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Abstract
Background Intermittent hypoxaemia and obstructive sleep apnoea (OSA) have been linked to lung
cancer through as yet unidentified pathophysiological mechanisms. This study evaluates the effect of OSA
on serum levels of biomarkers of immunosurveillance, lymphangiogenesis and intrinsic tumour cell
aggressiveness in high-risk individuals screened for lung cancer and patients with established lung cancer.
Methods Serum samples from individuals participating in a lung cancer screening cohort (SAILS study)
or with newly diagnosed lung cancer (SAIL study) were analysed. All patients underwent home sleep
apnoea testing. Soluble levels of programmed cell death-1 (PD-1), programmed cell death ligand-1 (PD-
L1), cytotoxic T-lymphocyte antigen-4, midkine (MDK), paraspeckle component-1 (PSPC1), transforming
growth factor-β1 (TGF-β1), SMAD3, matrix metalloproteinase-2 and co-stimulus receptor of the tumour
necrosis factor family of receptors (CD137) were determined by ELISA.
Results The presence of moderate-to-severe OSA was associated with increased levels of PSPC1, MDK,
PD-L1 and PD-1 in screened individuals, and with higher values of PSPC1, TGF-β1, PD-L1 and PD-1 in
patients with established lung cancer. The findings correlated with nocturnal intermittent hypoxaemia indices.
Conclusion Moderate-to-severe OSA is associated with increased expression of serum biomarkers of
immune evasion, lymphangiogenesis and tumour cell aggressiveness in high-risk individuals screened for
lung cancer and those with established disease.

Introduction
A growing body of scientific evidence supports an association between obstructive sleep apnoea (OSA)
and cancer [1–3]. Although most of the evidence comes from patients with melanoma, with OSA-induced
intermittent hypoxia leading to increased tumour aggressiveness and mortality [4, 5], many other tumours
have also been studied [6, 7]. In particular, lung cancer, the leading cause of cancer-related mortality in
developed countries [8], is also associated with OSA. A recent meta-analysis of 4 885 518 patients from
four observational studies demonstrated that patients with OSA have ∼30% higher risk of lung cancer
compared with those without OSA [9]. The association between OSA and lung cancer appears to be
mediated by intermittent hypoxaemia [10], which doubles the risk of positive screening findings in patients
enrolled in a lung cancer screening programme [11].
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Although the pathogenic pathways responsible for the association between OSA and cancer have not been
fully elucidated, nocturnal intermittent hypoxaemia might play a key role in a number of putative
mechanisms, including immune evasion, inflammation, tumour progression and angiogenesis [12–14].
Intermittent hypoxia in patients with severe OSA interferes with the innate and adaptive immune response
[15, 16], promotes angiogenesis and lymphangiogenesis [17, 18], and increases the intrinsic aggressiveness
of tumour cells by inducing epithelial–mesenchymal transition (EMT) and acquisition of cancer stem cell
(CSC) phenotypes [19].

Interestingly, in patients with melanoma, OSA severity correlates with serum levels of soluble programmed
cell death ligand-1 (PD-L1) [20] and programmed cell death-1 (PD-1) whose binding forms the PD-L1/
PD-1 immune axis, a widely studied immune checkpoint that modulates signalling pathways related to
T-cell activation and is the cornerstone of current immunotherapeutic strategies. Soluble PD-L1 levels in
these patients are associated with increased cancer aggressiveness and metastatic disease [20]. Furthermore,
a hypoxia-dependent increase in serum levels of midkine (MDK), a recognised pro-angiogenic and
pro-lymphangiogenic factor associated with increased tumour aggressiveness, has been reported in patients
with OSA and melanoma [18]. Finally, OSA is also associated with melanoma aggressiveness through
hypoxia-mediated overexpression of paraspeckle component-1 (PSPC1) [21]. PSPC1 functions as a master
activator of metastatic reprogramming by mediating pro-metastatic autocrine signalling of transforming
growth factor-β1 (TGF-β1)/SMAD2/3, inducing EMT and acquisition of CSC characteristics [22].

The existence of two cohorts of patients with either established lung cancer undergoing home sleep apnoea
testing (HSAT) (SAIL study) or participating in a lung cancer screening programme (SAILS study)
allowed us to investigate the behaviour of these biomarkers in the context of lung cancer. The aim of this
study was to analyse the effect of OSA on serum levels of biomarkers of immunosurveillance,
pro-lymphangiogenesis or tumour cell aggressiveness in patients participating in a lung cancer screening
programme and in those with newly diagnosed lung cancer.

Methods
We performed a cross-sectional study including serum samples and data derived from two prospectively
recruited cohorts investigating the prevalence of OSA in patients at risk for lung cancer included in a lung
cancer screening programme (SAILS study; ClinicalTrials.gov: NCT02764866) [11] and in patients with
newly diagnosed lung cancer (SAIL study; ClinicalTrials.gov: NCT02764866) [23].

Briefly, patients included in the SAILS study met the National Lung Screening Trial age and smoking
criteria (55–75 years of age and tobacco consumption ⩾30 pack-years) and had at least one additional risk
factor for lung cancer: COPD, defined as post-bronchodilator forced expiratory volume in 1 s/forced vital
capacity <0.70 or radiological signs of emphysema [11]. Screened individuals had no evidence or obvious
symptoms of lung cancer, concurrent severe disease, unexplained weight loss or haemoptysis. Patients with
newly diagnosed lung cancer were recruited for the SAIL study prior to initiating oncological or surgical
treatment. In both studies, exclusion criteria included current or previous use of home oxygen therapy,
known OSA, continuous positive airway pressure (CPAP) treatment or non-invasive mechanical
ventilation. All participants signed an informed consent and both studies were approved by the local ethics
committee (Fundación Jiménez Díaz University Hospital, Madrid, Spain; EO98/2015 and EO99/2015).

Anthropometric characteristics, including body composition, smoking habit, comorbidities, lung function
tests and computed tomography scan findings were collected in all subjects. Among patients with lung
cancer, tumour histology, tumour/node/metastasis (TNM) and stage at diagnosis were collected as
recommended by the International Association for the Study of Lung Cancer TNM classification, eighth
edition [24]. During the initial visit, fasting venous blood samples were drawn in the morning. The blood
samples were centrifuged to separate the serum, and all specimens were immediately aliquoted, frozen and
stored at −80 °C.

Sleep study
All patients underwent HSAT using the Nox T3 Portable Sleep Monitor (Nox Medical, Reykjavik,
Iceland), which was correctly validated [25] and complies with the regulations of the American Academy
of Sleep Medicine (AASM) [26]. The device includes a nasal cannula for oronasal flow and pressure
recordings, thoracic and abdominal bands capable of measuring respiratory movements, a pulse oximeter,
and a microphone to document snoring. All scoring and readings were conducted manually by experienced
and trained personnel in accordance with AASM guidelines [26]. Apnoeas were defined as ⩾90%
reduction in oronasal flow lasting >10 s. Hypopnoeas were defined as 30–60% decrease in airflow lasting
>10 s associated with an oxygen saturation drop of ⩾3%. The apnoea–hypopnoea index (AHI) was defined
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as the number of apnoeas plus hypopnoeas per hour of recording. In addition, mean nocturnal arterial
oxygen saturation (SaO2

), minimum nocturnal SaO2
, recording time with SaO2

<90% and oxygen desaturation
index were used as oxygenation indices. According to the AHI, patients were divided into four groups:
non-OSA (<5 events·h−1), mild OSA (5–14.9 events·h−1), moderate OSA (15–29.9 events·h−1) and severe
OSA (>30 events·h−1) [27].

Determination of serum levels of biomarkers
Soluble biomarkers related to immunosurveillance (PD-1, PD-L1 and cytotoxic T-lymphocyte antigen-4
(CTLA-4)), lymphangiogenesis (MDK) and intrinsic tumour cell aggressiveness (PSPC1, transforming
growth factor-β1 (TGF-β1), SMAD3, matrix metalloproteinase-2 (MMP2) and co-stimulus receptor of the
tumour necrosis factor family of receptors (CD137)) were studied.

PSPC1 (MBS9324493; MyBioSource, San Diego, CA, USA), MMP2 (KHC3081; Invitrogen, Waltham,
MA, USA), TGF-β1 (LEGEND MAX Free Active TGF-β1 ELISA Kit 437707; BioLegend, San Diego,
CA, USA), SMAD3 (EH2148; Fine Test, Wuhan, China), PD-L1 (ab214565; Abcam, Cambridge, UK)
and MDK (CSB-E08892h; https://cusabio.com/, Houston, TX, USA) concentrations were assayed using
the corresponding human ELISA, following the manufacturer’s standard protocol in each case.
Measurements for serum samples were obtained in duplicate. The detection limits for the assays were
31.2 pg·mL−1 for PSPC1, 0.15 ng·mL−1 for MMP2, 2.3 pg·mL−1 for TGF-β1, 0.375 ng·mL−1 for
SMAD3, 21.88 pg·mL−1 for PD-L1 and 7.8 pg·mL−1 for MDK. The intra-assay and inter-assay variations
were <20% in the various assays. In addition, PD-1, CD137 and CTLA-4 concentration was measured
using a bead-based multiplex assay panel (LEGENDplex HU Immune Checkpoint Panel 1-S/P (10-plex)
w/FP; BioLegend), following the standard protocol as indicated by the manufacturer. The detection limits
for each bead were 2.44 ng·mL−1 for PD-1, 12.2 ng·mL−1 for CD137 and 1.22 ng·mL−1 for CTLA-4. The
intra-assay and inter-assay variations were <20% in the various assays.

Statistical analysis
Data are expressed as mean±SD, median (interquartile range (IQR)) or absolute number (percentage),
according to the type and distribution of the variables. Normality was explored using the Shapiro–Wilk
and skewness–kurtosis tests. Differences between subgroups were analysed using the Chi-squared or Fisher
exact test (categorical variables), or t-test, Mann–Whitney test, ANOVA with Bonferroni post-hoc test or
Kruskal–Wallis test (quantitative variables). For between-group comparisons, biomarker levels were
adjusted for gender, age, body mass index (BMI), pack-years and presence of COPD using univariate
ANOVA with general linear models. The relationship between sleep parameters with biomarker levels was
evaluated using Pearson’s correlation. In the combined cohort from the two studies, association between
anthropometric characteristics, sleep parameters and biomarker levels with lung cancer diagnosis was
analysed by bivariate and forward stepwise multiple logistic regression. All tests were two-tailed and a
statistical significance level of 0.05 was retained. Analyses were performed using SPSS version 20.0 (IBM,
Armonk, NY, USA).

Results
Serum samples were available in 131 out of the 236 individuals enrolled in the SAILS study and in 39 out
of the 60 patients enrolled in the SAIL study. Table 1 summarises the general characteristics of subjects at
high risk for lung cancer (SAILS cohort) and those with newly diagnosed lung cancer (SAIL cohort),
stratified according to the presence and severity of OSA. Anthropometric characteristics, smoking, previous
history of COPD and sleep parameters between the two cohorts are compared.

The presence of moderate-to-severe OSA was associated with higher serum levels of PSPC1, MDK and
PD-L1 in screened individuals (table 2). PD-1 values were close to statistical significance and no
differences were identified for the serum levels of the remaining biomarkers. After adjusting for age, sex,
BMI, smoking intensity and previous COPD diagnosis, serum levels of PSPC1, MDK, PD-L1 and PD-1
remained elevated in patients with moderate-to-severe OSA with respect to subjects without OSA or with
mild OSA (figure 1). Serum levels of PSPC1, MDK, PD-L1 and PD-1 were also correlated with AHI
(figure 2) and indices of intermittent hypoxia, such as the desaturation index (supplementary figure S1).
Similarly, minimum nocturnal oxyhaemoglobin saturation was inversely correlated with serum levels of
PSPC1, MDK and PD-L1 (supplementary figure S2), while mean nocturnal oxyhaemoglobin saturation
and recording time with oxyhaemoglobin saturation <90% were associated with PSPC1, TGF-β1 and
PD-L1 levels (supplementary figures S3 and S4) in these high-risk individuals.

Interestingly, patients with moderate-to-severe OSA and lung cancer (SAIL cohort) also had higher serum
levels of biomarkers related to immune evasion (PD-L1 and PD-1) and tumour cell aggressiveness (PSPC1
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TABLE 1 General characteristics of the subjects included from the two study cohorts

SAILS cohort SAIL cohort SAILS
versus SAIL
p-value

Overall
(n=131)

Non-OSA
(n=43)

Mild OSA
(n=58)

Moderate-to-severe
OSA (n=30)

p-value Overall
(n=39)

Non-OSA or
mild OSA
(n=19)

Moderate-to-severe
OSA (n=20)

p-value

Female 67 (51.1) 27 (62.8) 28 (48.3) 12 (40.0) 0.134 19 (48.7) 13 (68.4) 6 (30.0) 0.038 0.933
Age, years 62±6 61±6 62±5 63±6 0.206 68±11 67 (55–69) 70 (62–78) 0.129 0.004
BMI, kg·m−2 27.6±4.5 25.8±4.7 28.6±4.4¶ 28.5±3.6# 0.004 27.7±4.5 24.9 (21.5–27.4) 28.8 (26.7–31.1) 0.003 0.593
Visceral fat, % 11.1±4.2 9.0±4.4 12.0±3.7¶ 12.4±3.7¶ <0.001 11.4±5.8 7.5 (5.0–10.0) 13.0 (11.0–18.0) 0.002 0.755
Free-fat mass, % 33.2±9.8 31.9±10.9 34.7±9.5 32.1±8.5 0.286 33.2±9.0 34.5 (31.0–42.0) 30.5 (28.5–39.0) 0.294 0.966
Waist/hip ratio 0.97±0.09 0.94±0.09 0.98±0.09 1.01±0.07¶ 0.007 0.94±0.09 0.88 (0.79–0.97) 1.00 (0.95–1.04) 0.667 0.428
Neck perimeter, cm 38±4 36±3 38±4¶ 39±5¶ <0.001 38±4 35 (34–37) 39 (38–43) 0.001 0.789
Pack-years 48±18 43±13 51±21 49±18 0.073 46±31 38 (30–60) 49 (25–72) 0.592 0.804
COPD previous diagnosis 61 (46.9) 26 (60.5) 20 (35.1) 15 (50.0) 0.116 18 (46.2) 8 (42.1) 10 (50.0) 0.863 0.890
AHI, events·h−1 10.8±11.2 2.7±1.5 9.0±2.6+ 26.1±13.9+,## <0.001 24.3±21.6 5.7 (3.5–11.4) 35.1 (22.5–42.9) <0.001 0.001
Supine AHI, events·h−1 22.8±22.4 6.2±6.7 21.2±17.1+ 49.5±20.9+,## <0.001 33.8±27.3 8.7 (2.8–19.0) 47.4 (31.8–72.7) <0.001 0.015
Desaturation index, events·h−1 10.5±11.2 2.5±1.7 8.7±3.2+ 25.2±14.1+,## <0.001 25.6±23.2 5.0 (3.4–7.8) 35.2 (27.9–49.7) <0.001 0.001
tSaO2

<90%, % 23.0±30.3 17.2±26.7 25.6±34.5 26.7±26.4 0.299 23.6±29.9 1.0 (0.1–7.8) 16.3 (4.6–42.5) <0.001 0.916
Mean SaO2

, % 91±2 91±2 91±3 90±2 0.327 91±3 92 (91–93) 92 (90–93) 0.158 0.824
Minimum SaO2

, % 83±5 86±3# 83±4 81±5+,§ <0.001 81±8 86 (83–89) 82 (77–84) 0.002 0.110
Central apnoea index, events·h−1 0.5±1.5 0.1±0.2 0.3±0.6 1.5±2.9+,ƒ <0.001 2.5±7.3 0 (0–0.1) 1.3 (0.3–2.3) <0.001 0.126
Snoring, % 20.2±18.2 11.4±11.2 22.9±19.2¶ 27.6±20.0+ <0.001 18.5±17.9 9.7 (3.4–19.0) 17.9 (7.5–29.7) 0.192 0.631

Data are presented as n (%) or mean±SD, unless otherwise stated. BMI: body mass index; AHI: apnoea–hypopnoea index; SaO2
: arterial oxygen saturation; tSaO2

<90%: recording time with SaO2

<90%. Comparisons by ANOVA with Bonferroni post-hoc test, Mann–Whitney test or Chi-squared test with Fisher correction. #: p<0.05 versus non-OSA group; ¶: p<0.01 versus non-OSA group;
+: p<0.001 versus non-OSA group (in SAILS cohort). §: p<0.05 versus mild OSA; ƒ: p<0.01 versus mild OSA; ##: p<0.001 versus mild OSA (in SAILS cohort).
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TABLE 2 Comparison of serum levels of biomarkers between the three study subgroups of patients at high risk
of lung cancer

Non-OSA (n=43) Mild OSA (n=57) Moderate-to-severe OSA (n=30) p-value

TGF-β1, pg·mL−1 9.2 (6.6–12.4) 8.2 (3.6–10.0) 10.2 (5.1–14.3) 0.112
SMAD3, pg·mL−1 2631 (1863–4434) 2301 (1938–4379) 3204 (1540–6919) 0.251
CD137, pg·mL−1 41.9 (6.0–82.4) 6.0 (6.0–41.9) 41.9 (6.0–41.9) 0.803
MMP2, pg·mL−1 18 548 (12 820–24 748) 17 595 (14 706–25 639) 15 845 (14 484–17 980) 0.507
PSPC1, pg·mL−1 244.7 (178.6–464.4) 215.3 (72.5–476.2) 489.6 (113.2–856.6) 0.029
MDK, pg·mL−1 1536 (840–2360) 1210 (475–2783) 5902 (816–8337) 0.001
PD-L1, pg·mL−1 47.6 (27.0–59.5) 38.6 (33.0–44.9) 61.8 (43.1–83.0) 0.001
PD-1, pg·mL−1 14.7 (4.7–19.5) 14.0 (4.0–25.5) 28.7 (8.5–31.9) 0.057
CTLA-4, pg·mL−1 1.3 (0.6–2.0) 3.9 (0.6–8.1) 1.3 (0.6–3.9) 0.505

Data are presented as median (interquartile range), unless otherwise stated. OSA: obstructive sleep apnoea;
TGF-β1: transforming growth factor-β1; CD137: 4-1BB or tumour necrosis factor receptor superfamily-9; MMP2:
matrix metalloproteinase-2; PSPC1: paraspeckle component-1; MDK: midkine; PD-L1: programmed cell death
ligand-1; PD-1: programmed cell death-1; CTLA-4: cytotoxic T-lymphocyte antigen-4. Comparisons by Kruskal–
Wallis test.
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FIGURE 1 Biomarker levels in subjects at high risk of lung cancer. Adjusted comparisons of the serum levels of soluble a) paraspeckle
component-1 (PSPC1), b) midkine (MDK), c) programmed cell death ligand-1 (PD-L1) and d) programmed cell death-1 (PD-1) according to presence
and severity of obstructive sleep apnoea in subjects from the SAILS cohort. Bars correspond to the mean adjusted for age, sex, body mass index,
pack-years and previous COPD diagnosis. Error bars represent the standard error of the mean. p-values correspond to between-group comparisons
by general linear models with post-hoc comparisons by Bonferroni test.

https://doi.org/10.1183/23120541.00777-2023 5

ERJ OPEN RESEARCH ORIGINAL RESEARCH ARTICLE | C. CUBILLOS-ZAPATA ET AL.



and TGF-β1) compared with cancer patients with mild or no OSA, both in the crude analysis (table 3) and
after adjusting for age, sex, BMI, smoking intensity and COPD (figure 3). Furthermore, serum levels of
TGF-β1, PSPC1, PD-L1 and PD-1 in lung cancer patients were related to both OSA severity (figure 4) and
intermittent hypoxia, as measured by the desaturation index (supplementary figure S5). TGF-β1 levels were
also related to nocturnal saturation and time spent with oxyhaemoglobin saturation <90%, while PSPC1
levels were related to nocturnal saturation (supplementary figure S6).

Finally, the pooled analysis of subjects from the SAILS and SAIL cohorts revealed differences in serum
levels of several biomarkers (supplementary table S1). Inclusion of all anthropometric characteristics, sleep
parameters and biomarkers that significantly differed between the two cohorts in a multiple logistic
regression model revealed that only the desaturation index and serum levels of TGF-β1 were independent
predictors of a lung cancer diagnosis (supplementary table S2).

Discussion
Our study shows that individuals at high risk for lung cancer with moderate-to-severe OSA have increased
expression of biomarkers related to the induction of tumour aggressiveness pathways (PSPC1 and TGF-β),
lymphangiogenesis (MDK) and immune evasion (PD-1/PD-L1), while patients with established lung
cancer and moderate-to-severe OSA have increased expression of biomarkers related to tumour
aggressiveness and immune evasion. These findings are provocative, insofar as such biomarkers may prove
useful as drivers of personalised efforts to select individuals for lung cancer screening beyond conventional
criteria which limit screening to heavy smokers older than 50 years. The latter only account for 50% of all
patients diagnosed with lung cancer. Our findings also provide additional information on the pathogenic
pathways involved in the association between OSA and lung cancer.

Angiogenesis and lymphangiogenesis are processes closely related to tumour progression. These pathways
mediate tumour vascularisation, which is necessary to meet the demand for oxygen and nutrients in
tumour growth and metastasis. Tumour vascularisation is orchestrated by several signalling pathways and
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FIGURE 2 Serum levels of biomarkers are related to obstructive sleep apnoea severity. Relationship between serum levels of a) paraspeckle
component-1 (PSPC1), b) midkine (MDK), c) programmed cell death ligand-1 (PD-L1) and d) programmed cell death-1 (PD-1) and apnoea–
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secreted factors, including MDK. Interestingly, MDK has shown potential as a prognostic biomarker in
patients with lung adenocarcinoma. A single-cell RNA sequencing study found that MDK constitutes an
early biomarker which may be upregulated in early stages of the disease and may promote tumour
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FIGURE 3 Biomarker levels in patients with lung cancer. Adjusted comparisons of the serum levels of soluble a) paraspeckle component-1 (PSPC1),
b) transforming growth factor-β1 (TGF-β1), c) programmed cell death ligand-1 (PD-L1) and d) programmed cell death-1 (PD-1) according to
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index, pack-years and previous COPD diagnosis. Error bars represent the standard error of the mean. p-values correspond to between-group
comparisons by general linear models with post-hoc comparisons by Bonferroni test.

TABLE 3 Comparison of serum levels of biomarkers in patients with lung cancer according to severity of
obstructive sleep apnoea (OSA)

Non-OSA or mild OSA (n=19) Moderate-to-severe OSA (n=20) p-value

TGF-β1, pg·mL−1 13.2 (11.8–14.0) 15.7 (12.4–26.5) 0.007
SMAD3, pg·mL−1 5087 (4624–5165) 4918 (4581–5665) 0.275
CD137, pg·mL−1 82.4 (44.2–141.7) 24.0 (6.0–41.9) 0.774
MMP2, pg·mL−1 17 203 (16 392–18 324) 25 477 (23 460–29 610) 0.115
PSPC1, pg·mL−1 434.7 (430.3–481.3) 639.8 (521.9–809.6) 0.001
MDK, pg·mL−1 4695 (4348–5226) 4862 (4275–5857) 0.567
PD-L1, pg·mL−1 49.5 (41.5–51.6) 74.8 (61.3–105.0) 0.001
PD-1, pg·mL−1 13.5 (13.5–25.5) 33.9 (18.7–63.3) 0.077
CTLA-4, pg·mL−1 0.6 (0.6–1.3) 10.2 (0.6–21.0) 0.352

Data are presented as median (interquartile range), unless otherwise stated. TGF-β1: transforming growth
factor-β1; CD137: 4-1BB or tumour necrosis factor receptor superfamily-9; MMP2: matrix metalloproteinase-2;
PSPC1: paraspeckle component-1; MDK: midkine; PD-L1: programmed cell death ligand-1; PD-1: programmed
cell death-1; CTLA-4: cytotoxic T-lymphocyte antigen-4. Comparisons by Mann–Whitney test.
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progression [28]. Non-small cell lung cancer (NSCLC) in vitro and in vivo assays have demonstrated that
hypoxaemia has a dominant role via MDK expression, promoting EMT through autocrine signalling and
the migration of endothelial cells and vacuolisation via a paracrine mechanism [29]. We have shown that
OSA-related intermittent hypoxia is associated with high MDK levels in patients with OSA and no cancer
risk [18]. However, our study does not identify differences in MDK levels associated with OSA in patients
with established lung cancer. Obviously, the limited sample size of the SAIL cohort may account for this
discrepancy, not reaching the statistical power needed to detect subtle differences. However, this finding
may also be due to differences in the progression of lymphangiogenesis between lung cancer and other
tumours, such as melanoma, in which the role of MDK is better established. Indeed, melanoma has an
inherent potential for lymph node colonisation, in which MDK acts as a systemic inducer of
neolymphangiogenesis conditioning patient prognosis [30].

The elevated levels of PSPC1 and TGF-β1 point to the influence of OSA-associated intermittent hypoxia
on the intrinsic characteristics of tumour cells, inducing metastasis through the activation of pathways that
promote EMT and CSCs. In this context, we have previously shown that PSPC1 plays a role in TGF-β
signalling that potentiates the activation of pro-metastatic pathways including EMT and CSC [22, 31].
EMT is the main feature of invasiveness and metastasis in tumour progression [32]. The mechanism
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linking TGF-β to EMT is associated with SMAD signalling. Activated SMAD2 and SMAD3 form
complexes with SMAD4, and mediate transcriptional regulation through three families of transcription
factors, resulting in repression of epithelial marker gene expression and activation and induction of
EMT [33]. Furthermore, in patients with NSCLC, EMT has been associated with disease progression and
poor prognosis [34]. The close relationship between the desaturation index and serum levels of PSPC1 and
TGF-β1 reinforces the link between intermittent hypoxia and EMT, which has been confirmed both in
vitro and in vivo [19, 35, 36].

The increased levels of PD-L1 and PD-1 in patients with moderate-to-severe OSA with or at risk for lung
cancer highlight the importance of immune checkpoints in the pathogenesis and the current
immunotherapeutic revolution in lung cancer. Soluble immune checkpoints are postulated as useful clinical
biomarkers of survival, recurrence and treatment of multiple cancer types. In patients with NSCLC, soluble
PD-L1 levels are correlated with PD-L1 protein tumour expression [37] and a poor prognosis [37, 38].
Furthermore, we have reported that soluble PD-L1 is a predictor of poor prognosis in patients with OSA
and melanoma, and soluble PD-L1 levels are associated with the severity of hypoxia in patients with
OSA [20]. In this regard, hypoxia-inducible factor-1α drives PD-L1 expression in monocytes [39, 40], in a
severity-dependent manner [16]. In this study, our data corroborate that OSA-related hypoxaemia also
plays a role in the expression of elevated soluble PD-L1 levels in both patients at high risk for lung cancer
and those with established lung carcinoma.

Several studies suggest the soluble PD-1 has potential as a biomarker in tumour-specific immunity and
survival in animal mouse models [41]. In our patients with lung cancer, soluble PD-1 is related to OSA
severity, in agreement with a previous report that PD-1 protein expression on CD8 T-cells from OSA
patients is associated with hypoxaemia [16]. Moreover, the finding that patients with small cell lung
cancer with high levels of soluble PD-1 experience prolonged progression-free survival after receiving
erlotinib raises the possibility that soluble PD-1 may play a role as a prognostic biomarker in lung
cancer [42].

In this study we have also explored the association between OSA and other putative soluble immune
checkpoints, such as CTLA-4 and CD137. However, our data are inconclusive. Soluble CTLA-4 is
produced by immature dendritic cells, monocytes or regulatory T-cells (Tregs) [43], although to the best
of our knowledge OSA patients do not frequently show this immature cell phenotype. Furthermore,
CTLA-4 surface protein is constitutively expressed on Tregs and is essential for the generation of
Tregs [44]. Our findings agree with previous reports which failed to show significant differences in
CTLA-4 expression on Tregs comparing samples from patients with OSA, NSCLC or a combination of
both [45]. Interestingly, Tregs are also the main cellular source of soluble CD137. Single-cell
sequencing analysis suggests that CD137+ and CTLA-4+ expression on Tregs is related to lung cancer
antigens [46]. Unfortunately, in our study we only had access to serum samples, so we were not able to
explore the association of Tregs in this context.

The pooled analysis of biomarker levels in our study should be interpreted with caution, since the tumour
process experienced by the subjects of the SAIL cohort induces the expression of several biomarkers by
the tumour cells themselves in a differentiated biological environment. Our study has other potential
limitations, chief among them a limited sample size. Furthermore, the determination of biomarkers in
serum does not allow us to confirm the contribution of different pathogenic pathways in the development
of lung cancer. Although the sleep studies were performed using a validated HSAT, only polysomnography
can determine whether sleep fragmentation influences biomarker levels. At the same time, we must take
into account the potential impact of certain treatments on the measurements of peripheral biomarkers
within the two evaluated cohorts. Finally, this article focuses exclusively on a cross-sectional analysis,
pending longitudinal follow-up of the SAILS cohort to verify the prognostic value of the biomarkers and
the effect of CPAP treatment on the risk of lung cancer in OSA patients.

In conclusion, this study shows that, both in patients at high risk for lung cancer and in those with
established lung cancer, moderate-to-severe OSA is associated with increased expression of serum
biomarkers of immune evasion, lymphangiogenesis and tumour cell aggressiveness which may have
implications for the future of screening and follow-up of lung cancer.
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