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A B S T R A C T

Taurolidine (TRD), a derivative of taurine, has anti-bacterial and anti-tumor effects by chemically reacting with
cell-walls, endotoxins and exotoxins to inhibit the adhesion of microorganisms. However, its application in
antiviral therapy is seldom reported. Here, we reported that TRD significantly inhibited the replication of
influenza virus H5N1 in MDCK cells with the half-maximal inhibitory concentration (EC50) of 34.45 μg/mL.
Furthermore, the drug inhibited the amplification of the cytokine storm effect and improved the survival rate of
mice lethal challenged with H5N1 (protection rate was 86%). Moreover, TRD attenuated virus-induced lung
damage and reduced virus titers in mice lungs. Administration of TRD reduced the number of neutrophils and
increased the number of lymphocytes in the blood of H5N1 virus-infected mice. Importantly, the drug regulated
the NF-κB signaling pathway by inhibiting the separation of NF-κB and IκBa, thereby reducing the expression of
inflammatory factors. In conclusion, our findings suggested that TRD could act as a potential anti-influenza drug
candidate in further clinical studies.

1. Introduction

Influenza virus is the main pathogen that caused influenza. The in-
dividual infected with influenza virus could bring about acute respiratory
diseases, which leads to severe pneumonia, and eventually death (Tau-
benberger and Kash, 2010; Viboud et al., 2016; Kain and Fowler., 2019).
The virus is highly contagious and can easily cause global outbreaks. In
recent years, the continuous spread of highly pathogenic avian influenza
virus (HPAIV), such as H5N1, H5N8, H7N9, has seriously threatened
public health (Sutton et al., 2018). With a high mutation and replication
rate, HPAIV is able to quickly adapt to environmental changes and has
brought great challenges to the prevention and treatment of influenza

virus (Pleschka et al., 2013). The large outbreaks of avian influenza A
(H5N1) often lead to human influenza A (H5N1) outbreaks. The
expanding geographic distribution of avian influenza A (H5N1) in-
fections, with recent frequent outbreaks in Asia, Europe and the Americas
(Lee and Tang, 2015; Tian et al., 2015; Lewis et al., 2021), suggests that
an increasing number of people are at risk. Currently, the clinical pre-
vention strategies against influenza virus were mainly based on vacci-
nation and antiviral treatment. However, vaccines do not fully protect
against outbreaks caused by antigenically divergent strains (Mehrbod
et al., 2018). The currently licensed antivirals mainly include alkylamine
and neuraminidase inhibitors. The former is only effective against
influenza A virus, while the latter has side effects, such as hallucinations,
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abnormal behavior, hearing, and vision impairment (Jacobi et al., 2005).
Thus, it is very important to search for new antiviral drugs with high
efficiency and low toxicity.

Taurolidine (TRD), a derivative of taurine, has important roles in the
clinical treatment of anti-tumor, anti-bacterial, and anti-adhesion
(Arweiler et al., 2012; Haro et al., 2019). The derivative could chemi-
cally react with cell walls, endotoxins and exotoxins, thereby inhibiting
the adhesion of microorganisms and exerting anti-bacterial effects
(Doddakula et al., 2010). In the peritoneum, it prevents the local recur-
rence and metastasis to distant organs of tumor cells by restricting the
release of cytokines from macrophages (Braumann et al., 2009). Addi-
tionally, TRD inhibits the synthesis of interleukin-1 (IL-1) and tumor
necrosis factor (TNF) in mononuclear cells from human peripheral blood
(Bedrosian et al., 1991). TRD induces apoptosis by activating mito-
chondrial cytochrome-c-dependent mechanisms and an external direct
pathway in tumor cells (Neary et al., 2014). Previous studies on taur-
olidine mainly focused on anti-bacterial and anti-tumor aspects, but its
application in antiviral activity is rarely reported.

In this study, we evaluated the inhibitory activity of TRD on H5N1 in
vitro and in vivo. Using transcriptomic and molecular biochemical ap-
proaches, we identified the important roles of TRD in reducing cytokine
storm and inflammation response, as well as sought to determine their
potential antiviral targets. These findings demonstrate the potential
utility of TRD as an alternative antiviral agent to treat the influenza virus
infection. This not only provided core technical support for the preven-
tion and control of influenza virus, but also laid new ideas for the
elucidation of the targets and antiviral mechanisms of new drugs.

2. Materials and methods

2.1. Cells culture and reagents

Influenza H5N1 virus was separated and obtained from the dead cubs
in the Hengdaohezi Reserve of Heilongjiang, on August 14, 2016 (A/
Tiger/Heilongjiang/HDHZ-01/2016; the GenBank accession
OP782321–782328). The virus was stored in the Institute of Changchun
Veterinary Research, Chinese Academy of Agricultural Sciences
(Changchun, China). The study was approved by Military Medical
Research Institute, and virus-related experiments were carried out in
Biosafety Level-3 Laboratory (BSL-3). Six-to eight-week-old BALB/c fe-
male mice were purchased from Charles River Laboratory Animal
Technology Co., Ltd (Beijing, China).

The Madin-Darby canine kidney cell line (MDCK) and the human
type-II alveolar epithelial cell line (A549) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS, Gibco Lot. No.10438026) with 100 μg/mL penicillin and
100 μg/mL streptomycin. Cell lines were cultured in humidified air at 37
�C with 5% CO2.

TRD and mouse monoclonal antibody for β-actin (Cat. No. A5316)
were from Sigma-Aldrich (St. Louis, MO). TRD was solubilized in PBS at
4 mg/mL. Mouse monoclonal antibody against viral nucleoprotein (NP;
Cat. No. ab128193) was generously provided by Abcam Company
(Burlingame, CA, USA). Rabbit polyclonal antibody against IκBa (Cat.
No. #9242), p-IκBa (Cat. No. #2859), NF-κB (Cat. No. #8242), p–NF–κB
(Cat. No. #3033), IL-6 (Cat. No. #12912) and TNF-α (Cat. No. #11948)
were provided by Cell Signaling Technology (Beverly, MA, USA).

2.2. Drug treatment and inhibitory efficacy

To determine the in vitro antiviral effect of TRD, different concen-
trations of TRD (0, 5, 10, 25, 50, 100 and 200 μg/mL) were added to
MDCK cells. Briefly, the cells were infected with influenza virus H5N1 at
a multiplicity of infection (MOI) of 0.1 for 12 h, and then cultured for 48
h with different concentrations of TRD. To determine the active stage of
TRD against influenza virus H5N1, we treated MDCK cells with three
different infection protocols, including pre-treatment, co-treatment and

post-treatment. (1) Pre-treatment: the cells were treated with TRD (50
μg/mL) for 2 h before virus infection, and then the virus was inoculated
into cells after discarding the cell culture supernatant. (2) Co-treatment:
the virus was incubated with TRD (50 μg/mL) for 15 min and then
inoculated into cells. (3) Post-treatment: TRD (50 μg/mL) was added to
cells after virus inoculation for 12 h.

Then, the cytopathic effect (CPE) was observed with electron mi-
croscopy, and the cell viability was measured byMTT assay. The effective
inhibition rate of the TRD was calculated using the following equation:
inhibition rate (%)¼ (mean optical density of TRD - mean optical density
of virus controls)/(mean optical density of cell controls - mean optical
density of virus controls) � 100. The concentration for 50% of maximal
effect (EC50) was calculated using fitted curves.

2.3. Virus titration

Titers of influenza virus in the supernatants of treated cells or lung
tissues were quantified by estimating the 50% tissue culture infectivity
doses (TCID50). MDCK cells were seeded at a concentration of 1 � 104

cells/well into 96-well tissue culture plates, and on the next day, the
tenfold diluted supernatants were added and cultured for 48h. Before
calculating TCID50 by CPE observation, cell viability was determined by
MTT assay. Finally, the Reed-Muench method was used to calculate the
virus titration, the result expressed as log10TCID50. For viral RNA copy
number detection, the total intracellular RNA was extracted after virus
infection, and the viral M gene was amplified by RT-qPCR, the primer
sequences listed in Supplementary Table S1.

2.4. Cytotoxicity assay

The MDCK cells were adjusted to 1 � 105 cells/mL, and inoculated
into 96-well plate (100 μL/well). Varies concentrations of TRD (ranging
from 0 to 800 μg/mL) were added to cell culture. After incubation for 48
h, the cell morphology was observed and photographed using an electron
microscope (JEM 1011; JEOL). Then, 10 μL MTT was added to each well
(5 mg/mL, Sigma Chemicals Co.) and incubated for 4 h. Next, 200 μL
DMSO was added to each well and incubated at 37 �C for 10 min in dark.
Subsequently, the absorbance values (OD) at 570 nm were measured and
recorded.

2.5. Hemagglutination test (HA)

The MDCK cells infected with influenza virus H5N1 were divided into
three groups, DMSO-treated group (5 μg/mL, 50 μg/mL), TRD-treated
group (5 μg/mL, 50 μg/mL) and oseltamivir (OSTA)-treated group (5
μg/mL, 50 μg/mL). After the cells were treated for 48 h, 50 μL of the cell
supernatant was added to a 96-well microhemagglutination plate. Then,
using 1% washed chicken red blood cells (RBC) as the indicator system,
50 μL of RBC suspension was added to each well. Before observing the
results, the samples were left to stand at room temperature (15–30 �C) for
15 min.

2.6. Immunofluorescence and immunohistochemistry assay (IFA and IHC)

Samples were harvested and washed three times with PBS, and then
fixed in 4% paraformaldehyde for 45 min at room temperature (15–30
�C). After that, primary antibodies were added and incubated overnight
at 4 �C. Then, the samples were washed three times with PBS and incu-
bated second antibodies for 2–3 h at room temperature (15–30 �C). Then,
samples were stained with Hoechst (CST, CAS, NO: 23491-45-4) for 20
min. For immunohistochemistry, samples were infiltrated and paraffin-
embedded to prepare ultrathin sections (3–5 μm thick) before depar-
affinization with xylene and alcohol baths. The sections were soaked in
antigen retrieval solution for 10 min to block endogenous peroxidase
after soaking in 2%H2O2 for 5–10 min. Subsequently, PBS containing 5%
bovine serum albumin was added to the sections for blocking to block
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nonspecific sites. Before binding to the corresponding secondary anti-
bodies, the primary antibodies against p–NF–kB (1:200) were added and
incubated overnight at 4 �C. Then, images (200 � and 400 � magnifi-
cations) were observed and photographed using a resolving microscope
(JEM 1011; JEOL). The positive area densities and positive cell ratios
were analyzed using the Image-Pro Plus 6.0 system (Media Cybernetics
Corporation, USA). Positive cell ratios ¼ number of positive cells/total
number of cells.

2.7. Mice infection and cytokine transcriptome analysis

The mice (16–22 g) were divided into a control group (control, un-
infected), a virus group (virus, infected), and taurolidine intramuscular
injection group (Virusþ TRD, post-infection TRD treatment), with 7mice
in each group. Mice were inoculated intranasally (i.n.) with 20 � LD50
(50% mice lethal dose) mouse-adapted A/Tiger/Heilongjiang/HDHZ-
01/2016 (H5N1) virus suspended in 50 μL normal saline. After infection
for 6 h, TRD (200 mg/kg) was given to the treatment twice daily
(morning and evening, total 400 mg/kg/d) for 5 days by intramuscular
injection. The body weight of each group of mice was measured every
day, and the survival status of each mouse was also observed. The body
weight and survival were observed daily for two weeks. The mice were
randomly selected for euthanasia for lung pathological examination in
each group (n ¼ 3) on day 3 and day 5 after infection. Lung index was
defined as the percentage of lung weight to body weight (Lung index ¼
lung weight/body weight � 100). For cytokine transcriptome analysis,
we examined lung-wide gene expression (transcriptomic) in each group
of mouse models and selected GSEA (version 4.0.3) to determine
phenotypic differences. The cytokine transcriptome heatmaps were
visualized by the R pheatmap package (version 4.0.1).

2.8. Immunoblotting and co-immunoprecipitation analysis

For Western blotting, isolated cells or tissues protein lysates were
separated by 10% SDS-PAGE and blotted onto PVDF, which were then
incubated with specific antibodies after blocking with 5% bovine serum
albumin (BSA, Sigma, CAS, NO: 9048-46-8) in Tris-buffered saline with
Tween 20 (TBST). Then, the PVDF membranes were incubated with the
secondary antibody for 1 h at room temperature (15–30 �C). An Easysee
Western Blot Kit (Transgene, Alsace, France) was used to blot samples.

For co-immunoprecipitation, we used to assess NF-κB and IκBa
complex formation. A549 cells were treated with or without 50 μg/mL
TRD at 12 h post-infection. After 24 h, cell lysates were collected from
each group, including the uninfected group, the infected group, and the
TRD-treated infected group. Then, each group of cell lysates were cross-
linked with dithio-bis succinimidyl propionate for 30 min. Subsequently,
pre-cleared lysates were then incubated with pre-equilibrated protein-A
or protein-G-Sepharose beads with either NF-κB or IκBa antibody over-
night at 4 �C. The eluted-protein was analyzed by immunoblotting using
NF-kB (1:1000) and IkBa (1:1000) antibodies.

2.9. Quantitative real-timePCR (qRT-PCR)

Quantitative analysis of M, IL-6, CCL2, CXCL2, IFNγ, CXCL3, TNF-α,
IL2, IL-1β, CCL5, IFNα and Actin (loading control) mRNA levels was
performed by qRT-PCR method using a 2 � Power SYBR Premix Ex
TaqTM (TaKaRa Bio INC, Japan) in a Bio-Rad iCycler & iQ qRT-PCR
systems (Bio-Rad, Hercules, CA, USA). The sequences of the forward
and reverse primers were listed in Supplementary Table S1.

2.10. Pulmonary pathology assay

Mice were randomly selected from the control group, virus group, and
therapeutic group and euthanatized. Lung tissues were quickly removed
and placed in 4% paraformaldehyde (PFA) for 24–72 h. Tissue samples
were embedded in paraffin and randomly cut into 5–10 μm slices.

Subsequently, the sections were stained with hematoxylin-eosin (HE) for
3–5 min and observed under an optical microscope. The pathology scores
are summarized according to hemorrhage, alveolar wall thickening,
inflammation and cell necrosis.

2.11. Hematological analysis

The whole blood was collected in EDTA-anticoagulation tubes, and an
automatic hematology analyzer (Mindray Medical, BC-5000, China) was
used for hematological analysis. The hematological parameters included
the average total white blood cell counts (WBC), lymphocyte counts
(Lymph), and neutrophil counts (Gran), monocytes counts (Mon) and
platelets counts (PLT). Lymph (%) ¼ (mean Lymph counts)/(mean WBC
counts) � 100. Gran (%) ¼ (mean Gran counts)/(mean WBC counts) �
100. Mon (%) ¼ (mean Mon counts)/(mean WBC counts) � 100.

2.12. Enzyme-linked immunosorbent assay (ELISA)

Serum samples from different groups of mice were collected. The
concentration of TNF-α, IL-1β and IL-6 in the serum were determined by
ELISA according to the instructions of the manufacturer (Jing Mei Co.,
Ltd., China).

2.13. Statistical analysis

Statistical comparisons were performed using ANOVA analysis.
Quantitative data sets were expressed as the means� standard error (SE),
and the statistical significance was evaluated by Graphpad Prism 8.0
software. Relative to the control, *P < 0.05, **P < 0.01 and ***, P <

0.001 versus the control were regarded as significant.

3. Results

3.1. TRD inhibited the propagation of influenza virus H5N1 in vitro

To evaluate the potential anti-viral effect of anti-bacterial TRD, the
toxicity inhibition assay in MDCK cells was examined. TRD showed sig-
nificant anti-virus activity and inhibited the reproduction of the virus
with the half-maximal effect concentration (EC50) of 34.45 μg/mL
(Fig. 1A). The cytotoxicity of TRD on MDCK was evaluated using MTT
assay, and the half-maximal cytotoxicity concentration (CC50) of 231.5
μg/mL (Fig. 1B). In order to clarify the active stage of TRD against
influenza virus H5N1, we treated MDCK cells with three different
infection protocols, including pre-treatment, co-treatment and post-
treatment. We found that post-treatment TRD exhibited high inhibition
rates in H5N1-infected MDCK cells (Fig. 1C), which indicating that TRD
had a significant inhibitory effect on the replication and release of
influenza virus H5N1. Cell morphology after TRD treatment at a con-
centration of 50 μg/mL were also investigated, and no cellular changes
was observed in MDCK and A549 cells (Fig. 1D). Those results indicated
that TRD can inhibit H5N1 replication and has no cytotoxicity on MDCK
and A549 cells. Thus, we chose the low toxic dose (50 μg/mL) for
following studies.

To further explore the potential antiviral effects of TRD, we per-
formed a virus titration assay in MDCK cells and selected oseltamivir
(OSTA) as a positive control. TRD and OSTA treatment cell groups
showed significantly lower virus titer than the DMSO-treated group
(Fig. 1E). This inhibitory effect of TRD was confirmed in the hemagglu-
tination inhibition test (Fig. 1F). Subsequently, the inhibitory effects of
TRD and OSTA were further assessed by IFA in A549 cells. The nuclear
appearance of the viral nucleoprotein (NP) was quantified as the output
of successfully infected cells (Fig. 1G). Compared with DMSO-treated
control cells, the ratio of NP-positive cells was significantly reduced by
16.78% after TRD treatment (Fig. 1H). We further confirmed the inhi-
bition of TRD in A549 cells by Western blot assay. The result showed that
drug treatment significantly reduced the expression of viral NP protein in
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cells (Fig. 1I). These results suggested that TRD had an excellent antiviral
effect against influenza virus in vitro.

3.2. The effect of TRD on the prognosis of H5N1 lethal challenge mice

We previously suggested that TRD showed a positive anti-viral effect
in vitro. To better evaluate its therapeutic effect, a mouse model infected
with H5N1 was used to evaluate the inhibitory effect of TRD on influenza
A virus. Compared with the virus group (treated with normal saline),
TRD treatment (400 mg/kg/d) protected the mice from body weight loss
(P < 0.001; Fig. 2A). In the TRD treatment group, we observed that one
mouse lost less than 25% of its body weight, but did not die. In addition,
TRD treatment significantly increased the overall survival rate of animals

(protection rate was 86%; Fig. 2B). Subsequently, we analyzed the viral
loads in the lung tissues of mice at 3 and 5 day post-infection, and found
that viral loads were significantly reduced in TRD-treat group (Fig. 2C).
In addition, qRT-PCR analysis also showed that the expression of M gene
in mouse lungs was significantly down-regulated (Fig. 2D). Western blot
results also confirmed that TRD significantly reduced the replication of
the virus in the lung tissues (Fig. 2E). We also found TRD treatment
significantly improved the lung index (Fig. 2F).

To determine whether TRD improves the lung pathology caused by
H5N1 infection, we collected the lung tissues of each group of mice to
perform HE assays on the fifth day. The results showed that the virus
infection caused a small number of necrotic cell fragments (red arrow),
and inflammatory cells infiltrated into a ring in the bronchial lumen to

Fig. 1. Inhibitory effects of TRD on influenza viruses H5N1 in vitro. A Inhibition rate of TRD (0, 5, 10, 25, 50, 100 and 200 μg/mL) against influenza virus H5N1 (MOI
¼ 0.1) in MDCK cells. The EC50 value was calculated by semi-logarithmic fitting curve. B Cellular toxicity of TRD in MDCK cells was evaluated by MTT assay. C
Inhibitory rates of TRD against influenza viruses H5N1 with different infection protocols were evaluated in MDCK cells. D The microscopic images of TRD-treated (50
μg/mL) MDCK and A549 cells at 48 h post H5N1-infection. E After infecting with H5N1 at the MOI of 0.1, MDCK cells were treated with DMSO and TRD (50 μg/mL)
for 24 h, and oseltamivir (OSTA, 50 μg/mL) was used as a positive control, and virus titer was determined by virus titration assay. F The cell culture was collected and
used to test positive virus in supernatant by hemagglutination inhibition method. G After A549 cells infection with H5N1 at the MOI ¼ 0.1, the cells were treated with
solvents DMSO and TRD (50 μg/mL) for 24 h, and OSTA (50 μg/mL) was used as a positive control. The nucleus was stained with DAPI, and the infected cells were
detected by nuclear NP staining (scale bar 10 μm). H The percentage of NP-positive cells in Fig. 1G was calculated. I After A549 cells infected with H5N1 at the MOI ¼
0.1, the cells were treated with DMSO and TRD for 24 h, and the expression level of influenza NP protein in A549 cells was analyzed by Western blot assay, using
β-actin as a control.
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form a vascular cuff (black arrow); however, this scene was improved by
TRD treatment (Fig. 2G). Histopathological scoring suggested that TRD-
treated effectively attenuated the pathological damage caused by H5N1
infection (Fig. 2H). And no obvious tissue lesions presented, in heart,
liver, spleen, lung and kidney after TRD administration with the dose of
400 mg/kg/d (Supplementary Fig. S1). These findings indicated that the
drug treatment within a safe concentration effectively improved the
pathological damage caused by H5N1 infection.

3.3. TRD inactivated the cytokine storm effect in mice

Influenza virus infection caused abnormal expression of inflamma-
tory cytokines (Betakova et al., 2017). To investigate the effect of TRD on
the inflammatory response induced by H5N1 infection, the expression of
inflammatory-related genes in mouse lung tissues was studied by tran-
scriptome analysis (Fig. 3A). Gene enrichment analysis showed that the
NF-kB signaling pathway was significantly enriched (Supplementary
Fig. S2A). In addition, we also found that cytokine and chemokine
signaling pathways were also significantly enriched (Supplementary
Figs. S2B and 2C). Differentially expressed genes (DEGs) were verified by
quantitative reverse transcription PCR (qRT-PCR). We observed that TRD
significantly inhibited the mRNA expression of cytokines and chemo-
kines, including IL-6, CCL2, CXCL2, IFN-γ and CXCL3 (Fig. 3B), as well as
TNF-α, IL2, IL-1β, CCL5 and IFNα (Fig. 3C).

As key transcriptional regulators of type I interferon (IFN)-dependent
immune responses, IRF3 and IRF7 play important roles in innate immune
responses against viruses (Xue et al., 2018). Thus, we examined the

detection of IRF3 and IRF7 expression. The results showed that the
mRNA expressions of IRF3 and IRF7 were up-regulated after influenza
virus H5N1 infection, while their expressions were inhibited by TRD
treatment (Fig. 3D and E). This inhibitory effect of TRD was confirmed in
the Western blot assay (Fig. 3F). These findings indicated that the
administration of TRD could blunt the cytokine storm activated by
influenza virus.

3.4. The effect of TRD on NF-κB signaling pathway

The location of NF-κB in the cell determines its activity in regulating
biological functions. To better understand the specific effect of TRD on
NF-κB signaling pathway, immunofluorescence experiments were carried
out in A549 cells. We found that the virus infection caused the transfer of
NF-κB from the cytoplasm to the nucleus, and this phenomenon was
reversed by the administration of TRD (Fig. 4A). NF-κB and IκBa usually
exist in the form of a complex, and the activation of NF-κB depended on
the phosphorylation of IκBa, which was regulated by IKK phosphoryla-
tion (Lawrence 2009). Interestingly, TRD rescued the separation of the
complex caused by H5N1 infection (Fig. 4B). Western blot results showed
that the virus infection reduced the expression of IκBa, promoted the
phosphorylation of IκBa and NF-κB, and induced the expression of IL-6
and TNF-α (Fig. 4C). However, the administration of TRD significantly
reversed the above process (Fig. 4D and E). These results suggested that
TRD was able to inhibit the nucleus metastasis of NF-κB, therefore
reducing the activation of inflammatory cytokines caused by H5N1
infection.

Fig. 2. The antiviral effect of TRD against H5N1 in mice model. A Body weight changes in control group (control, gray), virus group (virus, black) and TRD treatment
group (Virus þ TRD, purple). B Survival rate of H5N1-infected mice treated or untreated with TRD. C Virus titer in mouse lung tissues at the 3 and 5 day post infection
(dpi) after H5N1 infection. D The mRNA expression levels of influenza M gene in mouse lung tissue were determined at the 3 and 5 dpi by qRT-PCR. β-Actin was used
as an internal control. E The expression level of influenza NP protein in lung tissues of mice at 3 and 5 dpi was analyzed by Western blot, and used β-actin as a control.
F The effect of the drug on the lung index of mice was measured on the 3 and 5 dpi after virus infection. G Hematoxylin-eosin staining of lung tissues of TRD treated or
untreated mice. The representative images were showed here. H Lung pathology score on 5-dpi. The pathology scores are summarized according to (one point each for
hemorrhage, alveolar wall thickening, inflammation, and cell necrosis), n ¼ 3.
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3.5. TRD reduce the inflammation in mice

Nuclear expression levels of NF-κB were associated with a poor
prognosis of influenza virus infection (Mulero et al., 2019). To verify
suppressive effects of TRD on the inflammation in vivo, we used immu-
nohistochemical method to analyze the activity of NF-κB in lung tissues
with- or without-drug treatment. Our results showed that drug treatment
significantly inhibited p–NF–κB expression in lung tissues at day 5 post
infection (Fig. 5A), and the percentage of p–NF–κB positive cells
(Fig. 5B). Interestingly, we found the increase of lymphocytes counts
(Lymph) and monocyte counts (Mon) in serum by hematological anal-
ysis, as well as the decrease of neutrophils counts (Gran) at 3 dpi (Fig. 5C)
and 5 dpi (Fig. 5D) after treatment with TRD. Moreover, the number of
platelets and inflammatory factors in the serum were significantly

reduced (Fig. 5E and F). These findings demonstrated that TRD treatment
significantly improved the immunity of infected mice during pathogenic
influenza virus infection.

4. Discussion

Influenza virus binds to the special receptors of ciliated columnar
epithelial cells on the surface of the respiratory tract to infest the cells
after entering the respiratory tract and then replicates. The new virus
particles are continuously being released and re-infection spread more to
other cells, thus allowing the virus to replicate to higher titers or to
establish a continuous infection process (Hutchinson, 2018). As a result,
inflammatory factors are greatly amplificated, leading to clinical symp-
toms such as respiratory distress and coagulation dysfunction (K€onig

Fig. 3. The treatment of TRD blunted cytokine storm. A Transcriptome analysis was performed on the lung tissue from mice in control group, virus infection group,
and post-infection TRD treated group on day 5, and the genes related to inflammation were analyzed by heat map. B, C The mRNA expression levels of pro-
inflammatory cytokines and chemokines in mouse lung tissue were detected by qRT-PCR, and β-actin was used as an internal control. D-E The mRNA expression
levels of IRF3 (D) and IRF7 (E) in mouse lung tissue were detected by qRT-PCR, and β-actin was used as an internal control. F The expression level of IRF3 and IRF7 in
mouse lung tissue were detected by Western blot assay, using β-actin as a control.
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et al., 2010). Existing vaccines have limited resistance to mutant strains,
and available antiviral drugs had certain side effects. Thus, the re-used of
old drugs is also a good strategy, which can accelerate the development
of new antiviral drugs against influenza viruses (Haasbach et al., 2017).
In this study, we investigated the role of anti-fungal drug TRD in the
treatment of infection with H5N1. As expected, we found that it was
strongly effective in restricting influenza virus infection and replication
without toxicity for cell proliferation.

In addition, TRD treatment effectively protected H5N1 influenza
virus-infected mice from death. At a dose of 400 mg/kg/d, the drug did
not cause pathological damage in vivo, which is consistent with the in
vitro observations. Conversely, at this dose, TRD attenuated acute lung
injury induced by influenza virus infection and improved survival in
infected mice (Fig. 2). This suggested that TRD might be a potential drug
against influenza virus infection. We will investigate the effect of TRD on
other respiratory viruses or other influenza strains in the future.

Remarkably, the early induction of cytokines and chemokines was
associated with the formation of human symptoms and disease progres-
sion. Previous studies suggested that cytokines (IFN-α, IFN-γ, and IL-2, as
well as TNF-α and IL-6) were related to the morbidity during influenza
virus infection (Morales-García et al., 2012; García-Ramírez et al., 2015;
Bai et al., 2021). Chemokines (such as CCL2, CCL3, CXCL2, and CXCL10)
induced innate-immune cells (such as lymphocytes and monocytes) to
recruit to the lung tissues, thereby releasing more inflammatory cyto-
kines to intensify the cytokine storm and to further damage the lung
tissues (Nanki et al., 2016; Bakogiannis et al., 2019). Importantly,
influenza virus infection promotes the recruitment of immune cells to the

lung tissues, which constitutes the immune defense mechanism of host
resistance viral infections (Cole and Ho, 2017). Excessive cytokines and
chemokines lead to a sharp amplification of the inflammatory response,
which is also a sign of influenza virus pathogenic effects. The release of a
large number of pro-inflammatory cytokines chemoattract more immune
cells to construct a positive feedback loop, but they induce cytokine
storm when reaching a certain threshold (Gu et al., 2019). This is the
main reason for morbidity and mortality caused by influenza virus. Here,
we proved the potential role of TRD in anti-virus by regulating this
process. In addition, the recruitment of immune cells and abnormalities
in the cytokine cascade were able to predict disease severity during
influenza virus infection, especially for HPAIV (Teijaro et al., 2011;
2014). Consistently, we found that the expression of cytokines and che-
mokines were strongly down-regulated after TRD treatment (Fig. 3), and
the percentages of neutrophils were significantly reduced after influenza
virus infection (Fig. 5). Importantly, our results showed that TRD played
important roles in suppressing inflammation responses and related dis-
eases caused by cytokine storm.

The regulation of host immune response has the potential advantage
of the inflammatory response caused by virus infection. Its main feature
is the activation of multiple signaling pathways (such as NF-κB) by
coordinating the expression of pro-inflammatory and anti-inflammatory
mediators, thereby regulating the host immune reaction (Sun et al.,
2018; Bergmann and Elbahesh, 2019; Li et al., 2020). NF-κB is a protein
complex that is responsible for DNA transcription, cytokine production,
and cell survival. This complex played critical role in regulating immu-
nity and participating in inflammatory response (Ma et al., 2020).

Fig. 4. TRD inhibited the activation of NF-κB signaling pathway. A After A549 cells infection with H5N1 at the MOI of 0.1, the cells were treated with solvents DMSO
and TRD for 24 h. The nucleus was stained with DAPI, and the NF-κB were detected (scale bar 100 nm). B Immunoprecipitation assay verified that TRD treatment
inhibited the separation of NF-κB and IκBa after A549 cells were infected with influenza virus. IgG was used as a negative control. C The total protein expression level
of IκBa, p-IκBa and NF-κB, p–NF–κB, as well as TNF-α and IL-6 in lung tissues after infected influenza virus. The whole cell extract was analyzed by Western blotting,
using β-actin as a control. D Quantification of NF-κB, IκBa and p-IκBa expression level in Fig. 4C. E Quantification of IL-6, IL-1β and TNFα expression level in Fig. 4C.
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Moreover, its abnormal expression is related to cancer, inflammation,
and auto-immune diseases, septic shock, viral infection, and immune
development abnormalities (Di Donato et al., 2012). During the virus
attacking, it induces the phosphorylation of the NF-κB essential modu-
lator (NEMO) and activates the IKK complex. As a result, IκBα is phos-
phorylated, leading to the release of NF-κB heterodimers (P65/P50) and
promoting its transfer to the nucleus, thereby regulating the expression of
inflammatory cytokines (Liu et al., 2017). When exploring the
anti-influenza virus effect of TRD through transcriptome sequencing, we
found that the NF-κB signaling pathway was significantly enriched,
which indicated that the pathway might be involved in the process. It has
been reported that influenza virus infection induces the activation of
NF-κB, and promoted the expression of inflammatory factors (such as
TNF-α and IL-6), thereby accelerating the process of inflammation (Wang
et al., 2007). Our results revealed that TRD treatment could inhibit the
separation of NF-κB and IκBa (Fig. 4) and significantly inhibited NF-κB
expression in lung tissues at day 5 post infection (Fig. 5). Therefore, it
might be a new drug for reducing the inflammation induced by influenza
virus infection.

5. Conclusions

In conclusion, our study found that TRD could suppress influenza
infection in vitro and in vivo, and increase the survival rate of H5N1-
infected mice. Further study revealed the unexpected role of TRD in
inactivating the influenza-induced cytokine storms and inflammation

responses via regulating the NF-κB signaling pathway. Those results
suggest TRD is a novel type of antiviral candidate drug against influenza
virus.
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