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Abstract
Immunosurveillance is compromised in patients with obstructive sleep apnea (OSA) as reflected by overexpression of the 
programmed death cell receptor and its ligand (PD-1/PD-L1) coinhibitory axis. However, the contributions of intermittent hypoxia 
(IH) and sleep fragmentation (SF) are unclear. We therefore evaluated the expression of PD-1 and PD-L1 on immune cells from mice 
subjected to IH or SF, and in human cells exposed to IH, oxidative stress, or both conditions. Six-week-old male C57BL/6J mice were 
exposed to either IH or SF using previously established in vivo models. Moreover, human peripheral blood mononuclear cells (PBMC) 
were cultured overnight under normoxia, IH, hydrogen peroxide (H2O2), or both. Murine splenocytes and human PBMC were isolated, 
and labeled using surface-specific antibodies for flow cytometry analysis. Compared to control mice, IH induced higher expression 
of PD-L1 on F4/80 cells and of PD-1 on CD4+ and CD8+ T-cells, whereas no significant changes emerged after SF. In vitro models of IH 
and oxidative stress showed similar changes for expression of PD-L1 on human monocytes and PD-1 on CD4+ T-cells. Furthermore, 
H2O2 increased PD-1 expression on CD8+ T-cells, compromising their cytotoxic capacity assessed by perforin expression, similar to 
IH. No evidence of synergistic effects was apparent. Therefore, PD-1/PD-L1 upregulation reported in patients with OSA appears to be 
preferentially mediated by IH rather than SF.
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Statement of Significance

The increased risk of cancer associated to obstructive sleep apnea (OSA) has been attributed, among other potential mechanisms, to a de-
regulation of the immune surveillance system, which allows the release and progression of tumor cells. In fact, patients with severe OSA 
experience an up-regulation of the PD-1/PD-L1 coinhibitory axis, which suppresses T-cell cytotoxicity and has a major role in the cancer de-
velopment. However, the contribution of major OSA components to PD-1/PD-L1 expression is not known. From in vivo and in vitro models, 
we show that while intermittent hypoxia exposures mimicking sleep apnea increase the expression of PD-1/PD-L1 in circulating immune 
cells, sleep fragmentation does not induce discernible alterations or show a synergistic effect on this pathway.
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Introduction

Obstructive sleep apnea (OSA) is characterized by repetitive ob-
structions of the upper airway during sleep that result in inter-
mittent hypoxia (IH) and sleep fragmentation (SF). OSA has been 
associated with a higher risk of cancer, as well as poorer cancer 
outcomes [1–3]. In recent years, several experimental and clinical 
studies have largely demonstrated that OSA promotes cancer in-
cidence, progression, aggressiveness, and mortality rates [4–11].

Among the potential mechanisms linking OSA and cancer, 
it has been suggested that IH-dependent immune deregulation 
may compromise the immune surveillance system and favor the 
release and progression of tumor cells [12]. Several reports have 
demonstrated that IH can induce altered polarization of tissue 
macrophages [13] as well as impaired maturation and activity 
of natural killer cells [14, 15]. Furthermore, IH also compromises 
the pathway of the programmed cell death receptor 1 (PD-1) and 
its ligand (PD-L1) [16], which plays a critical role in the develop-
ment and progression of cancer and is currently one of the main 
targets for cancer immunotherapy [17, 18]. In patients with OSA, 
the PD-1/PD-L1 coinhibitory axis is up-regulated by the activa-
tion of hypoxia-inducible factor (HIF)-1, and such changes are 
associated with decreases in both the proliferative capacity of 
T-cells and their cytotoxicity [19, 20].

We should also point out that the other hallmark alter-
ation of sleep in OSA, SF, can also accelerate tumor growth 
and invasiveness through the promotion of tumor-associated 
macrophage polarity changes and proinflammatory signaling 
[21]. In fact, it has been reported that SF is a powerful inducer of 
oxidative stress and inflammatory pathways [22, 23], with quick 
up-regulation of proinflammatory cytokine gene expression [24]. 
Moreover, in murine models, it has been described that both IH 
and SF can favor the escape of tumor cells by decreasing intra-
tumoral CD8+ T-cell cytotoxicity [25]. Although up-regulation of 
the PD-1/PD-L1 pathway can also be induced by an increased 
inflammatory response [17], no information is available about 
the effect of SF on its regulation.

Since detailed knowledge of the intermediate mechanisms 
and pathogenic pathways involved in the alteration of immune 
surveillance in sleep apnea might be important for both the 
identification of biomarkers and for the elaboration of future 
therapeutic strategies, we hypothesized that SF could also in-
duce higher expression of the PD-1/PD-L1 axis or exert a syner-
gistic effect with IH. Therefore, our objective was to determine 
the expression of PD-1 and PD-L1 using in vivo and in vitro 
models of IH and SF, either alone or in combination.

Methods

Mouse models of intermittent hypoxia and sleep 
fragmentation

The study was approved by the Ethics Committee for Animal 
Research of the University of Barcelona and was performed on 
6-week-old pathogen-free C57BL/6 male mice (Charles River 
Laboratories, Lyon, France). A  total of 14 mice were randomly 
assigned to IH exposure (n = 7 mice) or normoxia (n = 7 mice) 
for 6 weeks, as previously reported [26]. Briefly, IH was achieved 
by varying the nitrogen and oxygen concentrations in the 
mouse cages (26 cm long, 18 cm wide, and 6 cm high) via auto-
mated, computer-controlled gas exchange systems. Sixty hyp-
oxic events/h (40 s of room air at 20% O2 and 20 s of hypoxic air 

at 5% O2) corresponding to criteria attributable to severe OSA 
were applied to the mice for 6  h/day during the light period 
(10 a.m.–4  p.m., corresponding to the usual sleep/rest period 
of mice). Using the very same setting, we independently veri-
fied that this model subjected the mice to intermittent hypox-
emia: oxygen saturation levels (SaO2) ranging from a maximum 
of 95.4 ± 0.1% to a minimum of 62.3 ± 3.5% [27]. Control mice 
breathing normoxic gas were placed in an identical system, but 
the hypoxic gas from the reservoir was replaced by room air.

  Study participants
Fifteen healthy volunteers aged 20–65  years were randomly 
selected from the reference population of our medical center. 
They were considered healthy if they were lifetime never-
smokers, had no known respiratory or cardiovascular dis-
ease, and a diagnosis of OSA had been excluded by respiratory 
polygraphy or polysomnography. The exclusion criteria were: 
history of chest injuries; exposure to substances known to 
cause lung injury; respiratory symptoms during the previous 
12 months (dyspnea, chronic cough, wheezing, or phlegm); oc-
casional illness in the previous 3 months; morbid obesity (BMI 
> 40 kg/m2); hypertension or hypotension; clinically relevant al-
terations during physical examination of the heart, lungs, and 
chest wall; abnormal chest radiographs; major ECG abnormal-
ities; diabetes (self-reported or fasting glucose level >126 mg/dL); 
vaccination; and use of immune-modifying drugs, dietary sup-
plements, diuretics, cardiac glycosides, or ß-adrenergic blocking 
agents. The study was approved by the local Ethics Committee 
(PI-1857), and informed consent was obtained from all subjects.

Cell culture

Twenty milliliters of blood were obtained from the healthy 
volunteers between 8 a.m. and 9 a.m. Peripheral blood mono-
nuclear cells (PBMC) were isolated using Ficoll-Plus gradient 
(GE Health Care Bio-Sciences, Buckinghamshire, UK) [30]. The 
monocytes were enriched by adherence for 1 h in media culture 
without fetal bovine serum, as we have previously described 
[30]. Roswell Park Memorial Institute (RPMI) medium (Invitrogen, 
Carlsbad, CA) was used for the cell cultures.

In vitro models of intermittent hypoxia and 
oxidative stress

PBMC from each healthy volunteer were plated in 6-well plates 
and then randomly exposed to normoxia (21% O2, 5% CO2, 37°C), 
IH, oxidative stress, or the combination of these challenges. All 
protocols were maintained overnight. The IH exposure was per-
formed in custom-designed incubation chambers attached to 
an external O2/N2 computer-driven controller using BioSpherix-
OxyCycler-42 (Redfield, NY). This system is capable of generating 
periodic changes in O2 concentrations that control air gas levels 
in each chamber, while individually maintaining CO2 as previ-
ously described in detail [31]. Our IH model cycling O2 saturation 
in the medium at 1% for 2 min, followed by 20% for 10 min with 
CO2 maintained at 5%. The oxidative stress assay was conducted 
using H2O2 (Sigma–Aldrich, Darmstadt, Germany) at different 
concentrations, as previously described [32]. On the following 
day, we evaluated the reactive oxygen species (ROS) produc-
tion using a CellROX Reagent (Life Technology, Pasley, UK) at 
a final concentration of 5 μM for 30 min at 37°C, following the 
manufacturer’s instructions. Additionally, we evaluated cell 
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survival using 7AAD (BD-Pharmigen; BD Biosciences) by flow 
cytometry. After verifying both in normoxia and in IH that 30μM 
of H2O2 increased the expression of ROS on CD14+ without com-
promising cell viability assessed by 7-amino actinomycin D 
(7-AAD) fluorescence (Figure 1, Supplementary Material), this 
concentration was selected for all subsequent experiments.

Flow cytometry analysis

PBMC were isolated and surface stained with the specific anti-
bodies (CD14, PD-L1, PD-1, and perforin [PF]; BD Bioscience, 
Ghent, Belgium). The isolated splenocytes from the mice were 
labeled using surface-specific antibodies (F4/80, PD-L1, and PD-1, 
BD Bioscience). Moreover, the live/dead cell discrimination was 
performed using 7AAD (0.25μg/sample) 5–10 min prior to acqui-
sition, which was conducted using FACSCalibur flow cytometer 
(BD Biosciences), and collected data were analyzed using FlowJo 
v10 (FlowJo, Ashland, OR).

Statistical analysis

Data are presented as mean ± SEM. In the animal models, com-
parisons between the experimental and control situations were 
performed using the Mann–Whitney test. Comparisons among 
the four subgroups of the in vitro experiments were performed 
using analysis of variance with post hoc Dunnett tests. For 
all analyses, a p value less than 0.05 was considered statistic-
ally significant. The analyses were conducted using Prism 5.0 
(GraphPad) and SPSS 23.0 (Chicago, IL) software.

Results

PD-L1/PD-1 immune checkpoint expression in the in 
vivo mouse models

Animals under IH exhibited augmented PD-L1 expression on 
F4/80 cells compared to controls (26.58 ± 8.26 vs 34.17 ± 3.3%, 
p = 0.0028, Figure 1A). Moreover, we also observed a consistently 
higher PD-1 expression on T-cells in the IH model. Both the ex-
pression of PD-1 on CD4+ and on CD8+ was higher after IH than 
in normoxia (17.68 ± 3.72 vs 35.92 ± 5.31%, p = 0.0159 and 31.4 ± 
1.92 vs 38.6 ± 4.32%, p = 0.0286, respectively) (Figure 1B and C).

In contrast, SF exposures were not associated with a detect-
able significant effect in PD-L1 expression on F4/80 cells com-
pared to control animals (27.78 ± 5.78 vs 31.46 ± 3.88%, p = 0.138) 
(Figure 2A). Similarly, no significant changes in the PD-1 expres-
sion on any of the T-cell subsets were detected in the SF-exposed 
mice. PD-1 expression on CD4+ did not differ between animals 
under SF and control animals (16.88  ± 6.15 vs 17.07  ± 8.12%, 
p = 0.847) (Figure 2B), and PD-1 expression on CD8+ was similar 
for the two experimental groups as well (32.15 ± 11.11 in SF vs 
34.65 ± 12.87% in controls, p = 0.603) (Figure 2C).

PD-L1/PD-1 immune checkpoint expression in the in 
vitro models

As the lack of the suppressive effect of SF on PD-L1/PD-1 expres-
sion in the mouse model could reflect a species differentiation 
between mice and humans, we decided to perform an in vitro 

oxidative stress model using human monocytes from peripheral 
blood, mimicking the effects of OSA, since both IH and SF are 
associated with increased oxidative stress. The application of 
this model allows us to compare the in vivo effect of oxidative 
stress on PD-1/PD-L1 expression with that obtained in cells cul-
tured under normoxia, IH, or the combination of IH and oxida-
tive stress (Figure 3).

In agreement with the mouse model, human PBMC cultures 
under IH conditions increased PD-L1 expression on human 
monocytes compared to normoxia (26  ± 9.26 vs 4.75  ± 2.41%, 
p = 0.0086) as well as the PD-1 expression in both CD4+ (29.98 ± 
6.99 vs 15.41 ± 3.45%, p = 0.0035) and CD8+ T-cells (34.82 ± 8.23 vs 
20.74 ± 5.86%, p = 0.0321). However, H2O2 exposures elicited no 
detectable changes in PD-L1 expression in human monocytes 
(4.75 ± 2.4 vs 10.44 ± 5.85%) and no changes in PD-1 expression in 
CD4+ T-cells (16.79 ± 8.49 vs 15.41 ± 3.45%). However, PD-1 expres-
sion on CD8+ T-cells was significantly increased under oxidative 
stress conditions (27.48 ± 13.79 vs 20.74 ± 5.86%, p = 0.015) (Figure 
3). Finally, these experiments did not reveal any evidence for a 
synergistic effect of oxidative stress on the IH-induced PD-1/
PD-L1 overexpression in any of the three populations of immune 
cells (Figure 3).

Effect of IH and oxidative stress on cytotoxic 
function of CD8+ T-cells

To study the relevance of the PD-1 overexpression on CD8+ 
T-cells induced by both IH and oxidative stress, we analyzed the 
expression of perforin, one of the primary surface markers of 
cytotoxic function. We found significantly decreased expression 
of perforin on human CD8+ T-cells cultured under IH or under 
H2O2 conditions, as well as following exposures to the combin-
ation of both IH and H2O2 (Figure 4). Collectively, these data show 
that both IH and oxidative stress can impair the in vitro cyto-
toxic activity of human CD8+ T-cells.

Discussion
The results of the murine experiments show that while IH ex-
posures mimicking sleep apnea increase the expression of PD-1/
PD-L1 in circulating immune cells, SF does not induce discern-
ible alterations in this pathway. These results confirm that IH 
strongly mediates up-regulation of PD-1/PD-L1, in agreement 
with previous evidence indicating that PD-L1 production is de-
pendent on HIF-1 binding chromatin sites related to the PD-L1 
promoter in human monocytes [33]. As a whole, our findings 
establish that the overexpression of the PD-1/PD-L1 axis iden-
tified in patients with severe OSA [19, 20] is dependent on epi-
sodic hypoxia, as previously corroborated by in vivo and in vitro 
models, as well as by HIF-1 transfection [19], while it seems to 
be less dependent on the alterations caused by SF. It should be 
mentioned that a possible difference between the IH and SF 
models is the potential level of stress induced in the animals. 
Indeed, it has been reported that IH increases corticosterone in 
plasma [34], while SF does not [28].

Furthermore, our in vitro model confirms that oxidative 
stress, a common consequence of both IH and SF, has no effect 
on the expression of PD-L1 in monocytes or PD-1 in CD4+ T-cells. 
However, oxidative stress induces increased expression of PD-1 in 
CD8+ T-cells, the latter translating into reduced cytotoxic capacity 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz285#supplementary-data
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A)

B)

C)

i) ii) iii)

i) ii) iii)

i) ii) iii)

Figure 1. Expression of programmed cell death receptor (PD-1) and its ligand-1 (PD-L1) in the intermittent hypoxia murine model. Isolated spleen cells from mice 

under normoxia (n = 6) or under intermittent hypoxia (n = 7) were analyzed using flow cytometry. (A) Representative dot blots of PD-L1 expression on F4/80+ cells for (i) 

normoxic and (ii) intermittent hypoxia conditions; (iii) percentage distribution of PD-L1+ on F4/80+ cell subset. (B) Representative dot blots of PD-1 expression on CD4+ 

T-cells for (i) normoxic and (ii) intermittent hypoxia conditions; (iii) percentage distribution of PD-L1+ on CD4+ T-cells. (C) Representative dot blots of PD-1 expression 

on CD8+ T-cells for (i) normoxic and (ii) intermittent hypoxia conditions; (iii) percentage distribution of PD-1+ on CD8+ T-cells. Error bars: SEM. *p < 0.05 and **p < 0.01 

using the Mann–Whitney U-test.
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of CD8+ T-cells, the primary effectors of the adaptive immune re-
sponse against cancer, as a consequence of the well-known effect 
of the PD-1/PD-L1 immune checkpoint on T-cell priming [35, 36]. 
This finding reinforces that CD8+ T-cells are particularly susceptible 
to PD-1 overexpression, probably due to changes in cellular metab-
olism, and coincides with the previous description in patients with 
severe OSA [19] and in subjects with other hypoxic disorders [33], 
whereby increased PD-1 expression imposes an immunosuppres-
sive effect on CD8+ T-cells, decreasing both their proliferative rates 

and cytotoxic capacity. In turn, the difference in the response to 
H2O2 among the different immune cell subsets could be explained 
by a different sensitivity to oxidative stress. Classically, it is known 
that, in the presence of ferrous ion, H2O2 acts as a substrate for 
the generation of the highly reactive hydroxyl radical OH−, whose 
effect on the immune cells is concentration-dependent. In this 
context, CD8+ T-cells are highly susceptible, B-cells highly resistant 
and CD4+ T-cells are moderately susceptible [37], probably due to 
differences in the cells’ redox status [38].

A)

B)

C)

i) ii) iii)

i) ii) iii)

i) ii) iii)

Figure 2. Expression of programmed cell death receptor (PD-1) and its ligand-1 (PD-L1) in the sleep fragmentation murine model. Isolated spleen cells from mice under 

control conditions (n = 7) and after sleep fragmentation (n = 7) were analyzed using flow cytometry. (A) Representative dot blots of PD-L1 expression on F4/80+ cells for 

(i) control and (ii) sleep fragmentation; (iii) percentage distribution of PD-L1+ on F4/80+ cell subset. (B) Representative dot blots of PD-1 expression on CD4+ T-cells for (i) 

control and (ii) sleep fragmentation; (iii) percentage distribution of PD-1+ on CD4+ T-cells. (C) Representative dot blots of PD-1 expression on CD8+ T-cells for (i) control 

and (ii) sleep fragmentation; (iii) percentage distribution of PD-1+ on CD8+ T-cells. Error bars: SEM. Comparisons performed using the Mann–Whitney U-test.
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The discordance between the expression of PD-1 on CD8+ 
T-cells induced by SF in mice and H2O2 in human cells could be 
interpreted as inherent aspects of the in vitro oxidative stress 
model used. Although the dose of H2O2 applied to cell cultures 
does not compromise the viability or proliferation of the im-
mune cells evaluated, it may be markedly higher than that 
achieved in vivo as a result of SF episodes. In addition, treatment 
with H2O2 only reproduces one of the consequences of SF or IH, 
but does not allow us to evaluate other essential aspects, such as 
the increase in sympathetic tone or cellular metabolism. This is 
particularly relevant as it has been demonstrated that norepin-
ephrine regulates T-cell function via alterations in mitochondrial 
metabolism and redox status [39], modifying their cytokine pro-
files [40], so that they could also modulate the response of these 
cells to H2O2.

Our experiments coincide in determining that oxidative 
stress does not exhibit synergism with IH in the induction of 
PD-1/PD-L1 overexpression. Notwithstanding, ROS can increase 
both the stability of HIF-1 and its transcriptional activity by 
inhibiting prolyl hydroxylases [41] and the phosphorylation of 
coactivator p300 by a Ca2+/calmodulin-dependent protein kinase 
[42, 43], respectively. Moreover, HIF-1 translation is increased by 
ROS-dependent activation of the phosphatidylinositol 3-kinase 

(PI3K) signaling pathway, which affects the 5’-UTR (untranslated 
region) of HIF-1 mRNA [43, 44]. Under the influence of ROS, dir-
ectly generated by exogenous H2O2, overexpression of NADPH 
oxidase subunit NOX4 induces an increase of HIF-1 protein 
following enhanced HIF-1 mRNA levels in pulmonary artery 
smooth muscle cells [45].

Therefore, high levels of ROS could promote HIF-1 activity 
and contribute to a greater expression of the PD-1/PD-L1 axis. 
However, the results from our in vitro model also do not con-
firm this assumption, since the expression of PD-1 or PD-L1 
does not increase any further in the cells subjected to IH when 
H2O2 is then added. Thus, we should consider whether there 
is a ceiling effect in the modulation of PD-1/PD-L1 induced by 
HIF-1, or whether HIF-1 levels remain high throughout all the 
hypoxia–reoxygenation cycles. Likewise, it is interesting to con-
sider that the IH-induced intracellular calcium accumulation 
activates the protein kinase C isoforms, which in turn activate 
mTOR, a kinase that promotes HIF-1 protein synthesis [41, 46], 
suggesting that mTOR activation maintains persistent elevation 
of HIF-1 during reoxygenation [41].

Our results disagree with previous studies conducted in 
mice injected with tumor cells which found that SF induces a 
suppressive effect on tumor-infiltrating lymphocytes [21]. In 

A)

B)

C)

i) ii) iii) iv)

i) ii) iii) iv)

i) ii) iii) iv)

Figure 3. In vitro expression of programmed cell death receptor (PD-1) and its ligand-1 (PD-L1). Peripheral mononuclear blood cells were isolated from 15 healthy volun-

teers and randomly cultured under room air (white bars) with or without hydrogen peroxide (H2O2) treatment and intermittent hypoxia (gray bars) with or without H2O2 

treatment. (A) Representative dot blots of PD-L1 expression on CD14+ cells for (i) normoxia; (ii) normoxia with H2O2 treatment; (iii) intermittent hypoxia; (iv) intermittent 

hypoxia with H2O2 treatment; (v) percentage distribution of PD-L1+ on CD14+ cells in the four experimental conditions. (B) Representative dot blots of PD-1 expression on 

CD4+ T-cells for (i) normoxia; (ii) normoxia with H2O2 treatment; (iii) intermittent hypoxia; (iv) intermittent hypoxia with H2O2 treatment; (v) percentage distribution of 

PD-1+ on CD4+ T-cells in the four experimental conditions. (C) Representative dot blots of PD-1 expression on CD8+ T-cells for (i) normoxia; (ii) normoxia with H2O2 treat-

ment; (iii) intermittent hypoxia; (iv) intermittent hypoxia with H2O2 treatment; (v) percentage distribution of PD-1+ on CD8+ T-cells in the four experimental conditions. 

Error bars: SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 using ANOVA with post hoc multiple comparisons by the Dunnett test.
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addition to being exogenous tumor cells and the possible con-
currence of other local factors, such as necrosis and hypoxia of 
the tumor tissue, we should realize that these findings represent 
a different scenario. In these studies, the effect of SF on the local 
immune response was evaluated once the immunosurveillance 
system has been evaded, and an established tumor is already 
growing. Therefore, it is possible that the effect of SF is different 
systemically versus locally when a neoplastic process has al-
ready been established. Moreover, although SF is a potent in-
ducer of oxidative stress and inflammatory pathways through 
the increase in NADPH oxidase 2 [22], there is much evidence 
to suggest that SF-induced increases in NADPH oxidase would 
be restricted to the central nervous system and other metabol-
ically active tissues, such as visceral fat [47] or, hypothetically, 
peritumoral tissues [48]. Experimental SF models have demon-
strated an upregulation of pro- and anti-inflammatory cytokine 
gene expression, but this response is not dependent on SF inten-
sity and it is heterogeneous in various tissue locations [24]. Thus, 
while SF favors the polarization of macrophages toward an M2 
phenotype in the periphery of the tumor tissue [22], in adipose 
tissue it promotes M1 polarization [24]. Moreover, it has been 
reported that serum corticosterone levels are similar in control 
and SF groups [49], reflecting insignificant systemic repercus-
sions. On the other hand, it should also be considered that once 
a tumor process is established, PD-L1 expression in cancer cells 
is regulated by several signaling pathways, epigenetic factors, 
and other transcriptional factors, in addition to HIF-1 [18, 50]. 
However, even assuming the participation of other mechanisms, 
IH seems to maintain an important role in the regulation of the 
PD-1/PD-L1 axis in patients with already established cancer. 

In fact, we have recently described that the presence of OSA 
increases serum levels of soluble PD-L1 in patients with mel-
anoma and that these levels are related to greater tumor aggres-
siveness and invasiveness [51].

We are aware that our study presents several limitations. 
First, in light of the impossibility to evaluate the individualized 
contribution of the main alterations triggered by sleep apnea on 
the over-regulation of the PD-1/PD-L1 axis in patients with OSA, 
we had to resort to both animal and in vitro models that tried to 
replicate the alterations presented by patients with severe OSA. 
Second, to simulate one of the main consequences of SF, we have 
used an in vitro model of oxidative stress induced by a previously 
validated H2O2 concentration [32], with the caveat that it is also 
induced by IH. However, it has already been mentioned that H2O2 
does not reproduce all the mechanisms activated by either SF or 
IH, such as the increase in sympathetic tone. Third, our study fo-
cuses on the contribution of IH and SF to the overexpression of 
PD-1/PD-L1 in immune cells not yet exposed to tumor cells, since 
this immune checkpoint is the main mechanism for suppression 
of the immunosurveillance system in the event of exposure to 
neoplastic cells. Therefore, it may not represent the behavior in 
patients who already have an established tumor. And, fourth, 
the evaluation of the effect of IH and SF on this immune check-
point is only intended to help identify the pathways by which 
immunosurveillance may be compromised in patients with se-
vere OSA. Accordingly, based on the results of the present study, a 
recommendation cannot be made for the selection of patients at 
risk or for the establishment of an early therapeutic intervention.

In conclusion, our results confirm that IH compromises 
the activity of the circulating immune cells by increasing the 

i)

iii)

v)

ii)

iv)

Figure 4. In vitro effect of intermittent hypoxia and oxidative stress on CD8+ T-cell activity. Peripheral mononuclear blood cells isolated from healthy volunteers 

(n = 6, randomly selected) were cultured overnight under room air, hydrogen peroxide (H2O2) treatment, intermittent hypoxia, or intermittent hypoxia with H2O2 treat-

ment. T-cells were analyzed by flow cytometry and gating strategy was used for the detection of CD8+ T-cells. The percentage of perforin (PF)+ CD8+ T-cells is shown. 

Representative dot blots of PF expression in CD8+ T-cells for (i) normoxia as control; (ii) intermittent hypoxia; (iii) normoxia with H2O2 treatment; (iv) intermittent hyp-

oxia with H2O2 treatment; (v) percentage distribution of PF+ on CD8+ T-cells in the four experimental conditions. Error bars: SEM. *p < 0.05 and **p < 0.01 using ANOVA 

with post hoc multiple comparisons by the Dunnett test.
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expression of the PD-1/PD-L1 axis, whereas SF is void of this 
effect. These findings may contribute toward better defining the 
pathogenic pathways of involvement of the immunosurveillance 
system in patients with OSA and confirm the predominant 
effect of IH on cancer risk in sleep apnea, as suggested by several 
clinical studies [4, 6, 7]. Therefore, adequate individualization of 
the risk of these patients may require the development and val-
idation of strategies centered around OSA patients with more 
severe nocturnal hypoxemia.

Supplementary Material
Supplementary material is available at SLEEP online.

Funding
This study was supported by grants from Fondo de Investigación 
Sanitaria (FIS) and Fondos FEDER (PI13/01512 and PI16/00201 to 
FGR and PI14/01234 and PIE15/00065 to ELC). DG is supported 
in part by National Institutes of Health grants (HL130984 and 
HL140548).

Authors’ contributions
CCZ, IA, RF, DG, and FGR conceived the study; CCZ, IA, EDG, VT, 
RC, RG, and ELC performed the experiments; CCZ, IA, ELC, RF, DG, 
and FGR contributed to data analysis and interpretation; CCZ 
and FGR contributed to drafting the manuscript; all authors re-
viewed and approved the final version of the manuscript.

Conflict of interest statement: The authors have no conflicts of 
interest to declare.

References
 1. Martínez-García  MÁ, et  al. Sleep apnoea and cancer: 

current insights and future perspectives. Eur Respir J. 
2012;40(6):1315–1317.

 2. Lévy P, et al. Sleep apnoea and cancer: the new challenge. 
Eur Respir J. 2014;43(6):1567–1570.

 3. Almendros  I, et  al. Intermittent hypoxia enhances cancer 
progression in a mouse model of sleep apnoea. Eur Respir J. 
2012;39(1):215–217.

 4. Nieto FJ, et al. Sleep-disordered breathing and cancer mor-
tality: results from the Wisconsin Sleep Cohort Study. Am J 
Respir Crit Care Med. 2012;186(2):190–194.

 5. Almendros  I, et  al. Intermittent hypoxia increases mel-
anoma metastasis to the lung in a mouse model of sleep 
apnea. Respir Physiol Neurobiol. 2013;186(3):303–307.

 6. Campos-Rodriguez F, et al. Association between obstructive 
sleep apnea and cancer incidence in a large multicenter 
Spanish cohort. Am J Respir Crit Care Med. 2013;187(1):99–105.

 7. Martínez-García MÁ, et al. Association between sleep dis-
ordered breathing and aggressiveness markers of malignant 
cutaneous melanoma. Eur Respir J. 2014;43(6):1661–1668.

 8. Gozal D, et al. Sleep apnea and cancer: analysis of a nation-
wide population sample. Sleep. 2016;39(8):1493–1500.

 9. Gallego-Martin  T, et  al. Chronic intermittent hypoxia 
mimicking sleep apnoea increases spontaneous tumori-
genesis in mice. Eur Respir J. 2017;49(2):1602111.

 10. Sillah  A, et  al. Sleep apnea and subsequent cancer inci-
dence. Cancer Causes Control. 2018;29(10):987–994.

 11. Martinez-Garcia MA, et al. Sleep-disordered breathing is in-
dependently associated with increased aggressiveness of 
cutaneous melanoma: a multicenter observational study in 
443 patients. Chest. 2018;154(6):1348–1358.

 12. Gozal  D, et  al. Obstructive sleep apnea and cancer: epi-
demiologic links and theoretical biological constructs. Sleep 
Med Rev. 2016;27:43–55.

 13. Almendros  I, et  al. Intermittent hypoxia-induced changes 
in tumor-associated macrophages and tumor malignancy 
in a mouse model of sleep apnea. Am J Respir Crit Care Med. 
2014;189(5):593–601.

 14. Gaoatswe G, et al. Invariant natural killer T cell deficiency 
and functional impairment in sleep apnea: links to cancer 
comorbidity. Sleep. 2015;38(10):1629–1634.

 15. Hernandez-Jimenez E, et al. Monocytes inhibit NK activity 
via TGF-beta in patients with obstructive sleep apnoea. Eur 
Respir J. 2017;49(6):1602456.

 16. Noman MZ, et al. PD-L1 is a novel direct target of HIF-1α, 
and its blockade under hypoxia enhanced MDSC-mediated 
T cell activation. J Exp Med. 2014;211(5):781–790.

 17. Boussiotis VA. Molecular and biochemical aspects of the PD-1 
checkpoint pathway. N Engl J Med. 2016;375(18):1767–1778.

 18. Chen J, et al. Regulation of PD-L1: a novel role of pro-survival 
signalling in cancer. Ann Oncol. 2016;27(3):409–416.

 19. Cubillos-Zapata C, et al. Hypoxia-induced PD-L1/PD-1 cross-
talk impairs T-cell function in sleep apnea. Eur Respir J. 
2017;50(4):1700833.

 20. Cubillos-Zapata  C, et  al. Age-dependent hypoxia-induced 
PD-L1 upregulation in patients with obstructive sleep ap-
noea. Respirology. 2019;24(7):684–692.

 21. Hakim  F, et  al. Fragmented sleep accelerates tumor 
growth and progression through recruitment of tumor-
associated macrophages and TLR4 signaling. Cancer Res. 
2014;74(5):1329–1337.

 22. Zhang SX, et al. Sleep fragmentation promotes NADPH oxi-
dase 2-mediated adipose tissue inflammation leading to in-
sulin resistance in mice. Int J Obes (Lond). 2014;38(4):619–624.

 23. Gozal  D, et  al. Protein–tyrosine phosphatase-1B mediates 
sleep fragmentation-induced insulin resistance and vis-
ceral adipose tissue inflammation in mice. Sleep. 2017;40(9). 
doi:10.1093/sleep/zsx111

 24. Dumaine  JE, et  al. Acute sleep fragmentation induces 
tissue-specific changes in cytokine gene expression and 
increases serum corticosterone concentration. Am J Physiol 
Regul Integr Comp Physiol. 2015;308(12):R1062–R1069.

 25. Akbarpour M, et al. Altered CD8+ T-cell lymphocyte function 
and TC1 cell stemness contribute to enhanced malignant 
tumor properties in murine models of sleep apnea. Sleep. 
2017;40(2). doi:10.1093/sleep/zsw040

 26. Cubillos-Zapata  C, et  al. NFκB2/p100 is a key factor for 
endotoxin tolerance in human monocytes: a demonstra-
tion using primary human monocytes from patients with 
sepsis. J Immunol. 2014;193(8):4195–4202.

 27. Torres  M, et  al. Male fertility is reduced by chronic inter-
mittent hypoxia mimicking sleep apnea in mice. Sleep. 
2014;37(11):1757–1765.

 28. Vijay R, Kaushal N, Gozal D. Sleep fragmentation differen-
tially modifies EEG delta power during slow wave sleep in 
socially isolated and paired mice. Sleep Sci. 2009;2:64–75.

 29. Kaushal  N, et  al. Human apolipoprotein E4 targeted re-
placement in mice reveals increased susceptibility to sleep 



Cubillos-Zapata et al. | 9

disruption and intermittent hypoxia. Am J Physiol Regul 
Integr Comp Physiol. 2012;303(1):R19–R29.

 30. Dyugovskaya  L, et  al. Molecular pathways of spontan-
eous and TNF-{alpha}-mediated neutrophil apoptosis 
under intermittent hypoxia. Am J Respir Cell Mol Biol. 
2011;45(1):154–162.

 31. Talepoor  AG, et  al. Hydrogen peroxide and lipopoly-
saccharide differentially affect the expression of 
MicroRNAs 10a, 33a, 21, 221 in endothelial cells be-
fore and after coculture with monocytes. Int J Toxicol. 
2017;36(2):133–141.

 32. Castro-Grattoni AL, et al. Intermittent hypoxia-induced car-
diovascular remodeling is reversed by normoxia in a mouse 
model of sleep apnea. Chest. 2016;149(6):1400–1408.

 33. Avendaño-Ortiz J, et al. PD-L1 overexpression during endo-
toxin tolerance impairs the adaptive immune response in 
septic patients via HIF1α. J Infect Dis. 2018;217(3):393–404.

 34. Yokoe T, et al. Intermittent hypoxia reverses the diurnal glu-
cose rhythm and causes pancreatic beta-cell replication in 
mice. J Physiol. 2008;586(3):899–911.

 35. Nallasamy P, et al. PD-L1, inflammation, non-coding RNAs, 
and neuroblastoma: immuno-oncology perspective. Semin 
Cancer Biol. 2018;52(Pt 2):53–65.

 36. Pardoll DM. The blockade of immune checkpoints in cancer 
immunotherapy. Nat Rev Cancer. 2012;12(4):252–264.

 37. Allan IM, et al. Reactive oxygen species selectively deplete 
normal T lymphocytes via a hydroxyl radical dependent 
mechanism. Scand J Immunol. 1987;26(1):47–53.

 38. Thomas-Schoemann  A, et  al. Arsenic trioxide exerts 
antitumor activity through regulatory T cell depletion 
mediated by oxidative stress in a murine model of colon 
cancer. J Immunol. 2012;189(11):5171–5177.

 39. Case AJ, et al. Mitochondrial superoxide signaling contrib-
utes to norepinephrine-mediated T-lymphocyte cytokine 
profiles. PLoS One. 2016;11(10):e0164609.

 40. Takayanagi Y, et al. Norepinephrine suppresses IFN-γ and 
TNF-α production by murine intestinal intraepithelial 

lymphocytes via the β 1 adrenoceptor. J Neuroimmunol. 
2012;245(1–2):66–74.

 41. Yuan G, et al. Induction of HIF-1alpha expression by intermittent 
hypoxia: involvement of NADPH oxidase, Ca2+ signaling, prolyl 
hydroxylases, and mTOR. J Cell Physiol. 2008;217(3):674–685.

 42. Yuan  G, et  al. Ca2+/calmodulin kinase-dependent activa-
tion of hypoxia inducible factor 1 transcriptional activity 
in cells subjected to intermittent hypoxia. J Biol Chem. 
2005;280(6):4321–4328.

 43. Kuschel  A, et  al. Functional regulation of HIF-1α under 
normoxia – is there more than post-translational regula-
tion? J Cell Physiol. 2012;227(2):514–524.

 44. Pagé EL, et al. Induction of hypoxia-inducible factor-1alpha 
by transcriptional and translational mechanisms. J Biol 
Chem. 2002;277(50):48403–48409.

 45. Bonello S, et al. Reactive oxygen species activate the HIF-
1alpha promoter via a functional NFkappaB site. Arterioscler 
Thromb Vasc Biol. 2007;27(4):755–761.

 46. Hui  AS, et  al. Calcium signaling stimulates translation of 
HIF-alpha during hypoxia. FASEB J. 2006;20(3):466–475.

 47. Bouloumié  A, et  al. Adipose tissue lymphocytes and 
macrophages in obesity and insulin resistance: makers or 
markers, and which comes first? Arterioscler Thromb Vasc 
Biol. 2008;28(7):1211–1213.

 48. Zheng J, et al. Reduced NADPH oxidase type 2 activity medi-
ates sleep fragmentation-induced effects on TC1 tumors in 
mice. Oncoimmunology. 2015;4(2):e976057.

 49. Ramesh V, et al. Sleep fragmentation differentially modifies 
EEG delta power during slow wave sleep in socially isolated 
and paired mice. Sleep Sci. 2009;2(2):64–75.

 50. Barsoum  IB, et  al. A mechanism of hypoxia-mediated es-
cape from adaptive immunity in cancer cells. Cancer Res. 
2014;74(3):665–674.

 51. Cubillos-Zapata  C, et  al. Soluble PD-L1 is a potential bio-
marker of cutaneous melanoma aggressiveness and me-
tastasis in obstructive sleep apnoea patients. Eur Respir J. 
2019;53(2):1801298. doi:10.1183/13993003.01298-2018.


