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Abstract 

Background  Acute respiratory distress syndrome (ARDS) is causatively associated with excessive alveolar inflam-
mation involving deregulated pro-inflammatory macrophage polarization. High-density lipoprotein (HDL) showed 
critical anti-inflammatory roles by modulating macrophage function, and its adverse transition to pro-inflammation 
has an important role in the pathogenesis of ARDS. However, the relationship between HDL protein constituents 
and functional remodeling is unknown in ARDS.

Methods  Proteomic techniques were applied to examine the protein profile changes in HDL from septic-ARDS 
patients versus HDL from healthy controls across two distinct cohorts: a discovery cohort (8 patients and 8 healthy 
controls) and a validation cohort (22 patients and 10 healthy controls). The changed components significantly 
associated with prognosis were identified. Luminex assessed the levels of 38 plasma cytokines and chemokines. The 
in vitro constructed pro-SFTPB enriched HDL was applied to confirm the effect on M1 polarization of THP1-derived 
macrophage.

Results  18 proteins were validated from 102 changed HDL proteins identified in the discovery cohort, including HDL 
particle components, such as apolipoproteins, pro-inflammatory substances known as serum amyloid As (SAAs), 
and anti-oxidative proteins like paraoxonases (PONs). Among these proteins, only the increase of pro-SFTPB in HDL 
was significantly associated with poor prognosis of ARDS patients. Notably, HDL-pro-SFTPB level was correlated 
with plasma pro-inflammatory cytokines and chemokines levels. The correlation assay of pro-SFTPB with other HDL 
components showed that it was positively and negatively correlated with SAA2 and PON3, respectively. Furthermore, 
the in vitro studies confirmed that the pro-SFTPB enriched HDL significantly promoted M1 polarization of monocyte-
derived macrophages.
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Conclusions  The increase of HDL-pro-SFTPB promotes HDL pro-inflammatory transition during septic ARDS, leading 
to exacerbated progression of ARDS through enhancing M1 macrophage polarization. HDL-pro-SFTPB could be a use-
ful prognostic biomarker for septic ARDS.
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Background
Acute respiratory distress syndrome (ARDS), as a preva-
lent fatal consequence of severe pneumonia and sepsis, 
is characterized by acute respiratory failure due to dif-
fuse pulmonary inflammatory injury and edema [1]. 
During pulmonary inflammatory response, the polari-
zation of macrophages toward pro-inflammatory M1 
is critical for innate immune defenses because of their 
phagocytic function and macrophage-derived cytokines 
[2]. However, deregulated M1 macrophage polariza-
tion causes excessive alveolar inflammation and alveolar 
damage, finally leading to ARDS [3, 4]. Moreover, dur-
ing the resolution of lung injury, these cells repolarize 
toward anti-inflammatory M2 macrophages express-
ing reparative markers [5]. In ARDS patients, persistent 
M1 polarization has been shown as a strong predictor of 
poor prognosis [6]. Therefore, the clinical relevance of 
understanding novel modulating monocyte-derived mac-
rophage polarization during ARDS is crucial for explor-
ing novel biomarkers and therapeutic targets.

High-density lipoprotein (HDL) showed critical pro-
tective roles in modulating macrophage function due 
to its anti-inflammatory, anti-oxidative properties and 
cholesterol efflux capacities [7, 8]. The pretreatment of 
HDL inhibits the M1 polarization of human monocyte-
derived macrophages, accompanied by a decrease in 
pro-inflammatory gene expression and reactive oxygen 
species (ROS) production [9]. The clinic relevance stud-
ies demonstrate that decreased plasma HDL cholesterol 
(HDL-C) is significantly associated with adverse prog-
nosis in patients with severe sepsis  and ARDS [10, 11]. 
Furthermore, increasing studies indicate an adverse tran-
sition of HDL to pro-inflammation in acute inflammatory 
disorder diseases, including sepsis and ARDS, which is 
associated with HDL composition and structural remod-
eling [12–15]. Although the detrimental HDL transition 
was highlighted in the pathogenesis of septic-ARDS, the 
remodeling in HDL constituents during ARDS is largely 
unknown.

HDL, as a heterogeneous particle, contains distinct 
components of proteins involved in lipid transport, 
innate immunity, inflammation, cell adhesion, hemo-
stasis, protease regulation, and even vitamin and metal 
binding [16, 17]. The proteomic studies on cardiovascu-
lar diseases and diabetes demonstrated that HDL protein 
components are modified accompanied by functional 

transition, including apolipoproteins (apos), paraoxo-
nases (PONs), and serum amyloid As (SAAs) [14, 18–20]. 
Furthermore, our previous study found that HDL from 
septic-ARDS patients exhibits pro-inflammatory transi-
tion with reduced apoA-I and increased apoC-III, apoE, 
and SAA, suggesting that the HDL protein constituents 
change would play an essential role in functional transi-
tion during ARDS [15]. However, no proteomic study 
has elucidated HDL protein profile changes in ARDS 
patients.

In this study, we applied proteomic techniques to 
explore the protein profile changes in HDL from sep-
tic-ARDS patients versus HDL from healthy controls. 
The significantly changed protein components were 
further confirmed in a validation cohort, including 
apos, PONs, insulin-like growth factor-binding pro-
tein 3 (IGFBP3), serpin family A member 5 (SERPIN5), 
lipopolysaccharide-binding protein (LBP), pro-pulmo-
nary surfactant-associated protein B (pro-SFTPB) and 
SAAs. Among these proteins, the increase of pro-SFTPB 
in HDL is significantly associated with poor prognosis 
of ARDS patients, and it was correlated with the lev-
els of plasma cytokines and chemokine in the validation 
cohort. Of note, the linear regression assay also showed 
pro-SFTPB in HDL could capture a positive effect on 
the pro-inflammatory component SAA2 and a negative 
effect on the anti-oxidative component PON3. Further-
more, pro-SFTPB enriched HDL in vitro constructed by 
using normal HDL and recombinant pro-SFTPB protein 
significantly promoted M1 polarization of monocyte-
derived macrophage, which provided direct evidence for 
the importance of pro-SFTPB in HDL pro-inflammatory 
remodeling. These findings indicate the importance of 
increased HDL-pro-SFTPB in HDL pro-inflammatory 
transition during ARDS, leading to exacerbated progres-
sion of septic-ARDS through enhancing M1 macrophage 
polarization.

Methods
Subjects and samples
The cohort study enrolled adult septic-ARDS patients 
(ages ≥ 18  years) meeting the criteria of Sepsis-3 and 
ARDS Berlin definition, and receiving invasive mechani-
cal ventilation (IMV) treatment from the respiratory 
intensive care unit (RICU). Their plasma samples were 
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obtained within 24  h after ARDS confirmation. The 
patients were excluded as follows: patients who died 
within 3  days; patients with diabetes mellitus or hyper-
cholesterolemia; patients who received lipid-modifying 
therapies (statin drugs use); pregnant women; inabil-
ity to obtain informed consent. Moreover, adult healthy 
volunteers from the health examination center of Beijing 
Chaoyang Hospital were included. All subjects or their 
representatives signed the informed consent. This study 
was approved by the Ethics Committee of Beijing Chao-
yang Hospital (approval No.: 2021-ke-313) and Beijing 
You-an Hospital (approval No.: LL-2021-148-K).

Data collection
Demographic and clinical data like age, sex, body mass 
index (BMI), underlying diseases, etiology, acute physiol-
ogy and chronic health evaluation II (APACHE II) score, 
sequential organ failure assessment (SOFA) score, labo-
ratory data at admission, complications, treatment dur-
ing RICU and prognosis were collected. Patients were 
divided into a survivor group and a non-survivor group 
based on ARDS-related mortality within 28  days after 
admission.

HDL isolation
HDL (density 1.063–1.210  g/ml) was isolated from 
plasma by discontinuous density gradient ultracentrifu-
gation as previously described [21]. For data-independ-
ent acquisition mass spectrometry (DIA-MS) proteomic 
assay, the plasma from 2 individuals with similar demo-
graphic and clinical situations (including age, sex, BMI, 
underlying diseases, etiology, APACHE II score, SOFA 
score and prognosis) were pooled to identify changed 
HDL components efficiently. The purity of HDL was 
confirmed by the 10% SDS-PAGE electrophoresis and 
immunoblot of apoA-I (Santa Cruz, sc-376818) and apoB 
(Sigma, AB742) (Supplemental Figure 1).

Cytokine measurement
Plasma levels of 38 cytokines were quantified by Luminex 
multiplex bead-based assay using MILLIPLEX® MAP 
Human Cytokine/Chemokine/Growth Factor Panel 
(Merck Millipore, HCYTA-60 K), according to the manu-
facturer’s protocols.

DIA‑MS proteomic analysis
Sample preparation
The HDLs were centrifugated for 10 min at 12,000 rpmg 
and 4  °C to collect the supernatant. The protein 

concentration of each sample was measured using the 
BCA protein assay method.

SDS‑PAGE electrophoresis
The 10  µg proteins of each sample were acquired and 
separated by 12% SDS-PAGE gel. Then, the separation 
gel was stained with Coomassie brilliant blue. Finally, 
the stained gel was scanned by an automatic digital gel 
image analysis system (Tanon 1600, China).

Protein digestion in solution
Take 50 µg protein from each sample, and dilute differ-
ent groups of samples to the same concentration and 
volume. Add 25  mM DTT of the corresponding vol-
ume into the above protein solution to make the DTT 
final concentration about 5 mM, and incubate at 55 °C 
for 30  min. Then add the corresponding volume of 
iodoacetamide so that the final concentration is about 
9 mM, and place in the dark for 15 min at room tem-
perature. Then 6 times the volume of precooled ace-
tone in the above system to precipitate the protein, and 
place it at − 20 °C for overnight. After precipitation, the 
samples were centrifuged at 8000g for 10 min at 4 °C to 
collect the precipitate. Add the corresponding volume 
of trypsin (protein: enzyme = 50:1 (m/m)) to redissolve 
the protein precipitate, then the solutions were incu-
bated for digestion at 37  °C for 12 h. Finally, the sam-
ples were lyophilized or evaporated after enzymolysis.

Peptide labeling and desalting
Each sample was mixed with the internal standard (iRT, 
Biognosys, ThermoFisher) at a volume ratio of 1:10, 
then the peptides were subjected to desalting using 
SOLA™ SPE plates (ThermoFisher, 60,309–001).

Proteomic data acquisition
After desalting, peptides were separated on an 1100 
HPLC System (Agilent) using an Agilent Zorbax Extend 
reversed-phase column (5 μm, 150 mm × 2.1 mm) at a 
flow rate of 250 ul/min and gradient elution was per-
formed according to the following method [preparation 
of phase A (ACN-H2O (2: 98, v/v) and phase B (ACN-
H2O (90: 10, v/v)]: 0 ~ 10  min, 2% B; 10 ~ 10.01  min, 
2–5% B; 10.01–37  min, 5–20% B; 37–48  min, 20–40% 
B; 48–48.01  min, 40–90% B; 48.01–58  min, 90% B; 
58–58.01 min, 90–2% B; 58.01–63 min, 2% B.

All analyses were performed by a Q-Exactive HF 
mass spectrometer (Thermo, USA) equipped with a 
Nanospray Flex source (Thermo, USA). Samples were 
loaded and separated by a C18 column (50 cm × 75 µm) 
on an EASY-nLC™ 1200 system (Thermo, USA). The 
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flow rate was 300  nL/min and linear gradient was 
90  min (0 ~ 60  min, 8–25% B; 60 ~ 79  min, 25–45% 
B; 79 ~ 80  min, 45–100% B; 80 ~ 90  min, 100% B; 
mobile phase A = 0.1% FA in water and B = 0.1% FA in 
80%ACN).

For DDA parameters, the full MS scans were acquired 
in the mass range of 350–1650 m/z with a mass resolu-
tion of 120,000 and the automatic gain control (AGC) 
target value was set at 3 × 106. The 20 most intense peaks 
in MS were fragmented with higher-energy collisional 
dissociation (HCD) with a collision energy of 27. MS/MS 
spectra were obtained with a resolution of 30,000 with an 
AGC target of 2 × 105 and a max injection time of 80 ms. 
The Q Exactive HF dynamic exclusion was set for 40.0 s 
and run under positive mode.

For DIA parameters, the full MS scans were acquired in 
the mass range of 350–1250 m/z with a mass resolution 
of 120,000 and the AGC target value was set at 3 × 106. 
The 32 acquisition windows in MS were fragmented with 
HCD with a collision energy of 28, and each acquisition 
window has 26 m/z. MS/MS spectra were obtained with 
a resolution of 30,000 with an AGC target of 1 × 106, and 
the maximum injection time was set to auto and run 
under positive mode.

Data analysis
DIA data were analyzed with Spectronaut Pulsar 
(Biognosys) against the uniprot-reviewed-Homo sapi-
ens-20200817 database. Database search was performed 
with Trypsin digestion specificity. Alkylation on cysteine 
was considered a fixed modification in the database 
search. Protein, peptide and PSM’s false discovery rate 
(FDR) all set to 0.01. For DIA data, the quantification 
FDR also set to 0.05. Quantity MS-level was set at MS2.

Protein areas were normalized, and principal compo-
nent analysis (PCA) and t-tests were performed between 
HDLs from ARDS patients and healthy controls. Differ-
entially expressed proteins (DEPs) were considered based 
on a fold-change of ≥ 1.2 or ≤ 0.83 and p < 0.05. Next, 
DEPs were annotated based on the Gene Ontology Con-
sortium (GO), including cellular components, biological 
processes, and molecular functions.

Targeted proteomics
We used isotope-dilution parallel reaction monitor-
ing (PRM) to quantify HDL proteins. Briefly, LC–MS/
MS analyses were performed using an EASY-nLC™ 
1200 UHPLC system (Thermo Fisher) coupled with a Q 
Exactive series mass spectrometer (Thermo Fisher).

LC–MS/MS analysis pre‑experiment
A multistep gradient of 0.1% formic acid in water (sol-
vent A) and 0.1% formic acid in acetonitrile (solvent B) 

was used for the separation. HDL peptides mixture (1 µg) 
were injected into a home-made C18 Nano-Trap column 
(2 cm × 75 μm, 3 μm) and peptides were separated on a 
home-made analytical column (15 cm × 150 μm, 1.9 μm). 
The separated peptides were analyzed by Q Exactive 
series mass spectrometer, with an ion source of Nano-
spray Flex™(ESI), spray voltage of 2.4 kV, and ion trans-
port capillary temperature of 320 °C.

Full scan range from m/z 350 to 1500 with a resolution 
of 60,000 (at m/z 200), an AGC target value is 3 × 106, and 
a maximum ion injection time is 20 ms. The top 20 (40) 
precursors of the highest abundant in the full scan were 
selected and fragmented by HCD and analyzed in MS/
MS, where the resolution is 15,000 (at m/z 200), the AGC 
target value is 5 × 104, the maximum ion injection time is 
45 ms, a normalized collision energy of 27%, an intensity 
threshold of 2.2 × 104, and the dynamic exclusion param-
eter of 20 s. Raw data was searched using PD2.2 software 
with “missed cleavage” set to 0, and 1–3 unique peptides 
were selected for each protein.

After selecting the peptides, the information of the 
target peptide, such as m/z, charge number, and charge 
type, was input into the “inclusion list”. The mixed pep-
tides described above were analyzed by “full scan” 
followed by “PRM” pattern. The chromatographic separa-
tion and full scan condition are the same as above. The 
PRM was set as the resolution of 30,000 (at 200 m/z) with 
an AGC target value of 5 × 104, a maximum ion injection 
time of 80 ms, a normalized collision energy of 27%. The 
off-line data was analyzed by Skyline software to deter-
mine whether the selected peptides were usable based on 
reproducibility and stability.

LC–MS/MS analysis
The same amount of trypsin treated-peptide of each sam-
ple was taken and spiked with an equal amount of the 
labeled peptide DSPSAPVNVTVR (red bold V for heavy 
isotope labeling) as an internal standard. Samples were 
analyzed using a “full scan” followed by a “PRM” pattern, 
as described above. The off-line data was analyzed by 
Skyline software, and the peak area was corrected using 
the internal standard peptide.

Based on the DIA-MS proteome analysis results, we 
selected 18 HDL proteins with the most significant fold 
changes for relative quantification. Peptides monitored 
for each protein by PRM analysis were shown in Supple-
mental Table 1.

Construction of Pro‑SFTPB enriched HDL
HDL (1  mg/ml, 250  μg, Sigma, L1567) was incubated 
with 16.5  μg recombinant human SFTPB (0.066  mg/
ml, Sino Biological, 17,682-H08C1) in PBS containing 
10  mM of reduced glutathione at 37 ℃ for 2  h. Then, 
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the mixture was reisolated with ultrafiltration tubes to 
remove free SFTPB. Immunoblotting of SFTPB showed 
HDL successfully carried SFTPB (Santa Cruz, sc-13978).

Cell culture and differentiation
The THP1 cell line was obtained from ATCC, and cul-
tured in RPMI 1640 medium supplemented with 10% 
FCS and 2  mmol/L L-glutamine. THP1 cells were dif-
ferentiated using 100  µg/ml phorbol myristate acetate 
(PMA, Sigma) for 48 h. Differentiation of PMA-treated 
cells was enhanced after the initial 48  h stimulus by 
removing the PMA-containing media and then incu-
bating the cells in fresh RPMI 1640 for 24 h.

Phagocytotic assay and intracellular ROS detection
The phagocytic activity of macrophages was assessed 
by quantifying the uptake of red fluorescent pHrodo 
bioparticles (Invitrogen, #P35360, USA). The THP1 
cells were plated into 24-well plates at a density of 
10,000 cells per well and then differentiated into mac-
rophages. A suspension of E.  coli particles was added 
to the cell culture microplate at a dilution of 1:20. The 
cell-particle mixture was then incubated for 30 min at 
37 ℃ to evaluate the uptake activity using fluorescence 
microscopy.

Intracellular oxidative stress was assessed by detect-
ing the generation of ROS using the fluorescent probe 
DCFH-DA (Beyotime, #S0033S, China). 30  min after 
HDL exposure, the Thp1-derived M0 cells were treated 
with 10  µM/mL DCFH-DA and incubated for 30  min 
at 37  ℃, avoiding light. Fluorescence intensity was 
measured with a Varioskan Flash microplate reader 
(ThermoFisher Scientific Inc., USA) with excitation at 
488 nm and emission at 525 nm.

Quantitative real‑time PCR
Total RNA was extracted using Trizol (Invitrogen, 
15,596,018) according to the manufacturer’s manual 
and the cDNA was synthesized using PrimeSTAR® 
Max DNA Polymerase (Takara, R045A). qPCR assay 
was performed using TB Green® Premix Ex Taq™ II 
(Takara, RR820) and the data were normalized to the 
GAPDH content and analyzed by the 2−△△Ct method 
relative to control groups. The primers used in qPCR 
are shown in the table below.

TNF-α F CCT​CTC​TCT​AAT​CAG​CCC​TCTG​

R GAG​GAC​CTG​GGA​GTA​GAT​GAG​

IL-1β F ATG​ATG​GCT​TAT​TAC​AGT​GGCAA​

R GTC​GGA​GAT​TCG​TAG​CTG​GA

IL-8 F ACT​GAG​AGT​GAT​TGA​GAG​TGGAC​

R AAC​CCT​CTG​CAC​CCA​GTT​TTC​

MRC-1 F GGG​TTG​CTA​TCA​CTC​TCT​ATGC​

R TTT​CTT​GTC​TGT​TGC​CGT​AGTT​

GAPDH F GAA​GGT​GAA​GGT​CGG​AGT​C

R GAA​GAT​GGT​GAT​GGG​ATT​TC

Statistical analysis
Categorical variables are presented as numbers and per-
centages. Continuous data are expressed as mean ± SEM 
(standard error of the mean) for normally distributed 
variables, and medians (25th ~ 75th percentiles) for 
no-normally distributed variables. Statistical compari-
sons between two groups were performed using the 
chi-squared test or Fisher’s exact test for categorical 
variables, the Mann–Whitney U test for non-normally 
distributed continuous variables, and the two-tailed Stu-
dent’s t-test for normally distributed continuous vari-
ables. For the comparisons of three groups, the one-way 
ANOVA followed by a post hoc test was applied. Pearson 
correlation analysis was used to assess the correlation of 
pro-SFTPB with a panel of 38 cytokines and other HDL 
protein components. The simple linear regression was 
further used to test whether pro-SFTPB in HDL could 
capture effects on the SAA2 and PON3 contents. Fur-
thermore, receiver operating characteristic (ROC) curves 
were depicted, and the area under the curves [AUC, with 
95% confidence intervals (CIs)] were calculated to evalu-
ate the value of pro-SFTPB level in HDL and SOFA score 
for the prediction of the 28-day mortality. A two-sided 
p < 0.05 was considered statistically significant, and data 
were analyzed using the SPSS software package (version 
19.0, SPSS, Chicago, IL, USA).

Results
The change in the HDL protein profile was associated 
with the functional transition of HDL in ARDS patients
To examine HDL protein component changes in ARDS 
patients, a discovery cohort of 8 individuals with ARDS 
and an equal number of age- and sex-matched 8 healthy 
controls (HCs) were enrolled. The baseline clinical data of 
HCs and ARDS patients are presented in Table 1. Com-
pared with the HC group, ARDS patients exhibited sig-
nificantly reduced HDL-C levels (p = 0.001). Their plasma 
samples were collected, and plasma pooled from 2 sub-
jects with similar ages and clinical situations was used for 
the HDL isolation procedure to improve efficiency and 
capacity in following proteomics analyses.

The M0 macrophages (unpolarized resting state) dif-
ferentiated from human monocyte THP1 cells were used 
to assess the influence of HDLs on M1 polarization. The 
treatment of phorbol myristate acetate (PMA) for 48  h 
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induced the differentiation of THP-1 monocytes in sus-
pension into adherent M0 macrophages with round and 
slightly elongated cell morphology (Supplemental Fig-
ure 2). The HDL from ARDS patients (A-HDL) markedly 
enhanced M1 marker gene expression compared to HDL 
from normal subjects (N-HDL), accompanied by M1-like 
morphological changes, including larger and irregu-
lar cell shapes (Fig.  1A, Supplemental Figure  2). These 
observations suggested a pro-inflammatory transition 
of A-HDL. In order to identify the key protein compo-
nents associated with the adverse transition in A-HDL, 
we designed a series of experiments, including proteomic 
analysis on the discovery cohort, targeting protein MS 
quantification on the validation cohort, and in vitro con-
firmation (Fig. 1B).

First, the HDLs from the discovery cohort were fur-
ther subjected to DIA-MS proteomic analyses. 384 dis-
tinct proteins were identified based on the analysis of 
3,482 peptides. The following PCA results revealed good 
sample specificity (Fig. 2A). Furthermore, a comparative 
analysis identified 102 differentially expressed proteins 
(DEPs) between A-HDL and N-HDL with 53 upregulated 
and 49 downregulated (Fig.  2B, C). The GO analysis on 

these DEPs showed the most affected processes involved 
in HDL particles, acute phase response, platelet degran-
ulation, regulation of the immune system process, and 
antioxidant activity (Fig. 2D). The remodeling of protein 
components in A-HDL was consistent with the pro-
inflammatory transition.

Confirmation of A‑HDL protein component changes 
in a validation cohort and association of these changes 
with prognosis of ARDS
To validate the protein component changes in A-HDL 
identified by proteomic analysis, we enrolled a validation 
cohort including 22 ARDS patients (12 survivors and 10 
non-survivors) and 10 healthy controls (Fig. 3A, a flow-
chart of subject enrollment). The baseline clinical data 
of healthy individuals and ARDS patients are presented 
in Table 2. Consistent with the discovery cohort, ARDS 
patients in the validation cohort exhibited a statistically 
significant decrease in HDL-C levels (p = 0.002). There 
were no significant differences in HDL-C levels between 
survivors and non-survivors.

Using targeted proteomics analysis, 18 HDL proteins 
with the most significant fold-changes in previously 

Table 1  Characteristics of patients with septic ARDS and healthy subjects in discovery cohort

BMI: body mass index, APACHE II: acute physiology and chronic health evaluation II, SOFA: sequential organ failure assessment, PaO2: arterial oxygen tension, FiO2: 
fraction of inspired oxygen, HDL-C: high density lipoprotein-cholesterol

Variables Healthy subjects (n = 8) ARDS patients (n = 8) p

Male, n (%) 4 (50.0) 4 (50.0)  > 0.990

Age (years) 62 (60 ~ 64) 64 (61 ~ 65) 0.505

BMI(kg/m2) 22.37 ± 0.27 23.08 ± 0.47 0.209

Current smoker, n (%) 3 (37.5) 4 (50.0)  > 0.990

Etiology, n (%) N/A

 Pneumonia 6 (75.0)

 Abdominal infection 2 (25.0)

Underlying diseases, n (%) N/A

 Hypertension 2 (25.0)

APACHE II score at admission N/A 18 ± 3

SOFA score at admission N/A 9 ± 1

White blood cell (× 109/L) 6.44 (5.95 ~ 7.62) 9.85 (5.44 ~ 13.73) 0.105

C-reactive protein (mg/L) N/A 101 ± 13

Procalcitonin (ng/ml) N/A 5.47 (1.79 ~ 14.88)

PaO2/FiO2, n (%) N/A

 200–300 2 (25.0)

 100–200 3 (37.5)

 ≤ 100 3 (37.5)

HDL-C (mmol/l) 1.49 ± 0.11 0.83 ± 0.10 0.001
Complications, n (%) N/A

 Liver disfunction 5 (62.5)

 Acute kidney injury 4 (50.0)

28-day mortality, n (%) N/A 3 (37.5)
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identified 102 DEPs were further quantified in HDL from 
the validation cohort by PRM, in which 12 HDL-proteins 
were significantly changed in A-HDL versus N-HDL 
(Supplemental Table  1). The contents of pro-SFTPB, 
apoE, LBP, SAA1 and SAA2 in A-HDL were markedly 
increased, whereas the contents of apoM, apo-II, apo-IV, 
PON1, PON3, SERPINA5 and IGFBP3 were significantly 
decreased compared to N-HDL (Fig. 3B).

To further explore whether these changed HDL-pro-
tein contents are associated with the prognosis of ARDS, 
we compared these proteins between survivors and non-
survivors. Interestingly, among these proteins, only the 
pro-SFTPB component showed significantly higher in 
non-survivor patients than in survivors (Fig.  4A). Fur-
thermore, the ROC curves for pro-SFTPB in HDL and 
SOFA score were plotted to compare the predictive 
accuracy and specificity for 28-day mortality (Fig.  4B). 
The area under the curves for HDL-pro-SFTPB and 
SOFA score were 0.783 (p = 0.025, 95% CI 0.589–0.978) 
and 0.725 (p = 0.075, 95% CI 0.511–0.939), suggesting a 
favorable prediction value of HDL-pro-SFTPB for 28-day 

mortality in ARDS patients. These intriguing findings 
focus our attention on the HDL-pro-SFTPB content 
change, which likely has a critical role in adverse HDL 
transition leading to poor progression of ARDS.

The correlation of HDL‑pro‑SFTPB content with plasma 
levels of inflammatory factors
To further confirm the significance of HDL-pro-
SFTPB, we examined the correlation of HDL-pro-
SFTPB content with plasma levels of 38 inflammatory 
factors linked to acute respiratory diseases, including 
cytokines, chemokines, and growth factors. Pearson’s 
correlation coefficients are shown in Table 3. HDL-Pro-
SFTPB levels exhibited a statistically significant posi-
tive correlation with cytokines such as IL-3 (r = 0.380, 
p = 0.032), IL-8 (r = 0.439, p = 0.012), IL-15 (r = 0.404, 
p = 0.022), IL-18 (r = 0.464, p = 0.007), IP-10 (r = 0.497, 
p = 0.004), MCP-1 (r = 0.355, p = 0.046), MCP-3 
(r = 0.385, p = 0.029) and MIG (r = 0.527, p = 0.002), 
while presented a statistically significant negative 
correlation with MDC (r = − 0.403, p = 0.022) and 

Fig. 1  The HDL from ARDS patients indicated an adverse functional transition. A The A-HDL treatment (50 μg/ml, 12 h) induced M1 polarization 
of THP1-derived macrophage by qPCR assay of M1/M2-associated markers (n = 4 per group). *p < 0.05; M1 marker: TNF-α, IL-1β and IL-8; M2 
marker: MRC-1. B The study design encompassed a series of experiments including proteomic analysis on the discovery cohort, targeting protein 
MS quantification on the validation cohort, and subsequent in vitro confirmation. ARDS, acute respiratory distress syndrome; HDL, high-density 
lipoprotein; N-HDL, HDL from normal subjects; A-HDL, HDL from ARDS patients; TNF, tumor necrosis factor; IL-, interleukin-; MRC-1, mannose 
receptor C-type 1; HC, healthy controls; DIA-MS, data-independent acquisition mass spectrometry
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platelet-derived growth factor (PDGF)-AA (r = − 0.370, 
p = 0.037). These findings depicted a clear positive cor-
relation of HDL-pro-SFTPB content with systemic 
inflammation, which was potentially involved in the 
development of septic-ARDS.

The correlation of pro‑SFTPB content with other 
significantly changed HDL proteins
The altered HDL protein components validated by tar-
geted proteomics are involved in the regulation of vari-
ous HDL functions, including HDL particle components 

(apolipoproteins), pro-inflammatory substances (SAAs) 
and anti-oxidative proteins (PONs). The correlations 
between the contents of pro-SFTPB and these proteins 
in A-HDL were examined (Table  4). As expected, there 
was a statistically positive correlation between pro-
SFTPB with SAA2 in HDL (r = 0.350, p = 0.049), whereas 
a statistically negative correlation between pro-SFTPB 
with PON3 in HDL (r = − 0.508, p = 0.003). We further 
performed a linear regression assay to test whether pro-
SFTPB content could capture effects on the SAA2 and 
PON3 contents. Of note, the linear regression assay also 
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showed that pro-SFTPB in HDL could capture the posi-
tive effect on the pro-inflammatory component SAA2 
and the negative effect on the anti-oxidative protein 

PON3 (Fig.  5). These results suggest that the increase 
in pro-SFTPB content could be one of the triggers for 
adverse HDL transition.

B

A

12 survivors 10 non-survivors 10 healthy controls

22 ARDS patients

low HDL sample quality (n= 3)

25 ARDS patients

1. Age<18 (n=2)

2. Died within 3 days (n=4)

3. Diabetes mellitus (n=16)

4. Statin drugs use (n=25)

5. Pregnant (n=2)

74 ARDS patients

Fig. 3  The altered HDL proteins identified in the discovery cohort were confirmed in the validation cohort. A Flowchart of ARDS patient enrollment 
along with healthy controls. B The significantly changed HDL constituent proteins in A-HDL versus N-HDL in the validation cohort. ARDS, acute 
respiratory distress syndrome; HDL, high-density lipoprotein; N-HDL, HDL from normal subjects; A-HDL, HDL from ARDS patients; pro-SFTPB, 
pro-pulmonary surfactant-associated protein B; Apo, apolipoprotein; SAA, serum amyloid A; PON, paraoxonase; LBP, lipopolysaccharide binding 
protein; SERPINA5, serpin family A member 5; LGALS3BP, lectin galactoside-binding soluble 3 binding protein; **p < 0.01; ***p < 0.001; ****p < 0.0001



Page 10 of 17Yang et al. Journal of Translational Medicine           (2025) 23:75 

The enrichment of pro‑SFTPB within the HDL promoted M1 
macrophage polarization in vitro
The clinically relevant evidence showed a critical role 
of increased pro-SFTPB content in adverse HDL transi-
tion. To provide direct evidence for its role in the pro-
inflammatory transition of HDL, we in vitro constructed 

pro-SFTPB enriched HDL by using normal HDL and 
recombinant pro-SFTPB and examined the effect on M1 
polarization of THP1-derived M0 macrophage (Fig. 6A). 
The immunoblot of SP-B using native-PAGE showed the 
shift of the pro-SFTPB band from ~ 42KD to ~ 200KD, 
suggesting that pro-SFTPB was successfully incorporated 

Table 2  Characteristics of patients with septic ARDS and healthy subjects in validation cohort

BMI: body mass index, APACHE II: acute physiology and chronic health evaluation II, SOFA: sequential organ failure assessment, PaCO2: arterial carbon dioxide tension, 
PaO2: arterial oxygen tension, FiO2: fraction of inspired oxygen, HDL-C: high density lipoprotein-cholesterol, TBIL: total bilirubin, CRRT: continuous renal replacement 
therapy, RICU: respiratory intensive care unit. Bold value indicates statistical significance

Variables Healthy 
subjects 
(n = 10)

ARDS patients (n = 22) p Survivors (n = 12) Nonsurvivors (n = 10) p

Male, n (%) 6 (60.0) 15 (68.2) 0.703 8 (66.7) 7 (70.0)  > 0.990

Age (years) 64 (63 ~ 69) 70 (55 ~ 81) 0.483 64 (54 ~ 81) 71 (66 ~ 82) 0.456

BMI(kg/m2) 23.69 ± 0.79 23.95 ± 0.81 0.845 24.53 ± 1.06 23.26 ± 1.27 0.447

Current smoker, n (%) 4 (40.0) 12 (54.5) 0.704 6 (50.0) 6 (60.0) 0.691

Etiology, n (%) N/A

 Pneumonia 14 (63.6) 8 (66.7) 6 (60.0)  > 0.990

 Abdominal infection 8 (36.4) 4 (33.3) 4 (40.0)

Underlying diseases, n (%) N/A

 Hypertension 10 (45.5) 5 (41.7) 5 (50.0)  > 0.990

APACHE II score at admission N/A 21 (11 ~ 29) 17 ± 3 24 ± 3 0.076

SOFA score at admission N/A 9 ± 1 8 ± 1 11 ± 1 0.046
Laboratory data at admission

 White blood cell (× 109/L) N/A 12.7 ± 1.2 11.0 (8.8 ~ 14.6) 12.8 (7.2 ~ 20.0) 0.722

 Neutrophil granulocyte (× 109/L) N/A 11.1 ± 1.2 10.0 (8.1 ~ 12.3) 10.0 (6.7 ~ 18.7) 0.454

 Haemoglobin (g/L) N/A 104 ± 5 107 ± 7 100 ± 7 0.483

 Platelet (× 109/L) N/A 162 ± 21 194 (77 ~ 269) 144 (94 ~ 176) 0.381

 C-reactive protein (mg/L) N/A 110.1 (73.2 ~ 121.8) 85.2 ± 16.3 136.4 ± 23.1 0.078

 Procalcitonin (ng/ml) N/A 5.7 (0.3 ~ 10.7) 8.3 (0.2 ~ 10.8) 4.0 (0.5 ~ 19.0) 0.923

 PH N/A 7.43 ± 0.02 7.43 ± 0.02 7.42 ± 0.03 0.866

 PaCO2 (mmHg) N/A 35.5 (28.0 ~ 45.3) 35.5 (28.0 ~ 49.8) 34.0 (29.0 ~ 41.8) 0.722

 PaO2/FiO2, n (%) N/A 0.636

 200–300 6 (27.3) 4 (33.3) 2 (20.0)

 100–200 10 (45.5) 6 (50.0) 4 (40.0)

 ≤ 100 6 (27.3) 2 (16.7) 4 (40.0)

 Lactate (mmol/L) N/A 1.7 (1.2 ~ 2.8) 1.69 ± 0.26 2.73 ± 0.58 0.098

 HDL-C (mmol/l) 1.50 ± 0.11 0.94 ± 0.10 0.002 0.90 (0.80 ~ 1.23) 0.83 (0.40 ~ 1.09) 0.254

 TBIL (umol/L) N/A 15.00 (10.43 ~ 32.75) 12.85 (8.13 ~ 60.20) 16.90 (13.83 ~ 32.75) 0.314

 Creatinine (umol/L) N/A 123.0 (49.3 ~ 204.9) 96.1 (47.0 ~ 159.6) 159.3 (49.3 ~ 305.0) 0.228

Complications, n (%) N/A

 Liver disfunction 7 (31.8) 4 (33.3) 3 (30.0)  > 0.990

 Acute kidney injury 6 (27.3) 2 (16.7) 4 (40.0) 0.348

Treatment during RICU, n (%) N/A

 Vasopressors 17 (77.3) 8 (66.7) 9 (90.0) 0.323

 CRRT​ 4 (18.2) 1 (8.3) 3 (30.0) 0.293

 Invasive mechanical ventilation 22 (100.0) 0.646

 Pressure controlled ventilation 16 (72.7) 8 (66.7) 8 (80.0)

 Volume controlled ventilation 6 (27.3) 4 (33.3) 2 (20.0)

 RICU days N/A 12 (8 ~ 17) 11 (8 ~ 17) 12 (7 ~ 16) 0.582
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into HDL particles (Fig. 6B). We explored dose-depend-
ent (50, 70 and 100 µg/ml) effects of pro-SFTPB enriched 
HDL (PS-HDL) on M1 macrophage polarization by the 

expression of TNF-α and IL-8, the treatment at 50 mg/ml 
failed to induce macrophage activation and the treatment 
at 70  mg/ml partially induced macrophage activation 

Fig. 4  Pro-SFTPB in HDL is associated with the prognosis of ARDS patients. A Only pro-SFTPB in HDL showed a significant difference 
between survivors (n = 12) and non-survivors (n = 10). B ROC curves for pro-SFTPB in HDL and SOFA score in prediction of the 28-day mortality 
in ARDS patients. ARDS, acute respiratory distress syndrome; HDL, high density lipoprotein; Pro-SFTPB, pro-pulmonary surfactant-associated protein 
B; Apo, apolipoprotein; SAA, serum amyloid A; PON, paraoxonase; LBP, lipopolysaccharide binding protein; SERPINA5, serpin family A member 5; 
LGALS3BP, lectin galactoside-binding soluble 3 binding protein; ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence 
interval; SOFA, sequential organ failure assessment; *p < 0.05
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(Supplemental Figure 3). The PS-HDL (100ug/ml) signifi-
cantly promoted M1 polarization, as indicated by marked 
upregulations of M1-associated markers (TNF-α, IL-1β, 
IL-8), but not the M2-associated marker (mannose recep-
tor C-type 1, MRC1) (Fig. 6C). In addition, the capability 
of macrophages to engulf and eliminate microorganisms 
(M1 polarization characteristics) was evaluated by quan-
tifying the uptake of labeled E.  coli particles. Consist-
ently, the macrophages treated by PS-HDL exhibited a 
significant increase in the number of ingested particles 
compared to HDL treatment (Fig.  6D). Moreover, mac-
rophages exposed to PS-HDL demonstrated a notably 
higher production of ROS than those treated with HDL 
(Fig.  6E). Although pro-SFTPB is nearly entirely bound 
to HDL in plasma [22], we exposed M0 macrophages 
with free recombinant pro-SFTPB protein (60 ng/ml and 
90 ng/ml) to assess its potential impacts independent of 
HDL particles. As expected, pro-SFTPB treatment failed 
to induce M1 polarization, suggesting that HDL with 
pro-SFTPB incorporation accounted for the pro-inflam-
matory effects rather than the pro-SFTPB itself (Supple-
mental Figure 4).

Table 3  Correlation analysis between the HDL-pro-SFTPB level 
and cytokines

pro-SFTPB: pro-pulmonary surfactant-associated protein B, HDL: high 
density lipoprotein, sCD40L: soluble CD40 ligand, G-CSF: granulocyte 
colony-stimulating factor, GRO: growth-related oncogene, IFN-: interferon-, 
IL-: interleukin-, IP-10: interferon-inducible protein-10, MCP: monocyte 
chemotactic protein, M-CSF: macrophage colony-stimulating factor, MDC: 
macrophage-derived chemokine, MIG: monokine induced by interferon-γ, MIP-: 
macrophage inflammatory protein-, PDGF-: platelet-derived growth factor-, 
TGF: transforming growth factor, TNF: tumor necrosis factor. Bold value indicates 
statistical significance

Cytokines Pro-SFTPB

r p

sCD40L − 0.052 0.776

G-CSF 0.010 0.955

GRO-α 0.341 0.056

IFN-α 0.293 0.104

IFN-γ 0.076 0.679

IL-1α 0.226 0.213

IL-1β 0.068 0.713

IL-1RA 0.028 0.881

IL-2 0.218 0.232

IL-3 0.380 0.032
IL-4 0.062 0.735

IL-5 0.123 0.503

IL-6 0.201 0.269

IL-7 0.125 0.494

IL-8 0.439 0.012
IL-9 0.133 0.467

IL-10 0.249 0.170

IL-13 0.037 0.841

IL-15 0.404 0.022
IL-17A 0.203 0.266

IL-17E 0.168 0.359

IL-17F 0.207 0.255

IL-18 0.464 0.007
IL-22 0.003 0.985

IL-27 0.061 0.738

IP-10 0.497 0.004
MCP-1 0.355 0.046
MCP-3 0.385 0.029
M-CSF 0.321 0.073

MDC − 0.403 0.022
MIG 0.527 0.002
MIP-1α 0.230 0.206

MIP-1β 0.038 0.837

PDGF-AA − 0.370 0.037
PDGF-BB − 0.341 0.056

TGF-α 0.261 0.150

TNF-α 0.180 0.323

TNF-β − 0.050 0.784

Table 4  Correlation analysis between the pro-SFTPB levels in 
HDL and other HDL proteins

pro-SFTPB: pro-pulmonary surfactant-associated protein B, HDL: high density 
lipoprotein, Apo: apolipoprotein, HPR: haptoglobin related protein, PON: 
paraoxonase, SERPINA: serpin family A member, IGFBP3: insulin-like growth 
factor binding protein 3, LBP: lipopolysaccharide binding protein, LPA: 
lysophosphatidic acid, LGALS3BP: lectin galactoside-binding soluble 3 binding 
protein, ITIH4: inter-alpha-trypsin inhibitor heavy chain H4, SAA: serum amyloid 
A. Bold value indicates statistical significance

Proteins Pro-SFTPB

r p

ApoE 0.120 0.514

ApoM − 0.305 0.089

ApoA2 − 0.339 0.058

ApoA4 − 0.228 0.209

HPR − 0.093 0.612

PON1 − 0.256 0.157

PON3 − 0.508 0.003
SERPINA5 − 0.242 0.182

SERPINA6 − 0.008 0.966

IGFBP3 − 0.229 0.207

LBP 0.182 0.319

LPA − 0.247 0.173

S100A8 − 0.288 0.111

LGALS3BP 0.311 0.083

ITIH4 0.225 0.215

SAA1 0.112 0.541

SAA2 0.350 0.049
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Discussion
Our present research identified a profile change of 
HDL protein components in septic-ARDS patients, in 
which 18 HDL proteins were confirmed in the valida-
tion cohort, involved in the regulation of various HDL 
functions, including HDL particle components, pro-
inflammatory composition and anti-oxidative proteins. 
Among these proteins, increased HDL-pro-SFTPB was 
significantly associated with poor prognosis of ARDS 
patients. HDL-pro-SFTPB content was correlated with 
levels of plasma cytokines and chemokines, as well as 
with the pro-inflammatory component SAA2 and the 
anti-oxidative protein PON3. The in vitro results showed 
that pro-SFTPB enriched HDL markedly promotes M1 
polarization. This clinical relevance and mechanistic 
studies indicate the importance of increased pro-SFTPB 
for HDL pro-inflammatory transition during ARDS, 
leading to exacerbated progression of septic-ARDS 
through enhancing M1 macrophage polarization. HDL-
pro-SFTPB could be a potential prognostic biomarker for 
septic ARDS.

HDL is a heterogeneous particle containing lipids 
and distinct components of proteins involved in various 
biological functions. The different functional proper-
ties of HDL are weakly correlated with each other and 
determined by different structural components, espe-
cially the protein contents [16, 17, 20]. Increasing evi-
dence indicates that HDL’s adverse function transition is 
accompanied by composition modified upon inflamma-
tory milieu [14, 18–20]. Herein, HDL from septic-ARDS 
patients also showed pro-inflammatory transition by sig-
nificantly promoting M1 macrophage polarization, which 
was accompanied by significant protein profile changes, 
including an increase in corresponding pro-inflamma-
tory components (SAA1/2) and a decrease in anti-oxida-
tive proteins (PON1/3, apoA-II/IV, apoM). For the first 
time, our interesting findings depict a link between HDL 

functionality and the remodeling of protein constituents 
during septic-ARDS. Our observations are consistent 
with recent studies on diseases characterized by acute 
and chronic inflammatory disorders. The levels of SAA1 
and SAA2 in HDL have increased by over 50% in hospi-
talized COVID-19 patients, and apoM in HDL exhibits 
an inverse correlation with odds of death due to COVID-
19 complications [19]. The levels of apoA-I, apoA-IV, 
and lactate dehydrogenase (LDH) in HDL were inversely 
associated with diabetes and atherosclerotic cardiovascu-
lar disease [20].

Among the HDL proteins changed in ARDS patients, 
the clinical relevance of pro-SFTPB to the prognosis of 
ARDS was highlighted. Increased pro-SFTPB in HDL 
was significantly inversely correlated with 28-day mor-
tality, as indicated by the ROC curve with an AUC of 
0.783 (considered as acceptable discrimination) and a 
p-value of 0.025. However, as a common index for the 
severity of ARDS, the SOFA score returns a non-sig-
nificant p-value of 0.075 and an AUC of 0.725 for ROC 
assay in our cohort, which would be due to the limited 
sample size. HDL-pro-SFTPB component seems to have 
a better predictive ability for 28-day mortality than the 
SOFA score. Furthermore, in line with clinical relevance 
to poor prognosis, HDL-pro-SFTPB content is corre-
lated with the plasma level of pro-inflammatory factors 
and HDL inflammatory components. These results fur-
ther indicated that increased pro-SFTPB contributes 
to triggering the pro-inflammatory transition of HDL, 
leading to exacerbated progression of ARDS. Although 
previous studies of cardiovascular diseases have shown 
that pro-SFTPB enrichment diminishes the antioxi-
dant capacity of HDL in patients with heart failure and 
HDL-pro-SFTPB content was inversely associated with 
diabetes and atherosclerosis [22, 23], our study, for the 
first time, provides evidence for its essential role in the 

Fig. 5  Scatter diagram for the relationship between pro-SFTPB and SAA2 and PON3 in HDL. pro-SFTPB, pro-pulmonary surfactant-associated 
protein B; SAA2, serum amyloid A-2 protein; PON3, serum paraoxonase 3; HDL, high density lipoprotein
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pathogenesis of ARDS and its clinical predictive merits 
for ARDS prognosis.

In this study, our results showed the correlation of 
HDL-pro-SFTPB with the levels of plasma cytokines and 
chemokines and growth factors, including IL-3/8/15/18, 
IP10, MCP1/3, MIG, MDC and PDGF. IP-10, also known 

as C-X-C motif chemokine ligand (CXCL)10, and MIG, 
also known as CXCL9, are pro-inflammatory chemokines 
in response to interferon-γ (IFN-γ) and share the same 
receptor: C-X-C motif receptor 3 (CXCR3) [24]. MCP-
1, also known as C–C motif chemokine ligand (CCL)2, 
and MCP-3, also known as CCL7, are members of 
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Fig. 6  Pro-SFTPB enriched HDL induced M1 macrophage polarization. A Schematic diagram of HDL-pro-SFTPB (PS-HDL) synthesis. B 
Immunoblotting of HDL-pro-SFTPB showed that HDL successfully carried pro-SFTPB. C The PS-HDL treatment (100 μg/ml, 12 h) induced M1 
polarization of THP-1 derived macrophage by qPCR assay of M1/M2-associated markers. (n = 5 per group). D The phagocytic capability of THP-1 
derived macrophages by quantifying the uptake of labeled E. coli particles after HDL and PS-HDL treatments (100 μg/ml, 12 h), the percentage 
of particle-positive cells was presented as bar figure (n = 4 per group). E intracellular ROS release in THP-1 derived macrophages 30 min after HDL 
exposure was quantified via the changes in DCF fluorescence (n = 5 per group). HDL, high density lipoprotein; Pro-SFTPB, pro-pulmonary 
surfactant-associated protein B; C-H: control HDL; PS-HDL, Pro-SFTPB enriched HDL; TNF, tumor necrosis factor; IL-, interleukin-; MRC-1, mannose 
receptor C-type 1; ROS, reactive oxygen species; **p < 0.01, ***p < 0.001, ****p < 0.0001
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CC chemokine subfamily and their receptors are C–C 
chemokine receptor type (CCR)2 and CCR1, respec-
tively. The IFN-γ-CXCL9/10-CXCR3, CCL2/CCR2, 
and CCL7/CCR1 signaling axis have been identified as 
pivotal factors in the exacerbation of sepsis-associated 
pathophysiological processes, facilitating the recruit-
ment of macrophages into lung tissues and the polariza-
tion of M1 macrophage [25–30]. Our data revealed that 
pro-SFTPB level in HDL exhibit a significantly positive 
correlation with the concentrations of IP-10, MCP-1, 
MCP-3 and MIG, suggesting a potential role for HDL-
pro-SFTPB in M1 macrophage polarization. This clinical 
evidence supports our in  vitro finding that A-HDL and 
HDL-pro-SFTPB promoted M1 polarization of THP-1 
derived macrophages. These findings suggest the mono-
macrophage could be the critical target of adverse HDL 
during the development of ARDS.

Pro-SFTPB is synthesized as a hydrophilic 42-kDa pro-
tein by type 2 alveolar pneumocytes and non-ciliated 
bronchiolar epithelial cells and subsequently matures 
into the hydrophobic form of SFTPB. Plasma fractiona-
tion analysis revealed that pro-SFTPB is almost entirely 
bound to HDL, as HDL acts as the primary carrier for 
pro-SFTPB [22, 23]. Impairment of the alveolar-capil-
lary barrier is theorized to result in an enhanced leak-
age of pro-SFTPB from the lung [31]. Previous research 
has linked elevated plasma pro-SFTPB levels to various 
pulmonary disorders, suggesting its potential as a bio-
marker for the progression of chronic obstructive pul-
monary disease, interstitial lung disease, and lung cancer 
[32–34]. Therefore, we hypothesize that the increase of 
pro-SFTPB in HDL might be due to an impaired epithe-
lial-endothelial barrier leading to excessive pro-SFTPB 
binding and incorporation into HDL.

In addition, our results confirmed that free pro-SFTPB 
cannot promote macrophage polarization. Therefore, we 
hypothesize that only the incorporation of pro-SFTPB 
could facilitate macrophage polarization by promoting 
adverse HDL functional remodeling. Our in vitro results 
confirmed this hypothesis. Pro-SFTPB enriched HDL 
significantly promoted M1 polarization of macrophage 
rather than free pro-SFTPB exposure. The HDL associ-
ated with pro-SFTPB incorporation would likely account 
for the pro-inflammatory transition rather than the pro-
SFTPB itself. Although more mechanistic studies are 
required to decipher the black box of the mechanisms 
facilitating adverse HDL remodeling, our interesting 
findings clearly present the importance of pro-SFTPB 
enriched HDL in the development of ARDS.

In the last decades, research involving studies on 
ARDS biomarkers and proteomics technologies has been 

increasing. Proteomics has enabled the indentification 
and quantification of numerous proteins that were dif-
ficult to detect using traditional methods and presents a 
novel avenue for developing diagnostic and prognostic 
tools, and personalized therapy in ARDS [35, 36]. Our 
results demonstrated that HDL-pro-SFTPB is causally 
involved in ARDS-related 28-day mortality by induc-
ing M1 polarization of macrophage, and it could be a 
promising prognostic biomarker for septic ARDS. Fur-
thermore, patients with sepsis are at risk of developing 
ARDS, and timely intervention is crucial for improv-
ing survival rates. HDL-pro-SFTPB levels could be an 
early predictor of disease severity, allowing clinicians to 
identify high-risk patients and initiate more aggressive 
treatment protocols early on. Since pro-SFTPB enriched 
HDL promotes M1 polarization of macrophages, which 
is linked to inflammatory lung injury in ARDS, target-
ing the pro-SFTPB-HDL could represent a novel thera-
peutic strategy. Agents, such as specific antibodies that 
block the interaction between HDL-pro-SFTPB and mac-
rophages, could potentially prevent excessive inflamma-
tion and tissue damage in the lung.

Conclusions
In conclusion, our results demonstrate that increased 
HDL-pro-SFTPB is clinically associated with the poor 
prognosis of ARDS. These findings depict the importance 
of HDL-pro-SFTPB in HDL pro-inflammatory transition 
during septic-ARDS, leading to exacerbated progres-
sion of septic-ARDS through enhancing M1 macrophage 
polarization.
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