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INTRODUCTION
It is now recognized that obstructive sleep apnea (OSA) in 

children is a common health problem with an estimated prev-
alence of up to 4%.1,2 Children with OSA experience repeti-
tive episodes of increased upper airway resistance culminating 
in partial or complete obstruction of the upper airway during 
sleep, leading to major changes in intrathoracic pressures, re-
current arousals, and fragmented sleep, as well as episodic oxy-
gen desaturations and hypercapnia.3,4

In addition to eliciting significant cardiovascular and meta-
bolic morbidity,5-8 OSA imposes major detrimental effects on 
cognitive function9-14 that are likely mediated by increased 
oxidative stress and activation of inflammatory processes.15 
Indeed, OSA can induce several inflammatory cascades, and 
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elevated levels of proinflammatory cytokines such as interleu-
kin-6 (IL-6), interferon-γ (IFN-γ), and tumor necrosis factor-α 
(TNF-α) have all been reported, albeit inconsistently, in chil-
dren with OSA, whereas levels of the antiinflammatory cyto-
kine IL-10 were reduced.16-19

Gozal20 proposed a working model, whereby the various 
physiologic alterations that characterize OSA elicit the acti-
vation of monocytes/macrophages, thereby inducing the se-
cretion of cytokines and growth factors that promote vessel 
wall smooth muscle proliferation, endothelial dysfunction, and 
atherogenesis. However, the role of other inflammatory cells, 
such as lymphocytes, is less well explored in pediatric OSA, 
even though studies by Lavie and colleagues have clearly dem-
onstrated altered T cell lymphocyte function in adult patients 
with OSA.21-24 Indeed, CD8+ lymphocytes exhibit increased 
expression of perforin, TNF-α, natural killer receptors CD56 
and CD16, and their cytotoxicity against human umbilical 
vein endothelial cells and erythroleukemic cells in vitro is 
enhanced.22,23 Similarly, γδ T cells display increased expres-
sion of inhibitory natural killer B1 receptor, TNF-α, IL-8, and 
L-selectin, with decreased expression of IL-10 in adults with 
OSA.21 When tonsillar lymphoid tissues from children with 
OSA were compared with those obtained from children with 
recurrent tonsillitis, proliferative rates of CD3+, CD4+, and 
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CD8+ T cell lymphocytes were higher in the OSA group, and 
expression of proinflammatory cytokines TNF-α, IL-6, and IL-
1α was also increased.25,26 Furthermore, microarray analysis of 
the RNA derived from peripheral leukocytes in children with 
OSA showed recruitment of functionally relevant gene clus-
ters, with prominent involvement of those underlying inflam-
matory pathways.27

The FOXP3 gene controls the transcriptional fate and differ-
entiation of lymphocytes into T regulatory lymphocytes (T regs). 
The promoter region of the FOXP3 gene has been shown to be 
hypermethylated in pediatric OSA, and the degree of methyla-
tion correlates with OSA disease severity.28 T regs are a subset 
of T helper (Th) cells that are able to suppress the activation, 
proliferation, and effector functions of a wide range of immune 
cells.29 They are critical for the maintenance of self-tolerance 
and immune homeostasis, and their dysfunction can result in 
autoimmune disease, immunopathology, and allergy.30-34 Given 
their wide-ranging effects on the immune system, alterations 
in T reg differentiation may cause a secondary immunologic 
cascade resulting in aberrant inflammatory responses.

Based on aforementioned considerations, we hypothesized 
that OSA in children can elicit alterations in T cell lympho-
cytes, and that reductions in percentage of T reg along with im-
balance of Th1:Th2 immunity would emerge.

MATERIALS AND METHODS
The research protocol was approved by the University of 

Louisville (protocol #474.99) and University of Chicago (pro-
tocol 09-115-B) human research ethics committees. Informed 
consent was obtained from the parents and age-appropriate as-
sent from the children. Patients were recruited from the Sleep 
and Ear Nose and Throat clinics of Kosair Children’s Hospital 
and Comer Children’s Hospital, as well as by advertisement. 
Patients who had genetic or craniofacial syndromes and chronic 
diseases such as cardiac disease, diabetes, cerebral palsy, and 
chronic lung disease of prematurity were excluded.

There were 56 patients, age 5-12 y, who were recruited from 
the two sites, Louisville (n = 22) and Chicago (n = 34). They 
underwent standard overnight polysomnography (PSG) evalua-
tion as previously described35 with assessment of eight standard 
electroencephalography channels, bilateral electrooculography, 
electromyography, two-lead electrocardiography, oronasal air-
flow measurement using a thermistor, nasal pressure transducer, 
and end-tidal carbon dioxide (ETCO2), chest and abdominal 
movement by respiratory inductance plethysmography, and pulse 

oximetry including pulse waveform. The PSG equipment used 
in Louisville was manufactured by Stellate (Montreal, Canada), 
and that used in Chicago by Polysmith (Nihon Kohden America 
Inc, Foothill Ranch, CA). The PSG studies were scored as per 
the 2007 American Association of Sleep Medicine guidelines for 
the scoring of sleep and associated events.36 The proportion of 
time spent in each stage of sleep was calculated as a percentage 
of total sleep time (TST). A respiratory event was scored as an 
obstructive apnea if it was associated with a > 90% decrease in 
signal amplitude for > 90% of the entire event compared with 
the baseline amplitude, the event lasted for at least two breaths, 
and there was continued or increased respiratory effort through-
out the period of the event. A mixed apnea was scored if there 
was absent inspiratory effort during the initial part of the event, 
followed by resumption of inspiratory effort before the end of the 
event. A central apnea was scored if there was absent respiratory 
effort throughout the duration of the event, the event lasted for 
at least two missed breaths, and was associated with an arousal/
awakening or a ≥ 3% desaturation. A hypopnea was scored if the 
event was associated with a ≥ 50% decrease in amplitude of the 
nasal pressure transducer, lasted for at least two breaths, and was 
associated with an arousal/awakening or ≥ 3% desaturation. The 
apnea-hypopnea index (AHI) was calculated as the number of 
apneas and hypopneas per hour of TST.

A fasting blood sample was obtained the following morning.

Staining of Peripheral Blood Mononuclear Cells and Flow 
Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated 
by Ficoll gradient centrifugation (Ficoll-paque Premium, GE 
Healthcare, Barrington, IL, USA). The cells were washed three 
times in phosphate buffered saline and the resultant cell pel-
let was gently resuspended in freezing medium (100% fetal 
calf serum, 10% dimethyl sulfoxide). The cryovials were then 
placed in a Nalgene (Thermo Fisher Scientific, Waltham, MA) 
cell freezing container in the -80°C freezer, which ensured they 
were cooled gradually at a rate of 1°C/min to maximize suc-
cessful cryopreservation of cells. When enough samples were 
collected to enable batch analysis, the cryovials were rapidly 
thawed in a 37°C water bath and RPMI medium with 5% fetal 
calf serum was added. The cells were washed. Viability was 
checked with Trypan blue and was consistently above 90%. 
The cells were stained for CD3, CD4, CD8, CD25, FOXP3, IL-
4, IL-17, and IFN-γ. Table 1 shows the antibodies used (Ebio-
science Inc, San Diego, CA).

Table 1—Antibodies used for flow cytometry analysis of blood samples

Antibody Clone Fluorescence Catalog number
CD4 RPA-T4 eFluor450 48-0049-42
CD25 BC96 APC 17-0259-42
FOXP3 PCH101 PE 12-4776-42
CD8 SK1 FITC 8011-0087-120
CD3 SK7 PerCP-e710 46-0036-42
IL-17 eBio64DEC17 APC 17-7179-42
IL-4 8D4-8 PE 12-7049-42
IFN-γ 4S.B3 Alexa 488 53-7319-42
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For extracellular staining of CD4, CD25, CD8, and CD3, 
antibodies were incubated for 30 min at 4˚C. The FOXP3 stain-
ing buffer set (Ebioscience 00-5523-00) was used for FOXP3 
staining per the manufacturer’s instructions. For intracellular 
staining of IL-4,

IL-17, and IFN-γ, the cells were “rested” for 18 h in the 37°C 
incubator after thawing, before they were stimulated with Cell 
Stimulation Cocktail (Ebioscience 00-4975-03), a cocktail of 
phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeld-
in A, and monensin. PMA and ionomycin stimulate the cells 
to produce cytokines. Brefeldin A and monensin bring about 
the accumulation of secreted proteins in the endoplasmic re-
ticulum and Golgi apparatus. The cells were then stained with 
the relevant intracellular antibody. Samples were analyzed in 
batches of 6-12. Flow cytometry analysis was performed using 
the Beckman-Coulter Gallios flow cytometer (Beckman Coul-
ter Inc, Indianapolis, IN) and the results analyzed using Flowjo 
flow cytometry analysis software, version 7.6.5 (Treestar Inc, 
Ashland, OR). There were 100,000 events that were measured 
for each sample, and lymphocytes were gated based on their 
forward and side scatter. T reg lymphocytes were defined as 
cells that were CD4+CD25+ and FOXP3+. Th1 cells were de-
fined as cells that were CD3+CD4+IFN-γ+, Th2 cells were de-
fined as cells that were CD3+CD4+IL-4+, and Th17 cells were 
defined as cells that were CD3+CD4+IL-17+. Figures 1A and 
1B show examples of the gating strategies used to differentiate 
the various cell subsets.

Immunophenotyping of PBMCs using flow cytometry has 
traditionally been performed on fresh samples. Over the past 
few years, the cryopreservation of PBMCs has proved to be 
an attractive alternative for the purpose of batching samples 
over time, particularly in human studies. This allows for future 
analysis, which has the added advantage of reducing interassay 
variation. Consortiums such as the Cryopreservation Working 
Group of the Paediatric AIDS Clinical Trials Group, and the 
Human Immunology Project have done much work to optimize 
and validate methods of PBMC cryopreservation for immuno-
logic assays including flow cytometry where quality-control pa-
rameters have been established and techniques standardized.37,38 
Our methodology was based on these recommendations. We 
also confirmed that there was no significant difference in the re-
sults between fresh and frozen samples in two initial trial exper-
iments. In addition, at the start of the study, PBMCs from 200 
mL of volunteer donor adult blood was processed and frozen. 
A cryovial from this control sample was analyzed in each batch 
and compared to the initial fresh sample to ensure interbatch 
consistency (please see Tables S1 and S2 for details).

Data Analysis
When data were normally distributed, they are expressed as 

mean ± standard deviation (SD), and the one-way or two-way 
analysis of variance (ANOVA) was used to compare differenc-
es between groups. To control for potential differences imposed 
by the presence of coexisting conditions such as asthma or al-
lergies, separate analyses were conducted with comorbidities 
excluded, or by controlling for the presence of asthma and al-
lergies as a covariate in the two-way ANOVA. When data were 
not normally distributed (e.g., T cell populations), they were 
expressed as median (interquartile range), and nonparametric 

statistical tests Kruskal-Wallis and Spearman correlation were 
used. Categorical data were analyzed using the chi-square test. 
Statistical analysis was performed using Graphpad Prism ver-
sion 5.0 (Graphpad Software Inc, La Jolla, CA) and post hoc 
analyses for multiple comparisons were performed using the 
Dunn multiple comparison test.

RESULTS
Fifty-six patients were consecutively recruited and divided 

into three groups based on the AHI obtained during PSG. The 
control group consisted of patients with AHI < 1/h TST, chil-
dren with 1 ≤ AHI < 5/h TST were classified as having mild 
OSA, whereas those with AHI ≥ 5/h TST were classified as 
having moderate-severe OSA. Their clinical characteristics are 
summarized in Table 2.

There were no significant differences in ethnicity, sex, or 
body mass index z- scores among the three groups. However, 
children with mild OSA (1 ≤ AHI < 5) were older than children 
in the other two groups (mean ± SD): 8.7 ± 1.8 versus 7.0 ± 
1.7 and 7.0 ± 1.5 years; P = 0.005. There were no significant 
differences in sleep efficiency, sleep onset latency, or rapid eye 
movement sleep (REM) latency, percentage of time spent in 
Stage 2 sleep, and slow wave sleep between groups, although 
reduced percentage of time spent in REM sleep and increased 
percentage of time spent in Stage 1 sleep were noted in children 
with OSA (Table 2). Unsurprisingly, significant differences in 
AHI, oxygen saturation nadir, percent time with ETCO2 > 45 
mmHg and respiratory arousal index emerged between groups 
(Table 2).

Our findings on T cell lymphocyte subsets are summarized 
in Table 3. There was a slight albeit significant difference in the 
percentage of CD4+ cells across groups (P = 0.039; Figure 2). 
The percentage of T reg lymphocytes markedly differed be-
tween groups (P = 0.0007), with children with moderate-severe 
OSA having a significantly lower percentage of T regs than 
control patients. In addition, there were significant differences 
in the percentage of Th1 lymphocytes and in Th1:Th2 ratios 
between groups (P = 0.001 and P < 0.003, respectively), with 
children with moderate-severe OSA having significantly higher 
percentage of Th1 cells and Th1:Th2 ratios compared with chil-
dren with mild OSA and control patients (Figure 2).

Inverse correlations between AHI and the percentage of T 
reg lymphocytes found in the peripheral blood, AHI and the 
percentage of CD4+ lymphocytes, and a positive correlation 
between the Th1:Th2 ratio and AHI were found (Figure 3). The 
percentage of T reg lymphocytes was negatively correlated 
with corresponding Th1:Th2 ratios (Figure 3). No significant 
associations were found between body mass index z scores and 
percentage of T reg cells, nor between age and percentage of 
T regs.

Subgroup analysis was performed on the children without 
asthma or allergies (n = 19). Despite the much smaller num-
bers, the percentage of T reg lymphocytes still differed between 
groups (P = 0.028), and similar to the pattern seen in the whole 
group, children with moderate-severe OSA had a significantly 
lower percentage of T regs than control children. The correla-
tion between T regs and AHI remained statistically significant 
(P = 0.011, r = -0.57) as did the correlation between CD4+ cells 
and AHI (P = 0.021, r = -0.52).
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DISCUSSION
In this study, we show that children with OSA are more like-

ly to exhibit reductions in their circulating T reg lymphocytes 
along with a shift toward a Th1 proinflammatory phenotype, 
as suggested by increased Th1:Th2 ratios. To the best of our 
knowledge, this is the first report of such phenotypic changes in 
T lymphocytes in pediatric patients with OSA.

Before we address the potential implications of our findings, 
some limitations should be mentioned. First, our study was a 
cross-sectional study and observational in nature. Therefore, the 

putative associations identified in our cohort do not necessarily 
imply that causative mechanisms are operational. Alterations in 
T lymphocyte populations may have been affected not only by 
OSA, but also by other factors; for example, the patients in the 
three groups may have been exposed to different frequencies 
of external antigens that may modify the specific number of T 
regs and as well as Th1:Th2 balance. A large proportion of our 
patients had parent-reported asthma and allergies. However, 
even when subgroup analysis was performed on the relatively 
small number of children without these comorbidities, the sig-

Figure 1A – Flow cytometry assessments of T cell lymphocyte populations in peripheral blood of children. Example of gating strategy used for IL-4, IFN-γ 
and IL-17 positively labelled cells.
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nificance of our findings remained unaltered. Further studies 
aiming to determine whether the changes observed in the T cell 
lymphocyte populations change after treatment of the OSA with 
adenotonsillectomy or noninvasive ventilation would be of con-
siderable interest. Second, the potential mechanisms underlying 
the alterations in T reg and increases in Th1:Th2 ratios were not 
specifically explored. It is likely that epigenetic modifications 
of genes regulating T cell lymphocyte fate, such as FOXP3, 
may underlie the reductions in T reg populations.28 Indeed, hy-
permethylation of FOXP3 would be anticipated to diminish the 

expression of this critical transcription factor involved in T reg 
lymphocyte maturation and functionality, and therefore, both 
the number of T reg lymphocytes or their immune suppressive 
capacity might be altered by OSA.39,40 Alternatively, T reg lym-
phocytes could be more susceptible to the intermittent hypoxia 
and sleep fragmentation associated with OSA, and therefore 
undergo apoptotic changes. Thus, future studies should spe-
cifically address these issues. It should be mentioned that the 
functional study of T reg lymphocyte suppressive capacity is 
limited to in vitro coculture assays. The caveats to this approach 

Figure 1B—Flow cytometry assessments of T cell lymphocyte populations in peripheral blood of children. Example of gating strategy used for CD3, CD4, 
CD8, CD25 and FOXP3 positively labelled cells.
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include ethical considerations involving larger blood volume 
sampling in children, and the absence of conclusive evidence 
that in vitro assays reflect what happens in vivo.29

T reg lymphocytes can be natural T regs, the product of thy-
mic development, or induced T regs, which are generated from 
conventional CD4+ cells in peripheral sites.41 The function of 
induced Treg cells seems to be distinct from that of natural T 
regs, with induced T reg cells being important in restraining 
allergic inflammation at mucosal surfaces, whereas natural T 
reg cells are thought to underlie the control of systemic and 
tissue specific autoimmunity. It has recently been shown that 
extrathymically generated T reg lymphocytes control Th2 in-
flammation at mucosal surfaces; specifically, mice deficient in 
induced T reg lymphocytes will spontaneously develop pro-
nounced Th2-type pathologies in the gastrointestinal tract and 
lung, showing hallmarks of allergic inflammation and asth-
ma.42 In humans, reduced numbers of T reg cells have been 
described in the bronchoalveolar lavage and blood of patients 
with asthma, as well as impaired chemotaxis of T reg cells to 
lung epithelial cells.43-45 We did not find significant differenc-
es in the parent-reported frequencies of asthma and allergies 
among the three severity groups in our cohort, thereby sug-
gesting that the T reg lymphocyte alterations cannot be puta-
tively ascribed to the presence or absence of these conditions, 
although further work with specific testing for allergies and 
pulmonary function testing is clearly necessary. However, we 

should also point out that an association between asthma and 
OSA has been reported.46-50 Indeed, the prevalence of OSA in 
children with poorly controlled asthma is higher than in the 
general pediatric population, and treatment of the OSA with 
adenotonsillectomy was associated with improvement in asth-
ma symptoms.51 If OSA results in a decrease in the number of T 
reg cells, and T reg cells are needed for suppression of allergic 
inflammation, this could be a possible explanation for the link 
between OSA and asthma. It could also be argued that asthma 
is usually associated with a Th2 phenotype rather than a Th1 
phenotype. In this study, we found evidence that the presence 
of OSA promoted a shift toward a Th1 phenotype. However, 
there is increasing evidence that asthma is a heterogeneous 
condition consisting of several different phenotypes,52 not all 
of which are associated with eosinophilia and a Th2 pheno-
type. Furthermore, there could be compartmentalization of in-
flammation, and the inflammatory pattern seen locally within 
the airway mucosal surface may not reflect changes in periph-
eral blood. Our aim was to examine the relationship between 
OSA and T lymphocyte subsets, including T reg lymphocytes. 
Larger patient numbers with more definitive diagnostic tests 
such as lung function, skin prick tests, and immunoglobulin E 
levels would be needed to examine the potential relationships 
linking asthma/allergies, T reg cells, and OSA.

In recent years, it has become apparent that OSA can pro-
mote the activation and propagation of systemic inflammatory 

Table 2—Clinical characteristics and PSG findings in 56 children

Controls
AHI < 1
(n = 17)

Mild OSA
1 ≤ AHI < 5

(n = 16)

Moderate/Severe OSA
AHI ≥ 5
(n = 23) P

Age (y) 7.0 ± 1.7 8.7 ± 1.8 7.0 ± 1.5 0.005
% Male (n) 53% (9) 56% (9) 61% (14) NS
Ethnicity NS

% African American (n) 59% (10) 63% (10) 52% (12)
% White Caucasian (n) 35% (6) 31% (5) 83% (10)
% Hispanic (n) 6% (1) 6% (1) 0%
% Others (n) 0% 0% 4% (1)

BMI z score 1.47 ± 0.87 1.23 ± 1.11 1.40 ± 0.88 NS
Sleep efficiency (%) 90.2 ± 4.0 88.9 ± 6.2 87.6 ± 5.3 NS
Sleep onset latency (min) 23.6 ± 13.7 15.3 ± 14.5 16.7 ± 12.5 NS
REM latency (min) 148.9 ± 53.0 145.1 ± 53.5 128.3 ± 71.1 NS
Stage 1 (%) 4.5 ± 1.7 4.5 ± 3.2 7.2 ± 4.1 < 0.05
Stage 2 (%) 44.4 ± 5.3 47.9 ± 8.3 48.1 ± 6.4 NS
Slow wave sleep (%) 26.1 ± 3.9 26.8 ± 5.9 24.7 ± 6.1 NS
REM sleep (%) 25.0 ± 5.9 20.8 ± 5.7 20.1 ± 5.6 < 0.05
AHI 0.4 ± 0.3 2.4 ± 1.1 13.7 ± 7.5 < 0.001
Spontaneous arousal index 10.2 (8.9-14.4) 9.7 (7.4-14.3) 12.3 (8.0-15.3) NS
Respiratory arousal index 0 (0-1.0) 1.2 (0-1.6) 3.8 (2.8-6.1) < 0.001
Nadir SpO2 (%) 95.7 (93.0-96.4) 89.5 (83.5-92.0) 87.0 (82.1-92.0) < 0.001
% Time with ETCO2 > 45 mmHg 0 (0-1.7) 1.0 (0-5.7) 3.9 (0.8-14.6) 0.003
Asthma (%)a 41% 50% 39% NS
Allergies (%)a 59% 56% 57% NS

aPer parental report. Normally distributed data are expressed as mean ± standard deviation. Data that are not normally distributed are expressed as median 
(interquartile range). AHI, apnea-hypopnea index; BMI, body mass index; ETCO2, end-tidal carbon dioxide; NS, not significant; OSA, obstructive sleep apnea; 
REM, rapid eye movement; SpO2, saturation of oxygen.
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pathways leading to functional and structural disruption of the 
endothelium. In this context, the role of T reg lymphocytes in 
atherosclerosis has been the subject of intense investigation.53

Adoptive transfer of T reg cells has been shown to result in a 
reduction in atherosclerotic lesion development,54 whereas their 
depletion aggravated atherosclerotic lesion development.55

More recently, T reg lymphocytes were shown to suppress 
infl ammatory responses and attenuate initial atherosclerosis 
development56 and their presence is critical to the prevention 

of endothelial activation and migration and adhesion of leuko-
cytes.57 Of note, T reg cells also appear to mitigate the vas-
cular consequences of angiotensin 2-mediated hypertension,58

and elevated blood pressures are frequently, albeit not univer-
sally, present in children with OSA.59 Based on aforementioned 
studies, we surmise that alterations in T reg lymphocytes in the 
context of pediatric OSA may underlie not only a shift toward 
systemic infl ammation, but also promote vascular and poten-
tially neurocognitive dysfunction.

Figure 2—Percentage of CD4+, Treg and Th1 cell lymphocytes, and Th1:Th2 ratios among children with and without OSA. The open labels indicate children 
without asthma or allergies whereas the closed labels are children with asthma and/or allergies. Circles refer to children with AHI<1/hrTST, squares to children 
with AHI between 1 and 5/hrTST, and triangles for children with AHI>5/hr/TST/. *P < 0.05, **P < 0.02, ***P < 0.01 ANOVA.
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Table 3—T cell lymphocyte subsets in 56 children

Controls
AHI < 1
(n = 17)

Mild OSA
1 ≤ AHI < 5

(n = 16)

Moderate/Severe OSA
AHI ≥ 5
(n = 23) P 

T cells (% lymphocytes) 77.7 (74.7-79.4) 73.6 (68.1-80.3) 75.7 (72.9-77.9) NS
CD8+ cells (%T cells) 26.4 (21.9-33.1) 30.9 (22.4-35.3) 29.3 (27.5-33.5) NS
CD4+ cells (%T cells) 57.2 (51.4-60.0) 57.6 (46.9-62.9) 49.6 (47.2-55.3) < 0.04
T regs (%CD4+ cells) 7.8 (7.0-9.2) 6.5 (5.7-8.2) 4.8 (3.8-5.7) < 0.001
Th1 cells (%CD4+ cells) 5.0 (4.3-6.5) 4.3 (3.1-6.7) 7.9 (5.9-12.7) 0.001
Th2 cells (%CD4+ cells) 7.6 (6.0-9.1) 5.9 (4.6-7.7) 5.7 (4.3-7.4) NS (trend 0.06)
Th17 cells (%CD4+ cells) 0.77 (0.41-1.0) 0.60 (0.28-0.83) 0.88 (0.43-1.54) NS
Th1:Th2 ratio 0.62 (0.56-1.16) 0.65 (0.55-1.39) 1.75 (0.75-2.24) < 0.003

Data are not normally distributed and expressed as median (interquartile range). AHI, apnea-hypopnea index; NS, not signifi cant; OSA, obstructive sleep 
apnea; Th, T helper; T regs, T regulatory lymphocytes.
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To further complete our inventory of the fi ndings, we should 
emphasize that other than T reg lymphocytes, other T lympho-
cytes have been shown to play a role in plaque development in 
atherosclerosis, not only by their direct effect on endothelial 
cells, but also via the cytokines they secrete.60,61 Th cells can 
be broadly divided into Th1 cells, which are involved in cell-
mediated immunity, and Th2 cells, which drive antibody- medi-
ated immunity.62 Although there have been recent modifi cations 
to the Th1:Th2 paradigm with the discovery of Th17 cells and 
the idea of Th cell plasticity, the concept that there can be recip-
rocal interactions between sets of T cell lymphocytes continues 
nonetheless to provide a framework for the understanding of 
immune regulation.63 Atherosclerotic lesions contain cytokines 
that promote a Th1 response.64,65 A suggested model is that this 
cytokine milieu causes activated T cells to differentiate into 
Th1 effector cells that produce IFN-γ, which acts synergisti-
cally with cytokines such as TNF-α and IL-1 from macrophages 
and vascular cells to promote atherosclerosis.66 The develop-
ment of atherosclerosis is inhibited in ApoE-/- mice lacking the 
IFN-γ and IFN-γ receptor.67,68 When ApoE-/- mice were treated 
daily with pentoxifylline, an inhibitor of the Th1 differentia-
tion pathway, the size of the atherosclerotic lesions they de-
veloped were reduced by 60% and histologically appeared as 
fatty streaks rather than the mature fi brofatty atherosclerotic le-
sions seen in mice not treated with pentoxifylline.69 Clinically, 

a Th1:Th2 imbalance with preference toward a Th1 response 
has been implicated in patients with coronary spastic angina.70

The shift toward a Th1 phenotype in children with OSA as de-
scribed in the study could therefore provide additional insights 
into the link between OSA and the cardiovascular morbidities 
associated with this condition.

In summary, signifi cant negative correlations between the 
severity of OSA and the percentage of T regulatory cells, along 
with a shift in the Th1:Th2 balance toward one of Th1 predomi-
nance, occur in the peripheral blood of children with OSA. 
These changes in lymphocytic phenotypes may contribute to 
the systemic infl ammation seen in OSA, along with its atten-
dant increased risk for multiple end-organ morbidity. The exact 
nature of the mechanisms underlying the immunologic path-
ways activated in OSA, and the determinants of the large vari-
ance in such processes remain to be identifi ed. However, future 
exploration of these pathways may provide unique potential for 
therapeutic modifi cations.

ACKNOWLEDGMENTS
Dr. Kheirandish-Gozal is supported by NIH grant K12 HL-

090003; Dr. Gozal is supported by National Institutes of Health 
grants HL-065270 and HL-086662; Dr. Tan is supported by a 
European Respiratory Society Fellowship (STRTF fellowship 
no. 125-2011).

Figure 3—Scatterplots and linear regression analysis between AHI and the percentage of T reg, CD4+ lymphocytes, Th1:Th2 ratios, and Th1:Th2 ratios 
plotted against T reg lymphocytes. The open circles are children without asthma or allergies and the closed circles refer to those children with asthma and/
or allergies. (A) Coeffi cient of correlation: r = -0.46, P = 0.0003. (B) Coeffi cient of correlation: r = -0.37, P = 0.0047. (C) Coeffi cient of correlation: r = 0.43, 
P = 0.0009. (D) Coeffi cient of correlation: r = -0.29, P = 0.029.
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SUPPLEMENTAL MATERIAL

Table S1—Results of the control samplea from each batch

Control
T cells

(% lymphocytes)
CD8+ cells
(%T cells)

CD4+ cells
(%T cells)

T regs
(%CD4+ cells)

Th1 cells
(%CD4+ cells)

Th2 cells 
(%CD4+ cells)

Th17 cells
(%CD4+ cells)

Batch 1 66.46 35.75 54.78 5.39 9.11 3.66 0.65
Batch 2 66.90 33.44 55.12 5.22 13.83 5.53 0.40
Batch 3 66.59 34.52 53.62 5.28 14.00 4.48 0.57
Mean 66.68 34.60 54.95 5.31 11.47 4.60 0.53
SD 0.23 1.16 0.79 0.09 2.78 0.94 0.13

aA cryovial from the control sample was analyzed in each batch to ensure interbatch consistency. Th, T helper; SD, standard deviation.

Table S2—Comparison between fresh and cryopreserved sample

 Fresh sample Cryopreserved sample Difference % Recovery
T cells (% Lymphocytes) 60.32 66.59 -6.27 110.39
CD8+ cells (% T cells) 31.98 34.52 -2.54 107.94
CD4+ cells (%T cells) 56.26 53.62 2.64 95.31
T regs (%CD4+ cells) 5.71 5.28 0.43 92.47
Th1 cells (%CD4+ cells) 12.98 14.00 -1.02 107.86
Th2 cells (%CD4+ cells) 3.94 4.48 -0.54 113.71
Th17 cells (%CD4+ cells) 0.88 0.57 0.31 64.77

Th, T helper; T regs, T regulatory lymphocytes.


