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ARTICLE INFO ABSTRACT

Keywords: Background: Acute respiratory distress syndrome (ARDS) is a severe inflammatory pulmonary condition that
ARDS leads to respiratory failure. The imbalance of Th17/Treg and M1/M2 is implicated in ARDS. A better under-
SPP1 standing of the regulation of the balance of Th17/Treg and M1/M2 may provide novel therapeutic targets for
HIF-1a ARDS.

glel; Methods: Plasma and BALF samples were collected from ARDS patients. Inflammatory cytokines were examined
Macrophage by ELISA. Th17, Treg, M1 and M2 were identified via immunofluorescence staining of RORyt, Foxp3, iNOS and

Arg-1. H&E and Masson’s trichrome staining were applied for evaluating pulmonary damage and fibrosis. A
mouse model of ARDS was established through LPS administration. HIF-1a was immunoprecipitated and sub-
jected to ubiquitination analysis via western blotting. The expression of SPP1, VHL and HIF-1a was examined by
RT-qPCR and western blotting.

Results: ARDS patients showed elevated levels of inflammatory cytokines and ratios of Th17/Treg and M1/M2.
SPP1 was upregulated in ARDS mice, and silencing of SPP1 alleviated lung injury and fibrosis. SPP1 inhibited
VHL expression to reduce the ubiquitination and degradation of HIF-la in ARDS. Overexpression of SPP1
facilitated Th17, Treg and M1 polarization but inhibited M2 polarization through upregulation of HIF-1a.
Conclusion: SPP1 elevates Th17/Treg and M1/M2 ratio by suppressing VHL expression and ubiquitination-
dependent HIF-1a degradation, thus exacerbating ARDS. Our study provides novel mechanistic insights into

Degradation

ARDS pathogenesis and promising therapeutic targets.

1. Introduction

As one of the most severe lung conditions, acute respiratory distress
syndrome (ARDS) is characterized by pulmonary edema, widespread
inflammation and severe hypoxaemia, commonly causing acute respi-
ratory failure and even death in critically ill patients [1]. ARDS is still
incurable, and the focus of treatment, such as ventilator support and
extracorporeal membrane oxygenation, is supplying oxygen and sup-
porting patients until the lungs heal [2]. The pathogenesis of ARDS is
complicated, involving lung and systemic inflammation and impaired
fluid management and endothelial and epithelial barriers in the lungs
[3]. ARDS is driven by intense inflammatory responses, and the imbal-
ance between anti- and pro-inflammatory cytokines in the lungs is key
for the onset and development of ARDS [4,5]. Manipulating inflamma-
tory responses is being investigated as a potential therapy for ARDS
despite several attempts have failed [6]. A better understanding of the
regulatory mechanisms underlying inflammatory responses in the lungs

of ARDS patients contributes to developing novel targeted therapies.

T helper 17 cells (Th17) and regulatory T cells (Treg) are key regu-
lators in maintaining inflammatory responses. Th17 promotes inflam-
mation via producing various proinflammatory cytokines such as IL-17,
IL-23 and IL-22, whereas Treg exerts anti-inflammatory functions
through secretion of TGF-p and IL-10 and suppression of immune cell
function [7]. Imbalance of Th17/Treg is implicated in autoimmune and
inflammatory disorders including ARDS. Increased Th17/Treg ratio has
been identified as a risk indicator for early ARDS, and a significant
proinflammatory Th17 shift was observed in patients [8]. Moreover,
mesenchymal stem cells overexpressing TGFf1 suppressed inflamma-
tory responses and alleviated lung injury by reducing Th17/Treg ratio in
LPS-induced ARDS mice [9]. Besides, macrophages are abundant in the
lungs and play key roles in regulating inflammation. Macrophages are
polarized into proinflammatory M1 macrophages and anti-
inflammatory M2 macrophages, and the balance of M1/M2 is an key
orchestrator in ARDS at various stages [10]. LPS-induced ARDS mice

* Corresponding author at: Intensive Care Unit, Chongqing General Hospital, No.118, Xingguang Avenue, Liangjiang New Area, Chongging 401147, PR China.

E-mail address: 1422144585@qq.com (L. Chen).

https://doi.org/10.1016/j.cyt0.2022.156107

Received 14 July 2022; Received in revised form 24 November 2022; Accepted 5 December 2022

Available online 9 February 2023
1043-4666/© 2022 Elsevier Ltd. All rights reserved.


mailto:1422144585@qq.com
www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2022.156107
https://doi.org/10.1016/j.cyto.2022.156107
https://doi.org/10.1016/j.cyto.2022.156107
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2022.156107&domain=pdf

L. Chen et al.

showed significantly increased M1 but decreased M2 in the lungs [11].
M1 polarization is essential for initiating inflammation in ARDS, and
manipulating the balance of M1/M2 favoring a M2 shift could attenuate
inflammation and lung injury [11-13]. Exploring the mechanisms un-
derlying the balance of Th17/Treg and M1/M2 is crucial for a better
understanding of inflammation and pathogenesis of ARDS.

Hypoxia inducible factor 1o (HIF-1a) is an important regulator that
modulates cellular responses to hypoxia and inflammation, serving key
roles in maintaining oxygen homeostasis and regulating cell survival
[14]. HIF-1a facilitates Th17 differentiation via activating RORyt tran-
scription and suppresses Treg differentiation by inducing Foxp3 degra-
dation, controlling the balance of Th17/Treg [15]. In addition, HIF-1a
promotes M1 polarization through various mechanisms [16,17]. Xu
et al. reported that HIF-1a was highly expressed in LPS-induced acute
lung injury (ALI) mice [18]. These studies suggest that HIF-1a may be
implicated in increased Th17/Treg ratio and M1 polarization in ARDS.

In this study, we investigated the regulatory mechanisms underlying
abnormal HIF-1a expression in ARDS and explored its roles in regulating
Th17, Treg, M1 and M2 polarization. We demonstrated that secreted
phosphoprotein 1 (SPP1) exacerbated pulmonary inflammation in ARDS
via modulating the balance of Th17/Treg and M1/M2 through HIF-1a.
Our study provides novel mechanistic insights into the pathogenesis of
ARDS and potential therapeutic targets for ARDS.

2. Methods
2.1. Clinical specimens

Patients who were diagnosed with ARDS at Chongqing General
Hospital were divided into three groups based on degrees of severity:
mild (200 mmHg < PaO2/FiO2 (P/F) < 300 mmHg, n = 17) moderate
(100 mmHg < P/F < 200 mmHg, n = 31) and severe (P/F < 100 mmHg,
n = 19) groups [19]. Blood and bronchoalveolar lavage fluid (BALF)
samples were collected from patients and healthy donors (n = 17). Blood
in anticoagulant-treated tubes was centrifugated at 2000 g for 15 min for
plasma preparation.

2.2. Animals and reagents

C57BL/6 mice (male, six-week-old) were purchased from SJA Lab-
oratory Animal Co., Itd (Changsha, Hunan, China) and kept in a specific
pathogen free facility. Primary antibodies against human Foxp3 (MA5-
14662), human iNOS (MA5-17139), human RORyt (PA5-86733),
human/mouse SPP1 (PA5-34579) and Alexa Fluor 488 or Alexa Fluor
555-conjugated secondary antibodies (A-11008 and A-21422) were
purchase from Thermo Fisher Scientific (Waltham, MA, USA). Primary
antibodies against human VHL (ab270968), human HIF-1a (ab179483),
human/mouse GAPDH (ab8245) and ubiquitin (ab19247) were ob-
tained from Abcam (Cambridge, UK). DAPI (C1002), MG-132 (S1748),
Trizol (R0016), SYBR Green qPCR Mix (D7260) and Hematoxylin and
Eosin (H&E) Staining Kit (C0105) were provided by Beyotime
(Shanghai, China). High-Capacity cDNA Reverse Transcription Kit and
Neon™ Transfection System were purchased from Thermo Fisher Sci-
entific. SiIRNAs against VHL (si-VHL), SPP1 (si-SPP1) and HIF-1a (si-HIF-
la), scrambled sequences (si-NC) and lentiviral shRNA-SPP1 vectors
were synthesized by GenePharma (Shanghai, China). Human CD4" T
Cell Isolation Kit and Monocyte Isolation Kit were provided by STEM-
CELL (Vancouver, Canada). ELISA kits for IL-6, IL-17, IL-10, TGF-B, TNF-
a, IL-1f, IL-4 and IL-13 were bought from Abcam.

2.3. A mouse model of ARDS

Mice were blindly divided into four groups (n = 8 per group): con-
trol, ARDS, LV-sh-NC and LV-sh-SPP1. ARDS mice were intratracheally
administrated with LPS (2 mg/kg). In LV-sh-NC and LV-sh-SPP1 groups,
mice received lentiviral sh-NC and sh-SPP1 particles followed by LPS
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administration. Control mice received an equivalent volume of normal
saline. After 3 days, blood and BALF samples were collected. Subse-
quently, mice were sacrificed, and lung tissues were excised for histo-
logical staining.

2.4. Isolation of CD4" T cells and monocytes

Whole blood was collected from ARDS patients, and mononuclear
cells were preliminarily separated through Percoll gradients. Subse-
quently, CD4" T cells and monocytes were isolated using Human CD4* T
Cell Isolation Kit and Human Monocyte Isolation Kit according to the
manufacturer’s recommendations. The purity of isolated cells was > 90
%.

2.5. Reverse transcription real-time quantitative PCR (RT-gPCR)

Partial lung tissues from mice were snap-frozen and homogenized in
liquid nitrogen. Lung homogenates, CD4" T cells and monocyte-
macrophages were resuspended in Trizol reagent, and total RNA was
extracted. Subsequently, RNA was reversely transcribed into cDNA with
High-Capacity cDNA Reverse Transcription Kit. Real-time quantitative
PCR was applied to analyze the relative gene expression of SPP1, RORyt,
Foxp3, iNOS, Arg-1, VHL and HIF-1a. GAPDH was used as a normali-
zation control. The 2~ 24 formula was used for calculation. Primers
were shown in Table 1.

2.6. Western blotting

Lung homogenates, CD4" T cells and monocyte-macrophages were
lysed in RIPA lysis buffer on ice for 30 mins, and total lysates were
collected followed by protein quantification. Protein (30 pg) was elec-
trophoresed and transferred to polyvinylidene fluoride membranes.
Membranes were incubated with anti-SPP1 (1:500), anti-VHL (1:1000)
and anti-HIF-1a (1:1000) overnight. Subsequently, membranes were
washed and incubated with an HRP-conjugated secondary antibody
(1:5000) for 1 h. Bands were visualized using ECL substrate, and in-
tensity was analyzed using the ImageJ software.

2.7. Ubiquitination analysis of HIF-1a

Cells were lysed, and supernatants were collected. An anti-HIF-1a
antibody (2 pg) was mixed with the supernatants and incubated for 12 h.
Normal IgG isotype was used a negative control. The following day, HIF-
la was immunoprecipitated using protein A/G magnetic beads and
eluted. Subsequently, the immunoprecipitated fraction was electro-
phoresed and transferred to polyvinylidene fluoride membranes. The
ubiquitination of HIF-la was examined with a ubiquitin antibody
(1:1000). Membranes were incubated with an HRP-conjugated second-
ary antibody (1:5000), and bands were visualized using ECL substrate.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Blood and BALF were collected from ARDS patients at Chongqing
General Hospital. Blood in anticoagulant-treated tubes was cen-
trifugated at 2000 g for 15 min for plasma preparation. BALF was
collected from mice as previously described [20]. Plasma and BALF were
stored at —80 °C until use. The concentrations of IL-6, IL-17, IL-10, TGF-
B, TNF-a, IL-1B, IL-4 and IL-13 were examined using ELISA kits following
manuals.

2.9. Immunofluorescence (IF) staining

Cells were washed, fixed in 4 % formaldehyde solution for 10 mins
and permeabilized in 0.1 % Triton-X100 solution for 15 mins. Cells were
blocked in 5 % goat normal serum and incubated with anti-Foxp3
(1:200), anti-RORyt (1:200), anti-INOS (1:500) and anti-Arg-1
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(1:1000) overnight. After wash, cells were incubated with Alexa Fluor
488 and Alexa Fluor 555-conjugated secondary antibodies. DAPI was
used to stain the nuclei. Cells were mounted and imaged.

2.10. Histological staining

The lungs were excised from mice and fixed in 4 % formaldehyde
solution. Subsequently, the lungs were dehydrated, embedded in
paraffin and sliced into 5-um sections. Sections were deparaffinized in
xylene and rehydrated. Hematoxylin and eosin staining was applied to
evaluate lung damage. For Masson’s trichrome staining, sections were
mordanted and stained in Weigert’s iron hematoxylin solution. Sections
were mounted and imaged with an Olympus BX51 microscope.
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2.11. Statistical analysis

Data from at least three independent assays were analyzed by the
Student’s test or one-way analysis of variance (ANOVA) with the
Tukey’s post hoc test and expressed as mean =+ standard deviation (SD).
P < 0.05 was statistically significant. *P < 0.05, **P < 0.01 and ***P <
0.001.
3. Results
3.1. Elevated Th17/Treg and M1/M2 ratios in ARDS patients

A strong inflammatory response and subsequent cytokine storm may
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Fig. 1. Inflammatory cytokines in the plasma and BALF samples from ARDS patients. The concentration of IL-6 (A and I), IL-17 (B and J), IL-10 (C and K), TGF-
B (D and L), TNF-a (E and M), IL-1p (F and N), IL-4 (G and O) and IL-13 (H and P) in plasma and BALF from healthy donors (n = 17) and ARDS patients (mild patients,
n = 17; moderate patients, n = 31; severe patients, n = 19). *P < 0.05, **P < 0.01, and ***P < 0.001 vs Health group.



L. Chen et al.

lead to ARDS [21]. Thus, we collected blood and BALF samples from
ARDS patients with three degrees of severity (mild, moderate and se-
vere) and healthy donors and examined pro- and anti-inflammatory
cytokines including IL-1p, IL-4, IL-6, IL-10, IL-13, IL-17, TNF-a and
TGF-f. We found elevated levels of IL-6 (Fig. 1A and 1), IL-17 (Fig. 1B
and J), IL-10 (Fig. 1C and K), TGF-p (Fig. 1D and L), TNF-« (Fig. 1E and
M) and IL-1f (Fig. 1F and N) but reduced levels of IL-4 (Fig. 1G and O)
and IL-13 (Fig. 1H and P) in plasma and BALF from patients, suggesting
obvious inflammation in ARDS patients. Most of the greatest changes in
these cytokines, except TGF-B, were observed in patients with severe
ARDS (Fig. 1A-P), showing that inflammation progressively developed
with increasing ARDS severity. As the balance of Th17/Treg and M1/M2
phenotype governs inflammatory responses in ARDS [9,22], we exam-
ined the abundance of Th17, Treg, M1 and M2 cells in blood samples.
Compared to healthy donors, ARDS patients showed increased abun-
dance of Treg (Foxp3 positive), Th17 (RORyt positive) and M1 (iNOS
positive) cells but decreased M2 (Arg-1 positive) cells with increasing
severity, and ratios of Th17/Treg and M1/M2 were greatly elevated in
patients (Fig. 2A and B). In addition, CD86 was significantly upregu-
lated but CD206 was downregulated in blood monocytes from ARDS
patients (Supplementary Fig. 1). Our data indicated the imbalance of
Th17/Treg and M1/M2 might control inflammation and deteriorate

Th17 cells (%)
Treg cells (%)

Health  Mild Moderate Severe Health
Health Mild Moderate

@

Severe

ke K
e

10

g
>
=)
©
=
o
o
2
S
©
£
-
=

M2 macrophagy (%

0
Health Mild  Moderate Severe Health

Mild Moderate Severe Health

0
Mild Moderate Severe Health

Cytokine 164 (2023) 156107
ARDS.
3.2. Silencing of SPP1 alleviated lung injury in ARDS mice

We analyzed gene expression in the microarray data (GSE180750)
from lung tissues of bleomycin-induced pulmonary fibrosis mice to
explore potential regulators of ARDS. Despite a large number of genes
were differently expressed, secreted phosphoprotein 1 (SPP1), also
known as osteopontin (OPN), was highly upregulated in lung tissues
from bleomycin-induced mice (Fig. 3A and B). To investigate the role of
SPP1 in ARDS, we established a mouse model of ARDS through LPS
administration. Compared to control mice, ARDS mice showed high
SPP1 expression in lung tissues (Fig. 3C and D). SPP1 was efficiently
silenced in mice through lentivirus-mediated transfection of sh-SPP1
(Fig. 3C and D). Severe pulmonary damage and fibrosis were
observed in ARDS mice (Fig. 3E and F). Importantly, silencing of SPP1
greatly suppressed LPS-induced pulmonary damage and fibrosis in
ARDS mice (Fig. 3E and F). Collectively, these observations demon-
strated that silencing of SPP1 alleviated lung injury in ARDS mice.

Mild Moderate Severe

Moderate

M1/M2 ratio

Mild Moderate Severe

Fig. 2. Elevated Th17/Treg and M1/M2 ratios in ARDS patients. IF staining of Foxp3 (A, red), RORyt (A, green), iNOS (B, red), Arg-1 (B, green) in CD4 T cells and
monocytes from healthy donors and ARDS patients. Treg (Foxp3 positive), Th17 (RORyt positive), M1 (iNOS) and M2 (Arg-1) cells were quantified, and ratios of
Th17/Treg and M1/M2 were calculated. The nuclei (blue) were stained with DAPI. Scale bar, 50 pm. *P < 0.05, **P < 0.01, and ***P < 0.001 vs Health group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Silencing of SPP1 alleviated lung injury in ARDS mice. (A) Analysis of differently expressed genes in a microarray data GSE180750. (B) High expression of
SPP1 in bleomycin-induced mice from GSE180750. (C and D) RT-qPCR and western blot analysis of SPP1 in lung tissues from mice in control, ARDS, LV-sh-NC and
LV-sh-SPP1 groups. (E) H&E staining of lung sections for evaluating lung damage. (F) Masson’s trichrome staining for evaluating pulmonary fibrosis.

3.3. Silencing of SPP1 reduced Thi17/Treg and M1/M2 ratios in ARDS
mice

We further analyzed the expression of RORyt, Foxp3, iNOS and Arg-1
in ARDS mice to investigate whether SPP1 regulates the balance of
Th17/Treg and M1/M2. The expression of RORyt, Foxp3 and iNOS was
elevated and Arg-1 was downregulated in lung tissues from ARDS mice,
whereas silencing of SPP1 reversed their expression (Fig. 4A-D). More-
over, increased levels of IL-6 (Fig. 4E), IL-17 (Fig. 4F), IL-10 (Fig. 4G),
TGF-p (Fig. 4H), TNF-a (Fig. 41) and IL-1p (Fig. 4J) in BALF samples from
ARDS mice were largely reduced by silencing of SPP1. Elevated IL-4 and
IL-13 in ARDS mice were further enhanced by knockdown of SPP1
(Fig. 4K and L). These results implied that silencing of SPP1 reduced
Th17/Treg and M1/M2 ratios, thus alleviating pulmonary inflammation
in ARDS.

4. SPP1 inhibited the ubiquitylation and degradation of HIF-1«a
by downregulating VHL

As SPP1 positively regulates STAT3 activation and STAT3 inhibits
HIF-1a degradation through von Hippel-Lindau tumor suppressor (VHL)
[23-25], we hypothesized that SPP1 might restrain VHL-mediated HIF-
la ubiquitylation and degradation in ARDS. We found that VHL was
downregulated in ARDS mice but silencing of SPP1 largely restored its
expression (Fig. 5A and C). HIF-1a was markedly upregulated in ARDS
mice, and silencing of SPP1 reduced HIF-1a protein but did not affect its
mRNA level (Fig. 5B and C), suggesting the possibility that SPP1 might
regulate HIF-1a degradation. We isolated blood CD4 " T cells from ARDS

patients, and VHL was efficiently overexpressed or knocked down in
CD4" T cells (Fig. 5D and F). Neither overexpression nor silencing of
VHL affected the mRNA level of HIF-1a (Fig. 5E). However, HIF-1a
protein was enhanced by knockdown of VHL but reduced by over-
expression of VHL (Fig. 5F). SPP1 was also overexpressed or knocked
down in blood CD4" T cells to identify SPP1-mediated regulation of VHL
and HIF-1a (Fig. 5G and J). No change in HIF-la mRNA level was
observed in CD4™ T cells (Fig. 5H). Overexpression of SPP1 reduced VHL
expression and promoted HIF-1a protein, whereas knockdown of SPP1
enhanced VHL expression and reduced HIF-la protein abundance
(Fig. 5I and J). Subsequently, we found that overexpression of SPP1
significantly promoted HIF-la expression and reduced its ubig-
uitylation, which was abrogated by simultaneous overexpression of VHL
(Fig. 5K). In addition, knockdown of SPP1 enhanced HIF-la ubiq-
uitylation and reduced its protein level, and these effects were reversed
by MG132 treatment (Fig. 5L). To be concluded, these observations
suggested that SPP1 reduced HIF-lo degradation and promoted its
expression via suppressing VHL expression in ARDS.

4.1. SPP1 regulated Th17, Treg, M1 and M2 polarization through HIF-1a

To explore whether SPP1 regulates the differentiation of Th17, Treg,
M1 and M2 through HIF-1a in ARDS, blood CD4 " T cells and monocytes
were isolated from ARDS patients. Overexpression of SPP1 promoted the
expression of Foxp3 and RORyt in CD4™ T cells and elevated Treg and
Th17 cells, but simultaneous silencing of HIF-1a reversed these effects
(Fig. 6A-D). In addition, overexpression of SPP1 boosted iNOS expres-
sion and iNOS-positive M1 cells and reduced Arg-1 expression and Arg-
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Fig. 4. Silencing of SPP1 reduced Th17/Treg and M1/M2 ratios in ARDS mice. RT-qPCR analysis of RORyt (A), Foxp3 (B), iNOS (C) and Arg-1 (D) in lung tissues
from mice in control, ARDS, LV-sh-NC and LV-sh-SPP1 groups. The concentration of IL-6 (E), IL-17 (F), IL-10 (G), TGF-p (H), TNF-a (I), IL-18 (J), IL-4 (K) and IL-13

(L) in BALF.

1-positive M2 cells, which was reversed by knockdown of HIF-1la
(Fig. 6E-H). To conclude, SPP1 facilitated Th17, Treg and M1 polari-
zation but inhibited M2 polarization through HIF-1a.

5. Discussion

ARDS is a lethal inflammatory respiratory condition, causing accu-
mulation of fluid in the lungs and severe hypoxemia. Management of
inflammatory response has been proposed a therapeutic strategy for
ARDS [26]. Elucidating the mechanisms underlying the balance of
Th17/Treg and M1/M2 contributes to understanding pulmonary
inflammation and has clinical significance. In present study, we
observed the association of pulmonary inflammation and elevated ratios

of Th17/Treg and M1/M2 in ARDS patients. Further investigation
demonstrated that SPP1 promoted Th17, Treg and M1 polarization but
inhibited M2 polarization by downregulating VHL and suppressing HIF-
o degradation, thus aggravating pulmonary inflammation and injury in
ARDS (Fig. 7).

Through analysis of the microarray data GSE180750, we found that
SPP1 was highly expressed in the lungs from bleomycin-treated mice.
SPP1, also known as osteopontin, modulates immune functions by
recruiting leucocytes to inflammatory sites, regulating cytokine gener-
ation and cell activation and suppressing lymphocyte apoptosis, thereby
inducing a pro-inflammatory microenvironment [27,28]. Specially,
SPP1 drives Th17 differentiation by enhancing IL-17 production [29].
Moreover, Sangaletti et al. reported that SPP1-deficient mice showed
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vector, pcDNA-VHL, si-NC or si-VHL. (D and E) RT-qPCR analysis of VHL and HIF-1a in CD4 T cells. (F) Western blotting of VHL and HIF-1a. CD4 T cells were
transfected with vector, pcDNA-SPP1, si-NC or si-SPP1. (G, H and I) RT-qPCR analysis of SPP1, HIF-1a and VHL in CD4 T cells. (J) Western blotting of SPP1, HIF-1a
and VHL. (K) Ubiquitination analysis of immunoprecipitated HIF-1a from CD4 T cells transfected with vector, pcDNA-SPP1 or pcDNA-SPP1 in combination with
pcDNA-VHL. (L) Ubiquitination analysis of immunoprecipitated HIF-1a from CD4 T cells transfected with si-NC, si-SPP1 or si-SPP1 in combination with MG-

132 treatment.

reduced Foxp3 + Treg cells [30], and another study found that SPP1
enhanced Treg accumulation and caused a tolerogenic environment
[31]. Besides, SPP1 has been reported to be implicated in regulating
macrophage polarization [32]. Fumiyuki Takahashi et al. reported
increased SPP1 expression in alveolar macrophages from ARDS patients
[33], and we also confirmed high expression of SPP1 in the lungs from
ARDS mice. Combining with previous studies, we proposed that SPP1
might modulate inflammation by tuning the balance of Th17/Treg and
M1/M2 in ARDS. Indeed, we found that silencing of SPP1 improved lung
injury by reducing ratios of Th17/Treg and M1/M2 and ameliorating

inflammatory responses in the lungs of ARDS mice. Besides, we observed
that silencing of SPP1 reduced anti-inflammatory cytokines IL-10 and
TGF-beta, which might attribute to silencing of SPP1-mediated
decreased Tregs. Our findings show clinical significance of coordi-
nating the balance of Th17/Treg and M1/M2 in management of ARDS
and suggest SPP1 as a potential drug target for ARDS treatment.
Simply, macrophages were subdivided into M1 and M2. However,
other macrophage subsets, such as Mhem, Mox, Mreg and M4, have been
defined [34]. The roles of these non-classical macrophage subsets in
ARDS are unknown. Mregs produce high levels of IL-10 and inhibit T cell
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proliferation to regulate immune responses [35], indicating that Mregs
may be implicated in pulmonary inflammation and ARDS. In addition,
M2 macrophages can be further divided to M2a, M2b, M2c and M2d
[36], but the specific activity of these M2 subsets in ARDS was unclear.
Tu et al. reported that M2c could induce more Tregs compared to M2a
although M2a and M2c did not affect the immunosuppressive function of
Tregs [37]. Therefore, it would be important to figure out the activity of

Fig. 6. SPP1 regulates Th17, Treg, M1 and M2 polarization through HIF-1a. Blood CD4 T cells from patients were transfected with vector, pcDNA-SPP1, pcDNA-
SPP1 + si-NC or pcDNA-SPP1 + si-HIF-1a. (A-D) RT-qPCR analysis and IF staining of Foxp3 (red) and RORyt (green) in CD4 T cells. Blood monocytes from patients
were transfected with vector, pcDNA-SPP1, pcDNA-SPP1 + si-NC or pcDNA-SPP1 + si-HIF-1a. (E-H) RT-qPCR analysis and IF staining of iNOS (red) and Arg-1

(green) in monocytes. The nuclei (blue) were stained with DAPI. Scale bar, 50 um. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

different macrophage subsets in various conditions.

HIF-1a is associated with increased expression of pro-inflammation
cytokines favoring polarization of Th17 and M1, thus promoting sub-
sequent inflammation [38]. It has been reported that HIF-1a promotes
Th17 differentiation by directly inducing RORyt transcription but sup-
presses Treg differentiation through Foxp3 protein degradation [15].
However, several studies reported that HIF-lo might drive Treg
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Fig. 7. The schematic diagram of this study. SPP1 inhibits VHL expression to reduce the ubiquitylation and degradation of HIF-1a, thus exacerbating ARDS.

differentiation by inducing Foxp3 expression under various conditions
[39,40]. Here, we observed that silencing of HIF-1a downregulated both
RORyt and Foxp3 in ARDS. The opposing activity of HIF-1a in regulating
Foxp3 expression and Treg differentiation may attribute to various
microenvironment conditions, which needs further investigation. In
addition, suppression of HIF-1a ameliorated trauma-induced pulmonary
damage [41], and HIF-la-deficient mice showed ameliorative lung
injury following lung contusion [42]. Intriguingly, we found high
expression of HIF-1a in the lungs of ARDS mice, and SPP1 disrupted the
balance of Th17/Treg and M1/M2 through HIF-1a, thus exacerbating
ARDS. Our data suggests HIF-1a is an attractive drug target for ARDS
treatment. However, a previous study reported an unexpected protective
role of HIF-1a in ALI, where HIF-1o improved lung injury via controlling
carbohydrate metabolism and dampening inflammation [43]. The
opposing activity of HIF-1a in lung injury, promotion or protection, may
resulted from various inflammatory stages and microenvironment and
upstream and downstream signaling pathways. Further investigation of
mechanisms underlying dual roles of HIF-1a in lung injury has impor-
tant clinical significance.

Ubiquitylation-dependent protein degradation is a key mechanism to
govern protein quality and abundance [44]. HIF-1a is degraded in a
ubiquitination-dependent manner through various mechanisms. For
instance, Koh and colleagues found that the E3-ubiquitin ligase HAF
promoted the proteasome-dependent degradation of HIF-1a [45]. The
ubiquitination and degradation of HIF-la was promoted by Parkin in
breast cancer cells [46]. Under hypoxic conditions, HIF-1a is a major
substrate of the VHL E3 ubiquitin ligase and instantly degraded through
VHL-mediated ubiquitylation [47]. We observed reduced VHL expres-
sion and increased HIF-1a expression in the lungs of ARDS mice. As
ARDS causes severe hypoxemia, it is possible that VHL targets HIF-1a for
ubiquitylation and degradation in ARDS. In addition, we found that
silencing of SPP1 enhanced VHL expression and reduced HIF-1la
expression, suggesting that SPP1 might regulate VHL expression. Pre-
vious studies have demonstrated that SPP1 activates the STAT3
signaling [23], and STAT3 suppresses VHL-dependent degradation of
HIF-1a by directly interacting with HIF-1la [48]. In this study, we
demonstrated that SPP1 inhibited VHL expression and attenuated HIF-
la ubiquitination and degradation, thereby modulating the polarization
of Th17, Treg, M1 and M2 in ARDS. Whether STATS3 is involved in this
process in ARDS remains unclear and needs further investigation. Our
data reveals a mechanism for HIF-1a degradation in ARDS and indicates
that inhibition of SPP1 and upregulation of VHL in ARDS contribute to
degrading HIF-1a, which may be targeted for ARDS treatment.

IL-10 and TGF-beta generally function as anti-inflammatory cyto-
kines and Treg-derived IL-10 limits Th17 overshooting [49], but we did
observe increased IL-10 and TGF-beta in blood and BALF samples.
Actually, many studies have reported that IL-10 and TGF-beta are
upregulated in ARDS animals and patients [50,51]. However, we do not
know the mechanisms underlying the upregulation of IL-10 and TGF-
beta in ARDS. One of our conjectures is that upregulation of anti-
inflammatory cytokines such as IL-10 and TGF-beta is a compensatory
mechanism to regulate the enhanced inflammation in ARDS, but it needs
further exploration. Taken together, we firstly reported that increased
expression of SPP1 exacerbated ARDS via disrupting the balance of
Th17/Treg and M1/M2 through suppression of VHL expression and
ubiquitination-dependent HIF-1a degradation. Although many trials of
agents against inflammation have failed, inflammation remains a
promising therapeutic target for ARDS. Our study not only deepens
understanding of the pathogenesis of ARDS, but also provides promising
biomarkers and therapeutic targets.
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