with heparan sulfate [45]. In our study, we
observed that NP multimers induced TLR4 activation, suggesting
that the quaternary structure of NP plays an essential role in the
NP-TLR4 interaction. The quaternary ring structure of influenza
virus NP is similar to that of VSV and molluscum contagiosum
virus NPs [46], and the structure of VSV is similar to that of
various negative-strand RNA viruses, including paramyxoviridea
[47, 48]. Additional structure-based studies are required to
create a better understanding of the interactions between the
common structures of viral nucleo- or nucleocapsid proteins and
TLRs.
In the present study, plasma or purified IgG fractions against NP

inhibited NP-TLR4 binding in vitro and reduced inflammatory
cytokine and trypsin levels and pathogenicity in vivo. Previous
studies have demonstrated the in vivo antiviral effects of anti-NP
antibodies [49, 50]. Anti-NP antibodies do not directly neutralize

influenza virus; however, the data have been interpreted to
indicate that these antibodies inhibit influenza virus through NK
cell-dependent ADCC [24]. However, this mechanism has only
been demonstrated in vitro, and the antiviral mechanism of anti-
NP antibodies mediated through NK cells in vivo has not been
reported. In our study, we found that anti-NP serum increased the
survival rate of infected mice, including even NK cell-depleted
mice, compared to control serum. This finding suggests that the
antiviral effects of anti-NP antibodies may not be fully dependent
on NK cells. Furthermore, studies have reported that anti-NP
antibody treatment in FcR-deficient mice can provide protection
against influenza virus infection [50]. These results suggest that
anti-NP can inhibit influenza virus infection through mechanisms
other than NK cell-dependent ADCC.
In conclusion, we demonstrate a novel pathogenic role for NP in

the pathogenesis of influenza virus. NP, which has been
considered to exist inside infected cells or virions, is translocated
to the extracellular compartment and then activates neighboring
immune cells via TLR4 and NLRP3. Considering that many viruses
causing acute respiratory infection induce lytic cell death, this
finding highlights the potential pathogenic role of internal viral
proteins mediated via interactions with PRRs present on
uninfected neighboring immune cells.
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