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Taurolidine inhibits influenza virus infection and prevents influenza-
induced cytokine storm, vasoconstriction and lung damage
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Abstract

Influenza virus causes worldwide outbreaks and seasonal epidemics, posing a severe threat to public health and social
development. Effective prevention and treatment of influenza infections remain major challenge for global healthcare. In
this study, we observed that taurolidine effectively inhibited the proliferation of several human or animal influenza virus
strains and protected mice from lethal-infection. Taurolidine treatment decreased the viral titer in the lungs of infected
mice, reduced the ratio of immune cells, and alleviated lung pathology. Additionally, taurolidine treatment attenuated the
rise of blood pressure, pulse wave velocity, and pulmonary aortic thickness in a mouse model for influenza virus infec-
tion. We also found that taurolidine significantly decreased intracellular Ca®>" concentration and effectively alleviated
pulmonary artery vasoconstriction during influenza virus infection. Mechanistically, we observed that vascular smooth
muscle contraction signaling pathway was significantly enriched, and taurolidine inhibited the activation of the MLCK/p-
MLC pathway. Taking together, these findings confirm the effectiveness of taurolidine as an antiviral agent and highlight
its important roles in mitigating host immune cell infiltration and vasoconstriction induced by influenza virus infection.
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Introduction

The influenza virus is the primary cause of acute respira-
tory infections and seasonal influenza, which can easily trig-
ger seasonal outbreaks and pandemics, posing a significant
threat to public health and social development [1-3]. Pres-
ently, vaccination and antiviral treatments serve as the main
preventive and supportive measures for managing influenza
pandemic [4]. However, vaccines are limited in their abil-
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ity to identify pandemic strains, and resistance to existing
class of direct-acting antivirals (DAAs), like adamantane
(the M2 inhibitor), oseltamivir (the NA inhibitor) and bal-
oxavir (the PA inhibitor) has become widespread [5]. Mean-
while, host-targeted therapies, anti-inflammatory drugs,
and immunomodulators have also shown broad-spectrum
antiviral activity against influenza viruses [2]. In addition,
the current ability of vaccines to identify pandemic strains
is limited. These challenges underscore the urgent need to
develop new antiviral strategies with new mechanisms of
action to reduce the possibility of drug resistance [6].
Inflammatory cytokines are markedly elevated follow-
ing influenza virus infection, leading to a “cytokine storm”,
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which is hypothesized to be the main cause of mortality [7].
The cytokine storm can result in the accumulation of exces-
sive immune cells and viscous secretions in lung tissues,
thereby obstructing gas exchange and ultimately leading
to death [8]. A study has shown that the “cytokine storm”,
characterized by the overproduction and dysfunction of
inflammatory cytokines, is a major cause of host death after
influenza virus infection [9]. This indicates that severe lung
inflammation is related to lung tissue pathologies, such as
lung tissue edema, infectious pneumonia, and alveolar hem-
orrhage [10]. Consequently, it is essential to maintain the
host’s antiviral response as an optimal defense mechanism
against influenza virus infection.

The vascular smooth muscle system drives blood flow,
cytokine release, and immune cell recruitment by regulat-
ing the balance between vasoconstriction and vasodilatation
[11]. The contraction of vascular smooth muscle is regulated
by a voltage- and calcium-dependent process (called excita-
tion-contraction coupling) in response to neuronal stimula-
tion [12]. Additionally, vasomotor control is the basis for
the acute and rapid adaptation of blood vessel diameter,
which is mainly due to the vasoconstriction caused by the
active contraction of vascular smooth muscle cells. Changes
in vascular structure represent the dynamic processes asso-
ciated with chronic hemodynamic alternations [13]. The
acute regulation of blood vessel diameter and the conse-
quent vascular resistance depend on the activation state of
the contraction mechanism involving actin, specifically the
interaction of actin in the vascular smooth muscle cells [14].
The alteration of Ca®" flux and membrane potential regulate
the phosphorylation of myosin-light-chains (MLCs) and
the actin-myosin cross-bridge cycles, ultimately leading to
rapid vasoconstriction [15], which is a critical mechanism
for the host’s adaptation to a rapid immune response.

Taurolidine, a derivative of the amino acid taurine, has
been found to possess anti-endotoxin, anti-bacterial and
anti-adhesion properties [16]. Its mechanism of action
involves inhibiting microbial adhesion through chemical
reactions with cell walls, including bacterial and fungus
[17]. Additionally, previous studies have shown that tauro-
lidine inhibits the synthesis of cytokines (IL-1 and TNF) in
human peripheral blood mononuclear cells [18], which indi-
cates that taurolidine may play important roles in cytokine-
induced immune responses and related diseases. Despite
these findings, the antiviral effectiveness of taurolidine
remains unclear.

Here, we explored the anti-influenza virus activity of
taurolidine both in vitro and in vivo. Using genomics and
chemical tools, we defined the important role of taurolidine
in attenuating the inflammation response. Furthermore, we
revealed that the suppression of vasoconstriction signaling
pathway through taurolidine treatment can reduce mortality
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in mice infected with the influenza virus. Therefore, the
vasoconstrictor signal provides a mechanism to reduce
influenza virus-induced incidence and revealed the unfore-
seen role of taurolidine as a modulator of the inflammatory
response and vasoconstriction.

Materials and methods
Antibodies, mice, reagents and viruses

Antibodies against viral nucleoprotein (virus NP, ab20343),
ATIR (cat no. ab124505), CaM (cat no. ab2860), and
MLCK (ab236299) were provided by Abcam (Burlin-
game, CA, USA). The antibodies against MLC (Loc:3672)
and p-MLC (Loc:3675) were purchased from Cell Signal-
ing Technology (Beverly, MA, USA). Taurolidine, oselta-
mivir (PHR1781), and the antibody against B-actin were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The
MLCK inhibitor ML-7 HCL (S8388) and ML-9 HCL
(S6847) were purchased from Selleck (Houston, TX, USA).
Six- to eight-week-old BALB/c female mice derived from
Charles River Laboratory Animal Technology Co., Ltd
(Beijing, China). Influenza A viruses (IAV/HINI1-UI182,
IAV/HINI1-PR8, IAV/H3N2) originated from the Institute
of Changchun Veterinary Research, Chinese Academy of
Agricultural Sciences (Changchun, China) [19, 20]. Influ-
enza B virus strains (IBV/S9-MD) were rescued according
to the sequence of B/Yamagata/16/88 (GenBank accession:
CY018765-CY018772) and passaged in mice to get mouse-
adapted strains. All experiments with influenza viruses
were performed in a biosafety level 2 (BSL-2) laboratory in
Changchun Veterinary Research Institute.

Cell culture

The Madin-Darby canine kidney (MDCK) cell line, the
human type-II alveolar epithelial (A549) cell line, and
the vascular smooth muscle cells (VSMCs) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Gibco,
10091148) along with 100 U/mL penicillin and 100 pg/mL
streptomycin. All cells were cultured at 37 °C and 5% CO,
in humidified air.

Virus infection and drug inhibitory efficacy

All virus strains were passaged and titrated on cells at the
designated multiplicity of infection (MOI). Three different
infection regimens were used to evaluate the active stages of
taurolidine against influenza viruses, such as pre-treatment
(virus was added to the cells after 15 min of co-incubation
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with taurolidine), co-treatment (virus was added to the cells
after 15 min of co-incubation with taurolidine), and post-
treatment (taurolidine was added to the cells for a 4 h treat-
ment after virus infection). Taurolidine was solubilized in
PBS at a concentration of 4 mg/ml, and a series of dilutions
of taurolidine (0, 5, 10, 25, 50, 100 and 200 pg/mL) were
added 4 h post-infection. We followed the previous method
to assess drug inhibitory efficacy in vivo [21].

Plaque, hemagglutination (HA) test and cytotoxicity
assay

MDCK cells were infected with 40 PFU/well of influenza
virus. Following adsorption of the virus for 2 h, the inocu-
lum was removed, and the cells were overlaid with DMEM
containing 1.5% agarose with serial dilutions of PG. After
72 h, they were stained, and images were captured. For the
hemagglutination experiment, MDCK cells infected with
influenza virus were divided into different groups, including
DMEM-treated group (0 pg/mL), taurolidine-treated groups
(5 pg/mL, 25 pg/mL, 50 ug/mL), and oseltamivir-treated
groups (5 ug/mL, 25 pg/mL, 50 ng/mL). The cell superna-
tant (50 pL) from each group was collected and added to
a 96-well micro-hemagglutination plate after 48 h of treat-
ment. Subsequently, 50 pL of a 1% chicken red blood cell
(RBC) suspension was added to each well. After standing
at room temperature for 15 min, the results were observed.
Cytotoxicity was assayed by the MTT assay (Promega). The
cells were plated in 96-well plates (48000 cells per well)
and cultured for 48 h, and then the cells growth was detected
according to the instructions of manufacturer. Briefly, 10uL
of MTT solution was added to each well, and the absor-
bance of each well was measured Spectro-photometrically
at 570 nm after incubating for 4 h. We conducted three inde-
pendent cell experiments, with three replicate wells for each
treatment group in each experiment.

Neuraminidase detection assay

According to the manufacturer’s instructions (P0306, Beyo-
time. China), the 96-well fluorescein label plate was added
with 70 pL of neuraminidase detection buffer per well, 10
pL of neuraminidase per well, and 0~ 10 pL of neuramini-
dase inhibitor samples to be screened per well. After that,
0~10uL of pure water was added to each hole so that the
total volume of each hole was 90uL. After the inhibitor
and neuraminidase were thoroughly mixed, 10uL of neur-
aminidase fluorescent substrate was added to each well.
Subsequently, fluorescence determination was performed
after incubation at 37°C for 30 min. Neuraminidase (NA)
inhibition rate = [1- (Fs-F0)/(Fm-F0)] x 100%. In the for-
mula, Fs is the fluorescence intensity of the sample, Fm is

the fluorescence intensity of the negative control, and FO is
the fluorescence intensity of the zeroing hole.

Immunofluorescence and immunoblotting analysis

The cells were washed three times with phosphate buf-
fer saline (PBS) before 4% paraformaldehyde fixation
(30~60 min). They were then drilled with 0.2% triton
X-100. Before incubation with primary antibodies (over-
night at 4 °C), the cells were blocked with 2% bovine serum
albumin (BSA) for 1 h. They were incubated with second-
ary antibody after washing. The nucleus was stained with
4’ 6-diamidino-2-phenylindole (DAPI, 10~20 min). For
immunoblotting analysis, cells or tissues were lysed with
radio immunoprecipitation assay (RIPA) buffer. The protein
concentration was measured by bicinchoninic acid protein
quantitative kit. The isolated protein lysates were separated
by SDS-PAGE and transferred onto PVDF membranes.
This was followed by blocking with 5% skin milk in Tris-
buffered saline with Tween-20 (TBST) before incubation
with the indicated antibodies 1 h. The membranes were then
incubated with a secondary antibody (Protein, CA, USA)
for 1 h. The membranes were washed 3 times in TBST, for
5 min each time. Subsequently, the membranes were treated
for 2 min with the reagent from an Easysee Western Blot
Kit. The results were analyzed by ImageJ software (National
Institutes of Health, Bethesda, MD). We conducted three
independent cell experiments.

Mice infection and quantitative real-time PCR (qRT-
PCR) analysis

BALB / ¢ mice were divided into four different groups, with
13 mice in each group, including control group (Control),
virus infection group (Virus), virus+taurolidine treatment
group (Virus+taurolidine, i.p.), and virus+oseltamivir
treatment group (Virus+oseltamivir, p.o.). Two indepen-
dent experiments were conducted for each group. Influenza
viruses (10-fold mouse median lethal dose, 10xmLDs,)
were inoculated intranasally (i.n.) into the mice in the virus-
infected group, taurolidine-treated group, and oseltamivir-
treated group. Taurolidine (400 mg/kg/d) and oseltamivir
(25 mg/kg/d) were administrated twice daily (morning and
evening), respectively. The body weight and survival status
of the mice were recorded daily for two weeks. The lung
index was calculated according to the previous method [19—
21]. The treatment of all mice was in accordance with the
welfare and ethical guidance for Chinese laboratory animals
(GB 14925-2001). The agreement was approved by the
Animal Welfare and Ethics Committee of the Institute of the
Chinese Academy of Agricultural Sciences (permit number:
SCXK-2012-017). For cytokine transcriptome analysis,
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total RNA was extracted using Trizol reagent (Invitrogen),
and reverse transcription was carried out using ImPromp-
II reverse transcriptase (Promega). Semi-quantitative PCR
using Ampli Taq polymerase (Applied Biosystems) was
performed by including [a-32P]-dCTP in the reactions. The
IAV-specific primer sets were annealed, and their sequences
are listed in Table S1 and Table S2.

Pulmonary pathology and hematoxylin-eosin
staining

The mice were euthanatized, and the lung tissues were
quickly placed in polyoxymethylene solution (4% PFA) to
fix for 24~72 h. After fixation, the tissues were embedded
in paraffin and randomly sectioned into 4-8 um slices. The
slices then were made transparency with xylene and soaked
in absolute ethanol for 5-10 min. Finally, the slices were
stained with hematoxylin-eosin (H&E), dried, and observed
under an optical microscope.

Immunohistochemistry (IHC) assay

The immunohistochemistry (IHC) assay was performed
according to the previous method [19]. The pathological
severity score of the infected mice was based on the per-
centage of the inflammation area of each slice collected
from each animal, using the following scoring system: 0,
no pathological changes; 1, affected area<10%; 2, affected
area<50% and >10%; 3, The affected area is >50%. When
inflammation, hemorrhage and bronchial epithelial necrosis
were observed, the score was increased by one point.

Flow cytometry

Peripheral blood from mice in each group was collected into
EDTA -anticoagulation tubes. The blood was mixed with
red-blood-cell lysis buffer before centrifugation (3000 rpm,
4 °C, 10 min). The cells were then incubated with specific
antibodies at low temperature for 2 h without light. The
antibodies used included APC conjugated CD3 (152306,
biolgend, USA), FITC conjugated CD4 (100510, biolgend,
USA), PE conjugated CD8 (100708, biolgend, USA), PE
conjugated CD16 (158004, biolgend, USA), FITC conju-
gated CD49b (108905, biolgend, USA), APC conjugated
CD163 (156705, biolgend, USA), and APC conjugated
CDll1c (117310, biolgend, USA). Subsequently, the analy-
sis was performed using the BECKMAN CytoFLEX flow-
meter (BECKMAN COULTER, USA). The results were
visualized using CytExpert 2.3 software.
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Enzyme-linked immunosorbent assay (ELISA)

For the ELISA assay, serum samples from mice in each
group were collected randomly. Cytokines (IL1f, IL-6,
TNF-a, IFN-y) were then detected using a custom Mouse
cytokine 10-plex kit using V-PLEX (K15048D, MSD,
USA) according to the manufacturer’s instructions. Discov-
ery Workbench software (v4.0, MSD Corporation, USA)
was used for data analysis.

Transcription sequencing, blood pressure and
ultrasound measurements

Transcription sequencing was performed by MAGIGENE
Technology (Shenzhen, China). Sequencing libraries were
constructed using the Illumina sequencing platform (Illu-
mina, San Diego, CA). the DESeq method was used to ana-
lyze the differential expression of mice in from each group.
Kyoto Encyclopedia of Genes and Genomes (KEGG) was
used for signaling pathway enrichment analysis. The bub-
ble plots were visualized by the R clusterProfiler package
(version 4.0.3). For blood pressure and ultrasound measure-
ments, pulmonary artery blood pressure, including systolic
blood pressure (SBP) and diastolic blood pressure (DBP),
was measured on days 0, 3, 5, 7, 10 and, 14, respectively.
Mean arterial pressure (MAP) was calculated as MAP=DBP
+ (1/3xSBP). In brief, mice were anesthetized before pulse
wave velocity (PWV) and pulmonary aorta thickness were
measured using an ultrasound instrument (FUJIFILM Visu-
alSonics, Toronto, Canada). Visual image processing was
performed using Vevo®LAB software.

Ca?* measurement

Cells were treated with or without taurolidine at the des-
ignated time after virus-inoculated. For mouse serum sam-
ples, serums collected from the blood samples of mice was
utilized for subsequent determination. The cell suspension
and mouse serum were then harvested for Ca** determi-
nation performed by a kit from Genmed Scientifics Inc.
U.S.A (GMS50097.1 v.A). Simply, mixing 100 pL of the
test solution (cell suspension or serum) was mixed with the
reaction solution, incubate at room temperature in the dark
for 5 min, and the reading was taken using a spectro-pho-
tometer. The corresponding Ca** concentration (mmol/L)
of the samples were calculated according to the standard
curve. The cultured cells were washed and incubated with
the Fluo-4 following AM detection kit (F14202, Invitrogen)
before data collection using FDSS/uCELL (Hamamatsu
Photonics, C13299, Japan). In calcium imaging analysis,
the Fluo-4-loaded cells were incubated with the fluorescent
probe. Subsequently, calcium imaging was performed using
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a fluorescence microscope (LEICA, DMiS8, Italy) after the
cells were washed with PBS. We conducted three indepen-
dent cell experiments, with three replicate wells were for
each treatment group in each experiment.

Collagen gel-based contraction assay

The contraction of HUVEC cells was evaluated by a col-
lagen gel-based assay according to the method of SakotaY
with minor modifications [22]. The cells were suspended in
Dulbecco’s phosphate buffer solution (DPBS) supplemented
with type-I collagen, seeded into a 12-well microplate at a
density of 1x10°cells/mL, and then incubated for 30 min
at 37 °C in a CO, incubator for gelation. After adding the
culture medium (an equivalent volume to the gel) onto the
gel, the embedded cells were cultured for 2 days with the
medium being changed daily. The gel was detached from
the well using a 10 pl pipette tip, immersed in the assay
medium containing the treatment agent, and hotographed
using a digital camera. Contraction was expressed as the
percentage of the gel area relative to that before treatment.
Three independent cell experiments were conducted, with
three replicate wells set for each treatment group in each
experiment.

Hematological analysis

Whole blood from mice in each group was collected in ster-
ile EDTA-anticoagulation tubes. The samples then were
analyzed using an automatic hematology analyzer (Min-
dray Medical, BC-5000, China). Hematological indica-
tors, such as white blood cell counts (WBC), red blood cell
counts (RBC), and platelet counts (PLT) were observed and
recorded.

Data statistical analysis

Statistical comparisons were performed using Graphpad
Prism 8.0 software. A T-test was used to compare the differ-
ences between two groups, while ANOVA was performed
for comparisons among three or more groups. Quantitative
datasets were presented as means+standard deviation (SD).
A p values less than 0.05 (p<0.05) was considered statisti-
cally significant, with *p<0.05, **p<0.01, and ***p<0.001
indicating different levels of significance.

Results

Administration of taurolidine inhibited the
reproduction of influenza virus in vitro

The potential anti-influenza virus activity of taurolidine
was evaluated using an MDCK cell infection model. Tau-
rolidine efficiently inhibited IAV/HIN1 replication in
cultures exposed to different dose-ranges of the drugs for
24 h (Fig. 1A, left). The 50% effective concentration (ECs,
value) of taurolidine was determined to be 31.63 pg/mL
(Fig. 1B, left). Similarly, we found that taurolidine inhib-
ited IBV/S9-MD replication as well (Fig. 1A, right), with
an ECs, value of 22.73 pug/mL (Fig. 1B, right). To rule out
the possibility that the reduction in viral replication was an
indirect effect on host cell, MTT experiment was performed
to assess the cytotoxicity of taurolidine. The results showed
that taurolidine did not significantly reduce the viability of
MDCK cells (Fig. S1A) and A549 cells (Fig. S1B) at con-
centrations of 10, 25, 50 and 100 pg/mL. This suggests
that taurolidine mainly exerts its antiviral effect by directly
inhibiting the proliferation of influenza viruses. The antivi-
ral activity of taurolidine against influenza virus was fur-
ther confirmed using plaque reduction assays. As shown in
Fig. 1C, plaque formation in IAV/HIN1- and IBV/S9-MD-
infected cells was significantly reduced after treatment with
taurolidine.

To explore the potential antiviral effects of taurolidine,
oseltamivir (a common anti-influenza drug) was used as a
positive control in an indirect immunofluorescence assay.
As anticipated, oseltamivir significantly inhibited the propa-
gation of the IAV/HINT1 strain. In DMEM-treated cells, 38%
of MDCK cell nuclei were virus NP-positive for the virus,
whereas taurolidine treatment significantly reduced the per-
centage of NP-positive cells to 9.8% (Fig. 1D). Comparable
results were observed for the IAV/HINI and IBV/S9-MD
strain (Fig. 1E). The hemagglutination (HA) test further
showed that taurolidine exhibited strong antiviral activity
(Fig. SIC, D). In addition, the protein expression level of
virus NP was significantly decreased after taurolidine treat-
ment in both IAV/H1N1-infected and IBV/S9-MD-infected
cells (Fig. 1F).

To clarify the active stage of taurolidine against the
influenza virus, we treated A549 cells using three differ-
ent infection protocols, including pre-treatment, co-treat-
ment and post-treatment (Fig. S1E). It was observed that
post-treatment with taurolidine exhibited high inhibition
rates in [AV/HINI-infected (Fig. 2A), IAV/H3N2-infected
(Fig. 2B), and IBV/S9-MD-infected cells (Fig. 2C), indicat-
ing that taurolidine inhibits later stages of influenza virus
infection. To further assess the antiviral potential of tauro-
lidine, different influenza virus subtypes (IAV/HIN1-PRS,
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{ Fig. 1 Taurolidine inhibits the reproduction of influenza virus in vitro.
(A) Dose-response curve of taurolidine against viral titers in MDCK
cells infected with IAV/HIN1 and IBV/S9-MD. (B) The semi-loga-
rithmic fitting curve was plotted by converting the concentration of
taurolidine into a logarithmic scale and the virus titer into percent-
age, and the ECs, value was calculated from this curve. (C) Plaque
assay in MDCK cells infected with IAV/HIN1 and IBV/S9-MD. The
experiment was performed independently in triplicate with duplicate
plaque assays, and representative pictures are shown. (D) Immuno-
fluorescence against viral nucleoprotein (virus NP), the scale bar set to
10 um. A549 cells were infected with influenza virus at an MOI of 0.1,
followed by treatment with DMEM (solvent) and taurolidine (50 pg/
mL) for 24 h. OSTA (50 pg/mL) was used as a positive control. The
nucleus was stained with DAPI, and infected cells were detected by
nuclear staining for viral NP (scale bar 10 um). (E) The percentage of
virus NP-positive cells in Fig. 1D was calculated. (F) Western blot-
ting experimental results of virus NP in A549 cells infected with IAV/
HINTI and IBV/S9-MD, using B-actin as a loading control

IAV/HINI1-UI182, TAV/H3N2 and IBV/S9-MD strains)
were chosen to infect A549 (Fig. 2D, E, F, G) and MDCK
cells (Fig. 2H, 1, J, K), respectively. Considering the virus
neuraminidase (NA) activity is required for the release of
virions, we subsequently examined the NA activity. The
results found that taurolidine inhibited the NA activity in a
dose-dependent manner (Fig. 2L, M, N, O), which indicat-
ing that taurolidine had an inhibitory effect on later stages
of influenza virus. These results indicate that taurolidine
showed significant inhibitory activity against various sub-
types of the influenza virus.

Taurolidine improves the survival rate after
influenza virus infection

The therapeutic effect of taurolidine was further evaluated
in mouse models due to its obvious anti-influenza activity
observed in vitro. We found that taurolidine treatment alle-
viated weight loss in mice infected with influenza viruses,
including IAV/HIN1 (Fig. 3A), IAV/H3N2 (Fig. 3B), and
IBV/S9-MD (Fig. 3C). Compared to virus-infected mice,
taurolidine treatment significantly improved the overall sur-
vival of mice in the drug-treatment groups, with protection
rate of 66.67% for IAV/HIN1 (Fig. 3D), 42.86% for IAV/
H3N2 (Fig. 3E), and 66.67% for IBV/S9-MD (Fig. 3F).
Subsequently, we examined the viral loads in the lung tis-
sues of mice at 3 dpi and 5 dpi, and found that viral loads
were significantly reduced in the taurolidine-treated groups
(Fig. 3G, H, I). Furthermore, western blot results confirmed
that taurolidine significantly inhibited the replication of
influenza viruses in the mice lung tissues (Fig. 3J, K, L).
By observing the lung morphology, we found that both IAV/
HIN1 and IBV/S9-MD infection caused extensive bleeding
(black arrow) in the lung tissue of mice, while taurolidine
significantly reversed these results (Fig. 4A). The lung
index of mice infected with IAV/HIN1 (Fig. 4B) and IBV/
S9-MD (Fig. 4C) also decreased after taurolidine treatment.

To investigate the effect of taurolidine on lung pathology
caused by influenza virus infection, lung tissues were ran-
domly collected from mice in each group at 5 dpi for H&E
and IHC assays. The H&E assay showed that influenza virus
infection caused cell necrosis (red arrow) and inflamma-
tory cell infiltration (blue arrow), but these effects were
inhibited by the administration of taurolidine (Fig. 4D).
Furthermore, the pathological score confirmed that tauro-
lidine treatment improved overall lung pathology in mice
infected with influenza virus (Fig. 4E, F). In addition, we
found that taurolidine administration significantly inhibited
the expression of virus NP in lung tissues (Fig. 4G), and
reduced the number of NP-positive cells in the lung tissues
of mice infected with IAV/HINI1 (Fig. 4H) and IBV/S9-MD
(Fig. 41). Moreover, we observed that taurolidine treatment
significantly increased the number of white blood cells (Fig.
S2A, B), reduced the number of red blood cells (Fig. S2C),
and reduced the number of the number of platelets in mice
infected with IAV/HIN1 (Fig. S2D). Similar results were
observed in mice infected with IBV/S9-MD (Fig. S3). These
results indicated that taurolidine treatment effectively miti-
gates the pathological damage caused by influenza viruses
and improves the survival rate of infected mice.

Effects of taurolidine on immune cell and cytokine
storm induced by influenza virus infection

We previously demonstrated that taurolidine treatment
improved inflammatory cell infiltration caused by influenza
virus infection in the lung tissues of infected mice. To further
analyze the effects of taurolidine on immune cells in influ-
enza virus-infected mice, peripheral blood was collected
from mice in each group at 5 dpi for flow cytometry anal-
ysis. The results showed that influenza (IAV/HIN1) virus
infection led to a reduction in the ratio of CD4" T cells (Fig.
S4A) and CDS8" T cells (Fig. 5A), and the administration of
taurolidine reversed this effect (Fig. 5B; Fig. S4B). Interest-
ingly, we observed a reduction in CD8" T cells (Fig. 5C)
but no significant changes in CD4" T cells in IBV/S9-MD-
infected mice (Fig. S4C, D). Importantly, taurolidine treat-
ment also improved the CD8" T cells reduction caused by
IBV/S9-MD infection (Fig. 5SD). In addition, we found that
influenza (IAV/HIN1) virus infection increased the ratio
of neutrophils, macrophages, natural killer (NK) cells, and
dendritic cells (Fig. SE). However, the results of quantita-
tive analysis showed that taurolidine treatment significantly
reduced the number of neutrophils (Fig. 5F), macrophages
(Fig. 5G), NK cells (Fig. 5H), and dendritic cells (Fig. 5I).
These findings suggest that taurolidine treatment reduces
the ratio of immune cell caused by influenza virus infection.

Inflammatory cytokines are markedly elevated after influ-
enza virus infection, and the cytokine storm is considered
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Fig. 2 Taurolidine antiviral activity is not specific to virus subtypes
or cell lines. (A-C) The inhibitory rates of taurolidine against influ-
enza viruses with different infection protocols were evaluated in A549
cells, including IAV/HIN1, IAV/H3N2, and IBV/S9-MD. (D-G) After
infecting A549 cells with influenza viruses (IAV/HIN1-PRS, 1AV/
HINI1-UI182, TAV/H3N2, and IBV/S9-MD) at an MOI of 0.1, the
cells were treated with DMEM and taurolidine (50 pg/mL) for 24 h.
Oseltamivir (OSTA, 50 pg/mL) was used as a positive control, and

the main cause of mortality. To investigate the effect of
taurolidine on the inflammatory response induced by influ-
enza (IAV/HINI1) virus infection, we collected the serum
from each group of mice for ELISA detection. The results
showed that taurolidine reduced the concentration of key
inflammatory cytokines in the serum, such as IL-6 (Fig. 5J),
IFN-y (Fig. 5K), TNF-a (Fig. 5L), and IL-1B (Fig. SM).
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the virus titer was determined in MDCK cells. (H-K) After infecting
MDCK cells with influenza viruses (IAV/HIN1-PRS, IAV/HINI-
UI182, IAV/H3N2, and IBV/S9-MD) at an MOI of 0.1, the cells were
treated with DMEM and taurolidine (50 ng/mL) for 24 h. Oseltamivir
(OSTA, 50 pg/mL) was used as a positive control, and the virus titer
was determined in MDCK cells. (L-O) The NA activity was detected
in A549 cells infected with influenza virus

In addition, we observed that influenza (IAV/HIN1) virus
infection leads to up-regulation of cytokine mRNA expres-
sion in the lungs of infected mice. Taurolidine treatment
significantly reduced the mRNA expression of cytokines
and chemokines, including CCL2, CCL3, CCL5, CXCL10,
CXCLI11, and IFN-a, IFN-y, as well as IL-6, IL-10, IL-1p,
and TNF-a (Fig. S5). These findings suggest that taurolidine
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Fig. 3 The antiviral effect of taurolidine against influenza viruses
in mouse model. (A-C) Body weight changes in the control group
(Control, gray), virus group (Virus, black), taurolidine treatment
group (Virus+taurolidine, purple), and oseltamivir treatment group
(Virus +oseltamivir, blue), including IAV/HINT1, IAV/H3N2, and IBV/

reduces the expression of cytokines and chemokines in
mouse lungs following influenza virus infection.

Taurolidine alleviates vascular pathology in mice
infected with influenza virus

As a fast-track mechanism for immune regulation, blood
vessels regulate the transportation and transfer of immune
cells during influenza virus infection. In this study, we
sought to investigate the effects of taurolidine treatment on
blood pressure in mice infected with the influenza virus. The
results showed that systolic blood pressure (SBP), diastolic

S9-MD. (D-F). Survival rate of infected mice treated or untreated with
taurolidine. (G-I) Virus titer in mouse lung tissues at 3- and 5-day post
infection (dpi). (J-L) The protein expression level of influenza virus
NP in the lung tissues of mice at 5 dpi was analyzed by Western blot,
using B-actin as a loading control

blood pressure (DBP), and mean arterial pressure (MAP)
were significantly increased in mice infected with influ-
enza virus, while taurolidine treatment led to a decrease in
these values (Fig. 6A, B, C). Two-dimensional ultrasound
results showed that influenza virus infection caused thick-
ening of the pulmonary aortic wall in IAV/HIN1-infected
mice, an effect that was alleviated by taurolidine treatment
(Fig. 6D). Compared to the control group, the pluse wave
velocity (PWV) of the pulmonary aorta in IAV/HINI-
infected mice was increased at 5 dpi (3.88+0.38 mm/s vs.
2.02+0.18 mm/s), but this was mitigated following tauro-
lidine treatment (2.86+0.28 mm/s vs. 3.88+0.38 mm/s,
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Fig. 4 Taurolidine alleviates the pathogenic effect of influenza virus
infection. (A) Morphological observation of mice at 5 dpi with IAV/
HINI and IVV/S9-MD, with bleeding regions indicated by black
arrows. (B, C) The effect of taurolidine on the lung index of mice was
measured at 5 dpi following IAV/HINI1 and IBV/S9-MD infection.
(D) Hematoxylin-eosin staining of lung tissues from mice in each
group, with representative images shown here. The scale bar is 50 pm.

Fig. 6E). Moreover, the pulmonary aorta in IAV/HINI1-
infected mice exhibited greater thickness and a smaller
diameter compared to controls, with these differences
being reversed following taurolidine treatment (Fig. 6F, G).
Changes in the thickness of the pulmonary aorta were also
confirmed by H&E staining (Fig. 6H), and similar results
were found in mice infected with IBV/S9-MD (Fig. S6).
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Green arrows indicate massive lymphocyte infiltration, and red arrows
indicate cell debris. (E, F) Lung pathology score at 5 dpi. The pathol-
ogy scores are summarized according to (one point for each of hemor-
rhage, alveolar wall thickening, inflammation, and cell necrosis), with
n=3. (G) Immunohistochemical analysis of virus NP expression in
lung tissues after influenza virus infection. (H, I) Quantification of the
number of NP-positive cells

Taurolidine inhibits vasoconstriction pathways and
intracellular calcium elevation induced by influenza
virus infection

We previously shown that taurolidine mitigated vascular
changes in the pulmonary artery blood vessels induced by
influenza virus infection in mice. To further investigate
the effect of taurolidine on the pulmonary artery induced
by influenza virus infection, we collected lung tissues from
each group of mice to perform transcriptome analysis. The
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Fig. 5 Effects of taurolidine on immune cell and cytokine storm
induced by influenza virus infection. (A) CD8" T cell amount changes
in IAV/HIN1-infected mice. (B) Quantification of CD8"* T cells seen
in Fig. 5A. (C) CD8" T cell amount changes in IBV/S9-MD-infected
mice. (D) Quantification of CD8" T cells seen in Fig. 5C. (E) The
immune cells change in IAV/HINI-infected mice, including neutro-

results showed that the vascular smooth muscle contraction
signaling pathway was significantly enriched after infec-
tion with influenza viruses IAV/HINI (Fig. 7A) and IBV/
S9-MD (Fig. 7B). Subsequently, the expressions of some
genes in the vascular smooth muscle contraction signaling
pathway were detected. Taurolidine treatment rescued the
down-regulation of PKC, ADERS5, MYLK3, PPPIC and

phil, macrophage, NK cell, and dendritic cell. (F) Quantification of
neutrophil seen in Fig. 5E. (G) Quantification of macrophage seen in
Fig. 5E. (G) Quantification of NK cell seen in Fig. SE. (G) Quantifica-
tion of dendritic cell seen in Fig. SE. (J-M) Levels of proinflammatory
cytokines were analyzed in serum of IAV/H1N1-infected mice at 5 dpi
by ELISA

MLC] expression in lung tissues of mice infected with [AV/
HINI1 (Fig. 7C) and IBV/S9-MD (Fig. 7D).

Generally, the contraction and relaxation of vascular
smooth muscle mainly depend on the state of membrane light
chain (MLC) phosphorylation, which is regulated by Ca*"/
calmodulin complex, as well as by MLC kinase and MLC
phosphatase [23, 24]. Thus, we examined the concentration
of Ca*" in VSMCs after influenza virus infection. We found
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Fig. 6 Taurolidine alleviates vascular pathology in mice infected with
influenza virus. The blood pressure of IAV/HIN1-infected mice were
measured, including (A) systolic blood pressure, (B) diastolic blood
pressure and (C) mean arterial pressure. (D) Ultrasound assay was
used to measure the pulmonary aorta of IAV/H1N1-infected mice at
5 dpi, and the representative ultrasonography images of the pulmo-
nary aorta are shown. (E) Pulse wave velocity of the pulmonary aortic

@ Springer

measured by ultrasound. (F) Thickening of the pulmonary aortic wall
measured by ultrasound. (G) The pulmonary aortic diameter of the
pulmonary aortic wall measured. (H) Representative cross-sections of
pulmonary aortic tissues stained with H&E, and Immunohistochemi-
cal analysis of virus NP expression intensity in the pulmonary aortic of
IAV/H1N1-infected mice
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Fig. 7 Taurolidine inhibits vasoconstriction pathways activated by
influenza virus infection. (A, B) KEGG pathway enrichment analy-
sis of differentially expressed transcripts (DETs) comparing the virus

that both IAV/HIN1 and IBV/S9-MD infection increased
in intracellular Ca®>" concentration, which was subsequently
attenuated by taurolidine treatment in a time-dependent
manner (Fig. 8A, B). By comparing the intracellular Ca®"
signaling intensity, we also found that taurolidine treatment
reduced Ca®" concentration in a dose-dependent manner
after IAV/HINI infection (Fig. 8C, D. E, F). In addition,
taurolidine-treated significantly decreased the phosphory-
lated expression level of MLC (p-MLC) and increased the
protein expression level of MLC in a dose-dependent man-
ner in VSMCs infected with IAV/HIN1 (Fig. 8G) or IBV/
S9-MD (Fig. 8H), which was not observed after oseltamivir
treatment (Fig. S7A, B). The collagen gel-based contraction
assay also found that taurolidine treatment increased the
initial area of IAV/H1N1-infected VSMCs compared to the
untreated group (Fig. S8A, B), suggesting that taurolidine
controls vascular smooth muscle contraction after influenza
virus infection.
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and virus +taurolidine groups. (C, D) The mRNA expression levels of
genes related to vascular smooth muscle contraction signaling

Taurolidine attenuates the activation of MLCK/p-
MLC pathway induced by influenza virus infection

We previously shown that the phosphorylated expression
level of MLC (p-MLC) was down-regulated and the pro-
tein expression level of MLC was up-regulated in VSMCs
after infection with influenza (IAV/HIN1) virus (Fig. 8G),
while it was attenuated by taurolidine treatment in a dose-
dependent manner (Fig. S9). To investigate taurolidine
regulation in vasoconstriction signaling pathway induced
by influenza virus infection, western blot was performed.
The results showed that influenza (IAV/HIN1) virus infec-
tion up-regulated the protein expression levels of AT1IR
(Fig. 9A), CaM (Fig. 9B), and MLCK (Fig. 9C), but this
was reversed by taurolidine treatment in a dose-dependent
manner. Considering the stability of the in vitro environ-
ment, we subsequently focused on in vivo experiments.
In immunohistochemical (IHC) staining of the pulmonary
aorta of mice infected with influenza virus, significant up-
regulation of p-MLC was observed in the pulmonary aorta
of TAV/H1N1-infected mice, and it was reversed by tauro-
lidine treatment (Fig. 9D). Similarly, IAV/HINI infection
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Fig. 8 Taurolidine inhibits intracellular calcium release by influenza
virus infection. (A, B) The intracellular Ca®>" concentration was mea-
sured after VSMCs cells were infected IAV/HIN1 and IBV/S9-MD,
respectively. (C) The Ca®" intensity in IAV/HINI-infected VSMCs
(with or without drug treatment) was measured. (D) Quantitative
analysis of the relative calcium intensity of each group as in C. (E)

also down-regulated the protein expression level of MLC
and up-regulated the protein expression level of ATIR,
CaM, and MLCK in the pulmonary aorta of IAV-infected
mice (Fig. 9E), all of which were reversed by taurolidine
treatment.

Discussion

The continuous replication, recombination and mutation
of influenza virus have presented significant challenges
for the prevention and treatment of influenza diseases [25].
Current antiviral countermeasures primarily consist of
preventive vaccines and therapeutic drugs. Despite partial
achievements have been obtained, but resistance to exist-
ing antiviral drugs has become a serious problem [26].
Thus, repurposed of old drugs is also a selection strategy
in combating the virus due to their low-toxicity and high-
efficiency in clinical application. In this study, we found
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Taurolidine (pg/mL)

The Ca®" signaling in IAV/HIN l-infected VSMCs (with or without
drug treatment) was measured. (F) Quantitative analysis of the relative
calcium intensity of each group as in E. (G) Western blotting results
of p-MLC and MLC in VSMCs after IAV/HINI1 infection. (H) West-
ern blotting results of p-MLC and MLC in VSMCs after IBV/S9-MD
infection

that the clinically licensed antibacterial drug taurolidine
significantly inhibited the replication of influenza viruses in
vitro and improved the survival rate of lethal influenza virus
infection in mouse models by suppressing cytokine storms
and regulating vasoconstriction.

As a derivative of taurine, taurolidine has been proved
to be an effective antibacterial agent and used to therapy
peritonitis in some countries. Previous studies have shown
that it inhibits the synthesis of IL and TNF in human periph-
eral blood mononuclear cells [18], which indicates that
taurolidine is likely to play important roles in IL- and TNF-
induced related diseases. Indeed, the application of tauro-
lidine tends to prevent the development of lung metastases
[27]. In our study, we found that taurolidine significantly
improved the lung damage caused by influenza virus infec-
tion in mice. Moreover, the drug treatment significantly
reduced the number of neutrophils after influenza virus
infection. However, the detailed mechanism behind this
requires further studied in future.
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Fig. 9 The effects of taurolidine on the MLCK/p-MLC pathway
induced by influenza virus infection. Western blotting was used to
determine protein levels of (A) ATIR, (B) CaM and (C) MLCK in
IAV/HINI-infected VSMCs post-treated with taurolidine (10, 25,

The clinical outcome after virus infection depended
largely on the balance between virus replication and host
defense response [28]. The ability of the virus to evade the
host’s immune response is critical to its pathogenicity [29].
Overexpression of inflammatory factors in the host after
influenza virus infection will lead to death, and this effect
can be improved by inhibition of cytokine regulating inflam-
mation molecular information [30]. Additionally, cytokines

50 pg/mL) for 24 h. (D) Immunohistochemical staining was used to
detect protein levels of p-MLC, MLC, AT1R, CaM and MLCK in pul-
monary aorta tissues. (E) Quantification of the number of positive cells
for p-MLC, MLC, AT1R, CaM, and MLCK

play important roles in activating immune cells, regulating
immune responses, and promoting virus clearance, which
suggest that their dynamic balance usually determines the
process of host infection [31]. The imbalance of cytokine
effect and immune cells recruitment could be used as poor
prognostic indicators during highly pathogenic influenza
virus infection [32]. Early induction of cytokines (IFN-a,
IL-1B, IL-2, IL-6, and TNF-a) and chemokines (CCL2,
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CCL3, CXCL2, and CXCL10) are related to the symptom’s
formation in human [33, 34]. TNF-a, IL-1, and IL-6 have
multifunctional activities and are related to the morbidity
after influenza virus infection [35]. In this study, we found
that the protein levels of the cytokines (TNF-a, IL-6, and
IL-10) in the serum were reduced after influenza virus infec-
tion. Additionally, chemokines play a crucial role in recruit-
ing innate immune cells to lung tissues, releasing more
cytokines, further exacerbating the cytokine storm [36].
Importantly, we demonstrate that taurolidine significantly
reduces the mortality of mice infected with human patho-
genic influenza virus strains by inhibiting cytokine produc-
tion. These findings suggest that taurolidine may exhibits
better chemotherapeutic properties in diseases where cyto-
kines are the primary pathological component.

The tension of blood vessels is regulated by vascular
smooth muscle signals. Previous studies have suggested
that influenza virus infection can lead to pulmonary artery
atherosclerosis [37]. Additionally, abnormal vascular
smooth muscle signaling often leads to pulmonary hyper-
tension [38], platelet aggregation [39], and atherosclerosis
[40], suggesting that this signaling plays a crucial role in the
anti-influenza virus response. Our results showed that tau-
rolidine can inhibit the contraction of vascular smooth and
improve the survival rate during infection with influenza
virus, highlighting the importance of this signaling pathway
in defending against influenza virus challenges. An interest-
ing question is whether vascular endothelial cells or smooth
muscle directly regulate the host immune response. Endo-
thelial cells are involved in anti-inflammatory response
[41], but further investigation is needed to determine how
taurolidine influences endothelial cytokine production.
Endothelial cells may regulate the production of cytokines
in the lung through complex crosstalk mechanisms with epi-
thelial cells or resident hematopoietic cells [42]. However,
the identification of endothelial cells as the central coordi-
nator of immune-mediated inflammation is of fundamental
significance and has broad implications for the treatment of
many diseases, such as influenza.

Furthermore, the etiology of several autoimmune diseases
is directly related to inflammation response [43]. Therefore,
it is important to understand the biological characteristics
of taurolidine in regulating cytokine storm and developing
appropriate chemical signaling transduction tools to identify
specific molecular targets. This not only provides insights
into the interaction between microorganisms and hosts, but
also reveals potential new avenues for effective immuno-
therapy across a range of diseases. We also revealed that
the administration of taurolidine reduced the release of Ca>"
after infection with the influenza virus. Since, vasoconstric-
tion is regulated by Ca*'concentration [44, 45]. This sug-
gested that taurolidine may have the potential to treat other

@ Springer

diseases that depending on Ca**-related signaling pathways.
Importantly, these findings indicate that taurolidine might
be a negative regulator of cytokine amplification and an
activator of vascular smooth muscle signaling, potentially
offering insights into how host genetic factors may influence
survival advantages or disadvantages.

Conclusions

In summary, we demonstrated the antiviral ability of tauro-
lidine. Our finding not only highlight the inhibitory effects
of taurolidine on inflammatory response but also suggested
its crucial role in vasoconstriction signaling. In addition, we
revealed the potential of taurolidine-mediated mouse mod-
els in the treatment of influenza virus infections. Therefore,
our study provides a theoretical basis for further research
into the antiviral mechanism of taurolidine, suggesting its
promising application for the prevention and treatment of
influenza virus infections.
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