Journal of Microbiology (2022) Vol. 60, No. 4, pp. 402—410

DOI 10.1007/s12275-022-1663-5

eISSN 1976-3794
PISSN 1225-8873

Down-regulation of microRNA-155 suppressed Candida albicans
induced acute lung injury by activating SOCS1 and inhibiting

inflammation response

Xiaohua Li"*', Yuanzhong Gong’', Xin Lin',
Qiong Lin', Jianxiong Luo’, Tianxing Yu!,
Junping Xu', Lifang Chen’, Liyu Xu'™,

and Ying Hu"

'Department of Pulmonary and Critical Care Medicine, Affiliated
Fuzhou First Hospital of Fujian Medical University, Fuzhou,

Fujian 350009, P. R. China

*Department of Pulmonary and Critical Care Medicine, 900 Hospital of
the Joint Logistics Team, Fuzhou, Fujian 350001, P. R. China
’Department of Respiratory Medicine, Nanping First Hospital Affiliated
to Fujian Medical University Nanping City, Fujian 353006, P. R. China

(Received Dec 23, 2021 / Revised Jan 3, 2022 / Accepted Jan 4, 2022)

Acute lung injury caused by Candida albicans could result in
high mortality and morbidity. MicroRNA-155 (miR-155) and
suppressor of cytokine signaling 1 (SOCS1) have been be-
lieved to play a key in the regulation of inflammatory response.
Whether miR-155/SOCS1 axis could regulate the acute lung
injury caused by C. albicans has not been reported. The acute
lung injury animal model was established with acute infec-
tion of C. albicans. miR-155 inhibitor, miR-155 mimic, and
sh-SOCS1 were constructed. The binding site between miR-
155 and SOCS]1 was identified with dual luciferase reporter
assay. Knockdown of miR-155 markedly inhibited the germ
tube formation of C. albicans. Knockdown of miR-155 signi-
ficantly up-regulated the expression of SOCS1, and the bind-
ing site between miR-155 and SOCS1 was identified. Knock-
down of miR-155 improved the acute lung injury, suppressed
inflammatory factors and fungus loading through SOCSI1.
Knockdown of SOCS]1 greatly reversed the influence of miR-
155 inhibitor on the cell apoptosis in vitro. The improvement
of acute lung injury caused by C. albicans, suppression of in-
flammatory response and C. albicans infection, and inhibitor
of cell apoptosis were achieved by knocking down miR-155
through SOCS]1. This research might provide a new thought
for the prevention and treatment of acute lung injury caused
by C. albicans through targeting miR-155/SOCS1 axis.
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Introduction

Acute lung injury characterized by severe inflammatory re-
sponse, and it is mainly caused by infection (Yan et al., 2021).
Currently, some therapeutic methods including glucocorti-
coids, surfactant, and nitric oxide have been used to treat acute
lung injury patients. However, the mortality and morbidity
in critically ill acute lung injury patients still remain high (Xu
et al., 2021). Therefore, it is necessary to explore novel ther-
apeutic agents for the treatment of acute lung injury.

Candida albicans is a common conditional pathogenic fun-
gus. Remarkable increase of proliferation and enhancement
of virulence could be observed when the immune function is
decreased greatly (Vila et al., 2020; Li et al., 2021). The infec-
tion caused by C. albicans can be life-threatening. Currently,
the commonly used drugs for the treatment of C. albicans
infection are antibiotics. Due to drug resistance and adverse
drug reactions, most antifungal drugs often cannot achieve
desired therapeutic effect, and the mortality of invasive fun-
gal infection remains high (Kobayashi-Sakamoto et al., 2018;
Nidhi et al., 2020). Therefore, the development of new anti-
fungal drugs is urgent.

MicroRNA (miRNA) is an endogenous non-coding micro-
RNA, and they could bind to the 3" noncoding region of the
target gene mRNA, induce mRNA degradation or hinder its
translation (Hassan et al., 2021). MiRNAs are composed of
19-24 nucleotides, with a length change of 1-2 bases at the
3" end. miRNAs play a key role in regulating down-stream
gene expression, and they have been reported to be widely
involved in cell differentiation, proliferation, and apoptosis,
which is closely related to tumor growth, lung injury and other
diseases (Kittelmann and McGregor, 2019). MicroRNA-155
(miR-155) is located at human chromosome 21, and it has
been believed to be widely involved in the inflammatory re-
sponse (Mahernia et al., 2021). It was reported that miR-155
played a pro-inflammatory effect during regulating macro-
phages after C. albicans infection (Agustinho et al., 2017).
miR-155 could regulate the balance between M1/M2 and fur-
ther affect the function of macrophages. Meanwhile, miR-155
could negatively regulate the M2/pro-TH2 phenotype of mac-
rophages by targeting IL-13 dependent factors (SOCS1 and
CD 18). In addition, miR-155 was closely involved in inflam-
mation-induced hippocampal neurogenic dysfunction (Wood-
bury et al., 2015). Knockdown of miR-155 could improve
functional recovery and brain microvasculature growth, but
inhibit brain tissue damage in the ischemia animal model
(Pena-Philippides et al., 2016). However, if miR-155 could
influence acute lung injury has not been reported.



Suppressor of cytokine signaling (SOCS) is a family of im-
munosuppressive molecules. They are negative regulatory fac-
tors secreted by cells but can feedback inhibit cytokine signal
transduction (Sun et al., 2013). SOCS can regulate a variety of
cytokines and participate in the process of different inflam-
matory diseases. Suppressor of cytokine signaling 1 (SOCS1),
the target gene of miR-155, is closely related to inflammatory
response. SOCSI is an important inhibitor factor of inter-
feron and toll like receptor mediated response in various im-
mune cells (Gingras et al., 2004). Previous report indicated
that SOCS1 knockout mice developed severe inflammation
3 weeks after birth and eventually died of multiple organ dys-
function syndrome (Chikuma et al, 2017). It was reported
that miR-155/SOCS]I axis was closely linked with lipopoly-
saccharide (LPS) (Cheng et al., 2012) and virus (Wang et al.,
2010) induced macrophage inflammatory response. Mean-
while, miR-155 can target and regulate SOCS1 gene, enhance
the immunomodulatory function of bone marrow mesen-
chymal stem cells (Zhang et al., 2018), and improve the tol-
erance of microglia of central nervous system to endotoxin
(Sun et al., 2018). However, if miR-155/SOCS] axis is involved
in the regulation of acute lung injury has not been reported.

In this study, we established acute lung injury through C.
albicans infection, and constructed miR-155 inhibitor, miR-
155 mimic, and sh-SOCS1. Whether miR-155 could regulate
acute lung injury through targeting SOCS1 was investigated.
We firstly reported that down-regulation of miRNA-155 could
inhibit C. albicans induced acute lung injury by activating
SOCS1 and inhibiting inflammation response, which expands
the potential application of miRNA-155. This study might
provide a new therapeutic thought for the treatment of acute
lung injury caused by C. albicans.

Materials and Methods

Cell culture and LPS treatment

MH-S cell line (Mice alveolar macrophages, Procell) was used
in this study for in vitro research. The cells were cultured with
RPMI-1640 medium containing 10% FBS and 0.1 mM f-
mercaptoethanol. The cells were cultivated in an incubator
with 5% CO, and 37°C. To establish acute lung injury cell
model, LPS (1 ug/ml) was used to cultivate cell for 24 h.

Time-kill curve

The constructed miR-155 inhibitor (Final concentration: 20
uM) was mixed with prepared C. albicans solution (2 x 10°
CFU/ml) in an incubator at 37°C. After 0, 4, 8, and 16 h in-
cubation, the culture medium was coated on the sabouraud
dextrose agar plate at 37°C. After another 24 h incubation
at 37°C, the colony formations were counted.

Germ tube formation

Candida albicans (5 x 10° CFU/ml) was coated into RPMI1640
medium containing 5% FBS. miR-155 inhibitor (Final con-
centration: 20 uM), miR-155 mimics (Final concentration:
20 uM), and Itraconazole (Final concentration: 0.1 mg/ml)
were supplemented, and cultured using constant temperature
oscillation (180 g/min, 37°C) for 4 h. The mixed culture me-
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dium (100 pl) was inoculated on the glass slide. The germ
tubes were observed and counted with a microscope.

Immunofluorescence staining

The collected tissues were fixed with paraformaldehyde (4%)
for 48, and embedded with optimal cutting temperature com-
pound (OCT, Sigma). The 10 pm crosswise tissue sections were
made for immunofluorescence and HE staining. After antigen
repair, the tissues were treated with 5% bovine serum albumin
for blocking. The tissues were incubated with anti-SOCS1
(1:1000, #ab9870, Goat polyclonal to SOCS1, Abcam) antibody
at 4°C for 12 h. The tissues were washed with PBS 3 times,
and incubated with second antibody (1:2000, Donkey poly-
clonal secondary antibody to goat IgG, #ab150129, Abcam)
for 2 h. Cell nuclei was stained using DAPI. The fluorescent
images were analyzed using a confocal microscope.

Animal experiments

Animal experiments were approved by the Animal Care and
Use Committee of the Affiliated Fuzhou First Hospital of Fu-
jian Medical University (20210014). BALB/c mice (Male, 9-10
weeks) purchased from Charles River were used in this
research. The animal experiments were performed based on
previous references (Patterson et al., 1993; Gamaletsou et al.,
2019) and our own pre-experiment. The animal experiments
were divided into the following groups: Control, C. albicans,
C. albicans + miR-155 inhibitor, C. albicans + miR-155 mi-
mics, C. albicans + Itraconazole, C. albicans + sh-SOCS1. Six
animals were used in each group. The animals in the group
control were intratracheally injected with 100 ul PBS. The
animals in other groups were intratracheally injected with
C. albicans (1 x 10’ CFU in 50 ul PBS) combined with miR-
155 inhibitor (10 pg/ul in 50 pl PBS), miR-155 mimics (10
pg/ul in 50 pl PBS), Itraconazole (15 mg/kg in 50 ul PBS),
or sh-SOCS1 (10 pg/pl in 50 pl PBS). The animals were eu-
thanized using CO, inhalation 48 h after treatment. The
blood, lung, liver, and kidney tissues were collected. The fol-
lowing items including temperature, inoculation sites, sur-
vival status, hair, and body change were monitored. Rapid
weight loss (more than 20%), rapid temperature decrease
(more than 6°C), incurable long-term diarrhea, and contin-
uous lying down were set as the humane end points of animal
experiment.

Measurement of inflammatory factors

The blood was collected from posterior orbital venous plexus
of animals. The collected blood was centrifuged (2,000 g/min,
4°C) for 10 min. The collected serum was stored at -80°C be-
fore use. ELISA method was used to measure the levels of
TNF-B (#PT903), IL-6 (#P1335), TNF-a (#PT516), and IL-10
(#P1525) in the serum of animals. All ELISA kits were ob-
tained from Beyotime.

Measurement of C. albicans loading in different tissues

After sacrifice, the tissues (kidney, liver, and lung) were col-
lected and homogenized. The homogenized tissues were di-
luted 10 times, and coated on the sabouraud dextrose agar
medium at 37°C. After incubation for 2 days, the colony
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forming numbers were counted.

Hematoxylin and eosin (HE) staining

The following steps were performed for HE staining: Hema-
toxylin staining (30 sec), washing with water (15 sec), differ-
entiation (5 sec) with HCI/95% alcohol (1:100), washing with
water (40 min), eosin staining (10 sec), washing with water (10
min). The sections were mounted with neutral gum, and
captured with Zeiss AxioVision (Jena).

Dual luciferase reporter assay

Cells were cultured in a 24 well plate. Lipofectamine 2000
(Invitrogen life technologies) was used for co-transfection.
Co-transfection with pmirGLO-SOCS1-WT or pmirGLO-
SOCS1-MUT and miR-155 mimic was performed. Dual-
luciferase reporter gene assay kit was used to measuring lu-
ciferase activity 48 h after transfection.

qRT-PCR

Trizol reagent (TaKaRa) was used to extract RNA, and
cDNA was amplified using using RT-PCR with ChamQ™
SYBR® qPCR Master Mix (Vazyme). The primers used in
this study was listed as follows: miR-155 (F: ATGCTAATC
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GTGATAGGGG, R: GTGCAGGGTCCGAGGTAT); SOCS1
(F: AGCTCCTTCCCCTTCCAGATT, R: CCACATGGTT
CCAGGCAAGTA); GAPDH (F: ATGGGGAAGGTGAA
GGTCG, R: TCGGGGTCATTGATGGCAACAATA). 24"
method was applied to analyze results. The thermocycling
protocol of QRT-PCR was listed below: 95°C (30 sec) and
40 cycles (95°C, 3 sec, and 60°C, 30 sec).

Cell transfection

The sh-SOCS1, miR-155 mimic, and miR-155 inhibitor were
designed and synthesized by GenePharma. The cells were
cultured in an incubator with 5% CO, and 37°C. After reach-
ing 70% confluence, transfection was preformed using Lipo-
fectamine 2000 (#11668027, Invitrogen).

Flow cytometry

Cells were seeded at 12 well plate, and cultured in the incu-
bator with 5% CO, and 37°C for 24 h. After treatment with
LPS (1 pg/ml), miR-155 inhibitor, and sh-SOCS]1 for 48 h,
cells were digested with trypsin. The collected cells were cul-
tured with propidium iodide and Annexin V-FITC for 15 min
in the dark. Cell apoptosis was analyzed using Cytomics™
FC500 Flow Cytometer (Beckman).

Candida albicans
+ltraconazole

Candida albicans
+miR-155 mimics

Candida albicans
+miR-155 inhibitor

4 8 16
Incubation time (hour)

Fig. 1. Knockdown of miR-155 markedly inhibited the germ tube formation of Candida albicans. (A) miR-155 mimics and miR-155 inhibitor were constructed;
(B) Influence of miR-155 on germ tube formation of C. albicans was investigated; (C) Influence of miR-155 on germ tube formation of C. albicans was analyzed;
(D) Time-kill curves were conducted to investigate the influence of miR-155 on C. albicans; (E) The time-kill curve of miR-155 inhibitor in terms of C. albicans

was observed. *P < 0.05 compared with group control or C. albicans.



Statistical analysis

All results were presented as mean + SD, and analyzed with
SPSS software. Student’s t-test was applied to compare find-
ings between two groups. One-way ANOVA was applied to
compare the findings among multiple groups, followed by
Dunnett’s t-test. P <0.05 was believed to be statistical dif-
ference.

Results

Knockdown of miR-155 markedly inhibited the germ tube
formation of C. albicans

miR-155 mimics and miR-155 inhibitor were constructed
(Fig. 1A) to investigate the influence of miR-155 on germ
tube formation of C. albicans. We found that knockdown
of miR-155 markedly decreased the germ tube formation
of C. albicans, but transfection with miR-155 mimics greatly
accelerated the growth rate of germ tube (Fig. 1B-C). In addi-
tion, the time-kill curve of miR-155 inhibitor in terms of C.
albicans was detected. After 16 h incubation, total C. albicans
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was killed by treatment with miR-155 inhibitor (Fig. ID-E).

Influence of miR-155 on the acute lung injury induced by
C. albicans

The acute lung injury animal model was established through
treatment with C. albicans. The alveolar septum in the group
was increased greatly (Fig. 2A) and the bleeding area (Fig.
2B) was significantly enlarged compared with group control.
However, transfection with miR-155 inhibitor could mar-
kedly could significantly suppress the damage caused by C.
albicans, but overexpression of miR-155 greatly enlarged the
damage of C. albicans (Fig. 2A-B). Treatment with Itracon-
azole also play a remarkable protection effect on lung tissue.
In addition, we measured the levels of inflammatory factors in
the serum after different treatments. The significant increased
IL-10, TNF-q, IL-6, and TNF-p in the group C. albicans were
markedly inhibited by miR-155 inhibitor and Itraconazole,
but promoted by miR-155 mimics (Fig. 2C). The fungus load
levels in different tissues and blood were also measured.
Knockdown of miR-155 and administration with Itraconazole
remarkably suppressed the fungus contents in lung, liver, kid-
ney, and blood compared with group C. albicans (Fig. 2D).

Candida albicans
+Itraconazole
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IL-10

TNF-a IL-6 TNF-B

= Control

Candida albicans
® Candida albicans+miR-155 inhibitor
B Candida albicans+miR-155 mimics
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Fig. 2. Influence of miR-155 on the acute lung injury induced by
Candida albicans. (A) Influence of miR-155 on the lung histological
changes of acute lung injury animals; (B) Analysis of bleeding areas
in the lung tissues; (C) The inflammatory factors in the serum
were investigated; (D) The fungus load in different tissues were
measured. *P < 0.05 compared with group C. albicans. Black arrows
indicate the bleeding site.
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Influence of miR-155 on the expression of SOCS1 in the lung
tissues and the binding site identification between miR-155
and SOCS1

The expression levels of SOCS1 in the lung tissues were de-
tected. The level of SOCS1 was greatly suppressed in the
group of C. albicans (Fig. 3A-C) compared with group cont-
rol. However, the protein and mRNA levels of SOCS1 were
greatly promoted by transfecting miR-155 inhibitor and
treatment with Itraconazole compared with group C. albi-
cans (Fig. 3A-C). The binding site between miR-155 and
SOCS1 was also identified (Fig. 3D-E).
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Knockdown of SOCS1 markedly reversed the influence of
miR-155 inhibitor on the improvement of acute lung injury
in vivo

The increased alveolar septum and bleeding areas in the lung
tissues of group C. albicans were significantly improved after
transfection with miR-155 inhibitor (Fig. 4A-B). However,
sh-SOCS1 remarkably reversed the effect of miR-155 inhi-
bitor, and aggravated the acute lung injury and bleeding in
the lung tissue (Fig. 4A-B). In addition, the remarkable de-
crease of inflammatory factors and fungus load in the tissues
induced by knocking down miR-155 were also reversed by
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Fig. 3. Influence of miR-155 on the expression of SOCS1 in the lung tissues and the binding site identification between miR-155 and SOCSI. (A) The level
of SOCS1 in the lung tissue was measured with IHC staining; (B) The level of SOCS1 in the lung tissue was analyzed; (C) The level of SOCSI in the lung
tissue was measured with RT-PCR assay; (D) The binding site between miR-155 and SOCS1 was predicted; (E) The binding site between miR-155 and
SOCS1 was identified. *P < 0.05 compared with group control, # P < 0.05 compared with group Candida albicans.



sh-SOCSI1 (Fig. 4C-D). We found that transfection with sh-
SOCS]1 greatly promoted the levels of inflammatory factors
and fungus load in different tissues (Fig. 4C-D). In addition,
we found that the decreased body weight of animals caused
by C. albicans was significantly increased by miR-155 inhi-
bitor. However, sh-SOCS1 markedly inhibited the influence
of miR-155 inhibitor (Fig. 4E). Therefore, miR-155 might
regulate acute lung injury through targeting SOCS1.

Knockdown of SOCS]1 greatly reversed the influence of miR-
155 inhibitor on the cell apoptosis in vitro

The regulatory function between SOCS1 and miR-155 was
also investigated in vitro. We found that cell apoptosis level
in the group LPS + miR-155 inhibitor was remarkably de-
creased compared with group LPS (Fig. 5A-B). However, the
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influence of miR-155 inhibitor on cell apoptosis was greatly
reversed by knocking down SOCS1 (Fig. 5A-B). Similar find-
ings were observed in the mRNA expression of apoptosis-
related proteins. Transfection with miR-155 inhibitor signi-
ficantly decreased the levels of Caspase-3 and Bax, but in-
creased Bcl-2 compared with group LPS (Fig. 5C). However,
simultaneous administration with sh-SOCS1 markedly pro-
moted the levels of Caspase-3 and Bax, but suppressed Bcl-2
expression. Therefore, miR-155 might influence cell apop-
tosis through regulating SOCSI.

Discussion
Acute lung injury can further lead to acute respiratory dis-

tress syndrome (ARDS), which is one of the common causes
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Fig. 4. Knockdown of SOCS1 markedly reversed the influence of miR-155 inhibitor on the improvement of acute lung injury in vivo. (A) Influence of SOCS1
on the lung histological changes of acute lung injury animals; (B) Analysis of bleeding areas in the lung tissues; (C) The inflammatory factors in the serum
were investigated; (D) The fungus load in different tissues were measured; (E) The body weights of animals were analyzed. *P < 0.05 compared with group
Candida albicans.” P < 0.05 compared with group C. albicans + miR-155 inhibitor. Black arrows indicate the bleeding site.
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of death in critically ill patients (Deshpande and Zou, 2020).
Acute lung injury is often induced by sepsis, surgical stress,
inflammation, trauma, infection, and repeated massive blood
transfusion (Shah et al., 2021). It is characterized by pul-
monary edema, damage to alveolar epithelium and pulmo-
nary capillaries, extensive inflammation of the lung, and of-
ten leads to shock and multiple organ failure (Li and Zou,
2020). At present, the main clinical treatment methods in-
clude comprehensive measures such as drug treatment and
mechanical ventilation (Du et al., 2020). In recent years, gene
targeted therapy has brought new ideas for the treatment
of acute lung injury.

Candida albicans infection is a potential cause of acute lung
injury. Several reports have indicated the regulatory role of
miRNAs in C. albicans infection induced-diseases. miR-155
affected the macrophages infected by C. albicans through tar-
geting Dectin-1 (Agustinho et al., 2017). miR-384-5p played
a protective role in C. albicans induced acute lung injury.
miR-384-5p contributed to C. albicans induced-acute lung
injury via targeting PGC1p and enhancing the activation of

miR155/SOCS|1 axis

|

LPS+miR-155 inhibitor+sh-SOCS1

the NF-kB, MAPK, and Akt inflammatory signaling path-
ways (Yu et al., 2021). Knockdown of miR-204/miR-211 ag-
gravated candidemia-induced kidney injuries through sup-
pressing Hmx1 and promoting immune-suppression (Li et
al., 2014). Our findings that the improvement of acute lung
injury by knockdown of miR-155 expand the understand-
ing of the regulatory role of miRNAs in C. albicans induced
diseases.

SOCSI is known as an important inhibitor of immune re-
sponse, and it could regulate inflammatory factors produced
by immune cells (Su et al., 2009). SOCSI plays a negative feed-
back role in cytokine signal transduction. The primary acce-
ssion number of SOCSI1 is 015524 (Juskevicius et al., 2017).
Overexpression of SOCS!1 inhibited IFN-y receptor phos-
phorylation and STATI activation (Liu et al, 2021). Several
reports have suggested the protective role of SOCS1 in the
pulmonary infectious diseases. Asthma is a typical Th2 type
immune response. The production of Th2 type cytokines is
significantly increased in patients with asthma. The high ex-
pression of SOCS1 in Thl cells significantly inhibited IL-4/

Fig. 6. The inhibition mechanism
of miR-155/SOCS1 in the Candida
albicans induced acute lung injury.
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STAT6 pathway, promoted the differentiation of Thl type,
and played a protective role in asthma (Dharajiya et al., 2009;
de Oliveira et al., 2015).

The regulatory relationship between miR-155 and SOCS1
has been proved in several types of diseases. miR-155/SOCS-1
signaling pathway is closely involved in the suppression of
intracerebral hemorrhage-induced inflammation by gluco-
corticoid (Xu et al., 2016). miR-155 influenced the inflam-
mation response via SOCSI1 in atherogenesis (Yang et al.,
2015; Ye et al., 2016). miR-155/SOCS-1 involved in the oxi-
dized low-density lipoprotein induced inflammation inhibi-
tion by genistein (Zhang et al., 2017). Meanwhile, Propofol
inhibited inflammatory response in LPS-activated microglia
by through miR-155/SOCS1 pathway (Zheng et al., 2018). We
demonstrated that knockdown of miR-155 suppressed C.
albicans induced acute lung injury by activating SOCS1,
which expand our understanding about the role of miR-155/
SOCS1 axis in disease (Fig. 6).

The limitation of this study is that only one strain of Candida
was investigated. The effect of miR-155 on other Candida
strains needs to be further studied to validate the conclusion
of this research.

Conclusion

In summary, we proved that knock down of miR-155 could
improve acute lung injury caused by C. albicans, suppressed
inflammatory response, C. albicans infection, and cell apop-
tosis through targeting SOCS1. This study might provide a
novel insight for the prevention and treatment of acute lung
injury caused by C. albicans.
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