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Abstract: Proteomics provides abundant information on the relationships between biological molecules and disease
mechanisms. We selected 507 signaling proteins in the bloodstream using antibody microarray technology to iden-
tify the difference in protein expression between acute lung injury/acute respiratory distress syndrome (ALI/ARDS)
patients and healthy subjects. Biological analysis of the 507 proteins revealed systemic dysregulation of inflam-
mation, immune responses and apoptosis in ARDS. Protein-protein networks that were involved in ALI/ARDS are
described. The most important signaling pathways related to ALI/ARDS are cytokine-cytokine receptor interactions
and chemokine signaling pathways. IL-23, glypican 3, and leptin R (receptor) might be potential predictors for ALI/
ARDS. This study identified novel potential biomarkers that might be involved in the inflammatory response, immune

responses, and metabolism in ALI and ARDS.
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Introduction

Acute lung injury (ALI) is a major clinical prob-
lem worldwide, accounting for one of the pri-
mary causes of in-hospital hypoxemic respira-
tory failure. Over the past several decades,
severe sepsis and acute respiratory distress
syndrome (ARDS) have been the most common
causes of mortality in critically ill patients [1].
Although a growing number of advanced inter-
ventions and strategies have been applied to
ALI/ARDS patients, the mortality rates still
remain unacceptably high at more than 40% for
ARDS [2]. Therefore, more recently, the focus
has shifted from the treatment of ARDS to
early identification and prevention in atrisk
populations.

So far, research has focused on the identifica-
tion of humoral or cellular biological markers of
ARDS [3], but most studies focused on a single
protein or a single inflammatory pathway, which
might not completely account for the onset,
perpetuation, or resolution of ALI/ARDS [4].
Therefore, a systematic and comprehensive
understanding of proteomics and the signaling
pathway networks of ALI/ARDS is needed.
Enzyme-linked immunosorbent assay (ELISA)-
based methods are considered among the mo-

st robust platforms for biomarker discovery and
are known for their high degree of sensitivity. In
contrast, proteomics-based methodologies an-
alyze global biological changes and provide an
opportunity to examine the complexity that is
inherentin ALl and ARDS [5-7]. Recent advance-
ments in protein array technology have created
a high-throughput platform for biomarker sc-
reening by ELISA [8]. In this study, we employed
the Raybiotech L-Series 507 antibody array
platform, a novel antibody array that simultane-
ously detects 507 serum proteins, to identify
potential predictive markers for ALI/ARDS.

In this study, we quantitatively detected 507
proteins in the plasma of patients with ALl or
ARDS at the 3™ day and the 7™ day after the
diagnosis of ALI/ARDS. Then, we analyzed the
protein network and identified new candidate
biomarkers of ALI/ARDS.

Material and methods
Subjects

Twelve patients, including five ALl patients
and seven ARDS patients, as defined by the
American-European Consensus Conference [9,
10], were recruited at the Department of Re-
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Table 1. Clinical characteristics of patients with ALI/ARDS

genuity Pathways An-

Control ARDS

ALl alysis (Ingenuity Sy-

3 9 10 stems, Redwood City,

Day3 Day7 Day3 Day7 Day3 Day7 Day3 Day7

Sample number 1 2 3 4 5 6 7
Date

Age, yr 35 36 20 20 53 53 56
Male/Female M F M M F F F

Pa0,/Fi0, 166 180 154

196 234 266 224 286

CA). A data set con-
taining gene identifi-
ers (Entrez gene ID)
and corresponding ex-
pression values was

56 57 57
F M M

spiratory Medicine, Zhongshan Hospital, Fudan
University. Two healthy and nonsmoking volun-
teers were enrolled in the control group. The
study was approved by the Ethics Committee of
Zhongshan Hospital, Fudan University, and
informed consent was obtained from all sub-
jects. With the progression of disease, the
Pa0,/Fi0, ratio was evaluated every day, and
blood samples were collected at day 3 and day
7 if the patients still met the ALI/ARDS criteria.
Finally, two patients with ALl and two with ARDS
were involved in the analysis (Table 1).

Sample collection and preparation

Blood samples were obtained at day 3 and day
7 after the diagnosis of ALI/ARDS. Plasma was
then frozen and stored in aliquots at -80°C.

Cytokine antibody array detection

An antibody-based membrane array for mea-
suring inflammatory factors (A Custom Raybio
Human Inflammation Antibody Array kit) was
purchased from Raybiotech (Norcross, Ga.,
USA), including our request of 507 inflammato-
ry mediators. As we described previously, each
antibody was spotted in duplicate onto one
membrane [11]. According to the protocol from
the manufacture, the positive signals identify
membrane orientation and compare the rela-
tive expression levels among the different
membranes. Horseradish peroxidase-conjugat-
ed antibody served as a positive control and
was also used to identify the orientation. The
positive control for density in the microarray
was a known protein at a controlled concentra-
tion to control the quality of the sample load,
the density of spots, and the operation.

Functional profiling of the predictors

We analyzed the regulatory interaction net-
work, and regulatory network analysis in the
mammalian system was performed using In-
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uploaded into the ap-

plication. Each gene
identifier was mapped to its corresponding
gene object in the Ingenuity Pathways Know-
ledge Base (IPKB).

Biological pathways analysis

To obtain an overview of the human metabolic
and regulatory pathways affected by ARDS,
Web Gestalt was used to query for enriched
pathways in the open source databases Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
and BioCarta. From our filter array, 507 media-
tors were present in the pathways and markers,
including predictors in the BioCarta pathways.
We identified overrepresented pathways by
stratifying for at least three significantly
enriched markers in each pathway.

Statistical analysis

Significance testing was performed using a
Student’s t test, one-way ANOVA, and Pearson’s
chi-squared test, as appropriate (SPSS Inc.,
Armonk, NY, USA). Statistical significance was
set at P<0.05. The levels of markers that were
statistically significant with a 10% increase or
decrease at day 3 and day 7 between the ALI/
ARDS and control group are shown in the
tables.

Results
Antibody array

Membranes were developed with streptavidin-
conjugated peroxidase and ECL chemilumines-
cence reagent and exposed to autoradiograph-
ic film. Each membrane represents one sample
(Figure 1). No signal appeared on the negative
control or the blank dot.

Different proteins associated with ALl and
ARDS

Because WebGestalt and DAVID do not allow
for a specific search for ARDS-specific func-
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Figure 1. Scan patterns of proteins in the control, ALI and ARDS groups. For each plasma sample, two nitrocellulose membranes are included.
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Table 2. Proteins identified in the plasma of ALI patients

Biomarkers of ALI/ARDS

compared with controls at the 3" day and 7" day

Protein Names ALI 39 day ALl 7"day Up (+) Down (-)
Activin RIIA 1.36 1.54 +
Adiponectin/Acrp30 1.54 1.95 +
Angiogenin 2.22 2.25 +
Chem R23 111 1.37 +
EN-RAGE 1.49 1.45 +
Epiregulin 1.91 2.19 +
Erythropoietin 1.16 1.15 +
Endothelin 2.13 2.58 +
Glypican 3 2.45 2.53 +
IGFBP-2 2.04 2.18 +
IL-3 2.07 2.73 +
IL-17 1.37 1.45 +
IL-23 1.17 1.24 +
IL-27 2.34 1.56 +
Leptin R 1.14 1.16 +
Lipocalin-1 1.11 1.11 +
MMP-9 1.67 1.99 +
SAA 1.36 1.18 +
Smad 7 1.68 1.57 +

Thrombospondin-2 1.26

1.15

+

Protein fold changes (>1.0) in the ALI group compared to the control

group.

Table 3. Proteins identified in the plasma of ARDS pa-
tients compared with controls at the 3 day and 7™ day

Protein Names  ARDS 3" day ARDS 7" day Up (+) Down (-)

Activin RIA/ALK-2 1.72

Activin RIIA/B 1.35
Chem R23 1.40
CXCR6 1.58
Glypican 3 2.94
ICAM-5 1.12
IL-1 sRII 1.20
I3 1.15
IL-3R alpha 1.18
IL-12 p40 1.16
IL-17 1.16
IL-23 1.33
IL-29 1.14
Leptin R 1.37
MFG-E8 1.23

1.14
1.47
1.24
1.47
3.44
1.14
1.27
1.40
1.16
1.22
1.28
1.45
1.10
1.41
1.12

+ 4+ 4+ 4+ 4+ 4+ 4+ + + + + + + o+

Protein fold changes (>1.0) in the ARDS group compared to the

control group.

tions of the predictors, and to further confirm
the findings of the two online tools used above,
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we performed our own investigation on
PubMed with the following keywords:
inflammation, phagocytosis, hematopoi-
esis, or energy metabolism. In addition,
we searched for reports on ARDS or its
mouse models that described changes
of expression levels (RNA and protein) or
the abnormal presence of predictive
markers in the plasma. First, we com-
pared the significantly different proteins
between the control group and the ALI
group (Table 2). Some inflammatory
cytokines and hormones were signifi-
cantly increased, such as IL-27 and
erythropoietin. Next, we compared the
different proteins between the ARDS
group and the control group (Table 3).
Inflammatory cytokines and chemokines
were increased.

Network analysis

To understand the co-expression rela-
tionships between these different pro-
teins at a systemic level, we performed
weighted gene co-expression network
analysis. The results indicated that the
most important signaling pathways rela-
ted to ALI/ARDS are cytokine-cytokine
receptor interactions and chemokine
signaling pathways (Figure 2).

Discussion

In previous studies, some pro-inflamma-
tory cytokines, such as TNF-a, IL-1 and
IL-6, were detected in the bronchoalveo-
lar lavage fluid (BALF) of patients with
ARDS. These cytokines further contrib-
ute to the inflammatory milieu [3, 12,
13]. In the current study, we investigated
the temporal proteomics changes in the
plasma during ARDS using quantitative
proteomics-based methods. We desc-
ribed protein-protein networks that are
involved in ALI/ARDS. From the network,
we identified some novel biomarkers for
ARDS. The main and valuable proteins
that we are interested in are IL-23, glypi-
can 3, and leptin R (receptor).

IL-23 is secreted by dendritic cells and
mononuclear macrophages, and it not

only plays roles in eosinophilic airway inflam-
mation [14] but also makes important contribu-
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hsa04060:Cytokine-cytokine receptor..
hsa04062:Chemokine signaling pathway

hsa04672:Intestinal immune network for..
hsa04210: Apoptosis

hsa04620:Toll-like receptor signaling..
hsa04012:ErbB signaling pathway

hsa04610:Complement and coagulation..

hsa04650:Natural killer cell mediated ..
hsa05340:Primary immunodeficiency
hsa04920: Adipocytokine signaling pathway
hsa05310:Asthma

Figure 2. Pathway analysis related to ALI/ARDS. Cytokine-cytokine receptor
interactions were the most important signaling pathway.

tions to the development of elastase-induced
pulmonary inflammation and emphysema [15].
In our study, the level of IL-23 increased in both
the ARDS and ALl groups compared with the
control group. In addition, the expression of
matrix metalloprotease (MMP)-9 as an inflam-
matory cytokine stimulated by IL-23 was shown
in the comparison between the ALl group and
control group. The level of IL-17 also significant-
ly increased in the ARDS group compared to
the ALl group. The upregulation of IL-17 might
be regulated through the IL-23/IL-17 pathway,
inducing the inflammatory cascade and further
lung injury.

Glypican 3 is a member of the glypican family,
participating in the control of cell differentia-
tion and growth regulation [16]. Recently, glypi-
can 3-redirected chimeric antigen receptor-
engineered T lymphocytes (CARgpc 3 T cells)
were considered potential immunotherapeutic
agents for lung squamous cell carcinoma
(LSCC) due to their high expression in LSCC but
low expression in normal lung tissues [17].
Compared to control group patients, the ex-
pression of glypican 3 significantly increased in
both ARDS and ALI patients. The results sug-
gested that activated cell differentiation and
migration occurred during the entire period of
lung injury. Therefore, glypican 3 might be a
potential biomarker for acute lung injury at an
early stage.

The leptin receptor is considered a single-
transmembrane-domain receptor of the cyto-
kine receptor family associated with obesity
[18]. Metabolic disorders have gained wide-
spread attention because of chronic low-grade
inflammation and glucose tolerance damage,
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which can induce airway hy-
peractivity through pulmona-
ry adipocytokine/insulin sig-
naling [19]. It was reported
that the activities of p42/p44
MAPK, p38 MAPK, JNK1/2,
and p65 NF-kB were enhanced
by leptin in a time-dependent
manner [20]. Intriguingly, le-
ptin administration matures
aspects of the lung structure
and upregulates pulmonary
expression of the SP-B gene
[21]. The leptin receptor pro-
tein has been localized to type
Il pneumocytes in fetal ovine
lungs, and leptin is considered
to participate in the activation of surfactant
production [22]. It was reported that leptin, as
a signaling molecule, played an important role
in paracrine interactions between type Il pn-
eumocytes and lipofibroblasts for surfactant
synthesis [23]. Our data showed that the
expression of the leptin receptor increased in
both the ARDS group and ALl group compared
to the control group, suggesting that the leptin
receptormight be a potential protein to identify
the occurrence of acute lung injury.

One limitation of this study is that the number
of ALI/ARDS patients included is small. Based
on these screening markers, however, we would
like to expand the number of patients for fur-
ther observation in the clinic and explore the
relationship between various cytokine and pro-
tein pathways at the molecular and cellular
levels.

In conclusion, we quantitatively detected 507
proteins in the plasma of patients at the 3 and
7t day after the diagnosis of ALI/ARDS and
found several potential biomarkers for ARDS.
These biomarkers might be involved in the
inflammatory response, immune responses,
and metabolism in ALI and ARDS. The results
also indicated that the most important signal-
ing pathways related to ALI/ARDS are cytokine-
cytokine receptor interaction and chemokine
signaling pathways. A diagnostic or evaluation
model of ALI/ARDS might be established in
future studies.

Acknowledgements

Supported by Shanghai Municipal Science and
technology Commission (15DZ21930602 to JJ),

Int J Clin Exp Med 2017;10(8):12308-12314



Biomarkers of ALI/ARDS

Shanghai Municipal Public Health Bureau
(20134056 to JJ), the National Natural Science
Foundation of China (81400752 to CY, and
81270137 to LZ), and the Shanghai Three-Year
Plan of the Key Subjects Construction in Public
Health-Infectious Diseases and Pathogenic
Microorganism (15GWZK0102 to LZ).

Disclosure of conflict of interest
None.

Address correspondence to: Jinjun Jiang, Depart-
ment of Pulmonary Medicine, Zhongshan Hospital,
Fudan University, 180 Fenglin Road, Shanghai
200032, China. Tel: +86-21-64041990; Fax: +86-
2164037269; E-mail: jiang.jinjun@zs-hospital.sh.cn

References

[1]  Xu Z, Huangy, Mao P, Zhang J, Li Y. Sepsis and
ARDS: the dark side of histones. Mediators In-
flamm 2015; 2015: 205054.

[2] Villar J, Blanco J, Anon JM, Santos-Bouza A,
Blanch L, Ambros A, Gandia F, Carriedo D, Mo-
steiro F, Basaldua S, Fernandez RL, Kacmarek
RM; Network A. The ALIEN study: incidence
and outcome of acute respiratory distress syn-
drome in the era of lung protective ventilation.
Intensive Care Med 2011; 37: 1932-41.

[3] Chang DW, Hayashi S, Gharib SA, Vaisar T, King
ST, Tsuchiya M, Ruzinski JT, Park DR, Matute-
Bello G, Wurfel MM, Bumgarner R, Heinecke
JW, Martin TR. Proteomic and computational
analysis of bronchoalveolar proteins during the
course of the acute respiratory distress syn-
drome. Am J Respir Crit Care Med 2008; 178:
701-9.

[4] Briassoulis G, Mavrikiou M, Margeli A, Lazaro-
poulou C, Natsi L, Papassotiriou |, Hatzis T. Cir-
culating levels of KL-6 in acute respiratory dis-
tress syndrome sepsis or traumatic brain injury
in critically ill children. Pediatr Pulmonol 2006;
41: 790-5.

[6] Alpantaki K, Tsiridis E, Pape HC, Giannoudis
PV. Application of clinical proteomics in diagno-
sis and management of trauma patients. Inju-
ry 2007; 38: 263-71.

[6] Synenki L, Chandel NS, Budinger GR, Donnelly
HK, Topin J, Eisenbart J, Jovanovic B, Jain M.
Bronchoalveolar lavage fluid from patients
with acute lung injury/acute respiratory dis-
tress syndrome induces myofibroblast differ-
entiation. Critil Care Med 2007; 35: 842-8.

[7]1 Bulger EM, Jurkovich GJ, Nathens AB, Copass
MK, Hanson S, Cooper C, Liu PY, Neff M, Awan
AB, Warner K, Maier RV. Hypertonic resuscita-

12313

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

tion of hypovolemic shock after blunt trauma:
a randomized controlled trial. Arch Surg 2008;
143: 139-48.

Yang C, Hosgood SA, Meeta P, Long Y, Zhu T,
Nicholson ML, Yang B. Cyclic helix B peptide in
preservation solution and autologous blood
perfusate ameliorates ischemia-reperfusion
injury in isolated porcine kidneys. Transplant
Direct 2015; 1: 1-9.

Angoulvant F, Llor J, Alberti C, Kheniche A, Zac-
caria |, Garel C, Dauger S. Inter-observer vari-
ability in chest radiograph reading for diagnos-
ing acute lung injury in children. Pediatr
Pulmonol 2008; 43: 987-91.

Sheridan M, Donnelly M, Bailie R, Power M,
Seigne P, Austin S, Marsh B, Motherway C,
Scully M, Fagan C, Benson P, McAuley D, Trind-
er J, Bates J, Bailie K. Acute lung injury and the
acute respiratory distress syndrome in Ireland:
a prospective audit of epidemiology and man-
agement. Crit Care 2008; 12: R30.

Chen H, Wang Y, Bai C, Wang X. Alterations of
plasma inflammatory biomarkers in the
healthy and chronic obstructive pulmonary dis-
ease patients with or without acute exacerba-
tion. J Proteomics 2012; 75: 2835-43.
Garpestad E, Hill NS. Noninvasive ventilation
for acute lung injury: how often should we try,
how often should we fail? Crit Care 2006; 10:
147.

Gessner C, Dihazi H, Brettschneider S, Ham-
merschmidt S, Kuhn H, Eschrich K, Keller T,
Engelmann L, Sack U, Wirtz H. Presence of cy-
tokeratins in exhaled breath condensate of
mechanical ventilated patients. Respir Med
2008; 102: 299-306.

Ogawa R, Suzuki Y, Kagawa S, Masaki K, Fuku-
naga K, Yoshimura A, Fujishima S, Terashima
T, Betsuyaku T, Asano K. Distinct effects of en-
dogenous interleukin-23 on eosinophilic air-
way inflammation in response to different anti-
gens. Allergol Int 2015; 64 Suppl: S24-9.

Fujii U, Miyahara N, Taniguchi A, Waseda K,
Morichika D, Kurimoto E, Koga H, Kataoka M,
Gelfand EW, Cua DJ, Yoshimura A, Tanimoto M,
Kanehiro A. IL-:23 is essential for the develop-
ment of elastase-induced pulmonary inflam-
mation and emphysema. Am J Respir Cell Mol
Biol 2016; 55: 697-707.

DeBaun MR, Ess J, Saunders S. Simpson Go-
labi Behmel syndrome: progress toward under-
standing the molecular basis for overgrowth,
malformation, and cancer predisposition. Mol
Genet Metab 2001; 72: 279-86.

Li K, Pan X, Bi Y, Xu W, Chen C, Gao H, Shi B,
Jiang H, Yang S, Jiang L, Li Z. Adoptive immuno-
therapy using T lymphocytes redirected to glyp-
ican-3 for the treatment of lung squamous cell
carcinoma. Oncotarget 2016; 7: 2496-507.

Int J Clin Exp Med 2017;10(8):12308-12314


mailto:jiang.jinjun@zs-hospital.sh.cn

(18]

(19]

[20]

Biomarkers of ALI/ARDS

Masuo K, Straznicky NE, Lambert GW, Katsuya
T, Sugimoto K, Rakugi H, Socratous F, Hastings
J, Lambert EA, Ogihara T, Esler MD. Leptin-re-
ceptor polymorphisms relate to obesity through
blunted leptin-mediated sympathetic nerve ac-
tivation in a Caucasian male population. Hy-
pertens Res 2008; 31: 1093-100.

Dinger K, Kasper P, Hucklenbruch-Rother E,
Vohlen C, Jobst E, Janoschek R, Bae-Gartz |,
van Koningsbruggen-Rietschel S, Plank C,
Dotsch J, Alejandre Alcazar MA. Early-onset
obesity dysregulates pulmonary adipocyto-
kine/insulin signaling and induces asthma-like
disease in mice. Sci Rep 2016; 6: 24168.

Hsu PS, Wu CS, Chang JF, Lin WN. Leptin pro-
motes cPLA, gene expression through activa-
tion of the MAPK/NF-kB/p300 cascade. Int J
Mol Sci 2015; 16: 27640-58.

12314

(21]

[22]

(23]

De Blasio MJ, Boije M, Kempster SL, Smith GC,
Charnock-Jones DS, Denyer A, Hughes A,
Wooding FB, Blache D, Fowden AL, Forhead AJ.
Leptin matures aspects of lung structure and
function in the ovine fetus. Endocrinology
2016; 157: 395-404.

De Blasio MJ, Boije M, Vaughan OR, Bernstein
BS, Davies KL, Plein A, Kempster SL, Smith GC,
Charnock-Jones DS, Blache D, Wooding FB, Gi-
ussani DA, Fowden AL, Forhead AJ. Develop-
mental expression and glucocorticoid control
of the leptin receptor in fetal ovine lung. PLoS
One 2015; 10: e0136115.

Torday JS, Rehan VK. Stretch-stimulated sur-
factant synthesis is coordinated by the para-
crine actions of PTHrP and leptin. Am J Physiol
Lung Cell Mol Physiol 2002; 283: L130-5.

Int J Clin Exp Med 2017;10(8):12308-12314



