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Low MT7-CO1 in Monocytes and Microvesicles Is Associated With

Outcome in Patients With Coronary Artery Disease

Paul Holvoet, PhD, FAHA; Maarten Vanhaverbeke, MD; Katarzyna Bloch, PhD; Pieter Baatsen, PhD; Peter Sinnaeve, MD, PhD;
Stefan Janssens, MD, PhD

Background—Cytochrome oxidase (COX) IV complex regulates energy production in mitochondria. Impaired COX gene expression
is related to obesity and type 2 diabetes mellitus, but whether it is directly related to the incidence of cardiovascular events is
unknown. We investigated whether COX gene expression in monocytes is predictive for cardiovascular events in coronary artery
disease patients. To avoid monocyte isolation from fresh blood, we then aimed to validate our findings in monocyte-derived
microvesicles isolated from plasma.

Methods and Results—We enrolled 142 consecutive patients undergoing diagnostic coronary angiography between June 2010
and January 2011 and followed 67 patients with stable coronary artery disease prospectively for at least 3 years. Twenty-two
patients experienced a new cardiovascular event (32.8%). Circulating CD14" monocytes and microvesicles were isolated with
magnetic beads, and COX mRNA levels were measured with quantitative polymerase chain reaction, after normalization with 5
validated house-keeping genes. Patients in the lowest tertile of mitochondrial cytochrome oxidase, subunit | (MT-CO/) in monocytes
at baseline had a higher risk for developing a new event after adjusting for age, sex, (ex)smoking, body mass index, blood pressure,
diabetes mellitus, low-density lipoprotein— and high-density lipoprotein—cholesterol, triglycerides, high-sensitivity C-reactive
protein, interleukin-6, and number of diseased vessels (harzard ratio [HR], 3.95; 95% CI, 1.63-9.57). Patients in the lowest tertile of
MT-COI in monocyte-specific microvesicles had also a higher risk of developing a new event (adjusted HR, 5.00; 95% CI, 1.77—-14).

Conclusions—In the current blinded study, low MT-CO/ in monocytes of coronary artery disease patients identifies a population at
risk for new cardiovascular events. For the first time, we show that signatures in monocyte-specific microvesicles in plasma have
similar predictive properties. (/ Am Heart Assoc. 2016;5:e004207 doi:10.1161/JAHA.116.004207)
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C oronary artery disease (CAD) is a lifelong process
resulting from the interaction of many risk factors,
environmental influences, and genetic predisposition. Although
the careful evaluation of medical history and standard risk
factors provides essential information, risk identification is
aggravated by interindividual differences, complex interplay
between different risk factors, and risk modifications attributed
to medical therapies. After addressing the conventional risk
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factors, some patients still have a high residual cardiovascular
risk. In light of these limitations, alternative and refined risk
stratifiers are desirable. Because inflammation contributes to
the development of atherosclerosis and CAD, the inflammatory
marker, high-sensitivity C-reactive protein (hs-CRP), has been
proposed as a possible noninvasive parameter that could
reflect the cumulative cardiovascular burden as well as the
responsiveness to therapies.' In addition, various cell-surface
receptors on monocytes allowed characterization of different
monocyte subsets with differences in association with CAD.*?
However, data on gene signatures in human monocytes, which
are associated with incident CAD manifestations, are sparse.
It has been proposed that mitochondrial dysfunction result-
ing in mitochondrial oxidative stress contributes to develop-
ment of age-related metabolic changes and CAD.* Dysfunction
of the cytochrome oxidase (COX) IV complex, the terminal node
and rate-limiting step in the mitochondrial electron transport
chain, is associated with mitochondrial oxidative stress,s'6 a
condition associated with obesity, metabolic syndrome, and
type 2 diabetes mellitus (T2DM).”® The bigenomic COX IV
complex is composed of 13 subunits. The mitochondrial
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genome encodes subunits 1, 2, and 3, which form the catalytic
core of the complexg; the others are nuclear encoded.
Mitochondrial cytochrome c oxidase, subunit | (MT-COI) is the
first gene in the polycistronic mitochondrial DNA, and a single
missense mutation in mouse MT-CO/ was associated with loss
of COX activity, '° despite normal assembly of the complex IV. "
Cytochrome c oxidase subunit IV isoform 1 (COX411) is required
for the allosteric feedback inhibition of the enzyme by its
indirect product, ATP.'#'3 Cytochrome oxidase 10 (COX10) is
required for COX biogenesis.'* Recently, we found that low
COX411 and low COX70 were associated with obesity and
T2DM, 2 risk factors for CAD.'® However, the association of
COX genes with CAD or with outcome in CAD patients has never
been investigated. We therefore tested here the association of
these genes in peripheral blood monocytes with incident CAD.
Although we found that detection of MT-CO/ in peripheral blood
monocytes is feasible and that low MT-CO/ in monocytes is
associated with a higher risk of a new event, a critical limitation
of monocytes for diagnostic use is that they have to be isolated
freshly from blood and that basically no sizeable biobanks are
available. Therefore, we also investigated CD 14" microvesicles,
which can be isolated from plasma. Microvesicles in general,
and exosomes together with their delivered content in partic-
ular, have been proposed to be key players in atherosclero-
sis,'®'” for example, by mediating monocyte and endothelial
cell activation and response to inflammation, vessel infiltration,
and induction of coagulation.'® Hence, microvesicles and
exosomes are considered as novel sources for plasma-derived
markers.'”%° For the first time, we show that a gene signature
in CD14" monocytes and in CD 14" microvesicles show a similar
association with incident CAD.

Methods

Patients and Follow-up

This study complies with the Declaration of Helsinki, and the
study protocol was approved by the Medical Ethics Committee
of the University Hospital Leuven (Leuven, Belgium). This study
was approved by the institutional review board. All participants
gave written informed consent. Consecutive patients undergo-
ing quantitative coronary angiography (QCA) between June 8,
2010 and January 21, 2011 were prospectively enrolled by 2
physicians (P.S., S.).). Patients with a history of cancer, renal
insufficiency, inflammatory disease, treatment with corticos-
teroids or immunosuppressive drugs, and significant valvular
disease were excluded. Presence of CAD was defined as an
epicardial coronary stenosis of at least 30% in at least 1 of the
coronary arteries. All QCAs were independently analyzed at a
central angiography core lab by 2 experienced readers who
were unaware of patient identity and clinical conditions.
Localization and extent of luminal narrowing was assessed for

the 15 segments of the major coronary arteries. At least 3-year
follow-up was planned. New cardiovascular events were defined
as cardiovascular death, recurrent myocardial infarction (Ml),
ischemic stroke, or recurrent ischemia requiring hospitaliza-
tion. For an exploratory post-hoc analysis, we later (April 2016)
obtained monocytes from 10 additional acute MI (AMI) patients
(in addition to 11 patients in the first cohort).

Isolation of Monocytes and Microvesicles

CD14" monocytes were isolated from the Histopaque-1077
leukocyte fraction using CD14 microbeads and an large
separation (LS) column in a Midi-Magnetic Cell Isolation
Separator (MACS; Miltenyi Biotec, Cambridge, MA), as
previously published.?’ Only monocytes that were isolated
within 2 hours of blood sampling were analyzed further. The
method for isolation of monocyte-derived microvesicles was
adapted from this method. Plasma was freshly frozen and
stored in aliquots at —80°C. Microvesicles were isolated from
plasma that was thawed at the time of microvesicle isolation.
Plasma (1 mL) was centrifuged at 10 000g for 10 minutes at
4°C and supernatant was collected for isolation of microvesi-
cles. For positive selection of CD14" microvesicles, 20 uL of
CD14" microBeads (human, Miltenyi 130-050-201; Miltenyi
Biotec) were added to the supernatant and incubated for
30 minutes in the dark at 4°C. The sample was diluted 2x in
DPBS (14190; Gibco, Grand Island, NY) and applied to an LS
column (Miltenyi 130-042-201; Miltenyi Biotec). The column
was washed 3x with 500 pL of DPBS, removed from the
separator, and placed on a 15-mL collection tube. Five
hundred microliters of DPBS was put onto the column and
magnetic-labeled microvesicles were flushed out by firmly
pushing the plunger into the column. Five hundred microliters
were collected in a RNAse-free tube and stored at —80°C.

Total exosomes were isolated from plasma with size-
exclusion chromatography (SEC), as described previously.??
Briefly, a 1.5-mL aliquot of plasma was applied to a 10-mL
syringe packed with Sepharose 2B (Sigma-Aldrich, St. Louis,
MO). Next, 0.5-mL fractions were eluted with PBS. Exclusion
volume fractions (nos. 7, 8, 9, and 10) were collected.
Typically, these fractions contain less than 5% of high-density
lipoprotein (HDL) and less than 1% of protein (4.8+£1% and
0.65+0.3%, respectively). HDL was present mainly in frac-
tions 18 to 20 (32+2% of total) and protein in fractions 19 to
21 (36+£2% of total).

Nanoparticle Tracking Analysis and Electron
Microscopy
Concentration and size distribution of particles in exosome

samples were measured with Nanoparticle Tracking Analysis
(NTA) NanoSight (LM 10; Nanosight, Amesbury, UK), equipped
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with an electron multiplying charge coupled device camera, a
488-nm laser, and a sample loading pump. Silica beads
(100-nm diameter; Microspheres-Nanospheres, Cold Spring,
NY) were used to configure and calibrate the instrument.
Samples were diluted 2- to 10-fold in PBS to reduce the
number of particles in the field of view below 200/image. Of
each sample, 6 videos, each of 30-seconds duration, were
captured with the camera shutter set at 33.31 ms and the
camera gain set at 400. All samples were measured using the
same detection threshold.

For studying microvesicles by electron microscopy (EM),
samples were prepared by both negative staining for
conventional observation, or plunge-frozen for cryo-transmis-
sion electron microscopy (cryo-TEM). For negative staining,
3 pL of thawed sample was deposited on glow-discharged
carbon-coated 400 mesh copper grids for 1 minute. Subse-
quently, grids were washed briefly 3x on drops of MilliQ
filtered H,0 and stained for 1 minute with 1% filtered uranyl
acetate in H,0. After blotting and drying, grids were observed
in a JEOL JEM2100, equipped with a Gatan ultrascan 1 Mpxl
camera (JEOL USA, Inc., Peabody, MA). For cryo-TEM,
samples were vitrified with an ethane plunge-freezer (EMBO,
Precision Engineering, Heidelberg, Germany). To this end,
2.5 pL of sample were applied to a glow-discharged carbon-
coated 300 mesh lacey grid held by the plunger forceps,
incubated for 30 seconds, blotted for 3 seconds, plunged
into liquid ethane (—180°C), and stored in liquid nitrogen.
Grids were loaded into a Gatan 914 high-tilt cryo-holder and
observed in a JEOL JEM1400 at 80 kV equipped with an
Olympus SIS Quemesa 11Mpxl camera (JEOL USA, Inc.).
Images were taken under low-dose conditions, limiting
exposure of the region of interest to 1000 electrons per nm?.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction Analysis

RNA isolation from monocytes and cDNA transcription was
performed at KU Leuven as described previously.'®

For analysis of gene expressions in microvesicles,
Biogazelle isolated RNA from microvesicles, prepared at KU
Leuven, using the miRNeasy serum/plasma kit (Qiagen,
Hilden, Germany) following the manufacturer instructions.
Previously, it was shown that a single freeze/thaw process
had no significant effect on RNA integrity and quantity of
plasma RNA.>> RNA concentration (mean, 20 ng/uL) was
determined using the NanoDrop 2000 UV-Vis spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA). cDNA
synthesis was performed using the iScript Advanced cDNA
Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) with 15 pL
of total RNA. Before cDNA quantification in microvesicles, a
gene-specific PCR-based preamplification step consisting of
12 cycles was performed using PreAmp Supermix (Bio-Rad

Laboratories). A total of 25 ng of cDNA (total RNA equiva-
lents) was used as input in each preamplification reaction. The
preamplified cDNA product was diluted 1:5 before gene
expression profiling. The quality of the preamplified cDNA was
assessed on all samples by means of 2 different human
universally expressed genes. Blinded RNA analysis of extracts
of microvesicles was performed using TagMan RNA assays
from Life Technologies by Biogazelle (Ghent, Belgium). gbase+
software was used for polymerase chain reaction (PCR)
efficiency correction, multiple reference gene normalization,
inter-run calibration and error propagation, and quality control
on the post-gPCR (quantitative PCR) data.?* For normalization,
a set of 5 reference genes were identified: B2M (beta-2-
microglobulin); PPIA (peptidylprolyl isomerase A); RPL13A
(ribosomal protein L13a); RPS18 (ribosomal protein S18); and
YWHAZ (tyrosine 3-monooxygenase/tryptophan 5-monooxy-
genase activation protein, zeta). Reverse-transcription PCR
analysis was performed as previously published.'*? Table 1
shows MIQE contexts and interval of genes. Replicate
variability was within the set limit of 0.5 cycles for 98.2% of
sample-target combinations in monocytes and for 94.27% of
sample-target combinations in microvesicles. Forward primer
for measuring CD74 expression was CACACTCGCCTGCCT
TTTC; reverse primer was GCCCAGTCCAGGATTGTCA.

Other Measurements

Total and HDL-cholesterol (HDL-C) and triglyceride (TG) levels
were determined with enzymatic methods (Boehringer Man-
nheim GmbH, Mannheim, Germany). Low-density lipoprotein
(LDL)-cholesterol (LDL-C) levels were calculated with the Friede-
wald formula. Plasma glucose was measured with the glucose
oxidase method (on a Vitros 750XRC; Johnson & Johnson,
Raritan, NJ) and insulin with an immunoassay (Biosource
Technologies Inc., Vacaville, CA). Adiponectin (ADN), oxidized
LDL (ox-LDL), and interleukin (IL)-6 were measured with ELISA
(Mercodia AB [Uppsala, Sweden] and R&D Systems [Minneapolis,
MN]). hs-CRP (Beckman Coulter, Brea, CA) was measured on an
Image 800 Immunochemistry System and high-sensitivity
troponin T on a Modular E system (Roche Diagnostics,
Indianapolis, IN). All laboratory assessments were performed
without knowledge of clinical data. Hypertension was defined as
systolic blood pressure (SBP) >140 mm Hg or diastolic blood
pressure (DBP) >90 mm Hg based on 3 consecutive seated
measurements or therapy with antihypertensive medication and
diabetes mellitus as fasting serum glucose levels>125 mg/dL or
therapy with oral hypoglycemic agents or insulin.

Statistical Analysis

Two groups of continuous variables with normal distribution
were compared with the Student ¢ test; 2 groups of
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B2M, PPIA, RPL13A, RPS18, and YWHAZ were used as reference genes for normalizing expressions of MT-COl, COX411, COX10, and TFAM. B2M indicates beta-2-microglobulin; COX 10, cytochrome oxidase 10; COX411, cytochrome c oxidase

subunit IV isoform 1; MT-COI, mitochondrial cytochrome c¢ oxidase, subunit I; PPIA, peptidylprolyl isomerase A; RPL13A, ribosomal protein L13a; RPS18, ribosomal protein S18; TFAM, mitochondrial transcription factor; YWHAZ, tyrosine

3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide.

continuous variables without normal distribution were com-
pared with the Mann-Whitney U test. Three groups of
continuous variables without normal distribution were com-
pared with the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. For comparison of categorical data, Fisher’s
exact test was used (GraphPad Prism 6; GraphPad Software
Inc., La Jolla, CA). Kaplan—Meier survival plots were generated
to study the association between MT-COI (tertiles) and the
time until participants developed a first new event. Because
Kaplan—Meier analysis showed that patients with low MT-CO/
developed a new event earlier, we also performed Cox
proportional hazard regression analysis using 6 models.
Model 1 is unadjusted. Model 2 is adjusted for age, sex,
and (ex)smoking. Model 3 is adjusted for model 2 covariates
and for body mass index (BMI), blood pressure (BP), and
T2DM. Model 4 is adjusted for model 3 covariates and for
HDL- and LDL-C and TG. Model 5 is adjusted for model 4
covariates and hs-CRP and IL-6. Model 6 is adjusted for model
5 covariates and number of diseased vessels. We also
performed multivariable logistic regression analysis with the
first new event as outcome using a model that contained
MT-COI in microvesicles and MT-CO/ in monocytes together
with all covariates in multivariate model 6 described above.
Kaplan—Meier, Cox proportional hazard regression, and mul-
tiple regression analysis were performed with MedCalc
statistical software (MedCalc, Ostend, Belgium) for biomedical
research. P values of less than 0.05 were considered as
statistically significant.

Results

Patients and Follow-up

We obtained monocytes from 142 consecutive patients
between June 8, 2010 and January 21, 2011 within 2 hours
of blood sampling. Thirty-seven patients were excluded from
the present analyses: 18 had valvular disease, 9 had cancer, 3
had renal insufficiency, 2 had inflammatory disease, and 3
were treated with corticosteroids and 2 with immunosup-
pressive drugs. Of the remaining 105 patients, 27 had no
CAD, 67 had stable CAD, and 11 had an acute coronary
syndrome (ACS): 8 had ST elevation Ml (STEMI) and 3 non-
STEMI. Intraobserver variability of QCA of observer 1 ranged
from —6.6% to 6.6% (95% Cl) and —8.0% to 7.5% for observer
2. Interobserver variability ranged from —10.4% to 9.6%. This
variability was not influenced by vessel size.

Patients with stable CAD were followed up for at least
3 years. Twenty-two patients (32.8%) experienced at least 1
new cardiovascular event: cardiovascular death (n=2);
ischemic stroke (n=2); recurrent MI (n=1); and recurrent
ischemia requiring hospitalization (n=17, of which 1 patient
had in-stent restenosis). Characteristics of CAD patients with
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and without a new event are shown in Table 2. There was no
difference in baseline characteristics, except that patients
with a new event were younger (P=0.021) and had lower ADN
(P=0.037).

Characterization of Monocytes and Microvesicles

Purity of isolated CD14" monocytes was >95%, as previously
published.?’ Numbers of CD 14" monocytes isolated from 1 mL
of blood were similar for CAD patients without and with a new

Table 2. Demographic and Clinical Characteristics of CAD
Patients According to New Event

Without Event With Event P
(n=45) (n=22) Value

Diseased vessels (1, 2, 3; n) 14,17, 14 3,11, 8 0.297
Age, y 58+6.4 54+7.6 0.021
Sex (n male) 31 15 0.735
SBP, mm Hg 142419 139419 0.544
DBP, mm Hg 80+12 79+13 0.651
Smoker; ex-smoker, n 13;23 6;10 0.459
BMI, kg/m? 27429 26+4.3 0.322
Hypertension, n 35 14 0.220
T2DM, n 7 3 1.00

Leptin, ng/mL 10+9.1 9.6+6.8 0.724
ADN, pg/mL 8.1+4.7 114+7.2 0.037
HOMA-IR 7.6+8.7 6.4+8.2 0.607
TG, mg/dL 148+90 118454 0.149
LDL-C, mg/dL 88431 90+31 0.813
HDL-C, mg/dL 44+11 44412 0.976
IL-6, pg/mL 3.2+1.8 3.5+2.2 0.661
hs-CRP, mg/L 3.0+£2.7 24424 0.370
ox-LDL, IU/L 46+19 52420 0.289
Metformin use, n 4 2 0.978
Insulin use, n 2 1 0.985
ACE-inhibitor use, n 14 3 0.101
Angiotensin-Il-receptor 6 3 0.972

antagonist use, n

Beta-blocker use, n 21 11 0.929
Ca-antagonist use, n 9 4 0.793
Statin use, n 29 18 0.120
No. of monocytes, x10° 2.61+1.37 2.29+0.97 | 0.256

Data shown are means=SD. For continuous variables with normal distribution, the
Student ¢ test was used; for categorical data, Fisher’s exact test was used. ACE indicates
angiotensin-converting enzyme; ADN, adiponectin; BMI, body mass index; CAD, coronary
artery disease; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein
cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP,
high-sensitivity C-reactive protein; IL, interleukin; LDL-C, low-density lipoprotein
cholesterol; ox-LDL, oxidized low-density lipoprotein; SBP, systolic blood pressure;
T2DM, type 2 diabetes mellitus; TG, triglycerides.

cardiovascular event (Table 2). For CD14" microvesicles, the
representative distribution profiles obtained with Malvern
Nanoparticle Tracking Analysis (NanoSight) system is shown
in Figure 1. Peak sizes were around 110 nm and were not
different between CAD patients with and without a new event.
Mean concentration of CD14" microvesicles in analyzed
fractions with size ranging from 30 to 200 nm was
~5x 10°/mL compared to 5x 10°/mL in fractions ranging in
size from 500 to 750 nm. Cryo-EM showed that most
microvesicles ranged in size between 40 and 100 nm and
thus were exosomes?®?” (Figure 1). Others ranged in size
between 100 and 200 nm; we cannot exclude that they might
be the result of fusion of exosomes. Also, the number of
microvesicles isolated from 1 mL of plasma was not different
between CAD patients with and without a new event (Figure 1).

We tested longitudinal stability of RNA expression in serial
samples of monocytes obtained from 12 persons at weeks 0,
1, and 2. Blood monocytes were isolated freshly, RNA was
extracted, and MT-COI/, COX4l1, and COX70 expression was
measured by gPCR. At week 1, expression of MT-CO/ was
1.014+0.11 (mean+SD), that of COX70 1.01£0.13, and that
of COX4/7 1.014+0.11. At week 2, expression of MT-COI was
1.01£0.15, that of COX70 1.01+£0.13, and that of COX4/1
1.0140.11. At week 3, expression of MT-CO/ was 1.02+0.15,
that of COX70 1.01+0.14, and that of COX4/7 1.01£0.10. P
value, determined by a repeated-measures test, was 0.89 for
MT-COI, 0.96 for COX4l1, and 0.95 for COX10. Receiver
operating characteristic curves of weeks 0, 1, and 2 were
compared. Mean areas under curves (AUCs) were 0.53 for
MT-COI, 0.54 COX4l1, and 0.56 for COX70. AUC=0.50 means
that there is no evidence that the data obtained with the test
distinguish between serial samples. Mean within-group vari-
ability was 12% for MT-COIl, 11% for COX4l/1, and 11% for
Ccoxto.

We compared 2 independent biological samples from 8
patients. Variation of CD14" microvesicle peak size was
8.244.9%. Variation of microvesicle number in 2 independent
biological samples from 8 patients was 6.4+5.4%. We
analyzed microvesicles from these plasma samples before
and after storage at —80°C for 3 months before thawing.
Number of microvesicles was 7.234+5.53 before and
7.32+5.14 after storage (P=0.954).

We compared total microvesicles isolated with SEC with
CD14" microvesicles isolated from same plasma samples
(n=8). Mean peak size of total microvesicles was 1414+23 nm
compared to 144431 for CD14" microvesicles (paired
P=0.534; Figure 2). Again, mean concentration of microvesi-
cles in fractions ranging in size from 500 to 750 nm was 1000-
fold lower than in fractions ranging in size from 30 to 200 nm.
CD 14" microvesicles accounted for 184 12% of total microvesi-
cles (4.743.1x10%/mL vs 27+6.1x10%/mL plasma;
P<0.0001; Figure 2). Overall, 944+11% of CD14 measured in
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Figure 1. Characterization of microvesicles. A, Representative distribution profiles of microvesicles isolated form plasma obtained with the
Malvern Nanoparticle Tracking Analysis (NanoSight, Amesbury, UK) system. B, Scatter plots of peak sizes (with median and interquartile range in
red); peak sizes were around 110 nm and were not different between patients with and without new event. C, Negatively stained (left) and cryo-
electron microscopy (right) pictures showing that most microvesicles ranged in size between 40 and 100 nm and thus were exosomes. D,
Scatter plots of number of exosomes (with median and interquartile range in red) isolated from 1 mL of plasma; numbers were not different
between groups. P values were determined with the Mann—Whitney U test.

extracts of total microvesicles was recovered in extracts of
CD14" microvesicles. However, MT-CO/ (1.00£0.47 vs
0.23+0.24; P=0.0039) and COX4 /1 (1.02£0.27 vs
0.4940.07; P=0.0014) was higher in CD14" microvesicles
than in total microvesicles, normalizing for the same house-
keeping genes (Figure 2). COX10 (1.00£0.69 vs 0.30+£0.15;
P=0.038) was also higher in CD14" microvesicles.

MT-COI in Monocytes as a Predictor of New
Cardiovascular Events

When comparing CAD patients with and without at least 1
new event, MT-CO/ expression was lower (mean=+SD:
0.88+£0.26 vs 1.08£0.31; P=0.0060) in monocytes of
patients with new events, collected at baseline. Expressions
of COX70 and COX4/1 and of an important regulator of COX
expression, mitochondrial transcription factor (TFAM), in CAD
patients with and without new events were similar (Figure 3).

Then, CAD patients were divided into tertiles based on
MT-COl in monocytes (T1>1.173 vs T2=1.17 to 0.96 vs
T3<0.96, respectively). In a Kaplan—Meier analysis, CAD
patients in the lowest tertile of MT-CO/ in monocytes
developed a new event earlier (log rank, P=0.002) than those
in the middle tertile (hazard ratio [HR], 3.02; 95% CI, 1.10—
8.33) and those in the highest tertile of MT-COI (HR, 3.47;
95% Cl, 1.49-8.06; Figure 4A). HR for new cardiovascular
events, determined by multivariable Cox proportional hazard
regression analysis, in CAD patients in the lowest tertile of
MT-COI/ and adjusted for age, sex, (ex)smoking, BMI, BP,
diabetes mellitus, LDL- and HDL-C, TG, hs-CRP, and IL-6, and
number of diseased vessels was 3.95 (95% Cl, 1.63-9.57;
Table 3). MT-CO!/ (numerical) in monocytes was inversely
associated with adjusted risk (HR, 5.56; 95% Cl, 1.24-24).

Finally, we divided CAD patients according to medical
therapies. MT-COI did not differ significantly between patients
using and those not using statins (0.98+0.30 vs 1.0440.25;
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Figure 2. Comparison of total and CD14" microvesicles. Scatter plots show peak sizes (and means in
red) (A), number of microvesicles (B), and expressions of MT-CO/ (C) and COX4/1 (D). mRNA levels of
MT-COIl and COX4l1 are relative to the expression of the 5 validated reference genes. P values were
determined with the Mann-Whitney U test. COX411 indicates cytochrome ¢ oxidase subunit IV isoform 1;

MT-COI, mitochondrial cytochrome ¢ oxidase, subunit I.

P=0.16), PB-blockers (1.004+0.27 vs 1.024+0.30; P=0.76),
angiotensin-converting enzyme (ACE) inhibitors (0.9740.33
vs 1.024+0.26; P=0.41), or angiotensin receptor blockers
(1.114+0.22 vs 1.00+0.29; P=0.11). MT-CO/ in monocytes
was somewhat higher in CAD patients using than those not
using Ca-antagonists (1.12+0.21 vs 0.99£0.29; P=0.027).

MT-COI in Microvesicles as a Predictor of New
Cardiovascular Events

For microvesicles, mRNA levels were available in 60 CAD
patients: Microvesicle concentration was too low in plasma of
4 patients and from 3 others we could not obtain reliable
gPCR data according to internal quality standards. In
microvesicles, MT-CO/ at baseline in CAD patients with new
events was also lower (0.7940.44 vs 1.334+0.83; P=0.0005).
COX4I1 was similar in microvesicles of patients with and
without new events (Figure 5). Variability in COX70 and TFAM,
even normalizing their expressions with expression of 5
validated housekeeping genes, was too high according to
internal quality standards, most likely because absolute
transcript levels of these 2 were markedly lower. We analyzed

RNA in CD 14" microvesicles isolated from 8 plasma samples,
which were freshly frozen and thawed or stored at —80°C for
3 months. MT-COl was 1.534+1.10 before and 1.56+1.07
after storage (P=0.807). COX4/1 was 1.391+0.97 versus
1.41£0.80 (P=0.960).

Then, CAD patients were divided into tertiles based on
MT-COI in microvesicles (T1>1.26 versus T2=0.76 to 1.260
versus T3<0.76, respectively). In a Kaplan—Meier analysis,
CAD patients in the lowest tertile of MT-CO/ in microvesicles
developed a new event earlier (log rank, P=0.005) than those
in the middle tertile (HR, 3.87; 95% CI, 1.26—11) and those in
the highest tertile of MT-CO/ (HR, 8.06; 95% Cl, 2.66-24;
Figure 4B). HR for new cardiovascular events, determined by
Cox proportional hazard regression analysis, in CAD patients
in the lowest tertile of MT-CO/ and adjusted for age, sex, (ex)
smoking, BMI, BP, diabetes mellitus, LDL- and HDL-C, TG,
hs-CRP, and IL-6, and number of diseased vessels was 5.00
(95% Cl, 1.77—14; Table 3). MT-COI (numerical) in microvesi-
cles was inversely associated with adjusted risk (HR, 2.70;
95% Cl, 1.12-6.67).

Finally, we divided CAD patients according to medical
therapies. MT-CO/ in CD14" microvesicles did not differ
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Figure 3. Gene expression in monocytes of CAD patients according to new cardiovascular event. Scatter
plots (with median and interquartile range in red) are shown. MT-COI, but not COX4/1, COX10, and TFAM,
was lower in monocytes of CAD patients with at least 1 new cardiovascular event. mRNA levels of MT-COI,
COX411, COX10, and TFAM are relative to the expression of the 5 validated reference genes. P values were
determined with the Mann—Whitney U test. CAD indicates coronary artery disease; COX10, cytochrome
oxidase 10; COX4l1, cytochrome c¢ oxidase subunit IV isoform 1; MT-COI, mitochondrial cytochrome
¢ oxidase, subunit I; TFAM, mitochondrial transcription factor.

significantly between patients using and those not using
statins (1.24+0.97 vs 1.43+0.97; P=0.36), P-blockers
(1.36£1.04 vs 1.264+0.84; P=0.62), ACE inhibitors
(1.2541.21 vs 1.35+0.85; P=0.67), and angiotensin receptor
blockers (1.33+1.28 vs 1.3240.90; P=0.99), or those using
and those not wusing Ca-antagonists (1.36£0.93 vs
1.21£0.92; P=0.53).

Correlation Between Expression in Monocytes
and Microvesicles

There was only a weak direct correlation between MT-CO/ in
microvesicles and monocytes (R=0.24; P<0.05). But, 9 of 12
patients who were in the lowest MT-CO/ tertile in monocytes
and developed a new event were also in the lowest tertile of
MT-COI in microvesicles; in addition, 2 of 3 patients who were
in the middle tertile of MT-CO/ in monocytes were in the
lowest tertile of MT-COI in microvesicles. Multivariable logistic
regression analysis showed that the lowest tertile of MT-CO/
in microvesicles (primary predictor; adjusted OR, 5.51; 95%
Cl, 1.47-20) and the lowest tertile of MT-CO/ in monocytes
(secondary predictor; adjusted OR, 4.23; 95% Cl, 1.15-15)
both were associated with new cardiovascular events when
included together in the regression model.

MT-COI Is Low in Monocytes of ACS Patients

Given that MT-COl in monocytes was associated with new
cardiovascular events, we also investigated the expression of
MT-COI/ in monocytes of 21 AMI patients (8 NSTEMI, 13
STEMI). Figure 6 shows that M7T-CO/ and TFAM, but not
COX411 and COX10, were lower in monocytes of AMI patients
at the time of admission, but only compared to patients with
stable CAD who did not develop a new event.

At 3 days postadmission, MT-COI/ increased from
0.587+0.364 at admission to 1.052+0.138 (P=0.00021).
Similarly, TFAM increased from 0.640+0.060 to 0.749+0.158
(P=0.032). COX4/1 (0.971£0.131 vs 1.043£0.158) and
COX10(1.062+0.181 vs 1.048+0.184) remained unchanged,
however. Thus, in contrast to controls showing longitudinally
stable expression of MT-COI, AMI patients show a transient
decrease of MT-COI at time of the acute event.

Discussion

This is the first prospective report showing that low MT7-CO/ in
monocytes of CAD patients identifies a population at risk for
new cardiovascular events, adjusting for other cardiovascular
risk factors and extent of angiographically determined
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Figure 4. Incidence of cardiovascular events by MT-CO/ group in monocytes and microvesicles. Kaplan—Meier
plots according to tertiles of MT-COl in monocytes (A) or microvesicles (B) are shown. When more than 1 event
occurred in a patient, the date of the first event was considered. CAD patients in lowest tertile of MT-CO!l in
monocytes developed a new event earlier (log rank, P=0.002) than those in the middle tertile (HR, 3.02; 95% Cl,
1.10-8.33) and those in highest tertile of MT-CO/ (HR, 3.47; 95% ClI, 1.49-8.06). CAD patients in the lowest tertile
of MT-COIl in microvesicles also developed a new event earlier (log rank, P=0.005) than those in the middle tertile
(HR, 3.87; 95% ClI, 1.26—11) and those in the highest tertile of MT-COI (HR, 8.06; 95% Cl, 2.66—24). CAD indicates
coronary artery disease; HR, hazard ratio; MT-COIl indicates mitochondrial cytochrome c oxidase, subunit I.
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Table 3. Summary of Cox Proportional Hazard Regression
Analyses of Risk of New Cardiovascular Event in Patients in
Lowest Compared to Highest Tertile of MT-CO/

Model HR (Mean; 95% Cl)

Monocytes
Model 1 3.47 (1.49-8.06)
Model 2 3.82 (1.63-8.96)
Model 3 3.70 (1.58-8.69)
Model 4 3.70 (1.58-8.69)
Model 5 3.95 (1.63-9.57)
Model 6 3.95 (1.63-9.57)

Microvesicles
Model 1 3.85 (1.48-9.96)
Model 2 3.64 (1.40-9.44)
Model 3 3.63 (1.40-9.44)
Model 4 3.80 (1.45-9.94)
Model 5 3.64 (1.36-9.76)
Model 6 5.00 (1.77-14y*

Model 1 is unadjusted. Model 2 is adjusted for age, sex, and (ex)smoking. Model 3 is
adjusted for model 2 variables and for BMI, BP, and T2DM. Model 4 is adjusted for model
3 variables and for HDL- and LDL-cholesterol, and TG. Model 5 is adjusted for model 4
variables and hs-CRP and IL-6. Model 6 is adjusted for model 5 variables and number of
diseased vessels. BMI indicates body mass index; BP, blood pressure; CAD, coronary
artery disease; COX, cytochrome oxidase; HDL, high-density lipoprotein; hs-CRP, high-
sensitivity C-reactive protein; IL-6, interleukin-6; LDL, low-density lipoprotein; MT-COI,
mitochondrial cytochrome ¢ oxidase, subunit I; T2DM, type 2 diabetes mellitus; TG,
triglycerides.

*Number of diseased vessels was also related to higher risk (HR, 2.00; 95% CI, 1.00—
3.99).

coronary atherosclerosis. Low MT7-CO/ in human monocytes
was associated with a greater propensity of CAD patients to
develop new cardiovascular events after adjustment for age,
sex, (ex)smoking, BMI, BP, diabetes mellitus, LDL- and HDL-C,

TG, hs-CRP, and IL-6, suggesting a residual inflammatory risk
in CAD patients despite excellent secondary prevention
including treatment with statins and BP-lowering drugs. In
an exploratory post-hoc analysis, there appeared to be a
gradient from low to high MT-COI expression in monocytes:
the expression was the lowest in the acute phase of an ACS
on admission, but not 3 days later, low in CAD patients with
new events, and the highest in patients without a new event.
The novel finding that similar expression patterns can be
recapitulated from monocyte-derived exosomes opens oppor-
tunities for more large-scale clinical studies using available
plasma biobanks. Interestingly, nuclear encoded COX4/1 and
COX10 in monocytes, which earlier were found to be
associated with metabolic diseases, were not related to new
events after adjustment for former diseases. We recovered
over 90% of CDI14 in total microvesicles in the fraction
isolated with anti-CD 14-coated beads. MT-COI was found to
be higher in CD14" microvesicles than in total microvesicles,
relative to housekeeping genes, and was comparable to
expressions in monocytes.

Functionally, complex IV enzyme activity depends on
expression of genes involved in mitochondrial biogenesis
and induction of the COX IV complex is part of the adaptive
antioxidant stress response of monocytic cells to hypoxic
condition.?® Therefore, it has been hypothesized that impair-
ment of mitochondrial function, for instance, may link reduced
fitness to a higher incidence of cardiovascular diseases.?’
However, no previous studies identified specific molecules in
the complex IV. Our study is thus the first one showing an
association between low MT7-CO/ and the risk of new
cardiovascular events independent of established cardiovas-
cular risk factors and extent of CAD.

The finding that MT-COI is related with incident CAD is
novel in view of sparse observations of gene changes in
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Figure 5. mRNA levels in microvesicles of CAD patients according to new cardiovascular event. Scatter
plots (with median and interquartile range in red) are shown. MT-COI, but not COX4/1, was lower in
monocytes of CAD patients with at least 1 new cardiovascular event. mRNA levels of MT-CO/ and COX4/1
are relative to the expression of the 5 validated reference genes. P values were determined with the Mann—
Whitney U test. CAD indicates coronary artery disease; COX411, cytochrome c oxidase subunit IV isoform 1;
MT-COI, mitochondrial cytochrome ¢ oxidase, subunit .
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Figure 6. Comparison of gene expression in monocytes from patients with AMI with that in patients with
CAD who did or did not develop a new cardiovascular event who were stable at the time of blood sampling.
Scatter plots (with median and interquartile range in red) are shown. MT-CO/ and TFAM, but not COX4/1 and
COX10, were lower in monocytes of AMI patients, but only compared to those with CAD who did not
develop a new event. mRNA levels of MT-COl, COX411, COX10, and TFAM are relative to the expressions of
the 5 validated reference genes. P values were determined with the Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. AMI indicates acute myocardial infarction; ACS, acute coronary syndrome; CAD,
coronary artery disease; COX10, cytochrome oxidase 10; COX411, cytochrome ¢ oxidase subunit IV isoform
1; MT-COI, mitochondrial cytochrome ¢ oxidase, subunit I; TFAM, mitochondrial transcription factor.

monocytes according to disease state or disease risk
adjusting for other risk factors. A previous study comparing
18 patients with severe triple-vessel CAD and 13 control
patients without angiographic signs of CAD concluded that
large interindividual variability prevented the use of a single
gene as biomarker, whereas a monocyte gene expression
signature consisting of 7 genes predicted patient status with
an accuracy of 84%.%° In agreement with a previous study, we
did not find an association of gene expressions in monocytes
with coronary artery stenosis after adjustment for other risk
factors. But we did observe an association with new

cardiovascular events in CAD patients. In addition, we
observed a significant within-individual longitudinal stability
of gene expressions together with a rather small interindi-
vidual variability in COX gene expression. This may be
attributed to the use in our study of a recent method
determining PCR efficiency correction, multiple reference
gene normalization, inter-run calibration, and error propaga-
tion for quality control.?* Indeed, replicate variability was
within the set limit of 0.5 cycles for 98.2% of sample-target
combinations in monocytes and for 94.27% of sample-target
combinations in microvesicles.
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Because microvesicles, and especially exosomes, are con-
sidered to be novel sources for plasma-derived biomarkers,'® a
most important observation is that expression profiles of
monocytes are recapitulated in monocyte-derived exosomes.
Reports of the association between content of microvesicles
and cardiovascular diseases are indeed very sparse. Microvesi-
cles derived from activated endothelial and inflammatory cells,
such as monocytes, and especially those expressing cell
adhesion and procoagulant molecules, reflected early vascular
dysfunction.®" Other studies showed that cardiovascular risk
factors may change the content of circulating plasma
microvesicles.®> A circulating microvesicle protein network
involved in inflammatory response was found to be associated
with STEMI.® More than simply cell dust, extracellular vesicles
are thus capable of transferring biological information to
neighboring cells and play an active role in inflammatory
diseases, including atherosclerosis and angiogenesis.?®3*

A limitation of our study is that the number of patients was
rather small, requiring independent prospective validation. We
also did not obtain serial samples, so we do not yet know
whether subsequent measurements likewise predict risk.
Presence of CAD was assessed using conventional QCA;
although logistically challenging on a larger scale, our results
should ideally be replicated using intracoronary imaging
techniques that also take plaque morphology into account.
In addition, the evolution of MT-COI expression in microvesi-
cles during and after an ACS deserves further study. Finally,
measuring MT-CO/ directly in the plasma, without selecting
total exosomes or CD14" exosomes, would be faster.
However, this might reduce sensitivity and specificity, given
that we have already experienced with MT-CO/ measurements
in peripheral blood mononuclear cells compared to CD14"
monocytes. We already noticed a lower expression of MT-COI
in total exosomes than in CD14" exosomes, normalizing for
validated housekeeping genes.

It is, as yet, not possible to conclude whether MT-CO! is a
marker or a causally related pathogenic mediator in the
development of cardiovascular diseases. However, this is the
first prospective study showing the relation of low MT-CO/
with risk of new events, and we demonstrated the possibility
to translate findings in monocytes to microvesicles.

Conclusions

We found that expression of MT-CO/ in monocytes and
microvesicles is downregulated in CAD patients with
increased risk of new events. Measuring MT-CO/ expression
may offer a promising tool for better risk stratification and
patient monitoring. The finding that the signature of MT-CO/ in
monocytes can be recapitulated in monocyte-specific
microvesicles in plasma with a similar predictive power

suggests that plasma biobanks can be used for further
assessments of its predictive power.
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