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KEYWORDS Abstract
erythropoietin (EPO); Background: Severe pneumonia is a kind of disease that develops from lung inflammation, and
lung injury; new drugs are still required to treat the same. Erythropoietin (EPO) is widely used to treat
neutrophil anemia in patients. However, there are fewer studies on the role of EPO in neutrophil extra-
extracellular cellular trappings (NETs) and pneumonia, and the mechanism is unclear.
trapping (NETs); Objective: To investigate the possible effects of EPO on the formation of NETs and progression
pneumonia; of pneumonia.
TRAF2/NF-«xB Methods: Mice pneumonia model was induced by tracheal lipopolysaccharide (LPS) administra-

tion. Hematoxylin and eosin (H&E) staining and automatic blood cell analysis were performed
in this model to confirm the effects of EPO on lung injury. Flow cytometry, enzyme-linked
immunosorbent serological assay, and immunostaining assay were conducted to detect the
effects of EPO on the inflammation as well as formation of NETs in mice. Immunoblot was fur-
ther conducted to confirm the mechanism.

Results: EPO alleviated LPS-induced lung injury. EPO reduced the release of inflammatory fac-
tors induced by LPS. In addition, EPO inhibited the formation of NETs. Mechanically, EPO inhib-
ited tumor necrosis factor (TNF) receptor associated factor 2 (TRAF2)/nuclear factor kappa-B
(NF-xB) activity in mouse models, and therefore suppressed the progression of pneumonia.
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Conclusion: EPO inhibited formation of NETs to ameliorate lung injury in a pneumonia model,

and could serve as a drug of pneumonia.
© 2023 Codon Publications. Published by Codon Publications.

Introduction

Severe pneumonia develops from inflammation in the
lungs, causing organ dysfunction and even life-threatening
diseases. It has a case fatality rate of up to 30-50%, which
causes serious complications and high economic burden."?
Pneumonia is often accompanied by lung damage that pro-
gresses to pulmonary edema and neutrophil accumulation.®*
Neutrophils are the first line of defense against inflam-
mation.> They have three main functions: phagocytosis,
degranulation, and the release of neutrophil extracellular
trappings (NETs).> NETs are reticular extracellular structures
composed of DNA, histones, and myeloperoxide (MPO) neu-
trophil elastocytic enzymes.® NETs are like a double-edged
sword, as they trap and kill pathogens during local infec-
tions to the benefit of host cells.® In systemic infection,
acute lung injury is caused by its toxicity to lung epithelial
cells, which increases case fatality rate through sepsis.”?

Erythropoietin (EPO) is widely used to treat anemia in
patients.’ In the past two decades, EPO has been used to
treat various diseases.'" Studies have shown that EPO alle-
viates the cardiac dysfunction of mice with experimental
sepsis and improves the survival rate of mice with sepsis by
activating B-coreceptor." EPO can regulate the function of
immune cells, including T cells, B cells, macrophages, etc."
Studies have shown that EPO can promote the proliferation
and differentiation of T cells and enhance their ability to
kill tumor cells and pathogens."" Meanwhile, EPO can also
inhibit the activity of B cells and reduce the occurrence of
autoimmune reaction." In addition, EPO can also promote
the phagocytosis of macrophages.”? The anti-inflammatory
effects of EPO are multifactorial, which are achieved by
inhibiting the production of inflammatory mediators, regu-
lating the functioning of immune cells, protecting the ner-
vous system, and inhibiting oxidative stress."? These effects
not only have important significance for treating inflamma-
tory diseases but also provide new ideas and directions for
the application of EPO to other fields. However, few stud-
ies are found on the role of EPO in NETs and pneumonia,
and the mechanism is unclear.

The aim of this study was to elucidate the effects of EPO
on NET and pneumonia. We found that EPO alleviates lipo-
polysaccharide (LPS)-induced pneumonia by regulating tumor
necrosis factor (TNF) receptor associated factor 2-nuclear
factor kappa-B (TRAF2/NF-«B) activity and inhibiting the for-
mation of neutrophil extracellular trapping NETs. Therefore,
EPO can be used as a potential anti-pneumonia agent.

Materials and methods
Animal treatment

Male C57BL/6 mice (aged about 8 weeks) were accessed
from the SLAC (Shanghai, China). The mice were kept in

sterile atmosphere. All experimental procedures in this
study were conducted under ethical approval obtained
from the Institutional Animal Care and Use Committee of
Nanjing BenQ Medical Center, The Affiliated BenQ Hospital
of Nanjing Medical University (Approval No. SYXK-2020-
0022). The mice were sacrificed by cervical dislocation, and
the lack of heartbeat was confirmed to validate death. The
mice were monitored once a day before the experiment
began and twice a day until the experiment ended. The
mice were anesthetized by injection of 4% chloral hydrate
and instilled with 3-mg/kg LPS (Escherichia coli 0111:B4;
Sigma, St. Louis, MO, US) dissolved in 50-uL phosphate-buff-
ered saline (PBS) or only sterile PBS (control group). EPO
(1248200; Sigma) was administered by oral gavage 1 h after
LPS treatment as follows: bronchoalveolar lavage fluid
(BALF) and lung tissues were collected to monitor patholog-
ical changes and production of cytokines. The total number
of cells and neutrophils were observed in BALF.
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LPS

3mglkg e
X,
K \““ e 3 Execute
LA — . —_—
- ~— W Experiment
4 EPO
e 500/1000 IU/kg
1 1
Day1 Day4

Histological analysis

Lung tissues were fixed with 5% paraformaldehyde (PFA),
embedded with paraffin, and cut into slices. The sections
were counterstained with hematoxylin and eosin (H&E).
The dried slices were removed from warm tank and imme-
diately de-waxed into xylene for 5-10 min depending on
whether the wax was not dissolved completely. Low tem-
perature extends the time whereas high temperature
appropriates to shorten the time or accelerate de-waxing
in temperature box. The sample was then transferred into
gradient alcohol. It was then moved into hematoxylin and
impregnated for 5 min; then transferred into eosin solution
and impregnated for 2-5 min, and finally transferred into
xylene | transparent for 3-5 min and sealed.

Lung injury score was marked considering hemorrhage,
alveolar wall thickness, inflammatory infiltration, alveolar
congestion, and hyaline membrane formation. The score
of 0 means no damage; 1 represents mild damage; 2 rep-
resents moderate damage; 3 for severe damage, and 4 for
very severe histological alterations.

Lung wet-to-dry (W/D) weight ratio and mean
platelet volume measurement

The lung samples were dissected after the mice were
sacrificed, and weighed immediately. Then, lung samples
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were dried until the weight remained unchanged. The W/D
weight ratio and mean platelet volume were calculated.

Enzyme-linked-immunosorbent serologic
assay (ELISA)

The levels of tumor necrosis factor-o (TNF-«) (PT512),
interleukin 6 (IL-6) (P1326), IL-18 (PI301), and IL-17A (P1545),
bought from Beyotime (Beijing, China) in BALF were
assessed using ELISA kit according to manufacturer’s
instructions. Briefly, samples were aspirated into wells.
Biotin-conjugated primary antibodies were added into
wells prior to adding avidin-conjugated horseradish perox-
idase (HRP). Then enzyme substrate was added for color
development. The intensity of each well was measured
with a microplate reader.

Immunofluorescence

Lung tissues were fixed with 5% PFA and embedded with
optimal cutting temperature (OCT) compound. Afterwards,
sections were sliced and incubated with MPO (rabbit,
ab208670, 1:200; Abcam, Cambridge, UK) and histone
(mice, ab52484, 1:200; Abcam) primary antibody at 4°C
overnight. After rinsing in PBS, slices were incubated with
respective secondary antibody and counterstained with
4’,6-diamidino-2-phenylindole (DAPI). Cover slips were
examined using a microscope and analyzed by the ImageJ
9.0 software.

Western blot analysis

Tissue lysates were collected after addition of a buffer con-
taining 1% Triton X-100, 150-mM NaCl, and 50-mM Tris (pH
7.5). After collecting supernatant, protein concentration
was obtained by a bicinchoninic acid (BCA) protein assay
kit (Beyotime). Then proteins were separated with 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), transferred onto polyvinylidene difluoride
membranes (MilliporeSigma, MA, US), which were blocked
at room temperature for 2 h in Tris-buffered saline con-
taining 0.2% Tween 20 and 5% nonfat milk. Then proteins
were complied by primary antibodies targeting TRAF2
(ab126758, 1:1000; Abcam), p65 (ab32536, 1:1000; Abcam),
p-p65 (ab76302, 1:1000, Abcam), and p-actin (ab8226,
1:3000, Abcam). Membranes were maintained in HRP-
conjugated secondary antibodies for 2 h after rinsing in tris
buffered saline with tween (TBST) for 15 min. The signals
were discovered with enhanced chemiluminescence (ECL)
detection kit.

Statistics

Data were analyzed using the GraphPad 8.0 software
(GraphPad Software Inc., La Jolla, CA, US). Error bars rep-
resented mean + SD. The unpaired Student’s t-test was
used to determine statistical significance between two
groups. One-way ANOVA, followed by Tukey’s post hoc test,

was used for multiple comparisons. P < 0.05 was consid-
ered statistically significant.

Results
EPO alleviated LPS-induced lung injury

After induction of acute lung injury, the histological exam-
ination of lung tissues was conducted. The LPS-induced
mice displayed tissue injury characterized by irregular
alveolar integrity and alveolar size, partial collapse in
alveoli, enlarged spaces between the alveoli, and inflam-
matory cell infiltration (Figure 1A). These phenotypes
were recovered after administration of EPO as well as the
relieved injury score (Figure 1B). Moreover, the W/D ratio
and mean platelet volume, which reflect the degree of lung
injury, enhanced by LPS, was improved by EPO treatment
(Figure 1C). These results reflected the alleviated effect of
EPO in lung injury.

EPO reduced the release of inflammatory factors
induced by LPS

We then discovered the effect of EPO on the inflammation
of lung tissues in LPS model. The inflammatory cytokines
were also monitored in LPS model. The levels of inflam-
matory factors, such as TNF-a, IL-6, IL-18, and IL-17A, were
enhanced in LPS mice (Figures 2A-2D). However, EPO sig-
nificantly rescued the enhanced levels of TNF-«, IL-6,
IL-18, and IL-17A in the BALF of LPS mice (Figures 2A-2D).
Therefore, EPO reduced the release of inflammatory fac-
tors induced by LPS.

EPO inhibited the formation of NETs

Subsequently, we investigated the effects of EPO on the
formation of NETs of lung tissues in LPS mice. Through flow
cytometry (FCM) assays, we discovered that LPS induc-
tion increased the number of neutrophils (Ly6G+ cells) in
lung tissues (Figure 3A). However, EPO treatment reversed
the increased number of neutrophils caused by LPS induc-
tion (Figure 3A). In addition, we observed the formation
of NET through immunostaining assays. Histone and MPO
are the main components of NETs, and their co-localiza-
tion promotes the formation of NETs. We found that LPS
induction promoted the formation of NETs, with increased
co-localization degree of histone and MPO (Figure 3B).
However, EPO rescued the promotion of co-localization
degree of histone and MPO caused by LPS treatment in lung
tissues (Figure 3B). Therefore, EPO inhibited the formation
of NETs in lung tissues of LPS-induced lung injury mice.

EPO inhibited TRAF2/NF-«B activity in LPS-
induced lung injury models

To unveil the mechanism underlying EPO suppress-
ing lung injury, we observed the role of EPO in TRAF2/
NF-xB pathway. We observed the upregulation of TRAF2
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Figure 1 EPO alleviated LPS-induced lung injury. (a) The
histological analysis of lung tissues in control, LPS, EPO (500
IU/kg)-treated LPS, and EPO (1000 IU/kg)-treated LPS mice.
The H&E staining was performed. Scale bar: 200 um. (b) Lung
tissue injury score in control, LPS, EPO (500 IU/kg)-treated
LPS, and EPO (1000 1U/kg)-treated LPS mice. (c) Lung tissue
wet/dry ratio and (d) mean platelet volume in mice of control,
LPS, EPO (500 IU/kg)-treated LPS, and EPO (1000 IU/kg)-
treated LPS groups. **P < 0.01 vs. control; "'P < 0.01 vs. LPS.
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Figure 2 EPO reduced the release of inflammatory factors
induced by LPS. The levels of (a) TNF-a, (b) IL-6, (c) IL-1B, and
(d) IL-17A in control, LPS, EPO (500 IU/kg)-treated LPS, and
EPO (1000 IU/kg)-treated LPS mice were observed through
ELISA. #P < 0.01 vs. Sham; “P < 0.01 vs. LPS.

expression and p65 phosphorylation caused by LPS stim-
ulation (Figure 4). EPO treatment further suppressed the
expression of TRAF2 and phosphorylation levels of p65 in
LPS-induced lung injury mice (Figure 4). Therefore, the
data confirmed that EPO inhibited the TRAF2/NF-xB activ-
ity in LPS-induced lung injury models.

Discussion

Severe pneumonia is the primary cause of death in chil-
dren.® Lung injury refers to the injury caused by multiple
factors. Lung injury can occur at all ages and may be asso-
ciated with various factors, such as accidents, inhalation
of stomach contents, infection, lung surgery, oxygen poi-
soning, etc. Neurodegenerative diseases and cardiovascu-
lar and cerebrovascular diseases also cause lung damage.?
With the understanding of coagulation disorders in severe
infections, it was found that immune thrombosis formed by
the interaction between external neutrophil trapping net-
work and coagulation factors played an important role in
preventing the spread of pathogenic microorganisms during
early stages as well as in the identification and removal
of pathogenic microorganisms.>™®'* Moreover, some other
extrapulmonary factors affecting the clinical course of
pneumonia were revealed.?

In addition, exercise training is one of the rehabilita-
tion strategies that have anti-inflammatory effects and
maybe willcould serve as a good strategy for to decrease
lung injury. While recovering from pneumonia, patients
should actively participate in appropriate physical activ-
ities according to theirdepending on physical strength.
However, excessive activation of the coagulation system
causes microcirculation disorders and tissue ischemia and
hypoxia.> Dysfunctional neutrophils are recruited into
lung tissues, often promoting abnormal inflammatory
responses.’ If infection persists, it could further promote
neutrophil migration and aggregation.>¢ Intervention of
neutrophil aggregation is an effective strategy to improve
severe pneumonia. We found that EPO relieves severe
pneumonia and NETs through this process.

Neutrophil extracellular trappings are a network of
DNA fibers, histones, and antibacterial proteins secreted
by activated neutrophils responsible for trapping and Kkill-
ing extracellular pathogens and having a protective role in
antibacterial defense.>” The process by which neutrophils
secrete NETs, known as NETosis, is a mode of inflamma-
tory cell death of neutrophils.>” This cell death is distinct
from apoptosis and necrosis, and usually requires neutro-
phils activation and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase production of reactive oxygen
species (ROS).®" Through FCM, ELISA, and immunostaining
assay, we revealed that EPO inhibits the formation of NETs.
We anticipated that EPO suppressed the progression of
pneumonia by inhibiting NETs.

Erythropoietin is an endogenous glycoprotein hormone
that stimulates red blood cell production.®? Hypoxia stim-
ulates the production of EPO, and recombinant human EPO
has been used for long in the clinical treatment of a vari-
ety of diseases.>'®"? Previous studies have confirmed that
EPO inhibits the production of inflammatory mediators,
reduces the degree and duration of inflammatory response,
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Figure 3 EPO inhibited the formation of NETs. (a) The number of neutrophils in control, LPS, EPO (500 IU/kg)-treated LPS, and
EPO (1000 IU/kg)-treated LPS mice was measured by flow cytometry. Ly6G-positive cells were measured to reflect the formation
of NETs. (b) Immunostaining assays showed the expression of MPO (red) and histone (green) in lung tissues from control, LPS, EPO
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Figure 4 EPO inhibited TRAF2/NF-kB activity in mouse models. Immunoblot showed the expression of TRAF2, p65, and the
phosphorylation levels of p65 in lung tissues from control, LPS, EPO (500 IU/kg)-treated LPS, and EPO (1000 IU/kg)-treated LPS
mice. The relative expression was quantified. **P < 0.01 vs. Sham; P < 0.01 vs. LPS.
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and thus protects tissues from inflammation.*'>'® However,
our data confirmed that EPO affected inflammation in
pneumonia through a different mechanism. The inhibi-
tion of oligomerization domain-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome by EPO via
the erythropoietin receptor protein-Janus kinase 2-signal
transducer and activator of transcription 3 (EPOR/JAK2/
STAT3) pathway alleviates acute lung injury in mice.” EPO
promotes mitochondrial respiration in developing postna-
tal hippocampus by increasing mitochondrial content and
enhancing cellular respiratory potential, thereby enhancing
cognitive function in mice.”® EPO improves lupus nephritis
in Murphy Roths large-lymphoproliferative (MRL/LPR) mice
by increasing spleen Th2 and Treg lymphocytes, decreas-
ing Th1 and Th17 lymphocytes, inhibiting inflammation of
the spleen and kidney."” EPO reduces apoptosis and regu-
lates macrophage polarization through EPOR/JAK2/STAT3
axis to prevent diffused alveolar hemorrhage in mice.?’ EPO
also improves ischemia/reperfusion-induced acute kidney
injury by reducing the cyclooxygenase-2 (COX-2) and NF-«xB
pathways and inhibiting inflammasome in mice.?® Next,
we elucidated whether EPO affected NETs and pneumonia
through these mechanisms.

NF-«B is a binding protein that regulates gene expres-
sion.?! This pathway plays an important role in pulmonary
inflammatory diseases by regulating the gene expression
of many important cytokines and adhesion molecules in
immune cells and airway epithelial cells, and by participat-
ing in lung inflammation and immune response.? Studies
have shown that EPO reduces the expression of pro-inflam-
matory factors and reduces inflammatory response in trau-
matic ischemia of the brain and spinal cord and in cerebral
multiple sclerosis models.”? The nuclear NF-xB family
is a major regulator of inflammatory genes. After spi-
nal cord injury, NF-«B is obviously up-regulated, and EPO
exerts its anti-inflammatory effect by regulating NF-«B.2?
Interestingly, we also revealed that EPO could mediate
NF-xB pathway, and therefore affected the progression of
pneumonia, although the precise mechanism needs further
study.

Conclusion

In summary, we found that EPO inhibits NETs formation to
relieve lung injury in a pneumonia model. We believed that
EPO could act as a promising drug to treat pneumonia.
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