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Jing-Yin-Gu-Biao formula
protects mice from postinfluenza
Staphylococcus aureus infection
by ameliorating acute lung injury
and improving hypercoagulable
state via inhibiting NETosis
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Background: Jing-Yin-Gu-Biao formula (JYGBF) is a Chinese medicine derived
from Yupingfeng power, Huoxiangzhengqi powder and Yingiao powder, and has
been widely used to treat acute respiratory infections. This study aims to observe
the effects of JYGBF against postinfluenza Staphylococcus aureus (S.
aureus) infection.

Purpose and study design: A mouse model of secondary S. aureus infection
following PR8 infection was established to evaluate the protective effects of
JYGBF against postinfluenza Staphylococcus aureus (S. aureus) infection and
related mechanisms were validated in vivo and in vitro.

Results: The administration of JYGBF significantly ameliorated acute lung injury
(ALI) and inhibited overactivated inflammatory response (MIP-2, IL-6, etc.) in mice
with postinfluenza S. aureus infection. Single cell RNA-sequencing (scRNA-seq)
data indicated that neutrophils had the highest cytokine score in lungs and JYGBF
inhibited neutrophil chemotaxis, reactive oxygen species (ROS) biosynthesis and
ERK1/2 cascades in neutrophils. Meanwhile, JYGBF inhibited the formation of
neutrophil extracellular traps (NETs) in lungs, which is characterized by the
production of ROS, peptidyl arginine deiminase 4 (PAD4), citrullinated histone
H3 (CitH3), myeloperoxidase (MPO), neutrophil elastase (NE), SI00A8/A9 and
MPO-CitH3 colocalization. Moreover, JYGBF decreased platelet counts and the
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expression of its activated markers (CD62P and allbB3) accompanied by the drop
of fibrinogen (FIB) and fibrin degradation product (FDP), accounting for alleviating
hypercoagulable state. JYGBF inhibited ERK1/2 phosphorylation in neutrophils and
in lungs of infected mice. Acacetin, a critical compound from JYGBF, inhibited NET
formation via downregulating ERK/ROS axis.

Conclusions: These results indicated that JYGBF inhibited NET formation and
overactivated inflammatory response by suppressing ERK/ROS axis in neutrophils,
thereby mitigating ALI and improving the hypercoagulable state during postinfluenza
S. aureus infection. JYGBF could be considered a potent therapeutic agent for the
prevention and treatment of postinfluenza bacterial infection.

Jing-Yin-Gu-Biao formula, postinfluenza Staphylococcus aureus infection, neutrophil

extracellular trap, platelet activation, ERK/ROS axis

1 Introduction

Influenza virus infection leads to nearly 3 to 5 million severe
cases and 290 to 650 thousand deaths worldwide annually (1).
Hospitalized patients of respiratory viral infections complicated
with bacterial pathogens are associated with severe disease and
higher mortality (2). Up to 95% and 50% of severe or fatal cases
were complicated by bacterial infections during the 1918 and 2009
influenza pandemics, respectively (3-6). A meta-analysis containing
nearly 50,000 hospitalized flu patients showed that coinfection with
bacteria in flu patients is the deadliest risk factor for mortality,
which can increase the risk of death by 3.4 times in patients with
influenza (7). Streptococcus pneumonia and Staphylococcus aureus
(S. aureus) are the most common pathogens, which account for
30.7% and 30.4% of bacterial infections in flu patients (7). Patients
coinfected with influenza virus and S. aureus progress rapidly to
death with up to 41% fatality rate and have become an intractable
clinical problem (8). Antiviral drugs, antibiotics and corticosteroids
are primary strategies for the treatment of bacterial coinfection in
influenza. However, antibiotic treatment could release bacterial
components causing inflammatory responses. Corticosteroid
treatment could prolong hospitalization days in the ICU or even
increase mortality in patients with flu-associated pneumonia (9).
The effects of all antiviral drugs on mortality in severe influenza
remain uncertain unless they are taken at the early stage (10). It’s

Abbreviations: JYGBF, Jing-Yin-Gu-Biao formula; S. aureus, Staphylococcus
aureus; NET, neutrophil extracellular trap; IAV, influenza A virus; DIC,
disseminated intravascular coagulation; ALIL acute lung injury; scRNA-seq,
single cell RNA sequencing; PAD4, peptidyl arginine deiminase 4; MPO,
myeloperoxidase; OSV, oseltamivir; ARDS, acute respiratory distress syndrome;
ROS, reactive oxygen species; PR8, A/Puerto Rico/8/1934 (HIN1); NAI,
neuraminidase inhibitor; PMA, phorbol 12-myristate 13-acetate; KEGG, Kyoto
Encyclopedia of Genes and Genomes; GO, Gene Ontology; GSVA, Gene set

variation analysis.
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crucial to develop more efficient strategies for the treatment of
bacterial infections in influenza.

Coinfection of influenza virus and bacteria could contribute
to more severe immune responses and immunopathological damage
(11, 12). Different microbial components could be sensed by different
pattern recognition receptors, which lead to more hyper-activated
signaling pathways and excessive immune responses (13).
Neutrophils, one of the most abundant circulating leukocytes, play a
pivotal role in combating invading pathogens. However, neutrophils
are one of the major drivers of overactivated inflammatory response
(12). Activated neutrophils secret high levels of chemokines recruiting
more inflammatory cells into infected organs (14). Influenza virus or
bacterial infection could activate ERK MAPK signaling pathway and
lead to the production of reactive oxygen species (ROS). Peptidyl
arginine deiminase 4 (PAD4) and myeloperoxidase (MPO) are
subsequently stimulated by ROS, and contribute to chromatin
decondensation, leading to the formation of neutrophil extracellular
traps (NETs). This process refers to NETosis. In summary, pathogenic
stimuli could activate ERK/ROS axis and contribute to the formation of
NETs (15). Activated neutrophils and the formation of NETs can
contribute to lung tissue damage, platelet activation and
immunothrombosis by releasing high levels of SI00A8/A9, histones
and neutrophil elastase (NE) in acute respiratory infection (16, 17).
Disseminated intravascular coagulation (DIC) is a severe syndrome
characterized by extensive intravascular coagulation and can lead to
organ dysfunction. Clinical studies indicated that the formation of
NETs is associated with the occurrence of DIC and mortality in septic
patients (18). Therefore, effective strategies are urgently needed to
inhibit the overactivated neutrophils and the formation of NETs to
prevent tissue damage and severe coagulopathy.

Some Chinese medicine exhibits antiviral, antibacterial and anti-
inflammatory effects (19-21). They have been extensively
recommended for the treatment of acute respiratory infections such
as influenza and COVID-19 in China, and they could shorten the
period of symptom recovery and improve the prognosis of the disease
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(22). Recently, some Chinese medicine such as Liu Shen Wan and
Lianhuagingwen capsules have been found to exert protective effects
against postinfluenza S. aureus infection by preventing S. aureus
adherence to epithelial cells (21, 23).

JYGBF, a famous Chinese formula, has been approved by the
Shanghai Municipal Drug Administration for the treatment of
COVID-19 (No. Z20220008000), and has been widely used to treat
acute respiratory infection. Studies have found that JYGBF treatment
could shorten the negative conversion time and hospital length of stay
in patients with COVID-19 (24, 25). JYGBF is composed of 9 herbs
including Lonicera japonica Thunb. (Jinyinhua), Nepeta cataria L.
(Jingjie), Astragalus propinquus Schischkin (Huangqi), Saposhnikovia
divaricate (Fangfeng), Agastache rugosa (Huoxiang), Isatis indigotica
(Banlangen), Platycodon Grandiflorum (Jiegeng), Phragmitis rhizoma
(Lugen) and Glycyrrhiza glabra L. (Gancao). Lonicera japonica,
Astragalus propinquus Schischkin and Isatis indigotica possess
antiviral activity and exert inhibitory effects on virus-induced
inflammatory response (24, 26, 27). Multiple components derived
from Agastache rugosa, Isatis indigotica, and Platycodon Grandiflorum
could ameliorate influenza virus-induced pneumonia in vivo (28-30).
According to the fundamentals of traditional Chinese medicine,
postinfluenza bacterial infection refers to being invaded by
pathogenic factors such as wind, pathogenic heat, toxic pathogens,
etc. From the theory of TCM, JYGBEF is supposed to not only clear
heat and remove toxins, but reinforce healthy qi to eliminate
pathogenic factors. JYGBF might be a promising drug candidate for
the prevention and treatment of postinfluenza bacterial infection.
However, whether JYGBF could play a protective role against
postinfluenza S. aureus infection remains unknown.

In this study, data showed that JYGBF could protect mice from
postinfluenza S. aureus infection by alleviating acute lung injury
(ALI) and improving the hypercoagulable state. Furthermore, the
therapeutic roles of JYGBF were realized through inhibiting
neutrophil chemotaxis, neutrophil-mediated immune response,
the formation of NETs and neutrophil-platelet interactions via
inhibiting ERK/ROS axis. Acacetin, one of the active components
of JYGBF, was shown to inhibit NETosis by decreasing the
activation of ERK/ROS axis. Our study suggested that JYGBF
exerted protective effects on postinfluenza S. aureus infection,
which was associated with the inhibition of the chemotaxis of
neutrophil and NETosis by suppressing ERK/ROS axis.

2 Materials and methods
2.1 Formula and reagents

The JYGBF formula is composed of 9 herbs: Lonicera japonica 9 g,
Nepeta cataria 9 g, Astragalus propinquus Schischkin 12 g,
Saposhnikovia divaricate 9 g, Agastache rugosa 9 g, Isatis indigotica
9 g, Platycodon Grandiflorum 6 g, Phragmitis rhizoma 15 g, Glycyrrhiza
glabra 9 g. A total of 87 g raw herbs were processed as granules and
packaged into 2 sachets (10 g granules per sachet). The recommended
oral dose of JYGBF is 20 g granules per day. For animal experiments,
the clinical dose is chosen to be the low dose in this study. The low dose
of JYGBF = 20 g/day x 12/60 kg = 4 g/kg/day (The clinical dosage of
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JYGBF for an adult is 20 g/person/day, the equivalent dose ratio of
mouse to human is 12, and the average weight of an adult is supposed
to 60 kg). The granules were provided by Shanghai Wanshicheng
Pharmaceutical Co. The main components of JYGBF were detected by
an ultra-high performance liquid chromatography-quadrupole/
Orbitrap high-resolution mass spectrometry (UHPLC-Q-Orbitrap
HRMS) in the previous study (31).

JYGBF-containing sera and control sera were prepared as
follows. SD rats were orally gavaged with JYGBF (8 g/kg) or the
same volume of water once a day for 7 consecutive days. One hour
after the last intragastric administration, the rats were culled, and
the blood samples were collected. The sera were obtained as
previously described (32).

2.2 Mice

Specific pathogen-free (SPF) C57BL/6] mice (female, 6-8 weeks
old) were obtained from Hunan SJA Laboratory Animal Co. Ltd
(Hunan, China) and were kept in a pathogen-free environment with
free access to standard food and water. All mice received adaptive
feeding for a week and were kept in the facility with controlled
humidity (60-80%), temperature (22 + 1°C) and a 12 h light/dark
cycle. All in vivo experiments were approved by the Ethics
Committee of Guangzhou Medical University (No. 20230543B).

2.3 Viruses and bacterial strain

The influenza A/Puerto Rico/8/1934 (HIN1) virus strain (PR8)
was kindly provided by Robert G. Webster from St. Jude Children’s
Research Hospital. The viruses were reproduced and stored as
previously described (32).

Staphylococcus aureus (S. aureus) (ATCC 29213) was purchased
from ATCC and employed to establish a secondary infection model in
this study. S. aureus was recovered and incubated on agar plates at 37°C
for 18 h. The bacteria were cultured in Luria-Bertani (1% Tryptone,
0.5% Yeast Extract, 1% NaCl) broth for 12 h with horizontal shaking at
250 rpm and 37°C subsequently. The concentration of bacteria was
diluted to 1 x 10° CFU/50 uL with sterile phosphate-buffered saline
(PBS) for the infective experiments in mice.

2.4 Animal experiments

Mice were randomly divided into 6 groups including PBS group,
postinfluenza S. aureus infection group (PR8 + S. aureus), oseltamivir
treatment group (PR8 + S. aureus + OSV, 30 mg/kg), low dose of
JYGBF treatment group [PR8 + S. aureus + JYGBF (L), 4 g/kg], high
dose of JYGBF treatment group [PR8 + S. aureus + JYGBF (H), 8 g/kg],
the combination of oseltamivir and JYGBF treatment group [PR8 +
S. aureus + OSV (30 mg/kg) + JYGBF (4 g/kg)]. After being
anesthetized with isoflurane, mice were challenged with 0.25 LDs,
PR8 in the infected group or inhaled with 50 uL PBS in control group
on day 0. After being infected with 0.25 LDs, PR8 for 5 days, infected
mice were inhaled with S. aureus (1 x 10° CFU/50 uL) sequentially. For
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survival experiments, all of the infected mice were administered with
JYGBF (8 g/kg and 4 g/kg), OSV (30 mg/kg) or OSV (30 mg/kg) +
JYGBEF (4 g/kg) once daily for 8 consecutive days. The body weight and
clinical symptoms (piloerection, hunchbacked posture, dyspnea,
reduced activity and half-closed eyes) were monitored daily for 19
consecutive days. The survival rate was calculated. For other
experiments, all of the infected mice were administered with JYGBF
(8 g/kg and 4 g/kg), OSV (30 mg/kg) or OSV (30 mg/kg) + JYGBF (4 g/
kg) once daily for 6 or 7 days. At 6 or 7 days post infection (dpi), lung
tissues were collected and weighed for calculating lung indexes [lung
index = (lung weight/body weight) x 100%]. Subsequently, lung tissues
were used for further analysis including single cell RNA-sequencing
(scRNA-seq), Flow cytometric analysis, pathological observation and
immunofluorescence, etc. The lung tissues were homogenized and the
supernatants of lung homogenates were used to detect the total protein
content by BCA protein assay kits (Pierce, Rockford, IL).

2.5 Lung collection and dissociation for
scRNA-seq

Five lung samples were randomly selected from each group
including PBS group, PR8 + S. aureus group, PR8 + S. aureus + OSV
group, PR8 + S. aureus + JYGBF (4 g/kg) group, PR8 + S. aureus +
OSV + JYGBF group. Single-cell suspensions were prepared using
enzymatic and mechanical dissociation. The 10x Genomics
platform was utilized to capture cells and synthesize cDNA.
ScRNA-seq was carried out on a NovaSeq 6000 platform.

2.6 ScCRNA-seq data processing

ScRNA-seq data were aligned to the reference genome and gene
counts were quantified by Cell Ranger software (v7.0.1) to obtain the
UMI matrix, which was further loaded into R (v4.2.2) as Seurat
objects and processed with the Seurat package (v4.3.2). Cells with less
than 200 genes, more than 5000 genes or a high percentage (> 25%)
of UMIs mapped to mitochondrial genes were excluded. Seurat’s
SCTransform was used to normalize and scale each sample. The
batch effect between different samples was removed using harmony,
which was used for further analysis and visualization. Principal
component analysis (PCA) was then run on the top 2000 highly
variable genes and the top 30 principal components (PCs) were used
for cluster analysis. Cell types were annotated using the SingleR
package (v1.2.4) and then checked manually.

2.7 ScCRNA-seq analysis

The cell proportions of different groups and cytokine score were
analyzed as previously mentioned (19). The cytokine list was shown
in Supplementary Table 1. The FindAllMarkers function in Seurat
was used to identify differentially expressed genes (DEGs) with
default parameters. Marker genes were defined as those with
adjusted p values less than 0.05 and |fold change| larger than 1.2.
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Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) was performed with clusterProfiler v3.18.0. Terms
were enriched with the nominal p value < 0.05 and false discovery
rate (q value) < 0.05. Gene set variation analysis (GSVA) was
performed to identify significantly enriched genes in each
transcriptional dataset, using R package GSVA (version 1.46.0)
(https://www.gsea-msigdb.org/gsea/index.jsp) on the Reactome
gene set with default parameters, respectively.

2.8 Histological analysis

The lung tissues were collected and fixed in 4%
paraformaldehyde immediately. After being embedded in paraffin,
the lung tissues were sliced into 5 pm thickness sections and stained
with hematoxylin and eosin (H&E) reagents. The images were
captured with an Axio Imager M2 optical microscope. The
histological scores were analyzed as previously described (19).

2.9 Immunofluorescence assay

Antibodies were purchased from Abcam (anti-MPO, cat#
ab208670; anti-CitH3, cat# ab219407; anti-CD41, cat# ab134131;
anti-Ly6G, cat# ab238132) and Record Biological Technology Co.
Ltd (DAPI, cat# RCO5; goat anti-rabbit secondary antibody, cat#
RCAO054; goat anti-rat secondary antibody, cat# RCE054). The
frozen lung sections were blocked in 5% BSA and stained with
primary antibodies overnight at 4°C, followed by incubation with
secondary antibodies. Finally, the images were obtained with a
multi-channel fluorescence scanner (3D Histech, Panoramic Midi).

For in vitro experiments, phorbol 12-myristate 13-acetate
(PMA)-stimulated neutrophils with or without acacetin were
fixed in 4% paraformaldehyde. Subsequently, the neutrophils were
permeabilized by immunostaining permeabilization buffer (cat#
P0096, Beyotime) for 10 min, which were then blocked with 5%
BSA containing with 0.02% Triton X-100 at room temperature for
30 min. After that, neutrophils were stained with anti-CitH3 (cat#
EM30605, HUABIO) overnight at 4°C, followed by incubation with
secondary antibodies (cat# 8890S, CST, USA). The nuclei were
stained with antifade mounting medium containing DAPI (cat#
P0131, Beyotime) for another 10 min. Finally, the images were
obtained with a confocal laser scanning microscope (LSM 900,
ZEISS) and analyzed by ZEN (version 2012).

2.10 Reverse transcription and quantitative
real-time PCR

The TRIzol reagents were used to extract the total RNA from the
lung tissues. The RNA samples were reversely transcribed into cDNA
using PrimeScriptTM RT Master Mix (Takara, Dalian, China) and
cDNA amplification was performed using SYBR Premix Ex Taq kit
(Takara, Dalian, China). The 22" method was used to analyze data.
The sequences of primers are shown in Supplementary Table 2.
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2.11 Flow cytometry

Lung tissues were minced in PBS containing collagenase and
DNase I, and digested by gentle MACS Octo with Heaters (Miltenyi
Biotec, Germany) to obtain lung single-cell suspensions. Lysed by
red blood cell lysis buffer (cat# 555899, BD, USA), the single-cell
samples were stained with Zombie (cat# 423101, BioLegend, San
Diego, CA, USA) and a mixture of anti-mouse CD45 antibody (cat#
103108, BioLegend, San Diego, CA, USA), anti-mouse CD3
antibody (cat# 100216, BioLegend, San Diego, CA, USA), anti-
mouse Ly6G antibody (cat# 127641, BioLegend, San Diego, CA,
USA), anti-mouse Ly6C antibody (cat# 128032, BioLegend, San
Diego, CA, USA) and anti-mouse F4/80 antibody (cat# 123114,
BioLegend, San Diego, CA, USA), sequentially.

2.12 Detection of coagulation indexes and
platelet markers

Blood samples were obtained from the abdominal aorta of mice on
the 7 day after infection. The sera were used to detect fibrinogen (FIB,
cat# 10501185900, Mindray) and fibrin degradation product (FDP,
cat# Y231220, Mindray) by automated coagulation analyzer (C3100,
Mindray). Platelet-rich plasma (PRP) was incubated with or without
thrombin (0.1 U/mL) for 30 min and then was incubated with P-
selectin (CD62P) and olIbP3 integrin (cat# D200, Emfret, Germany) at
room temperature for 30 min. Finally, the expression of CD62P and
olIbB3 was measured by Flow cytometry.

2.13 Neutrophil isolation

CD11b"Ly6G" neutrophils were negatively isolated from mouse
bone marrow using a neutrophil separation kit (cat# 70907-100,
BEAVER, Suzhou China). The purity of the neutrophils was
analyzed by Flow cytometry.

2.14 Scanning electron microscopy

Neutrophils were stimulated with PMA (100 ng/mL) or treated
with acacetin for 4 h. After that, neutrophils were fixed with 2.5%
glutaraldehyde (Merck, Germany) for 4 h and then washed with
PBS 3 times. Neutrophils were then post-fixed by 1% osmium
tetroxide (Merck, Germany) and washed with PBS again. Followed
being dehydrated by a graded series of ethanol, samples were dried,
sputtered with gold particles, and analyzed by scanning electron
microscopy (FEI ESEM QUANTA 200).

2.15 Detection of ROS

Isolated neutrophils (1 x 10°) were plated in a 96-well plate and
treated with PMA or acacetin. ROS production was detected by ROS
detection assay kits (cat# S0033S, Beyotime). After stimulation for 4 h,
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neutrophils were incubated with fluorescence probe (DCFH-DA) at
37°C in 5% CO, for 30 min. ROS were detected by EnSight®
Multimode Plate Reader (EnSight, Revvity, USA) within 30 min.

2.16 Enzyme-linked immunosorbent assay

The lung tissues were homogenized in 1 mL PBS by a tissue
grinder (SCIENTZ-48, China) at 60 Hz for 90 s. The samples were
centrifuged at 10,000 x g at 4°C for 20 min, and the supernatants of
lung homogenates was obtained. The concentrations of MIP-2, IL-6,
TNF-o0, ICAM-1, IL-10, MPO, S100A8/A9 and CXCL4 were
measured by mouse ELISA kits (MIP-2, cat# MM200; IL-6, cat#
M6000B; TNF-a, cat# MTAQOB; IL-10, cat# M1000B. ICAM-1 and
MPO, YEPCOME, Shanghai, China; CXCL4, S100A8 and S100A9,
BYabscience, Nanjing, China).

2.17 Western blot

Lung tissues were lysed on ice for 30 min with RIPA lysis buffer
(cat# P0013B, Beyotime, Shanghai, China) supplemented with protease
inhibitor cocktail (Roche, Switzerland) and phosphatase inhibitor
cocktail (Roche, Switzerland). Protein concentrations were measured
by a BCA protein assay kit (Pierce, USA). Western blots were carried
out as previously described (33). The primary antibodies including
phospho-p44/42 MAPK (p-ERK1/2, cat# 4370, CST, USA), p44/42
MAPK (ERK1/2, cat# 4695, CST, USA), PAD4 (cat# ab214810,
Abcam, UK), MPO (cat# ab208670, Abcam, UK) or B-Actin (cat#
3700, CST, USA) were incubated overnight at 4°C, followed by
incubation with the secondary antibodies (anti-rabbit IgG, cat# 7074,
CST, USA or anti-mouse IgG cat# 7076, CST, USA) for 1 h.

2.18 Statistical analysis

All the data were shown as mean + SD and analyzed by Prism 8.0
(GraphPad, San Diego, CA, United States). Comparisons between
multiple groups were conducted using one-way analysis of variance
(one-way ANOVA) with Bonferroni or Dunnett test. The student ¢-test
was employed for comparison between PR8 + S. aureus + OSV group
and PR8 + S. aureus + OSV + JYGBF group.

3 Result

3.1 JYGBF exerts protective effects against
postinfluenza S. aureus infection in vivo

To evaluate the effects of JYGBF against postinfluenza S. aureus
infection, a mouse model of secondary S. aureus infection following
influenza virus infection was established (Supplementary Figure S1).
The intranasal infection of S. aureus (10° CFU/50 uL, 10" CFU/50 pL
and 10° CFU/50 pL) did not cause death in mice (Supplementary
Figures S1A, B). Though the high dose of S. aureus infection led to mild
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body weight loss at 1 dpi, the lowest dose of S. aureus (10° CFU/50 uL)
had little impact on the body weight loss at 1 dpi (Supplementary
Figures S1A, B). Influenza virus infection (0.25 LDs) presented a
90.9% survival rate (Supplementary Figures S1C, D). The lethal dose of
S. aureus was optimized to challenge mice at day 5 after PR8 infection
(0.25 LDs) (Figure 1A).

The mice in postinfluenza S. aureus infection group all died within
3 days (Figure 1B). The clinical equivalent dose of JYGBF [JYGBF (L)],
a double dose of clinical dose of JYGBF [JYGBF (H)] and OSV
treatment prolonged the survival period of mice and increased the
survival rate from 0% to 27.3%, 45.5% and 100%, respectively
(Figure 1B). Compared with PBS group, the mice in postinfluenza S.
aureus infection group exhibited a dramatic decrease in body weight
loss (Figure 1C). JYGBF(L), JYGBF(H) or OSV treatment could
significantly attenuate the body weight loss (Figure 1C). In JYGBF
(H)-treated group, the body weight recovered faster than the JYGBF
(L)-treated group at 10 dpi and 12 dpi (Figure 1C).

To determine if JYGBF could protect mice against secondary S.
aureus infection-induced ALI, lung indexes, pathological changes and
total cell counts in lungs were analyzed at 6 dpi. Compared with PBS
group, secondary S. aureus infection led to severe pulmonary lesions.
Massive inflammatory cells, congestion and consolidation were
observed in the lungs. Different doses of JYGBF and OSV treatment
could significantly reduce the infiltration of inflammatory cells and
mitigate pathological changes caused by secondary S. aureus infection
(Figure 1D). A significant increase of total cell counts in lungs was
caused by secondary infection (Figure 1E). Different doses of JYGBF
and OSV treatment decreased the total cell numbers in lungs
(Figure 1E). In recent years, the combined antiviral therapies to treat
severe influenza have aroused widespread interest, and a growing
number of clinical studies showed that the combined therapy could
usually reduce the selection of antiviral resistance mutations, and the
frequency of severe cases or complications of infection (34). In our
current research, the combination of OSV and JYGBF was set up to
determine their synergistic effects against postinfluenza S. aureus
infection. Postinfluenza S. aureus infection resulted in a dramatic
increase of lung indexes and total protein content in lungs
(Figures 1F, G). JYGBF, OSV and the combination of OSV and
JYGBF significantly decreased the lung indexes and total protein
content (Figures 1F, G). Intriguingly, the combination of OSV and
JYGBF was superior to OSV treatment in the reduction of
inflammatory exudates and protein secretion into lungs
(Figures 1F, G).

3.2 JYGBEF relieves clinical symptoms of
infected mice

Mild influenza virus (0.25 LDs,) or bacterial infection (10° CFU/
50uL) did not cause any clinical obvious signs (data not shown).
However, postinfluenza S. aureus infection caused death rapidly with
obvious clinical signs including piloerection, hunchbacked posture,
breathlessness, reduced movement and half-closed eyes at 8 and 9 dpi
(Figures 2A, B). Consistent with the protective effects described above,
JYGBEF, OSV or the combination of OSV and JYGBF could relieve
symptoms caused by serious infection (Figures 2A, B). In addition,
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postinfluenza S. aureus infection led to a drop in body temperature in
mice from 6 to 8 dpi (Figures 2C-E). The treatment of JYGBF, OSV
and the combined treatment could reverse the reduction of body
temperature at 7 and 8 dpi (Figures 2C-E). The combined treatment
was significantly better than the OSV treatment alone in temperature
recovery at 7 and 8 dpi (Figures 2C-E).

3.3 JYGBF attenuates the excessive
systemic inflammation, especially in lungs

Secondary bacterial infection could lead to massive production of
cytokines and chemokines that recruit inflammatory cells to accelerate
severe immunopathology during flu. An excessive expression of
inflammatory mediators (Ccl4, Cxcl10, Ccl2, Cxcll, Cxcl2, Ccl7, Cxcll3,
Ifng and Il6) was observed in postinfluenza S. aureus infection group
compared with those in PR8 group at 6 dpi (Supplementary Figures S2).
Elevated expression of chemokines during secondary infection might
account for the increased infiltration of neutrophils and inflammatory
monocytes in lungs (Supplementary Figures S2). The mRNA levels of
Cxcl2, Ccl2, Tnf and Il1b were significantly up-regulated in the lungs of
mice during postinfluenza S. aureus infection group (Figures 3A-D).
JYGBEF treatment could significantly decrease the mRNA expression of
Cxcl2, Ccl2, Tnf and Il1b (Figures 3A-D). Additionally, the expression
levels of MIP-2, TNF-q, IL-6, IL-10 and IL-1f in lung homogenates
were also significantly increased in postinfluenza S. aureus infection
group, while they were significantly down-regulated by JYGBF
(Figures 3E-I).

In addition, the expression of IL-6, TNF-o. and IFN-y were also
significantly increased in sera of postinfluenza S. aureus infection group
(Figures 3]-M). Different doses of JYGBF significantly suppressed IL-6,
TNEF-o and IFN-y secretion in sera (Figures 3]-M). OSV treatment also
decreased the expression of IL-6 in sera (Figure 3L). These results
indicated that JYGBF treatment could alleviate the overactivated

inflammatory response during postinfluenza S. aureus infection.

3.4 JYGBF alters the proportions of
immune cell subsets and inhibits the
cytokine score in lungs using scRNA-
seq technique

To explore the ratio and functions of immune cells influenced
by JYGBF treatment during postinfluenza S. aureus infection,
scRNA-seq was employed to decipher the underlying mechanism
(Figure 4A). A total of 55,235 cells were obtained from 5 groups
including PBS group, PR8 + S. aureus group, PR8 + S. aureus + OSV
group, PR8 + S. aureus + JYGBF group and PR8 + S. aureus + OSV
+ JYGBF group. A total of 26 cell clusters were identified as 18 cell
types using classic markers (Figures 4B, C).

ScRNA-seq data showed an increase in the ratios of neutrophil,
IM, cMonocyte, T cell and NK, and a decrease in the ratios of AM, B
cell, pMonocyte, endothelial cell, fibroblast, epithelial cell and club cell
were observed in lungs of postinfluenza S. aureus infection compared
with PBS group (Figure 4D). JYGBF reduced the ratio of neutrophil,
cMonocyte and T cell, and reversed the reduction of endothelial cell
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FIGURE 1

JYGBF exerted protective effects against postinfluenza S. aureus infection. (A) Study flow chart. (B) Survival rate of mice (n=11). (C) Body weight
changes of mice from 0 to 19 dpi (n=11). (D) H&E staining of lungs at 6 dpi. (E) Total cell counts in lungs at 6 dpi. (F) Lung indexes at 7 dpi (n=7).
(G) Total protein content of lungs at 7 dpi (n=6). Data are shown as mean + SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. PR8 + S. aureus group. #,

p < 0.05; ##, p < 0.01; vs. PR8 + S. aureus + OSV group.

(Figure 4D). JYGBF did not reduce the ratio of IM in lungs
(Figure 4D). Neutrophil and IM exhibited the highest cytokine score
among these subtypes (Figure 4E), which revealed that they might play
an important role in the formation of cytokine storm. Furthermore,
JYGBEF reduced the cytokine score and the expression of inflammatory
mediators (116, $100a8/a9, Ccl2, Ccl3, Ccl7, Ccl8, Cxcl2, Mmp8, Mmp9
and CxclI) in lungs (Figures 4F-Q). The inhibition of neutrophil
infiltration and the downregulation of cytokine score might contribute
to the anti-inflammatory role of JYGBF.
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3.5 JYGBF reduces neutrophil chemotaxis
in lungs

To further validate the inhibitory effects of JYGBF on the
chemotaxis of neutrophils and monocytes, Flow cytometry was
used to analyze the immune cells in lungs. Secondary S. aureus
infection following PR8 infection caused a significant increase in the
proportions of neutrophils and inflammatory monocytes compared
with PBS group (Figures 5A-G). Meanwhile, a decrease in the
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proportions of T cells was observed in postinfluenza S. aureus
infection group compared with PBS group (Figure 5F). Consistent
with the scRNA-seq data (Figure 4D), JYGBF, OSV and their
combined treatment markedly reduced the infiltration of
neutrophils in lungs (Figure 5E, Supplementary Figure S3A).
Inflammatory monocytes from peripheral blood can usually
differentiate to IMs, contributing to overactivated inflammatory
response (35). Though JYGBF could not decrease the proportions of
inflammatory monocytes, the combined treatment significantly
reduced the infiltration of inflammatory monocytes in lungs
(Figure 5G, Supplementary Figure S3C). These results indicated
that JYGBF could reduce the infiltration of inflammatory innate
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immune cells in lungs, which is beneficial to alleviate
immunopathologic damage caused by overwhelmed inflammatory
reaction during secondary infection.

3.6 JYGBF inhibits neutrophil activation
in lungs

There were 281 up-regulated genes and 249 down-regulated
genes in lungs of JYGBF treatment group compared with
postinfluenza S. aureus infection group (Figure 6A). S100a8/a9,
Cxcl2 and Retnlg were 4 genes in top 10 genes downregulated by
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JYGBF among them. $100a8/a9 and Retnlg are classic markers of
neutrophils. Cxcl2 is a typical chemokine that can recruit neutrophils.
To further explore the regulatory roles of JYGBF on neutrophils,
differential gene expression was analyzed in neutrophil population.
JYGBF treatment upregulated 664 genes and downregulated 501
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genes in neutrophils compared with postinfluenza S. aureus infection
group (Figure 6B). GO terms related to neutrophil activation were
used to analyze the effects of JYGBF on neutrophil function. Results
indicated that JYGBF could inhibit neutrophil chemotaxis and ROS
biosynthesis (Figures 6C, D). The downregulated genes regulated by
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FIGURE 4

JYGBF altered the proportions of immune cells and reduced the cytokine scores in lungs using scRNA-seq technique. (A) Study flow chart of
scRNA-seq. (B) 18 cell types in lung visualized by UMAP, including neutrophil, interstitial macrophage (IM), alveolar macrophage (AM), classical
monocyte (cMonocyte), patrolling monocyte (pMonocyte), type 1 conventional dendritic cells (cDC1), migratory dendritic cell (migDC), plasmacytoid
DC (pDC), B cell, T cell, NK, ILC2, Endothelial cell, Fibroblast, Smooth muscle cell, Pericyte, Epithelial cell, Club cell. (C) Classical markers were used
to annotate 18 cell types. (D) The proportions of 18 cell types in 5 groups. (E) The cytokine scores of 18 cell types. (F) The total cytokine score of
lungs in 5 groups. (G=Q) JYGBF inhibited the expression of /16, S100a8/a9, Ccl2, Ccl3, Ccl7, Ccl8, Cxcl2, Mmp9, Mmp8 and Cxcll in lungs. ****, p <
0.0001; vs. PR8 + S. aureus group.
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JYGBF were involved in inflammatory response including leukocyte
chemotaxis, leukocyte migration, ERK1/2 cascade, etc. (Figure 6E).
KEGG analysis indicated that the downregulated genes are involved
in COVID-19, chemokine signaling pathway, chemical
carcinogenesis-reactive oxygen species, influenza, etc. (Figure 6F).
Consistent with the results from GO analysis, GSVA data also
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showed that JYGBF could downregulate inflammatory signaling
pathways such as MAPK activation, TLR4 cascade, TLR2 cascade,
and NOD1/2 signaling pathway (Figures 6G-]). Furthermore, JYGBF
treatment significantly decreased the expression of neutrophil
activation markers and cytokines (S100a8/a9, Cxcr2, Cd101, Cxcl2,
Ccl2, Ccl6 and Mmp8) in neutrophils (Figures 6K-R). The inhibitory
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JYGBF inhibited neutrophil activation in lungs. (A) Upregulated genes and downregulated genes of neutrophils in postinfluenza S. aureus infection
group and JYGBF treatment group. (B) Upregulated genes and downregulated genes of lung in postinfluenza S. aureus infection group and JYGBF
treatment group. (C, D) JYGBF treatment inhibited neutrophil chemotaxis and ROS biosynthesis. (E) GO analysis of downregulated genes in JYGBF
treatment group. (F) KEGG analysis of downregulated genes in JYGBF treatment group. (G—J) GSVA results of MAPK activation, TLR2 cascade, TLR4
cascade and NOD1/2 signaling pathway in neutrophils. (K—=R) The relative expression of S100a8/a9, Ccl6, Mmp8, Cxcr2, Cd101, Cxcl2 and Ccl2 in
neutrophils. p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; vs. PR8 + S. aureus group.

effects on these signaling pathways and overactivated inflammatory
response by JYGBF were also seen in IMs (Supplementary Figure S4).
These results indicated that JYGBF could inhibit the activation of
neutrophil and neutrophil-mediated inflammatory response in lungs
in postinfluenza S. aureus infection mice.
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pathogens but also results in lung damage (14). This study has
found that JYGBF could decrease the infiltration of neutrophils and
inhibit neutrophil activation. In the postinfluenza S. aureus
infection group, the lungs of mice exhibited an increased level of
ROS, MPO and NE compared with those in PBS group
(Figures 7A-C). JYGBF or the combination of OSV and JYGBF
significantly decreased the production of ROS, MPO and NE
(Figures 7A-C). The colocalization of citrullinated histone H3
(CitH3) and MPO is a well-known marker of NETs. Significantly
increased expression of MPO, CitH3 and MPO-CitH3 complexes
was observed in lungs of postinfluenza S. aureus infection group
(Figures 7D, E). JYGBF, OSV and the combination of OSV and
JYGBEF significantly decreased the expression of MPO, CitH3 and
MPO-CitH3 complexes in lungs (Figures 7D, E). SI00A8/A9 can be
released by means of NETs and contribute to platelet activation.
JYGBF, OSV and their combined treatment could reduce the
increased expression of SI00A8/A9 in lungs (Figures 7F, G).
Interestingly, the combination of OSV and JYGBF was superior
to OSV in reducing the expression of S100A8/A9 in lungs
(Figures 7F, G).

Furthermore, the phosphorylation level of ERK1/2 and the
expression of PAD4 and MPO significantly increased in lungs of
postinfluenza S. aureus infection group (Figures 8A-E). JYGBF,
OSV and the combination of OSV and JYGBEF significantly reduced
the phosphorylation level of ERK1/2 (Figures 8A-E). JYGBF and
combined treatment markedly decreased the expression of PAD4
and MPO (Figures 8A-E). These findings indicated that JYGBF
could inhibit the formation of NETs probably by suppressing the
ERK/ROS axis.

3.8 JYGBF decreases platelet activation
probably by inhibiting NETs in secondary
infected mice

The formation of NETs could contribute to activated platelets
that augment thrombosis. GSVA data from neutrophils indicated
that JYGBF could inhibit platelet-activated signaling including
platelet activation, signaling & aggregation (Figure 9A,
Supplementary Figure S5). In postinfluenza S. aureus infection
group, mice exhibited significantly elevated levels of FIB & FDP,
and increased platelet counts in sera at 7 dpi. FIB and FDP are
typical markers of hypercoagulable status. JYGBF, OSV and the
combination of OSV and JYGBF significantly reduced the
production of FIB & FDP, and platelet counts (Figures 9B-D).

Activated platelets could increase the expression of CD62P,
olIbPB3 and chemokines such as CXCL4 and CCL5. In the
postinfluenza S. aureus infection group, increased platelet counts
and elevated level of platelet activation markers (CD62P, allbf3,
CXCL4 and CCL5) were observed in sera or lungs (Figures 9E-I).
JYGBF, OSV and the combination of OSV and JYGBF could
significantly reduce the expression of CD62P, olIb3, CXCL4 and
CCL5 in sera or lungs (Figures 9E-I). Compared with PBS group, an
increased expression of CD62P in PRP stimulated with thrombin
was observed in postinfluenza S. aureus infection group (Figure 9E),
which indicated that platelets of postinfluenza S. aureus infection
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group exhibited hyper-reactive status. Reduced expression of
CD62P from PRP exposed to thrombin was observed in JYGBF,
OSV and combined treatment group (Figure 9E). OSV treatment
alone did not inhibit the expression of CCL5 in lungs and only
slightly reduced CCLS5 secretion in sera (Figures 9H, I). CD41 and
Ly6G are markers of platelets and neutrophils, respectively.
Activated platelets interact with neutrophils and drive the
formation of platelet-neutrophil aggregates. JYGBF and OSV
treatment could significantly reduce the formation of platelet-
neutrophil aggregates (Figure 9]). Surprisingly, JYGBF could not
inhibit platelet aggregation induced by ADP in vitro
(Supplementary Figures S6). These results indicated that JYGBF
treatment could inhibit platelet activation in infected mice probably
by inhibiting NETs.

3.9 JYGBF inhibited the overactivated
inflammatory response by ERK MAPK
pathway in neutrophils

Pathogen-associated molecular patterns (PAMPs) are typically
activated pattern recognition receptors in viral or bacterial
infections. Lipopolysaccharide (LPS) is a common PAMP of
Gram-negative bacteria, which could be derived from bacterial
translocation for impaired intestinal integrity (36). To validate the
regulatory role of JYGBF on ERK/ROS axis, LPS was used to
activate ERK MAPK pathway. The purity of CD11b"Ly6G*
neutrophils were determined by FACS and the neutrophils were
stimulated by LPS (Supplementary Figure S7). LPS stimulation
could induce increased expression of MIP-2, IL-6 and TNF-o in
neutrophils, while JYGBF decreased the expression of MIP-2 and
IL-6 (Figures 10A-C). Furthermore, LPS stimulation induced the
high phosphorylation of ERK1/2 (Figures 10D-F). JYGBF could
reduce ERK phosphorylation (Figures 10D-F), which is consistent
with the downregulating role on ERK activation in vivo by JYGBF.

3.10 The active component of JYGBF,
acacetin, inhibited the formation of NETs
via ERK/ROS axis

A total of 30 compounds were identified in the sera of mice after
7 consecutive days’ gavage of JYGBF (Supplementary Figure S8,
Supplementary Table 3). Acacetin is a critical component of JYGBF
(Supplementary Table 3). PMA is a PKC agonist and could induce
the formation of NETs rapidly by PKC/ERK/ROS axis. Neutrophils
were stimulated by PMA and treated with acacetin simultaneously.
PMA stimulation led to increased expression and release of CitH3
(Figures 11A, B). As shown in Figures 11A, B, acacetin inhibited the
increase of CitH3. Sytox green, a DNA binding-dye, was used to
stain dead cells and to assess the formation of NETs. As shown in
Figure 11C, acacetin reduced the formation of NETs induced by
PMA. Consistently, the inhibitory effects of JYGBF on NETosis
were determined by scanning electron microscopy (Figures 11D, E).
PMA stimulation could induce the production of ROS, MIP-2,
TNF-o and IL-6 in neutrophils, while acacetin inhibited the
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FIGURE 7

JYGBEF inhibited the formation of NETs in lungs. (A—C) The production of ROS, MPO and NE in lung tissues (n=5~6) at 6 dpi. (D) The expression of
MPO, CitH3 and MPO-CitH3 colocalization analyzed by immunofluorescence assays (E) The relative expression of CitH3 analyzed by Image-Pro Plus
6.0. (F, G) The production of SI00A8/A9 in lungs (n=6) at 6 dpi. Data are shown as mean + SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs. PR8 + S.
aureus group. ns, not significant; #, p < 0.05; ##, p < 0.01; vs. PR8 + S. aureus + OSV group.

increased production of ROS, MIP-2, TNF-o and IL-6
(Figures 11F-I). Besides, PMA stimulation increased the
phosphorylation level of ERK1/2, and the expression levels of
PAD4 and CitH3 in neutrophils. But they were also reduced by
acacetin (Figures 11J-M). These results indicated that acacetin
inhibited the activation of ERK/ROS axis, thus downregulated
PAD4 and subsequent CitH3 expression in neutrophils.

Frontiers in Immunology

4 Discussion

Bacterial coinfection is one of the main causes of severe cases
in patients of influenza or COVID-19, which is characterized
by overwhelmed inflammatory response and hypercoagulation
(13, 37-41). JYGBF has been proven to benefit COVID-19 patients
in a clinical study enrolled 950 patients (31). This study demonstrates
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that JYGBF could also protect mice from postinfluenza S. aureus
infection including the increased survival rate of infected mice,
symptom relief and body temperature maintenance. Neutrophils,
inflammatory monocytes and IMs are the main contributors to the
secretion of chemokines and cytokines at the early stage of infection,
which results in immunopathological damage (42). During infection,
inflammatory monocytes usually undergo differentiation into
interstitial macrophages that could produce high levels of matrix
metallopeptidases and pro-inflammatory cytokines to exacerbate lung
damage (35). Massive neutrophil infiltration could damage the
epithelial-endothelial barrier by releasing ROS and proteases (12, 14).
Neutrophil-secreted mediators such as S100A8/A9 and chemokines
could lead to a more aggressive inflammatory response, and recruit
more immune cells into the lungs aggregating the severity of the disease
(43). S100A8/A9 are known to be the key drivers of cytokine storm
(42). Our data from scRNA-seq indicate that neutrophils showed the
highest cytokine score followed by IMs among the 18 cell clusters in
lungs. A recent study found that innate immune cells especially
neutrophils exhibit significantly higher cytokine scores in severe
bacterial patients, which are thought to be the predominant drivers
of overactivated inflammatory response and contributed significantly
to the pathogenesis of severe disease (42). In vivo studies also revealed
that increased neutrophil infiltration and neutrophil-mediated immune
response are observed in the current secondary infected model, which
is similar to postinfluenza Pseudomonas aeruginosa infection (11).
Thereby, neutrophils played an important role in the pathogenesis of
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postinfluenza S. aureus infection. Notably, JYGBF could reduce
neutrophil infiltration and the activation of neutrophils and IMs.
This study indicates that controlling neutrophil chemotaxis and
neutrophil-mediated inflammatory response is one of the
mechanisms that JYGBF mitigates ALI in infected mice.

Though activated neutrophils capture, trap and kill invasive
bacteria in the form of NETs, excessive NET formation also
contributes to immunopathological damage during postinfluenza S.
aureus infection (12). NETosis is also an important driver of the
activation of procoagulant platelets and immunothrombosis during
postinfluenza bacterial infection or COVID-19 (12, 37, 44). Inhibiting
NETosis may be a promising strategy to prevent postinfluenza
bacterial infection from mild to severe infection. ROS are central
players in the formation of NETosis, which are implicated in
initiating chromatin decondensation by increasing the expression
of PAD4 and MPO (14). Activated PAD4 citrullinates histones and
subsequently results in chromatin decondensation. MPO mediates
the activation and translocation of NE which can degrade F-actin
filaments and subsequently enter the nucleus to disrupt chromatin
packaging. The plasma membrane rupture leads to the release of NET
structure including chromatin DNA filaments, histones and granule
proteins. The release of ROS, DNA and proteases during NETosis
impairs the endothelial barrier, increases endothelial permeability
and results in extensive microvascular leakage in lungs (14, 45). NET
formation could also result in poor outcomes in patients with
respiratory infectious diseases (16, 18). The activation of ERK

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1567522
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lei et al. 10.3389/fimmu.2025.1567522

A B C D

B PR8+S. aureus
Bl PR8+S. aureus+IYGBF

6 rix ms 15 o 10009 2t s
Platelet activation, v
signaling and aggregation Sk ns 800
. ’ S T T 2 =
3 = L S
) 2 2 600 O
& . A v 2 < v
0.18 a2 & W v = 400
, 2 205 A =
@
=] 200
£0.14 i
0 0.0 0
0 T T T T T .0 T T T T T T T T T T
PR§ — + + + + PR8 — + + + + PRS — + + + +
0.10 S. aurens  — + + + + S. aurens  — + + + + S. aurens  — + + + +
osv - - + - + osv. - - + - + osv - - + - +
JYGBF — - -+ + JYGBF — - - + + JYGBF — - - + +
* %
1200 Kok 1200
1000 A
800 a
2 600 ns B 900
£ 400 I S — B sk .
g — ey e ¥ . £ " ala
= 150 * & 600 v
- 12 ns s z sk .
g0 S = oJe o,
= % = 300 A Ly
60 % =
30 : = .
T T T T T T T T T T T T T T T T T T T T
PR8 -— + + + + - + + + + PR8 — + + + + - + + + +
S. aureus  — + + + + - + + + + S. aureus  — + + + + - + + + +
oSV — — + = 4+ - - % - % oSV — — + - + - - % - %
JYGBF — - - + + - - - + + JYGBF  — - - + + - - - + +
Thrombin Thrombin
G H I e
L1l ] sHK *
_ 80 o s 15000 L_ 1000 ex 4
3 '} 3 53k ## = 800 uly
= 60 5 A £
£ 2 =
£ £ 10000 2 A
% % v S 600
ER) ol M £ L 5 v
2 E VTv
= A = = 400 Y
- . 5000 i
3 20 ﬁ s S - a
7 Qo
) ﬁ h
T T T T T 0 T T T T T T T T T T
PR8 — + + + + PR8 — + + + + PR3 — + + + +
S. aureus  — + + + + S. aureus  — + + + + S. aureus  — + + + +
osv - - + - + osv  — - + - + osv - - + - +
JYGBF — - - + + JYGBF — - - + + JYGBF — - - + +
J CD41 Ly6G DAPI Merge

PBS

PR8+S. aureus

PR8+S. aureus
+0SV

PR8+S. aureus
+JYGBF

- - —_ -
> = =3 —J
= = = =
| 8 ...

FIGURE 9

JYGBEF inhibited the activation of platelets in secondary infection mice. (A) GSVA data of platelet activation, signaling and aggregation. (B, C) The
production of FIB and FDP in the sera of mice at 7 dpi (n=6). (D) The platelet counts in sera at 7 dpi (n=6). (E, F) The fluorescence intensity of
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MAPK signaling pathway is essential for regulating cytokine
expression and priming of ROS production through the activation
of NADPH oxidase (14, 15). This study reveals that JYGBF can
inhibit NETosis via ERK/ROS axis in postinfluenza S. aureus infected
mice and therefore alleviates ALIL

The formation of NETs not only damages lung tissue but also is
an integral contributor to immunothrombosis (44). SI00A8/A9 are
highly expressed in neutrophils (Figure 4C) comprising 40% of the
detergent-soluble protein content in the cytoplasm, and can
promote platelet activation and clotting via S100A8/A9-GPIbo
axis (17, 43). The content of NETs, histones, elicits platelet
activation and aggregation in a TLR2/4-dependent manner. All of
the extracellular DNA, histones and PAD4 in NETs can interact
with von Willebrand Factor, damage the vasculature and further
promote thrombus formation (14, 46, 47). The previous factors
promote the formation of immuno-thrombosis. The coinfection of
influenza virus and bacteria has a higher risk of developing severe
coagulopathy such as purpura fulminans and even DIC (38, 39),
which is associated with worse outcomes. NETosis is a key driver of
pathogenic thrombosis in postinfluenza bacterial infection, severe
influenza or COVID-19 (16, 37, 48). FIB is the most abundant
coagulation factor in plasma and also an important reaction
substrate for thrombosis, which is mainly synthesized by
hepatocytes. FDP is produced from fibrinogen breakdown and its
excessive production is usually associated with hypercoagulable
state or DIC (49). This study indicates that postinfluenza S.
aureus infection leads to elevated levels of FIB & FDP, and
increased platelet counts in mice, which are coherent with a
hypercoagulable state coupled with a hyperinflammation state
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(44). ScRNA-seq data revealed that JYGBF could inhibit
neutrophil-platelet interaction and neutrophil-associated platelet
activation. In vivo studies also confirm that JYGBF improves the
hypercoagulable state and inhibits platelet activation probably by
inhibiting NETosis. Therefore, JYGBF could inhibit NET-mediated
thrombosis and prevent the occurrence of coagulation disorders.

A total of 30 active compounds including acacetin, luteolin and
hesperetin are identified in JYGBF-containing sera. Multiple
components among 30 active compounds could reduce ROS
production. Notably, acacetin can inhibit the formation of NETSs
and inflammatory response by inhibiting ERK/ROS axis. Luteolin
and hesperetin have been shown to inhibit the formation of NETs
by inhibiting Rafl/MEK-1/ERK and ROS/autophagy signaling
pathways, respectively (50, 51). In a word, acacetin, luteolin and
hesperetin could be the main material basis that accounts for the
inhibitory effects of JYGBF on NETosis.

Postinfluenza bacterial infection contributes to a high morbidity
of severe cases compared with influenza virus infection alone due to
the overactivated and dysregulated inflammatory response. Though
OSV is a critical antiviral agent and could reduce the release of
progeny viruses, it could not directly control the overactivated
inflammatory response and is not sufficient to treat patients with
secondary bacterial infections. Additionally, OSV treatment exhibits
poor efficacy unless it is taken at the early stage during influenza.
Chinese medicine could usually benefit patients by inhibiting the
overactivated inflammatory response in infectious disease and
effectively improve the poor outcomes during influenza or COVID-
19 (19, 32, 52). The combination of Chinese medicine with antiviral
agents is a promising strategy to treat viral infections, which is
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recommended in China (53, 54). In this study, JYGBF treatment is
superior to OSV in inhibiting the overactivated inflammatory
response such as TNF-o, IL-1f and IL-10. In addition, the
combination of OSV and JYGBF is superior to OSV in alleviating
clinical symptoms and mitigating lung damage caused by secondary
infection. The combined treatment has synergistic effects on reducing
the infiltration of inflammatory monocytes and decreasing the
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production of ROS, PAD4, CCL5, S100A8/A9, etc. Therefore, they
exhibit synergistic effects on protecting mice from postinfluenza S.
aureus infection due to their different mechanisms of action.

In conclusion, JYGBF confers a protective effect against
postinfluenza S. aureus infection. It is mainly attributed to the
inhibition of NET formation and overactivated inflammatory response
by suppressing the ERK/ROS axis in neutrophils. JYGBF may serve as a
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promising drug candidate to mitigate the severity of postinfluenza S.
aureus infection. The combination of OSV and an effective Chinese
medicine formula (e.g. JYGBF) might be a promising strategy for the
prevention and treatment of postinfluenza bacterial infection.
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