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ALTERED IN VITRO ENDOTHELIAL REPAIR AND MONOCYTE MIGRATION IN OSA
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Study Objectives: Although obstructive sleep apnea (OSA) causes cardiovascular morbidities through atherosclerosis induced by inflammation
and endothelial dysfunction, OSA patients exhibit elevated plasma vascular endothelial growth factor (VEGF), which may represent an adaptive
response to intermittent hypoxia. The aims of this study were to investigate whether in vitro endothelial wound healing and monocyte migration are
affected by patient serum, and to determine the implication of circulating factors (VEGF and C-reactive protein).

Patients: Serum was collected from healthy controls (HC), “healthy” OSA, and metabolic syndrome (MS) patients with or without OSA.
Measurements and Results: Along with the presence of OSA and/or MS, both VEGF and hsCRP were significantly elevated in patient serum.
Their specific role was tested with blocking antibodies on primary endothelial cells for wound healing assay and on human monocytes for migration
assay. Endothelial wound healing was reduced with OSA compared to HC serum, and even more significantly using MS+OSA patient serum.
Altered wound healing with OSA serum was unmasked when blocking VEGF and restored when blocking CRP. Monocyte migration was activated
with OSA serum, and further enhanced by MS+OSA patient serum. Blocking CRP in serum inhibited this migration.

Conclusions: Serum from OSA patient alters in vitro endothelial cell repair function and activates monocyte migration; this is further aggravated
with the presence of metabolic syndrome. These effects are partly driven by VEGF and CRP, suggesting an unfavorable balance between the pro

healing (VEGF) and pro injury (CRP) factors that may promote vascular injury in OSA with and without metabolic syndrome.
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INTRODUCTION

Obstructive sleep apnea syndrome (OSA) is a highly preva-
lent sleep disorder that affects 5% to 20% of the population.
It is a growing health concern worldwide, due to the associ-
ated increased risk of cardiovascular morbidity and mortality.'
The periodic upper airway collapse occurring during sleep in
OSA patients induces chronic intermittent hypoxia (IH), which
is thought to promote cardiovascular diseases through oxida-
tive stress, sympathetic activation and systemic and vascular
inflammation.*?

Atherosclerosis results from a cascade of different processes
that start with endothelium injuries to plaques constitution,
mostly induced by shear stress.®” Owing to the repetitive surges
in blood pressure at the end of apneas and hypopneas, shear
stress is increased in OSA patients.® Endothelial cell migration
and proliferation are key mechanisms involved in endothelium
healing, with migration supposed to repair small injuries. How-
ever, whereas endothelial cell migration is activated by laminar
flow, it is impaired under disturbed flow conditions.’ Therefore,
unfavorable balance between endothelium injuries and healing
ability will promote atherosclerosis.'®!? In OSA patients, endo-
thelium healing capacity indeed seems to be reduced.'*'* Jelic
and colleagues suggested that this might be due to decreased
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endothelial progenitor cell levels,' but little is known about
endothelial cell migration in OSA patients. Moreover, athero-
sclerosis is characterized by monocyte migration and invasion
of the sub-endothelial space. Abundant literature has proved
that OSA induces vascular inflammation leading to leukocyte
migration, structural and functional remodeling of the vessels,
and finally to atherosclerosis.?

In this context, vascular endothelial growth factor (VEGF)
and C-reactive protein (CRP) may appear as good candidates
in promoting and impairing endothelial healing and mono-
cyte migration in OSA patients. VEGF is well known as an
inducer of endothelial proliferation and migration. OSA pa-
tients exhibit elevated circulating VEGF, and CPAP treat-
ment restores VEGF levels back to normal values.'** VEGF
may thus be a good candidate as a protector against vascular
damage induced by chronic intermittent hypoxia and blood
pressure surges in OSA. On the other hand, C-reactive pro-
tein, an inflammatory marker highly correlated with cardio-
vascular risk and prognosis, has been extensively studied in
OSA. Recent data suggest that CRP also has functional con-
sequences on endothelial cell migration?' and on monocyte
activation.”> High sensitivity CRP (hsCRP) is often found
elevated in OSA patients, especially if obesity, dyslipidemia,
diabetes and cardiovascular diseases are present in associa-
tion, suggesting that metabolic syndrome rather than OSA per
se would induce hsCRP elevation.>**?* Obesity indeed repre-
sents a strong confounding factor of OSA that makes difficult
to study the respective implications of OSA and obesity in
cardiovascular alterations. OSA patients as well as animals
exposed to chronic intermittent hypoxia develop insulin re-
sistance, dyslipidemia, alteration of glucose metabolism and
adipokines secretion.>?’
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Table 1—Clinical data in the 4 groups of subjects.

Healthy Controls no
OSAno MS (n=16)

Age (years) 49.31 + 11.80
Sex (male, %) 62.5
BMI (kg/m?) 23.82+2.72
Office blood pressure
Systolic (mm Hg) 120.25 + 15.33
Diastolic (mm Hg) 73.19 £10.37
Nocturnal respiratory data
AHI (nb/h of sleep) 6.42 + 4.65
Mean nocturnal SpO, (%TST) 94.69 +1.85
Minimal nocturnal SpO, (%TST) 90.56 + 3.78
Time desaturation < 90% (%TST) 0.55+2.00

OSA Patients no MS Patients no MS Patients with
MS (n=32) 0SA(n=13) 0SA (n=21)
54.16 + 11.46 57.08 +8.48** 59.24 +8.92%

90.6 30.8* 76.2*

2555+ 2.57 28.01+£347* 29.15+3.09%
129.03 + 12.87 146.00 + 15.83** 149.44 + 22.25%

78.53 + 12.51 92.17 £ 14.08* 88.28 + 14.56 %

40.20 +£20.49** 6.52+4.14 41.36 £23.34#

93.33+2.05* 9348 +2.27 92.53+1.83

82.94 +5.56** 86.63 + 3.06 81.19+11.31*

7.35+14.10* 1.88 £4.25 6.47 +11.28

Summary of the main clinical data observed in the 4 groups of subjects. Data are reported as mean + standard deviation and were analyzed using two-way
ANOVA or y* test. *P < 0.05 and **P < 0.001 compared to healthy controls. ¥P < 0.05 and ¥P < 0.001 compared to OSA without MS. #P < 0.05 and #P < 0.001
compared to MS without OSA. MS, metabolic syndrome; TST, total sleep time.

The objective of this study was to investigate how early
mechanisms of atherosclerosis may be altered in OSA patients.
To complete this goal we assessed the circulating levels of
VEGF and hsCRP in 81 subjects depending of the OSA status
associated or not with metabolic syndrome compared to healthy
subjects, we evaluated the alterations of in vitro endothelial cell
healing capacities and monocyte migration induced by patient
serum, and finally we investigated the respective implication in
these mechanisms of VEGF and CRP.

MATERIALS AND METHODS

Study Design

This study was a case-controlled study completed into HP2
lab in which 4 groups of patients and healthy controls have been
evaluated. Ethical approval was obtained from our institutional
review board (Comité de protection des personnes Sud-Est V)
and all subjects gave written informed consent. This protocol
conforms to the principles of Declaration of Helsinki.

Study Population and Assessment

A total of 81 patients and healthy subjects were recruited to
complete 4 groups: (1) healthy controls (HC, n = 16); (2) OSA
patients without metabolic syndrome (OSA, n = 31); (3) meta-
bolic syndrome patients without OSA (MS, n = 13); (4) meta-
bolic syndrome patients with OSA (MS+OSA, n=21). Non-MS
OSA patients and healthy control subjects were selected ac-
cording to age and BMI, in order to achieve similar age and BMI
between groups. Non-MS OSA patients were free of any his-
tory of cardiovascular disease, they were normotensive and had
no antihypertensive medication. By contrast, patients in the M'S
and MS+OSA group fulfill the criteria of metabolic syndrome
definition and by design had higher body mass index, lipid ab-
normalities, hypertension, and/or diabetes. All patients were
non-smokers. All patients underwent clinical assessment and
office blood pressure measurements; blood samples were taken
fasten in the morning after an overnight polysomnography (see
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supplemental methods). OSA was defined as AHI > 15. Table 1
depicts baseline characteristics in the different groups.

Human sera were collected and stored at —80°C until use.
For endothelial healing experiments, patient sera were pooled
according to the presence of MS and/or OSA. For monocyte
migration experiments, OSA patient sera were pooled into ter-
tiles according to OSA severity: mild OSA = 15 < AHI < 25
(n = 11), moderate OSA = 25 < AHI < 45 (n = 10), severe
OSA =AHI > 45 (n=10).

VEGF and hsCRP measurements

Serum hsCRP level was measured using automated immu-
nonephelometry (Behring Nephelometer II Analyzer, Dade
Behring, Germany). Serum VEGF was measured in each pa-
tient using human VEGF DuoSet Elisa (R&D Systems). Each
sample was assessed in duplicate.

Chemicals and Antibodies

rhVEGEF, rhCRP, anti-hVEGF antibody, anti-hCD32a/Fcy
RIIA antibody antibodies were obtained from R&D Systems.
Control isotype antibodies were from eBiosciences. Endotoxin
level in rthCRP is less than 1.0 EU per 1 pg of protein by the
LAL method.

Cell Culture

HMVEC (human microvascular endothelial cells, Lonza)
were cultured in EGM2-MV according to supplier recommen-
dations and used between passages 4 and 6. THP-1 monocytes
were a kind gift from Fabienne Burger (Cardiology Division,
University Hospital, Geneva) and maintained in RPMI medium
with 10% FBS. For experiments, HMVEC were incubated in
endothelial basal medium (EBM, Lonza) supplemented with
65% human sera, or thVEGF (500 pg/mL), thCRP (2 pg/mL),
anti-hVEGF antibody (0.5 pg/mL), and/or anti-hCD32a (10 pg/
mL). THP1 were cultured in RPMI without FBS, supplemented
with 65% human sera, or thCRP (2 pg/mL) and/or anti-hCD32a
(10 pg/mL).
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Wound Healing Assay

HMVEC were seeded at 2.10* cells per well in 48-well dishes
(Nunclon) to reach 100% confluence. After 24 h, a scratch was
performed by crossing the wells from side to side with a sterile
10-100 pL cone. Detached cells were removed by changing the
culture medium, and sera or drugs were added in the medium.
Wound reparation was recorded with a dynamic microscope
(AxioVert 200M, Zeiss). Pictures were taken every 30 min
during 24 h under x10 magnification (Metamorph). Two posi-
tions by well were recorded. The filled area was determined by
subtracting the cell-free area at time t from the initial cell-free
area with Image J software. Filled areas were expressed as per-
centages of control wells to normalise the values.

Monocyte Migration Assay

10* THP1 monocytes were pre-stimulated for 3 h in RPMI
with 65% human serum or 20% SVF, with or without drugs;
then migration was performed in Transwells with 8 um pores
(Corning) for 1 h, with stimulated cells on the upper chamber
and 5nM MCPI1 in the lower chamber. Transwells were re-
moved and cells that migrated to the lower chamber were
counted on 5 microscope fields under an inverted phase con-
trast microscope (Zeiss).

Statistical Analysis

Comparisons between groups were performed using one-
way or two-way ANOVA, or Mann-Whitney test depending on
whether the data were normally distributed. When significance
was achieved, the appropriate test (Tukey or Dunn test) was
used for post hoc analysis. Qualitative variables were tested
using x* test. Correlations were assessed by using Spearman test.
Results were considered significant when P values were < 0.05.

RESULTS

VEGF and hsCRP are Elevated in OSA Patients

Population characteristics are reported in Table 1. By de-
sign, BMI and office blood pressure were higher in MS patients.
OSA patients with or without MS did not differ in terms of OSA
severity.

Median serum VEGF concentration increased significantly
according to the presence of OSA (367.61 vs 169.68 pg/mL,
P =0.044) and Metabolic Syndrome (474.52 vs 169.68 pg/mL,
P =0.023; Figure 1A). However, when OSA and MS condition
were associated, we did not find further VEGF elevation. In
subjects without MS, serum VEGF positively correlates with
OSA severity (time spent with O, saturation < 90%; Figure 1B,
P =0.046) and serum hsCRP (Figure 1C, P = 0.023).

Median hsCRP serum level was also increased in OSA group
(1.3 vs 0.6 mg/L, P <0.05, Figure 1D). This seemed to be prin-
cipally driven by the severity of OSA patients, since hsCRP was
found elevated only in severe OSA patients (AHI > 45) com-
pared to controls (1.7 vs 0.6 mg/L, P < 0.05) but not in mild
or moderate OSA patients (see Figure S1, supplemental mate-
rial). This was well illustrated in subjects without MS by the
correlation between hsCRP and OSA severity expressed both
by AHI and minimal oxygen saturation (P = 0.015, Figure 1E
and P = 0.003, Figure 1F, respectively). Interestingly, these in-
creases of hsCRP in OSA patients, especially in severe patients,
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remained significant after adjusting for BMI (P = 0.033 and
P =0.036, respectively).

As expected, the presence of metabolic syndrome highly
impacted CRP levels but in these groups we did not find any
further effect of OSA association (Figure 1D).

Serum VEGF and CRP Regulate Endothelial Wound Healing in vitro

To assay for functional consequences of human serum
on endothelial cells, human microvascular endothelial cells
(HMVEC) were submitted to endothelial wound healing assay
in vitro. Reparation of endothelial wound was quantified along
time, until confluence was obtained again, and normalized to
control values (Figure 2A).

First, thVEGF (500 pg/mL) added in the EBM culture me-
dium was able to enhance wound healing by 65%, and this ef-
fect was totally blocked by anti-VEGF blocking antibody at 0.5
pg/mL (Figure 2B). Moreover, CRP (2 pg/mL) had no effect
per se but was able to inhibit strongly VEGF-induced wound
healing. This effect was partially blocked by using an antibody
raised against the CRP receptor CD32a (Figure 2B).

We subsequently incubated HMVEC with human sera. Serum
from OSA patients without MS moderately but significantly in-
hibited repair capacity compared to healthy control serum (94%
vs 100%, P < 0.001; Figure 3A and 3B). Addition of an anti-
VEGF blocking antibody further impaired wound repair when
HMVEC were incubated in presence of OSA patient serum
(-10%, P=0.016; Figure 3B), but not with healthy control serum,
although the same tendency was observed (-5%, P = 0.065). Fi-
nally, addition of hVEGF in OSA patient serum restored wound
healing function to 128% of healthy controls serum (Figure S2,
supplemental material). These data suggest that VEGF in OSA
patient serum tends to increase wound healing, thereby counter-
acting impaired in vitro endothelial cell repair function.

When 2 pg/mL CRP was added in serum of healthy controls,
it was able to inhibit wound healing by 20% (Figure 4A). More-
over addition of an anti-CD32a antibody to block CRP in serum
significantly enhanced endothelial wound healing, by 8% in
control subjects and by 22% in OSA patient serum (Figure 4B).
These results suggest that by contrast with VEGF, CRP was
able to inhibit in vitro endothelial repair and could thus be in-
volved in OSA-induced alteration of endothelial repair.

Finally, in order to determine the influence of metabolic syn-
drome on in vitro endothelial repair, HMVEC were incubated
with serum from MS patients, with or without OSA. Interest-
ingly, serum from MS without OSA enhanced in vitro repair
compared to serum from healthy controls without MS (113%
vs 100%, P < 0.05; Figure 4C). Moreover, MS+OSA serum in-
duced a further reduced endothelial healing capacity compared
to OSA without MS patients (-18% vs -5% compared to their
respective non-OSA controls, P < 0.01). Thus OSA and MS
may have deleterious synergistic effects on healing capacities
of endothelial cells.

CRP in OSA Serum Activates Monocyte Migration in vitro

To achieve a better comprehension of early atherosclerosis
mechanisms involved in OSA, we then tested whether human
serum from OSA patients could also affect monocyte migra-
tion, and in particular if CRP contained in the serum could be
responsible for the observed effects. First, we investigated the
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Figure 1—Serum VEGF and high sensitivity-CRP are elevated in OSA and MS patients. (A) Serum VEGF is elevated in 31 OSA patients and 13 MS patients
compared to 16 non-OSA healthy controls, but not in 21 MS+OSA patients. *P < 0.05 vs controls, #P < 0.05 vs MS group, Two-way ANOVA. (B) Positive
Spearman correlation between serum VEGF and time spent under 90% O, saturation during sleep in OSA patients (P = 0.046) but not in healthy controls.
(C) Positive Spearman correlation between serum VEGF and hsCRP in OSA patients and healthy controls (n = 47 subjects, P = 0.023). (D) Serum hsCRP
is elevated in 31 OSA patients and 13 control MS patients compared to 16 non-OSA healthy controls, but not in 21 MS+OSA patients. *P < 0.05, Two-way
ANOVA. (E) Positive Spearman correlation between hsCRP and severity of OSA measured by apnea-hypopnea index (AHI), n = 47 subjects, P = 0.015.
(F) Negative Spearman correlation between hsCRP and minimal O, saturation during sleep, both in healthy controls and OSA patients, n = 47 subjects,
P =0.003. In graphs B, C, E, and F, gray circles represent healthy controls (n = 16) and closed circles represent OSA patients (n = 31), both without MS.

impact of exogenous CRP on THP-1 monocyte migration in
vitro. Figure SA shows that pre-incubation of the cells with 2
png/mL of CRP induced a 32% increase in monocyte migration,
and that this effect was blocked by the addition of 10 pg/mL
anti-CD32a blocking antibody, but not by control antibody.

Then we tested monocyte migration in presence of human
serums. Moderate (25 < AHI < 45) and severe (AHI > 45), but
not mild (15 < AHI < 25) OSA patient serum, induced signifi-
cant monocyte migration by 25% and 38%, respectively, com-
pared to healthy controls (AHI < 15; Figure 5B). As expected,
blocking CRP by anti-CD32a significantly inhibited monocyte
migration in all OSA patient groups (-27% to -42% decrease,
P <0.005). Although the same tendency was observed in healthy
controls, this did not reach significance (-16%, P = 0.057;
Figure 5B). Moreover migration was enhanced by the addition
of 2 pg/mL CRP to the healthy control serum, thereby reaching
migration rate comparable to those obtained with OSA patient
serum (Figure 5C).

Finally, we tested whether metabolic syndrome may influ-
ence monocyte migration. Figure 5D shows that MS serum
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itself has significant effect (+30%), and that MS combined to
OSA serum further induces monocyte migration in apneic pa-
tients (+58%). Thus, OSA and MS may have synergistic effects
on monocyte migration.

DISCUSSION

Our study addressed the question of whether circulating
levels of VEGF and CRP may have functional involvement in
early atherosclerosis of OSA patients. VEGF and CRP were
elevated in OSA and metabolic syndrome patient serums, and
these levels were sufficient enough to modulate endothelial
cells and monocytes migration in vitro.

Increased circulating VEGF in OSA patients have been re-
ported,'*? although a study suggested an age-related relation-
ship rather than a link with OSA severity.”® Herein, we observed
a VEGF increase that was not age-related between patients and
controls.

Although VEGF measurement is more accurate in plasma
than in serum due to VEGF release from blood cells and plate-
lets,'” we assayed VEGF in serum because endothelial cells had
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to be incubated into serum and not plasma. Therefore circulating
VEGF measurements are a reliable assessment of VEGF con-
centration in contact with cells during the in vitro experiments.

Low grade inflammation as a mechanism of cardiovascular
alteration has been largely studied in OSA patients, with CRP
as a particular target. However, many discrepancies created

A t=75h A HC Serum OSA Patient Serum
t=75h
B ONoAb MAnti-VEGF Ab m Control Ab
200
= 480 110
[=2]
£ — 160 -
s 2 140 S 100-
< S 120 ## kS
2 S 100 S 4.
8™ o] %
= w £ 8-
20 ‘©
0 N X X £ 70
L &é‘o .4‘(9 e
& 3
L 60
& =
50
Figure 2—Recombinant VEGF and CRP regulate endothelial repair Healthy Control OSA Patients
in vitro. (A) Pictures in phase contrast microscopy (x10 magnification) Figure 3—Serum VEGF activates endothelial repair in vitro. (A) Pictures
showing examples of wounds at the beginning of experiment and after in phase contrast microscopy (x10 magnification) showing examples of
7.5 h of healing by HMVEC (Bar = 50 um). (B) VEGF (500 pg/mL) added wounds after 7.5 h of healing by endothelial cells, in presence of pooled
in EBM medium activates wound healing compared to control EBM Healthy Controls serum or pooled OSA patients serum in EBM medium.
condition, and addition of anti-VEGF blocking antibody (0.5 pg/mL) or Bar = 50 um. (B) Serum from OSA patients diminish endothelial healing
CRP (2 pg/mL) block this effect, whereas CRP alone has no significant compared to healthy controls serum, and anti-VEGF blocking antibody
effect. Addition of anti-CD32a (10 pg/mL) antibody reverses CRP action. (0.5 pg/mL) but not control antibody added in OSA patient serum inhibits
One-Way ANOVA, **P < 0.01 compared to EBM control, #P < 0.01 endothelial healing. Two-Way ANOVA, *P < 0.001 compared to control,
compared to VEGF, $P < 0.05 compared to VEGF+CRP. N = at least 5 #P < 0.05 compared to OSA without antibody or control antibody. N = at
independent experiments, error bars represent SEM. least 6 independent experiments, error bars represent SEM.

OONo Ab M Anti-CD32 Ab

O Without OSA B With OSA

A B C
120 - — 1401 # _ 140 4
— [
° = +22% o .
= 4 0, - 4
g 100 - § 120 +8% = 120 . "
* o 0, 0
) w100 o o 100+ -5% -18%
=2 804 2 S =
5 S 80 25 80
£ 601 2 =2
s = 60+ o "é 60 -
< 401 2 k-]
=] 40 - c 40 -
c ° S
2 7] é 20 = 20
0 0
Healthy Healthy Healthy Controls OSA Patients Without MS With MS
Controls Controls + CRP

Figure 4—CRP in OSA patient serum inhibits endothelial repair in vitro. (A) Recombinant CRP (2 ug/mL) added in pooled serum from healthy controls inhibits
endothelial healing (Mann-Whitney rank sum test, P = 0.002). (B) Blocking anti-CD32a antibody added in pooled serum from control or OSA patients induces
anincrease in endothelial healing by 8% and 22%, respectively. Two-Way ANOVA, *P < 0.05 vs healthy controls, #P < 0.05 vs OSA patients without antibody.
(C) MS combined to OSA reduces by 18% endothelial wound healing, expressed in percent of control subjects, whereas in non-MS subjects, this decrease
is only 5%. Two-way ANOVA, *P < 0.05 vs healthy controls, P < 0.01 vs MS group. N = at least 4 independent experiments, error bars represent SEM.
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Figure 5—CRP in OSA patient serum activates THP-1 monocyte migration in vitro. (A) Recombinant CRP (2 pg/mL) added in RPMI medium with 20%
FBS activates THP1 migration through Transwells under MCP1 gradient (5 nM in lower chamber). Anti-CD32a blocking antibody (10 pg/mL) but not control
antibody significantly blocks this effect. One-Way ANOVA, *P < 0.05 compared to RPMI control, #P < 0.05 compared to CRP. (B) Serum from moderate and
severe but not from mild OSA patient activates monocyte migration compared to serum from healthy controls. Anti-CD32a blocking antibody (10 pg/mL)
added in OSA patients serum inhibits monocyte migration. Two-Way ANOVA, *P < 0.05 compared to control without antibody, ¢P < 0.05 compared to mild
OSA patient, #P < 0.005 compared to respective condition without antibody. (C) Recombinant CRP (2 ug/mL) added in serum of healthy controls induces an
increase in monocyte migration. Mann-Whitney test, P = 0,002. (D) OSA, MS and combination of OSA+MS induce monocyte migration, expressed in percent
of control. Two-Way ANOVA, *P < 0.05 compared to healthy controls, # P < 0.05 compared to OSA only group, *P < 0.05 compared to MS only group. N = at

least 4 independent experiments, error bars represent SEM.

controversy about the effect of OSA per se compared to obe-
sity.>? We found a relationship between OSA severity and CRP
concentration only in “healthy” OSA patients (i.e., without
comorbidities; Figure 1D). The increase of CRP in these OSA
patients remained significant after adjusting for BMI variations.
However, this was not true for OSA with metabolic syndrome,
supporting the hypothesis that cardiovascular disease and obe-
sity associated with OSA also account for CRP elevation.

We subsequently wanted to evaluate the functional conse-
quences of serum VEGF on endothelial cells in vitro. By using
recombinant VEGF and VEGF blocking antibody, we showed
that VEGF activates wound healing repair in HMVEC. How-
ever, despite higher serum VEGF concentration in “healthy”
OSA than in control subjects (Figure 1A), wound healing de-
creased (Figure 3B). This suggests that other circulation factors
are counteracting VEGF effects on in vitro endothelial repair.
We therefore investigated the role of CRP on wound healing
and observed that it inhibited VEGF-induced wound healing,
despite having no effect when alone (Figure 2B). This suggests
that the CRP effect on VEGF-induced cell migration is not due
to any nonspecific toxicity effect. This is also consistent with
previous studies showing inhibition of VEGF by CRP.2"* We
further found that anti-CD32a blocking antibodies activates
wound healing repair, with a stronger impact in serum from
OSA patient than in serum from healthy controls (Figure 4B),
suggesting that this effect is related to higher CRP concentra-
tion observed in OSA patients (Figure 1D). Moreover, it should
be noted that outside the field of OSA, these effects of recombi-
nant VEGF and CRP in wound healings assays were already re-
ported in the literature,?* although doses where higher (10-50
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ng/mL for VEGF and 10-20 pg/mL for CRP). Herein, our data
are original as addressing serum from the specific OSA popu-
lation and therefore using much lower, physiological doses of
VEGF and CRP (i.e.,, 500 pg/mL VEGF and 2 pg/mL CRP).
By using the blocking antibody strategy, we were able to un-
ravel the functional consequences of physiological variations
of VEGF and CRP in patient serum.

In order to determine the respective implication of cell migra-
tion and proliferation in wound healing assays, we performed
specific proliferation assays. No significant effect of patient
serum, VEGF, or CRP was observed on HMVEC proliferation
(Figure S3, supplemental material). Thus, wound healing regu-
lation by these factors is likely mostly due to the regulation of
cell migration.

Altogether, the data collected on endothelial cells suggested
that VEGF and CRP may be two soluble factors with oppo-
site effects on endothelial repair, compensating for each other.
VEGF might be a promoting factor of endothelial repair that is
antagonized by CRP. This hypothesis is supported by the fact
that VEGF and CRP levels significantly correlate in non-MS
subjects.

Endothelial damage is described as an early step of athero-
sclerosis, especially at sites prone to atherosclerosis lesion such
as vessel bifurcations.''? Endothelial damage and dysfunction
have also been reported in OSA patients, although studies focus
on endothelial-dependent vasodilatation and endothelial activa-
tion"; and little has been described concerning endothelial re-
pair capacity in OSA patients.'® Interestingly, only one in vitro
study by Carreras and colleagues suggested that endothelial
wound healing is increased by serum from rats submitted to
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recurrent obstructive apneas.*® The present work on human sera
highlights the implication of soluble blood factors on altered
endothelial repair capacity in OSA patients in vitro, therefore
suggesting the lack of endothelial cell migration as a poten-
tial mechanism explaining endothelial lesions in OSA patients.
Moreover, it points at the potential clinical interest of studying
endothelial repair in vivo in OSA patients, particularly in con-
ditions that require endothelial healing, such as stenting.’!
Stenting indeed induces vascular lesions with endothelial denu-
dation, and subsequent repair (including re-endothelialization)
is needed, but a recent case report suggested that OSA might
inhibit this repair, thereby inducing late in-stent thrombosis.*

Beside these serum consequences on endothelial cells migra-
tion in vitro, we wanted to test the impact of serum soluble fac-
tors, particularly CRP, on monocytes. We were able to show that
CRP induced monocyte migration in vitro, which is consistent
with previous data.’ Moreover, we performed monocyte prolif-
eration assays and observed that serum or CRP had no signifi-
cant effect on THP-1 monocyte proliferation (data not shown),
suggesting that monocyte migration is specifically affected. We
further showed that monocyte migration was induced by pa-
tient serum, especially by the serum of severe OSA patients
(Figure 5C), which correlates with increasing CRP concentra-
tion in serum from these patients (Figure 1D). This is reinforced
by the observation that when treated with anti-CD32a blocking
antibody, there was no difference in migration induced by sera
from different categories of patients (Figure 5B). Serum from
MS+OSA patients further induced monocyte migration com-
pared to OSA only patients (Figure 5C), suggesting that MS
may promote monocyte migration. However this was observed
in the absence of further CRP increase in MS+OSA serum com-
pared to OSA or MS only serum. This suggests that CRP, al-
though a key player, is not the only soluble factor involved in
monocyte migration.

Several receptors for CRP have been described and
studied.”?** The work of Montecucco et al. suggests that among
the 3 receptors CD32a, CD32b, and CD64, CD32a and CD64
could account for the larger part of CRP effects.”> However, in
our experience anti-CD64 blocking antibody had no consistent
effect on endothelial and monocyte migration (data not shown).
We therefore focused on CD32a receptor as a mediator of CRP
signaling.

Monocyte adhesion to endothelium and migration is involved
in the development of atherosclerotic lesions, leading to vas-
cular inflammation and remodeling.*-* Thus, our results suggest
that CRP in OSA patient serum could be implicated in mono-
cyte activation and migration promoting early atherosclerosis.

There are some limitations to this study. We selected OSA
patient with MS according to the international criteria for meta-
bolic syndrome. However, this group may encompass several
presentations and severities of MS that might be very heteroge-
neous, and this may have affected the results. It is also possible
that the effects seen in vitro could be related to hypertensive
vasculopathy rather than OSA or MS. This possibility is limited
in OSA patients without MS who are normotensive, but plau-
sible in MS patients. However since sera were pooled according
to OSA severity and not blood pressure level, we cannot com-
pare normotensive OSA patients to hypertensive OSA with MS
in whom blood pressure was controlled by medication.
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Altogether, our data suggest that serum from OSA patients
contains factors altering endothelial repair and monocyte mi-
gration in vitro. Elevated VEGF may act as a beneficial factor
leading to endothelial repair in OSA patients, counteracting
the deleterious effects of CRP. CRP could further enhance
monocyte migration, therefore adding to endothelial damage
to facilitate early atherosclerotic lesions. Beside VEGF and
CRP, other soluble factors might be taken into account to im-
prove our understanding of these processes. Finally, metabolic
syndrome aggravates both endothelial damage and monocyte
migration, providing some new possible mechanistic explana-
tions for the deleterious synergy between overweight and sleep
apnea in OSA patients.

ABBREVIATIONS
AHI, apnea-hypopnea index
BMI, body mass index
HC, healthy controls
HMVEC, human microvascular endothelial cell
hsCRP, high sensitivity C-reactive protein
MS, metabolic syndrome
OSA, obstructive sleep apnea
VEGF, vascular endothelial growth factor
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SUPPLEMENTAL MATERIAL

SUPPLEMENTAL MATERIALS AND METHODS

Sleep Studies

Diagnosis of OSA was obtained after full polysomnography.
Continuous recordings were taken with electrode positions C3/
A2-C4/A1-Cz/01 of the international 10-20 Electrode Place-
ment System, eye movements, chin electromyogram and ECG
with modified V2 lead. Sleep was scored manually according
to standard criteria.! Airflow was measured with nasal pressure
associated with the sum of oral and nasal thermistor signals.
Respiratory efforts were monitored with abdominal and tho-
racic bands. An additional signal of respiratory effort (i.e., pulse
transit time) was recorded concurrently. Oxygen saturation was
measured using a digital pulse oximeter. An apnea was defined
as a complete cessation of airflow for > 10 sec and a hypopnea
as a reduction > 50% in the nasal pressure signal, or a decrease
between 30% and 50% associated with either oxygen desatura-
tion > 3% or an EEG arousal (defined according to the Chicago
report) and the later AASM statement, both lasting > 10 s.* Ap-
neas were classified as obstructive, central, or mixed according
to the presence or absence of respiratory efforts, on the pulse
transit time,* and the shape of the respiratory curve of nasal
pressure (flow limited aspect or not).> An AHI was calculated
and defined as the number of apneas and hypopneas per hour of
sleep (full polysomnography). OSA was defined as an AHI > 15.

Proliferation Assay

HMVEC were seeded in 96W plates at a density of 5,000
cells/well and incubated for 24h with or without rhVEGF (500
pg/mL), thCRP (2 pg/mL) or 65% human sera in EBM me-
dium. Then proliferation was assessed with the Cell Titer pro-
liferation assay (Promega).
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Figure S1—hsCRP elevation in OSA patients depends on OSA severity.
Serum hsCRP is elevated in 31 OSA patients with AHI > 15 compared
to 16 healthy controls, and among OSA patients is significantly elevated
only in patients with severe OSA (AHI > 45, n = 10) but not in mild
(15 < AHI < 25) or moderate (25 < AHI < 45) OSA patients. One-Way
ANOVA, *P <0.05.
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Figure S2—VEGF added in OSA patient serum restores wound healing
function. Recombinant VEGF (500 pg/mL) added in serum from OSA
without MS patients significantly increased wound healing compared to
healthy controls serum (n = 4 independent experiments, Student t-test
P =0.023).
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Figure S3—Proliferation of HMVEC is not modified by VEGF, CRP or
serum. (A) HMVEC proliferation is not modified by adding exogenous
VEGF or CRP in EBM medium (One-way ANOVA, P = 0.385). (B) HMVEC
proliferation is not significantly modified by incubation with serum from
OSA patients compared to serum from healthy controls. (Student t-test,

P =0.059). n = 3 independent experiments.
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