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HIGHLIGHTS

o There is strong experimental evidence that IL-5 has a protective role in atherosclerosis but the clinical importance of this
remains poorly studied.

e In a prospective study involving 696 subjects with a follow-up of close to 17 years we show that baseline plasma levels of
IL-5 do not predict risk for coronary events and stroke.

e However, subjects with high levels of IL-5 were less likely to have a carotid plaque at the baseline investigation.

o Experimental studies using a shear stress-modifying cast to the carotid artery of Apoe ”/~ mice deficient for IL-5 showed
that lack of IL-5 was associated with increased plaque formation at sites of oscillatory blood flow.

e The findings are in line with previous experimental observations of an atheroprotective role of IL-5 but do not support the
use of IL-5 measurement in cardiovascular risk prediction.
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ABBREVIATIONS
AND ACRONYMS

ApoE = apolipoprotein E
CVD = cardiovascular disease
HR = hazard ratio

IL-5 = interleukin-5

ILC2 = type 2 innate lymphoid
cells

MACE = major adverse cardiac
events

OR = odds ratio
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SUMMARY

Experimental studies have suggested an atheroprotective role of interleukin (IL)-5 through the stimulation of
natural immunoglobulin M antibody expression. In the present study we show that there are no associations
between baseline levels of IL-5 and risk for development of coronary events or stroke during a 15.7 + 6.3 years
follow-up of 696 subjects randomly sampled from the Malmo Diet and Cancer study. However, presence of a
plaque at the carotid bifurcation was associated with lower IL-5 and IL-5 deficiency resulted in increased plaque
development at sites of oscillatory blood flow in Apoe™~ mice suggesting a protective role for IL-5 in plaque
development. (J Am Coll Cardiol Basic Trans Science 2019;4:891-902) © 2019 The Authors. Published by
Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ggregation and oxidation of low-density lipo-

protein (LDL) particles in the arterial intima

initiates a complex array of innate and adap-
tive immune responses that play important roles in
the development of atherosclerosis (1-3). Many of
these responses are pro-inflammatory and contribute
to plaque growth and de-stabilization, but a number
of atheroprotective immune responses have also
been identified. Antibodies reacting with danger-
associated molecular patterns represent one of the
best-characterized atheroprotective immune re-
sponses (4,5). These are typically immunoglobulin M
(IgM) antibodies that react with oxidation-specific
epitopes on damaged cells and lipoproteins and are
referred to as natural antibodies because they are
germline encoded. Natural antibodies play important
housekeeping functions by facilitating the removal of
potentially toxic structures thus limiting inflamma-
tion and injury to the tissue (6). They are produced
by a relatively small subset of B cells called B1 cells
that primarily resides in the spleen and the perito-
neum (7). The notion that B1 cells and natural anti-
bodies have atheroprotective functions has gained
support from experimental studies showing that
transfer of B1 cells in particular reverses the proa-
therogenic effect of splenectomy and that this effect
is dependent on the ability of B1 cells to secrete IgM
antibodies (8-10). The mechanisms regulating the
expression of danger-associated molecular pattern-

specific IgM antibodies by B1 cells remains to be fully
characterized (11), but interleukin (IL)-5 released from
type 2 innate lymphoid cells (ILC2) has been identi-
fied as one important stimuli (11). The observation
that deletion of ILC2 in hypercholesterolemic mice
accelerates atherosclerosis adds further support to
the notion of an atheroprotective role of natural anti-
bodies produced through activation of the ILC2/B1
immune pathway (12). There is also evidence from
experimental studies that IL-5 plays a critical role in
this atheroprotective immune pathway. Selective ge-
netic ablation of ILC2 in LDL receptor-deficient mice
accelerates the development of atherosclerosis,
which is prevented by reconstitution with wild-type
but not IL5/~ ILC2 (12). Similar observations were
made following reconstitution of irradiated LDL
receptor-deficient mice with wild-type, but not IL-5
deficient, bone marrow (13). Moreover, Zhao et al.
(14) found that a macrophage overexpression of IL-5
was associated with increased plasma levels of natu-
ral antibodies and attenuation of atherosclerosis.
Despite the strong experimental evidence of an athe-
roprotective role of IL-5, little is known about its
possible importance for development of cardiovascu-
lar disease (CVD) in man. In a case-control study
comparing 931 subjects with prevalent coronary heart
disease and 974 controls, Clarke et al. (15) found that
those in the highest tertile of plasma IL-5 had a 50%
higher risk for coronary heart disease. This
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observation is in apparent contrast to the atheropro-
tective role of IL-5 suggested by experimental studies
but could possibly represent activation of protective
responses in subjects with prevalent CVD. To resolve
this issue, we studied the association between base-
line levels of IL-5 (both in plasma and the release
from activated leukocytes) and the risk for develop-
ment of cardiovascular events during a follow-up
period of more than 15 years. We also studied the as-
sociation between IL-5 and carotid atherosclerosis in
the study cohort as well as the development of ca-
rotid plaques at sites of artificially modified shear
stress in Apoe™ “mice with or without IL-5 deficiency.

SEE PAGE 903

METHODS

STUDY POPULATION. Thestudy population consisted
of a random sample (n = 700) recruited from the car-
diovascular arm of the Malmo Diet and Cancer study
(16) as previously described (17). Data regarding the
incidence of major coronary events (fatal and nonfatal
myocardial infarction, coronary artery by-pass graft-
ing, and percutaneous coronary intervention) and
stroke between the baseline investigation from 1991 to
1994 and December 31, 2014, were obtained from the
Swedish Discharge Registry and the Cause of Death
Registry of Sweden. Based on coronary event rate of
14% in the original cohort (n = 6,102), it was calculated
that a subsample of 700 subjects would allow identi-
fication of a 5% difference in any given biomarker be-
tween incident coronary cases and controls with an
alpha value of 0.01 and a power of 0.80. The random
subsampling of 700 subjects was performed by an
investigator not otherwise involved in the present
study. Blood pressure, body mass index, cholesterol,
smoking, and lipid levels were determined as previ-
ously described (18). Four subjects were excluded due
to incomplete data. The study was approved by the
Ethics Committee of Lund University and was con-
ducted in accordance with the Helsinki Declaration. All
subjects gave written informed consent.

B-MODE ULTRASOUND. Analysis of common carotid
intima-media thickness (IMT) and carotid bulb plaque
thickness were performed at the baseline investiga-
tion using an Acuson 128 CT system (Siemens AG,
Erlangen, Germany) with a 7-MHz transducer as
described previously (18). Images of IMT and plaque
thickness were obtained in the longitudinal projec-
tion showing the thickest intima-media complex.
Plaque was defined as a focal thickening of the IMT
exceeding 1.2 mm and a plaque area >10 mm? (19).
ISOLATION OF MONONUCLEAR LEUKOCYTES.
Blood was collected in heparin-containing BD
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Vacutainer tubes, (Becton Dickinson, Franklin Lakes,
New Jersey) and mononuclear leukocytes isolated
with FicollPaque Plus (GE Healthcare, Waukesha,
Wisconsin) density gradient centrifugation according
to the instructions of the manufacturer. The isolated
cells were then suspended in 500 pl autologous
serum with 500 pl 20% cold dimethyl sulfoxide in
Roswell Park Memorial Institute (RPMI) 1640 me-
dium, transferred into cryofreezing containers, and
then frozen at —80°C for at least 1 h or overnight.
The tubes were then transferred to —-140°C and
stored until analysis. At the time of analysis, cells
were thawed, washed with phosphate-buffered sa-
line supplemented with 1% human serum, and
centrifuged at 330g for 10 min at room temperature.
The cells were then resuspended in RPMI 1640 me-
dia containing 10% human serum (Gibco, Life
Technologies, Bleiswijk, the Netherlands) and
different T cell subsets (CD4" T cells, CD4"/inter-
feron-y™ Thi cells, CD4"/IL-4" Th2 cells, CD4"/
FoxP3" regulatory T cells, and CD8" T cells) were
analyzed by flow cytometry as previously
described (17,20,21).

IL-5 ANALYSIS. To determine the release of activated
mononuclear leukocytes, 4 x 10° cells were cultured
in complete RPMI and stimulated with CD3/CD28
beads (MiltenyiBiotec, Bergisch Gladbach, Germany)
for 72 h at 37°C in a cell incubator (5% CO,). There-
after, the cell supernatants were stored at —80°C until
analysis. The concentration of IL-5 in plasma and
conditioned leukocyte cell culture medium were
determined by multiplex technology (MesoScale Dis-
covery, Gaithersburg, Maryland).

EXPERIMENTAL ANIMAL STUDY. Apolipoprotein
E-deficient (Apoe ") mice (B6.129P2-Apoetm1Unc/J,
The Jackson Laboratory) and IL-5-deficient mice
(C57BL/6-115tm1Kopf/J, The Jackson Laboratory) were
crossed. IL5~/~Apoe™~ mice were used in experiments
with Apoe™~ mice as controls. Starting at the age of
16-weeks, the mice were fed an atherogenic 0.15%
cholesterol-containing Western diet (WD; R638,
Lantminnen, Sweden). At 18-weeks, a perivascular
shear stress modifier (referred to as a cast) was placed
around the right common carotid artery to generate
atherosclerotic plaques by altering the pattern of he-
modynamic flow, as described by Cheng et al. (22). In
short, the surgery was performed under anesthesia
with oxygen-carried isoflurane. Buprenorphine was
administered subcutaneously at 0.1 mg/kg before and
after surgery. The mice were euthanized at 30 weeks
of age. Blood was collected by cardiac puncture and
placed into ethylenediaminetetraacetic acid-coated
tubes. Plasma was retrieved by centrifugation at
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3,000 rpm for 15 min at 4 °C. The colorimetric assay
Infinity Total Cholesterol (Thermo Scientific, Liver-
pool, United Kingdom) was used to quantify total
plasma cholesterol and triglycerides and the Bio-Plex
Pro Mouse Cytokine Assay (BIO-RAD) was used to
quantify plasma cytokine concentrations of with IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-13, IL-17A, and
tumor necrosis factor-o. Both analyses were per-
formed according to instructions from the manufac-
turer. Sera were diluted between 1:100 and 1:500 and
IgM antibodies to copper-oxidized LDL, malondial-
dehyde modified (MDA)-LDL, and phosphoryl
choline-bovine serum albumin (PC-BSA) were
measured by chemiluminescent enzyme-linked
immunosorbent assay as previously described (23).
The animal studies were approved by the Malmoe/
Lund regional ethical committee (Sweden).

SAMPLE PREPARATION AND HISTOLOGIC ANALYSES.
The carotid arteries were fixed in Histochoice
(Amresco), embedded in paraffin, and sectioned at
5 pum. Carotid artery sections were stained with
Accustain trichrome (Masson) (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions to deter-
mine collagen content. Carotid artery sections were
immunohistochemically stained using antibodies
against Mac-2 (Cedarlane; Burlington, Ontario, Can-
ada) and IgM (Vector Laboratories, Cat. No: BA-2020).
Sections were deparaffinized and rehydrated in
xylene and a graded series of alcohols before heat-
induced antigen epitope retrieval was performed
(pH 6.0, 20 min). The InmPRESS HRP anti-rat (mouse
absorbed) polymer detection kit (Vector Laboratories,
MP-7444) was used for the MAC-2 staining procedure
according to the manufacturer’s instructions. The
Vectastain ABC-kit (Vector Laboratories, PK-6100)
was used for the IgM staining procedure according
to the manufacturer’s instructions. To detect
apoptosis in the plaques, the terminal deoxy-
nucleotidyl transferase deoxyuridine triphosphate
nick-end labelling (TUNEL) assay kit—HRP-DAB
(Abcam, ab206386)—was used according to the man-
ufacturer’s instructions, with the exception of inter-
changing the counterstain methyl green with Meyer’s
hematoxylin. Flat preparations of descending aortas
were stained with 0.3% Oil Red O for 50 min and
mounted with Mountquick (Daido Sangyo Co. LTD,
Tokyo, Japan). Immunohistochemically stained sec-
tions and flat preparations were scanned and digita-
lized using an Aperio ScanScope digital slide scanner
(Scanscope Console v8.2.0.1263, Aperio Technologies,
Vista, California). Image analysis was performed us-
ing BioPix iQ software (BioPixAB, Gothenburg, Swe-
den). The atherosclerotic carotid lesion size is
expressed as absolute area.
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STATISTICS. Values are given as mean #+ SD for var-
iables with normal distribution and as median and
interquartile 25th and 75th percentiles for skewed
variables. Statistical comparisons of baseline vari-
ables between cases and controls were performed
using univariable Cox proportional hazards regres-
sion models. In the experimental studies Student’s
t-test or the Mann-Whitney U test were used for sta-
tistical comparison between groups as appropriate.
The Spearman rank test was used to calculate corre-
lation coefficients. Kaplan-Meier plots and log rank
test were used to analyze associations of IL-5 tertiles
and IL-5 categories with coronary events and stroke.
Cox proportional hazards regression models adjusting
for the pre-specified covariates age, sex, current
smoking, body mass index (BMI), diabetes, LDL, and
high-density lipoprotein (HDL) cholesterol, tri-
glycerides, systolic blood pressure, and high-
sensitivity C-reactive protein (hsCRP) was used to
investigate the possible influence of other risk factors
on the associations of IL-5 tertiles and IL-5 categories
with coronary events and stroke. The proportional
hazards assumption was confirmed by visual inspec-
tion of the survival plots. In a sensitivity analysis we
excluded 24 prevalent cases of major adverse cardiac
events (MACE) to only study incident cases.
Competing risk regression according to Fine and Gray
(with deaths from causes unrelated to MACE or stroke
as competing events) was used to examine the asso-
ciation between plasma IL-5/leukocyte IL-5 and inci-
dence of MACE/stroke. Sub-hazard ratios (HRs) were
obtained with the adjustment for potential con-
founding factors. Logistic regression models for used
to adjust for the influence of conventional risk factors
on the association between IL-5 and presence of a
carotid plaque and the results presented as odds ra-
tios (ORs) with 95% confidence interval (CI). IBM SPSS
statistics version 22 was used for analyses of the
clinical data and GraphPad Prism version 7 for the
experimental data. A p value < 0.05 was considered
statistically significant.

RESULTS

ASSOCIATIONS OF IL-5 WITH RISK FOR DEVELOPMENT
OF MACE AND STROKE. Among the 696 study subjects,
a total of 142 MACE (fatal and nonfatal myocardial
infarction, coronary artery by-pass grafting, and
percutaneous coronary interventions) were identified
in national registers during a mean follow-up time of
15.7 & 6.3 years. Subjects with MACE were more often
males and suffered from diabetes (Table 1). They also
had higher baseline fasting glucose, hsCRP, and sys-
tolic blood pressure as well as lower HDL cholesterol.
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TABLE 1 Baseline Clinical Characteristics and Interleukin 5 Levels in Subjects With or Without a Major Adverse Cardiac Event or Stroke During Follow-Up
MACE Stroke
No Yes No Yes
(n =553) (n =143) HR (95% CI) p Value (n =574) (n =122) HR (95% CI) p Value

Age, yrs 65.6 + 1.1 65.7 +1.2 1.13 (0.97-1.31) ns 65.6 + 1.1 65.6 £ 1.2 1.00 (0.85-1.18) ns
Males, % 36.7 52.4 1.78 (1.29-2.45) <0.001 40.1 48.4 1.54 (1.08-2.20) ns
Current smokers, % 17.4 20.1 1.46 (0.97-2.21) ns 17.8 18.6 1.54 (0.97-2.46) ns
Diabetes, % 1.5 23.7 2.35 (1.59-3.47) <0.001 133 17.2 1.53 (0.94-2.48) ns
BMI, kg/m2 26.3 + 4.0 26.7 £ 3.9 1.03 (0.99-1.07) ns 263+ 4.0 26.3 +3.8 1.00 (0.96-1.05) ns
f-glucose, mmol/L 53+14 5.6 £2.0 1.13 (0.97-1.31) <0.001 53+14 56+18 1.15 (1.04-1.28) 0.009
LDL, mmol/L 44 +1.0 44 +1.0 0.99 (0.84-1.17) ns 45 +1.0 42 +11 0.80 (0.66-0.98) 0.028
HDL, mmol/L 14 + 04 1.3+£04 0.41 (0.24-0.69) 0.001 14 +£04 1.3+04 0.67 (0.39-1.16) ns
Triglycerides, mmol/l 1.3 (0.9-1.8) 1.3 (1.0-1.8) 1.16 (0.95-1.41) ns 1.3 (0.9-1.8) 1.3 (1.0-1.8) 1.17 (0.95-1.45) ns
Systolic BP, mm Hg 150 £ 19 155 + 20 1.02 (1.01-1.02) <0.001 151 + 20 152 £ 19 1.01 (1.00-1.02) ns
hsCRP, mg/L 1.6 (0.8-3.10) 1.7 (0.7-1.1) 1.04 (1.01-1.07) 0.005 1.6 (0.8-3.6) 1.5 (0.6-3.1) 1.03 (1.00-1.07) ns
Plasma IL-5, pg/ml 0.73 (0.50-1.36) 0.70 (0.47-1.14)  1.00 (1.00-1.01) ns 0.75 (0.50-1.34) 0.65 (0.47-1.26)  1.00 (1.00-1.01) ns
Leukocyte IL-5 release, pg/ml 3.8 (0-58.1) 4.6 (0-84.1) 1.00 (1.00-1.00) ns 4.40 (0-59.0) 3.1 (0-62.9) 1.00 (1.00-1.00) ns
Values are mean =+ SD or median (interquartile range). Statistical comparisons between cases and controls were done using univariable Cox proportional hazards regression models.

BMI = body mass index; BP = blood pressure; Cl = confidence interval; HDL = high-density lipoprotein; HR = hazard ratio; hsCRP = high-sensitivity C-reactive protein; IL = interleukin; LDL = low-density
lipoprotein; MACE = major adverse cardiac event.

There was no difference in plasma levels of IL-5 be-
tween those with and without MACE (Table 1). To
further investigate a possible association between IL-
5 and risk of MACE, we analyzed the release of IL-5
from activated peripheral blood mononuclear cells
(PBMCs). These PBMCs were isolated at the baseline
investigation and stored at -140°C with more than
95% of the cells remaining viable when thawed 20
years later (24). The cells were activated by exposure
to CD3/CD28 beads for 72 h followed by analysis of IL-
5 in the cell culture medium. Again, we found no
difference between those with or without MACE
(Table 1). Because IL-5 levels both in plasma and cell
medium were skewed, we categorized IL-5 levels into
low, medium, and high using the intervals 0 to 0.50,
0.51t01.00, and >1.00 pg/ml, respectively, for plasma
and 0, 0.1 to 20.0, and >20.0 pg/ml, respectively, for
cell-conditioned medium; these IL-5 categories
lacked association with risk of MACE (Figures 1A
and 1B). Controlling for age, sex, current smoking,
BMI, diabetes, LDL and HDL cholesterol, tri-
glycerides, systolic blood pressure, and hsCRP in Cox
proportional hazards regression models, there were
still no significant associations between IL-5 cate-
gories and risk of MACE (HR: 0.74; 95% CI: 0.46 to
1.17; and HR: 1.30; 95% CI: 0.87 to 2.10) for the highest
versus the lowest category for plasma and leukocyte
release of IL-5, respectively. There were 24 cases of
prevalent MACE at baseline. Excluding those did not
change the lack of association between IL-5 categories
and risk of MACE (HR: 0.69; 95% CI: 0.42 to 1.12 and
HR: 1.39; 95% CI: 0.92 to 2.12) for the highest versus
the lowest category for plasma and leukocyte release

of IL-5, respectively, using the same covariates in Cox
regression models as above. Adjusting plasma IL-5
levels for total circulating numbers of CD4" T cells
(10° cells/ml of blood) did not affect the lack of as-
sociation between IL-5 and MACE (data not
shown). The adjusted sub-HR, taking into account
deaths from other causes unrelated to MACE,
remained nonsignificant.

There were 122 cases of incident stroke during the
follow-up period. There was no difference in plasma
levels of IL-5, or the release of IL-5 from activated
PBMCs, between those with and without incident
stroke (Table 1). There were also no associations be-
tween IL-5 categories and risk for development of
stroke (Figures 1C and 1D), and this remained the same
when controlling for the same covariates as above in
Cox proportional hazards regression models. The
adjusted sub-HR, taking into account deaths from
other causes unrelated to stroke, also remained
nonsignificant.

LOW PLASMA LEVELS OF IL-5 IS ASSOCIATED WITH
PRESENCE OF CAROTID PLAQUES. To study the
possible association of IL-5 with atherosclerosis
severity, we determined how the presence of a plaque
in the right carotid bifurcation at baseline related to
plasma levels and PBMC release of IL-5. A plaque was
defined as a focal thickening of the intima-media
layer >1.2 mm and a plaque area >10 mm?. Subjects
with carotid plaques (n = 324) had higher plasma
levels of IL-5, whereas there was no significant dif-
ference for the release of IL-5 from activated PBMC
between those with and without a carotid plaque
(Table 2). Similar findings were made when adjusting
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FIGURE 1 Kaplan-Meier Plots
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Kaplan-Meier plots showing the associations of intervals of (A) plasma interleukin (IL)-5 and (B) IL-5 released from activated leukocytes and major adverse cardiac

events (MACE) as

identified using the log rank test.

well as the associations of intervals of (C) plasma IL-5 and (D) IL-5 released from activated leukocytes and stroke. No significant associations were

plasma IL-5 levels for total circulating numbers of
CD4™ T cells (Table 2). When adjusting for age and sex
in a logistic regression model, those in the highest
plasma IL-5 category (>1.0 pg/ml) had a decreased OR
for the presence of carotid plaque of 0.63 (95% CI:
0.42 to 0.94; p = 0.023). However, this association
became of borderline significance when also
including current smoking, diabetes, LDL cholesterol,
HDL cholesterol, and systolic blood pressure in the
model (OR: 0.65; 95% CI: 0.42 t0 1.00; p = 0.05). There
was no significant association between plasma IL-5
and the IMT of the common carotid artery
(r -0.06, p = 0.124). The plasma levels of IL-5

decreased with age and correlated with hsCRP, but

otherwise the IL-5 levels did not correlate significantly
with cardiovascular risk factors (Table 3).

Plasma levels of IL-5 were inversely related to the
number of CD8' T cells in the blood, but there were
no significant associations with other T cell subsets
including the number of Th2 (IL-4%/CD4") cells
(Table 3). When comparing the release of IL-5 from
activated leukocytes, we instead found significant
positive associations with both the number of CD4"
and CD8" T cells in the blood (Table 2). Finally, we
determined the association between IL-5 and 2
different oxidized LDL-specific IgM antibodies and
found a weak significant association between IL-5
released from activated leukocytes and IgM against
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the MDA modified p45 sequence (amino acids 661-
680) of apolipoprotein B-100 (Table 2). There was no
significant association between the release of IL-5
from activated leukocytes and IL-5
(r = 0.01; p = 0.845).

IL-5 DEFICIENCY IS ASSOCIATED WITH INCREASED
FORMATION OF PLAQUES AT SITES OF OSCILLATORY
STRESS IN APOE~/~ MICE. The clinical observations
described above imply an association between IL-5
and atherosclerotic plaque formation at sites of
oscillatory blood flow (carotid bifurcation), but not at
sites with laminar flow (common carotid artery). To
investigate the possible interaction between blood
flow patterns, IL-5, and plaque formation, we gener-
ated IL5 7 Apoe”~ mice and applied a cast to the
right carotid artery that generates a laminar, low
shear stress proximal to the cast, and an oscillatory
flow distal to the cast. This model generates lipid-
rich, inflammatory plaques at the proximal site,

in plasma

whereas plaques at the distal site become more
fibrous (Figure 2A). IL5 7/ Apoe~ mice developed
larger plaques at the site with oscillatory flow than
Apoe™~ mice with intact IL-5 expression. There were
no differences in plaque size at the site with low
shear, laminar flow (Figure 2B). IL-5 deficiency did not
affect the macrophage and collagen content in pla-
ques at either site (Figures 2C and 2D). Atherosclerosis
in the descending aorta, a site where blood flow also
is predominantly laminar with high shear stress, was
assessed by en face staining with Oil Red O. Again, we
found no difference between IL57/~Apoe”~ and
Apoe~’~ mice (Figure 2E). IL-5 deficiency did not affect
plasma levels of IL-6, monocyte chemotactic protein-
1, tumor necrosis factor-a, IL-10, IL-13, and IL-17,
suggesting that the IL-5-deficiency has no effect on
systemic inflammation (data not shown). It also was
without effect on plasma cholesterol and triglyceride
levels (Figures 3A and 3B). IL-5 is known to stimulate
the synthesis of the natural, germline-encoded IgM
antibodies that facilitates the removal of certain
micro-organisms, apoptotic cells, and oxidized LDL.
In accordance, IL-5-deficient mice had lower levels of
IgM against oxidized LDL, whereas there were no
differences in IgM against phosphoryl choline or MDA
(Figures 3C to 3E). The lower levels of IgM against
oxidized LDL in IL-5-deficient mice were not associ-
ated with reduced accumulation of IgM or an
increased presence of apoptotic cells in carotid pla-
ques (Figures 4A and 4B).

DISCUSSION

In the present study, we found no association be-
tween plasma levels of IL-5 at baseline and the risk for
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TABLE 2 Baseline Clinical Characteristics and Interleukin 5 Levels in Subjects With or

Without a Plaque in the Carotid Bifurcation at Baseline

Carotid Plaque

No Yes

(n = 339) (n =324) p Value
Age, yrs 65.7 £ 1.1 655+ 1.2 ns
Males, % 389 43.5 ns
Current smokers, % 12.0 24.3 <0.001
Diabetes, % 12.4 15.6 ns
BMI, kg/m? 26.5 + 3.8 25.8 +3.7 <0.018
f-glucose, mmol/L 5.28 +1.28 546 +1.72 ns
LDL, mmol/L 4.34 + 0.98 4.47 +1.05 ns
HDL, mmol/l 137 £ 0.36 1.37 £ 0.38 ns
Triglycerides, mmol/L 1.21 (0.90-1.75) 1.31 (0.95-1.81) ns
Systolic BP, mm Hg 149 £ 20 153 + 20 <0.009
hsCRP, mg/L 1.60 (0.80-3.10) 1.60 (0.70-3.10) ns
Plasma IL-5, pg/ml 0.81(0.50-1.43) 0.67 (0.49-1.13) <0.037
Plasma IL-5/10° CD4" T cells 1.65 (0.96-3.19) 1.35 (0.77-2.80) <0.046

Leukocyte IL-5
Release, pg/ml

3.47 (0-42.2)

4.58 (0-103.1)

ns

Values are mean + SD or median (interquartile range). Student's t-test or the Mann-Whitney U test was used

statistical comparison as appropriate.

Abbreviations as in Table 1.

development of coronary events during a follow-up
period of more than 15 years. There was also no as-
sociation between the release of IL-5 from activated
leukocytes and the risk of coronary events. Accord-
ingly, IL-5 is likely not a clinically useful marker of

TABLE 3 Associations of Interleukin 5 With Cardiovascular Risk
Factors and T Cell Subsets
PBMC IL-5
Plasma IL-5 p Value Release p Value
Risk factors
Age —0.07 ns -0.m 0.006
BMI 0.03 ns 0.01 ns
f-glucose 0.00 ns 0.05 ns
LDL 0.00 ns 0.04 ns
HDL —0.05 ns -0.07 ns
Triglycerides —0.05 ns 0.04 ns
hsCRP 0.10 0.015 0.04 ns
T cell subtypes
CD4" T cells -0.07 ns 0.13 0.001
Th1 T cells -0.02 ns 0.13 0.001
Th2 T cells 0.04 ns 0.05 ns
Regulatory T cells -0.03 ns -0.03 ns
CD8" T cells -0.13 0.001 0.13 0.001
Oxidized LDL IgM
MDA-p45 0.06 ns 0.09 0.036
MDA-p210 0.01 ns —0.04 ns
Correlations are shown as Spearman rank correlation coefficients. The values for T
cell subsets used in the analyses are the total numbers of each subset per milliliter
of blood.
PBMC = peripheral blood mononuclear cell; other abbreviations as in Table 1.
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FIGURE 2 Effect of Interleukin 5 Deficiency on Atherosclerotic Plaque Formation in Apoe /~ Mice
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FIGURE 3 Effect of Interleukin 5 Deficiency on Plasma Lipids and Low-Density Lipoprotein-Associated Autoantibodies
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cardiovascular risk. Although the present observa-
tional studies do not allow any conclusions regarding
causal relationships to be made, our findings do not
support an important protective role of IL-5 in CVD.
They are also not in line with the observations from
the PROCARDIS (Precocious Coronary Artery Disease)
study in which subjects with prevalent CVD had
higher IL-5 levels indicating a potential harmful role
of IL-5 (15). Possible explanations to the finding of
higher plasma levels of IL-5 in subjects with prevalent
coronary heart disease could be that protective IL-5
responses are activated as a result of a more severe
atherosclerosis in these subjects or that they have a
general activation of immunity. However, the present
observation that subjects with a plaque in the carotid
bulb have lower plasma levels of IL-5 argue against

this possibility. In a study, involving 1,011 middle-
aged Finnish subjects Sdmpi et al. (25) also found
that high plasma levels of IL-5 were associated with a
smaller IMT in carotid bulb but not in the common
carotid artery. Accordingly, both this and our study
found that high levels of IL-5 is associated with less
atherosclerosis in the carotid bulb, observations
which are more in accordance with the atheropro-
tective effects of IL-5 found in experimental studies
(12-14). In both studies, the inverse association be-
tween IL-5 and atherosclerosis was only observed in
the carotid bulb, but not in the common carotid ar-
tery, suggesting that it may be dependent on the
pattern of blood flow. Blood flow in the common ca-
rotid artery is laminar, producing a high shear stress
that is anti-inflammatory and has an anti-atherogenic

FIGURE 2 Continued

(A) To induce plaque formation in Apoe ™~ and IL5~/~Apoe ™/~ mice a cast with a fixed geometry was applied to the right carotid artery generating a
laminar, low shear stress proximal to the cast and an oscillatory flow distal to the cast. (B) IL5/~Apoe~ mice developed larger plaques at the site with
oscillatory flow than Apoe ™~ mice with intact interleukin 5 (IL-5) expression. There were no differences in plaque size at the site with low shear, laminar
flow. (C, D) IL-5 deficiency did not affect the macrophage or collagen content in plaques at either site. (E) Atherosclerosis in the descending aorta, a site
where blood flow also is predominantly laminar, was assessed by en face staining with Oil Red O. No difference was found between IL5~~Apoe~~ and
Apoe ™~ mice. Graphs are plotted as median with interquartile range. The p values were calculated using the Mann-Whitney U test.
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FIGURE 4 Effect of Interleukin 5 Deficiency on Immunoglobulin M Accumulation and Apoptosis
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sites or in the oscillatory flow sites. Representative images of the IgM stain and TUNEL stain are shown under the respective graphs. IgM is shown in brown and TUNEL
positive cells are shown with black arrows. Graphs are plotted as median with interquartile range. p values were calculated using the Mann-Whitney U test.

effect. In contrast, the arterial bifurcation in the ca-
rotid bulb results in an oscillatory flow and reduced
shear stress that is known to activate inflammatory
responses and promote atherogenesis (22,26,27). To
further investigate how blood flow patterns and shear
stress influence the effect of IL-5 on plaque develop-
ment, we generated IL5/~Apoe™~ mice and induced
different shear stress patterns by implanting a shear
stress modifier cast around 1 of the carotid arteries. At
the distal site of the cast, where an oscillatory blood
flow results in formation of predominantly fibrous
lesions, there was increased plaque development in
IL5/~Apoe™~ mice as compared to IL-5 competent
Apoe™~ mice. Proximal to the cast, where a laminar
but low shear stress flow accelerates the formation of
lesions rich in lipid and inflammatory cells, IL-5

deficiency did not affect plaque development. This
observation suggests that the atheroprotective effect
of IL-5 primarily is effective at sites with oscillatory
blood flow. This is also well in line with the clinical
observations of an inverse association between IL-5
and atherosclerosis in carotid bulb but not in the
common carotid artery. It should be kept in mind that
the low shear stress created by the carotid cast in the
mouse model primarily is representative of the flow
pattern proximal to a large plaque significantly
reducing the blood flow in humans and did thus not
correspond to the carotid blood flow patterns in our
clinical study. The site-specificity of the atheropro-
tective effect of IL-5 is intriguing. Because there is no
evidence that IL-5 in itself has direct influence on
plaque development, it can be assumed that IL-5 is



JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 8, 2019
DECEMBER 2019:891-902

atheroprotective through stimulation of the expres-
sion of natural antibodies. Arterial bifurcations
generate oscillatory blood flow resulting in impaired
endothelial ability to exclude lipoprotein infiltration
(28). As a result, there is commonly subendothelial
aggregation and oxidation lipoproteins at such sites. It
is possible that natural antibodies are particularly
important for the clearance of such lipoproteins. We
did not find evidence for reduced accumulation of
total IgM in the plaque of IL5/~Apoe ™~ mice, but this
does not exclude reduced accumulation of certain
subtypes of IgM such as natural antibodies.

Several experimental studies have shown a func-
tional role for IL-5 in the expression of natural anti-
bodies binding to oxidized LDL (5,29). The present
observation of reduced levels of IgM recognizing
oxidized LDL in IL5~~Apoe™~ mice add further sup-
port to this notion. The relative importance of this
pathway for expression of natural antibodies in
humans is less well characterized. Sdmpi et al. (25)
found a correlation between plasma IL-5 and IgM
against both oxidized and MDA-modified LDL in
middle-aged Finnish cohort. In the present study, we
observed an association between IgM reacting with the
MDA-modified p45 amino acid sequence of apolipo-
protein B-100. We have previously shown that low
levels of this autoantibody is associated with an
increased risk for myocardial infarction (30). This
could represent a possible mechanism through which
IL-5 could be atheroprotective in man, but this notion
remains speculative.

There are some limitations of the present study that
should be considered. In the clinical study, we only
had access to IL-5 values from a single time point (e.g.,
the baseline investigation). There is no published data
on how the plasma level of IL-5 varies over time in the
same individual. A study where blood samples were
repeatedly drawn from healthy volunteers during a

Knutsson et al.
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2-month period found correlations coefficients
ranging from 0.6 to 0.9 for IL-1, IL-6, and IL-8 sug-
gesting that plasma cytokine levels in healthy in-
dividuals are relatively stable (31). Furthermore, it
cannot be excluded that the long storage period
affected the possibility to correctly analyze plasma IL-
5. Finally, the cohort used in the present study may
have been too small for identification of associations
between IL-5 and cardiovascular risk.

In conclusion, we applied a translational
approach to study the role of IL-5 in CVD. We
found evidence for a protective role of IL-5 in the
development of atherosclerotic plaques at sites of
oscillatory blood flow but found no evidence that
this was associated with a reduced risk of cardio-
vascular events.
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