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Phenotyping of circulating extracellular vesicles
(EVs) in obesity identifies large EVs as functional
conveyors of Macrophage Migration Inhibitory
Factor
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ABSTRACT

Objective: Obesity-associated metabolic dysfunctions are linked to dysregulated production of adipokines. Accumulating evidence suggests a
role for fat-derived extracellular vesicles (EVs) in obesity-metabolic disturbances. Since EVs convey numerous proteins we aimed to evaluate their
contribution in adipokine secretion.

Methods: Plasma collected from metabolic syndrome patients were used to isolate EV subtypes, namely microvesicles (MVs) and exosomes
(EX0s). Numerous soluble factor concentrations were measured successively on total, MV- and EXO-depleted plasma by multiplexed
immunoassays.

Results: Circulating MVs and EXOs were significantly increased with BMI, supporting a role of EVs as metabolic relays in obesity. Obesity was
associated with dysregulated soluble factor production. Sequential depletion of plasma MVs and EXOs did not modify plasma levels of these
molecules, with the exception of Macrophage Migration Inhibitory Factor (MIF). Half of plasma MIF circulated within MVs, and this MV secretory
pathway was conserved over different MIF-producing cells. Although MV-associated MIF triggered rapid ERK1/2 activation in macrophages, these
functional MV-MIF effects specifically relied on MIF tautomerase activity.

Conclusion: Our results emphasize the importance of reconsidering MIF-metabolic actions with regard to its MV-associated form and opening

new EV-based strategies for therapeutic MIF approaches.
© 2018 The Authors. Published by Elsevier GmbH. 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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1. INTRODUCTION Different EV subtypes exist based on their cellular compartment

origin and size [4]. Multivesicular-body derived EVs (classically

White adipose tissue (WAT) is recognized as an endocrine organ that
secretes many factors, which orchestrate metabolic responses at the
organismal level. Obesity is associated with a dysregulated production
of these “adipokines”, known to actively participate to the develop-
ment of insulin-resistance (IR) as well as chronic inflammation [1].
Recent evidence has highlighted the potential role of extracellular
vesicles (EVs) in the development of metabolic diseases [2]. EVs are
membrane-derived vesicles released in the extracellular environment
and recovered in many body fluids. EV constitute conveyors of bio-
logical information and transfer their bioactive cargo in target cells and,
thereby, contribute to numerous diseases [3].

called exosomes, EXOs) are small EVs (30—100 nm of diameter)
whereas plasma membrane-shed microvesicles (MVs) designate
larger EVs between =100 nm up to 500 nm. Distinguishing EV
subpopulations is important since intracellular mechanisms leading
to MV and EXO production are distinct, and each EV subtype pre-
sents a specific protein signature [5,6], suggesting different effects
on target cells.

EXOs derived from obese WAT regulate inflammation pathways as well
as insulin-sensitivity [7—9]. Others and we have demonstrated the
ability of adipocytes to secrete MVs and EXOs, which convey adipo-
kines that might contribute to EV metabolic responses [5,8].
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The objective of this study was to evaluate EV contribution in the
secretion of factors known to participate to the development of obesity-
associated metabolic dysfunctions. Through the analysis of plasma
samples from metabolic syndrome (MS) patients successively depleted
from MVs and EXOs, we identified MVs as specific conveyors of
functional Macrophage Migration Inhibitory Factor (MIF) cytokine. MV-
MIF effects specifically rely on MIF tautomerase activity, underlying the
need to reconsider MIF-activated pathways with regard to its MV-
associated form.

2. MATERIALS AND METHODS

2.1. Human studies

Institutional ethics committee approved the study and consent was
obtained from each patient. Patients were included from the NUMEVOX
cohort, referenced at Clinicaltrials.gov (N°: NCT00997165). The inves-
tigation conforms to the principles outlined in the Declaration of Helsinki.
Patients were eligible for inclusion if they met criteria for the National
Cholesterol Education Program-Adult Treatment Panel lll; they had at
least three of the following five criteria: (i) waist circumference >102
or 88 cm for men and women, respectively; (i) systolic and diastolic
pressures >130/85 mmHg; (iii) fasting glycemia >1.1 g/l; (iv) tri-
glycerides >1.5 g¢/I; and (v) high-density cholesterol lipoprotein
<0.4 g/l in men or <0.5 g/l in women (Table A.1). Patients with a
history of cardiovascular disease (CVD), preexistent chronic inflam-
matory disease, and cancer were excluded.

Thirty four patients with MS (18 females/16 males) were included from
the NUMEVOX Cohort at the Department of Endocrinology and Nutrition
of Angers University Hospital. Normal controls consisted of 22 subjects
(13 females/9 males) who met less than two of the MS criteria (70%
without any component of MS). Three groups were defined, based on
patient BMI (in kg.mfz): Control (BMI <27), overweight
(27 < BMI<30), and obese (BMI>30).

2.2. Animals

Four-week-old lean (ob/+) or obese (ob/ob) mice (Jackson Labora-
tories; stock 000632) were used for plasma collection following
intracardiac puncture. Animal care and study protocols were
approved by the French Ministry of Education and Research and the
ethics committee N°6 in animal experimentation and were in
accordance with the EU Directive 2010/63/EU for animal
experiments.

2.3. Circulating EV isolation from blood samples

Peripheral blood (= 20 ml) was collected from non-MS or MS subjects
on EDTA-coated tubes, following an overnight fasting (Vacutainers;
Becton Dickinson) using a 21-gauge needle to minimize platelet
activation and was processed within 2 h. After a 15-min centrifugation
at 260 x g, platelet-rich plasma (PRP) was separated from whole blood,
and recentrifuged for 15 min at 1500 x g to obtain platelet-free plasma
(PFP). Two hundred microliters of PFP were frozen and stored
at —80 °C until subsequent use for MV characterization by flow
cytometry. Remaining PFP was subjected to two series of centrifu-
gations, each at 21,000 x g for 45 min to pellet MVs. The PFP depleted
of MVs was further ultracentrifuged (rotor MLA-50, Beckman Coulter
Optima MAX-XP Ultracentrifuge) two times at 100,000x g for 1 h to
isolate EXOs. At each step, a fraction of PFP, PFP without MVs and PFP
depleted of total EVs was kept and stored at —80 °C for multiplexed
analysis of soluble factors. Efficient MV removal from PFP samples was
checked by flow cytometry. Both MV and EXO pellets were resus-
pended in NaCl and stored at 4 °C (for MVs) and —20 °C (for EXOs)
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before further analysis. Similar protocol was used to isolate EVs from
ob/+ or ob/ob mouse blood samples.

2.4. Flow cytometry assays

MV phenotyping was based on the detection of membrane-specific
antigens representative of their cellular origins on EVs. Irrelevant hu-
man immunoglobulin G (IgG) was always used as an isotype-matched
negative control for each sample, and subtracted from the value ob-
tained. For numeration studies, 8 pl of PFP were incubated with 10 pl
of FITC-conjugated specific antibody or with 5 pl for others
fluorophore-conjugated antibodies (Beckman Coulter). Annexin V-
binding was used to numerate phosphatidylserine (PS)-expressing
circulating MVs (3 pl of Annexin V/5 pl PFP) using Annexin V-FITC kit
according to manufacturer’s instructions (Miltenyi Biotec). After 30 min
at RT, samples were diluted in 300 pl of sterile 0.9% NaCl or Annexin-
V labeling buffer, respectively. Then, an equal volume of sample and
Flow-Count fluorospheres (Beckman Coulter) was added and samples
were analyzed in a flow cytometer 500 MPL system (Beckman
Coulter). Data obtained are expressed either as percent of total MV
analyzed, or as the number of MVs detected per pl of plasma.

2.5. Nanoparticle tracking analysis (NTA)

EXO concentrations and size were determined by NTA analysis, as
previously described [5]. EV preparations were diluted in sterile NaCl
0.9% before NTA analysis (NanoSight NS300, Malvern Instruments).

2.6. Protein arrays

Human adipokine array kit (#ARY024, R&D systems) were incubated
with 150 pg of each EV subtype (MVs or EXOs), and processed ac-
cording to manufacturer’s protocol (R&D systems). Protein signals
were revealed using ChemiSmart 500 imager (Vilber Lourmat). Signal
intensity of spots (measured as pixels number) was quantified using
Image J Software and expressed as pixels/jig of protein loaded on
membrane. Only detectable protein signals are presented.

2.7. Multiplex immunoassays

Plasma concentrations for multiple secreted proteins were performed
on plasma samples (PFP, PFP w/0 MVs and PFP w/o EVs) through the
combination of multiplex-assays according to manufacturer’s protocol
(R&D systems and BioRad), and analyzed on the Bioplex system.
Percents of total MIF protein secreted either associated to EVs or under
soluble forms were calculated based on MIF concentrations measured
in the different plasma samples fractions, as follow:

([MIF]iy pep) — ([MIHin PFP w/0 MV)

0, _ i .
% of MV-associated MIF: ([MlF]conc . PFP)

*100

% of EXO-

(['V"F]in PFP w/0 MV) - ([MIHin PFP w/0 EV)
(IMIF);, pp )

associated MIF: *100

% of soluble MIF: 100 — (% of MV-associated MIF
+ % of EXO-associated MIF)

2.8. Protein lysates, SDS-PAGE and immunoblotting
Cell lysates or EV lysates were prepared and migrated on SDS-PAGE
for western blot as previously described [5]. Ten ng of protein
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lysates were diluted in Laemmli Buffer 4X in reducing conditions, and
heated at 95 °C for 10 min before SDS-PAGE. Appropriate HRP-
conjugated or IRDye® (LI-COR Biosciences) secondary antibodies
were used respectively for protein detection following enhanced
chemiluminescence (Immunocruz, Santa Cruz) using a Chemi-Smart
imager (Vilber Lourmat) or digital fluorescence visualized by Odyssey
CLX system (LICOR).

2.9. Cell culture

Wild-type (WT) and MIF knockout (MIF’/*) Mouse embryonic Fibro-
blasts (MEFs) (kindly provided by R. Bucala, Yale University, USA), RAW
264.7 macrophages and 3T3-L1 adipocytes (kind gift from | Dugail,
INSERM UMRS 1166, Paris, France) were cultured in DMEM 4.5 g/I
glucose supplemented with 1% P/S and 10% FBS. MEFs were
moreover supplemented with 25 pg/ml Geneticin. 3T3-L1 were
differentiated as previously described [5]. T-CEM lymphocytes were
cultured in X-VIVO-15 medium. 48 h-serum-free cell culture super-
natants, or following 24 h stimulation with Actinomycin-D (1 pg/ml) for
T-CEM lymphocytes were collected in order to concentrate EV subtypes
according to our previous validated procedure [5].

2.10. PKH26-EV internalization

MVs isolated from WT and MIF '~ MEF supernatants were labeled with
PKH26 dye using the red fluorescent cell linker kit (Sigma Aldrich)
according to manufacturer’s protocol. Briefly, 100 pg MVs diluted in
PBS were added to 0.5 ml Diluent C. In parallel, 4 pl PKH26 dye was
added to 0.5 ml Diluent C and incubated with the MV solution for 4 min
at RT. To bind excess dye, 2 ml 0.5% bovine serum albumin/PBS was
added. The labeled MVs were washed at 21,000x g for 30 min, and
the MV pellet was suspended with PBS and used for uptake
experiments.

Twenty pg of PKH26-labeled MVs (20 pg/ml) were incubated for 0, 0.5,
1,2, and 4 h on MIF~ MEFs cultured on glass coverslips. MV
internalization was imaged using a LSM 710 confocal (Zeiss). Inter-
nalization kinetics graph represents the mean fluorescent intensity (MFI)
measured by Image J software on 30 different cells per MV condition
(10 cells taken for each condition from three different images).

2.11. Proteinase K protection assay

One hundred pg of plasma MVs were either incubated with 20 pg/
ml Proteinase K (Sigma Aldrich) in the presence or not of 1% Triton
X-100 or left untreated, in a final volume of 1 ml for 1 h at 37 °C.
PMSF (5 mM) was added 5 min at 37 °C and proteinase K was
inactivated by placing the mix assay at 90 °C for 10 min. MVs were
re-pelleted at 13000x g for 30 min and resuspended in 100 pl of
Laemmli Buffer. Twenty pl of MVs were loaded on SDS-PAGE gel for
western blot.

2.12. Activation of ERK1/2 in RAW cells

RAW cells were plated in 12-well plate at 30,000 cells per well. After
24 h, medium was changed and cells were incubated with 20 p1g/ml of
MEF MVs or 200 ng/ml recombinant MIF protein (R&D systems) in the
presence or not of 50 M MIF antagonist Iso-1 for 2 h. MEF-MV effects
(20 pg/ml) on ERK1/2 phosphorylation was also investigated in the
presence of 80 pg/ml neutralizing mouse anti-MIF 1gG1 mAb (mAB
11.D.9) and their IgG control isotypes (kindly provided by R. Bucala, Yale
University, USA).

2.13. Quantification and statistical analysis

Significant differences were assessed using GraphPad Prism software
following statistical analysis by an ANOVA test corrected for multiple

136

comparisons by Tukey’s test are indicated by *p < 0.05, **p < 0.005,
***p < 0.001, ***p < 0.0001. For linear correlations, Pearson coefficient
(R) is indicated, and association is considered significant when p < 0.05.

3. RESULTS

3.1. Plasma EV subtypes are significantly increased in obesity
Plasma samples were collected from MS patients, who were stratified
according to their BMI in two groups, overweight (27 < BMI<30) and
obese (BMI>30), and compared to healthy patients (BMI<27) (con-
trol). Clinical parameters revealed metabolic alterations in both over-
weight and obese groups (Table A.1). EVs were isolated from platelet-
free plasma (PFP) samples by differential centrifugations allowing the
separation of MVs (21 000x g) and subsequently EXOs (100 000 g)
for each patient (Figure 1A). Plasma MV levels were significantly
increased in obese patients compared to control patients, as well as in
overweight group despite high variability (Figure 1B). MV distribution in
healthy patients, according to their cellular origin, revealed the well-
known predominance of platelet-derived MVs (CD41%) by compari-
son to MVs derived from endothelial cells (CD146™), erythrocytes
(CD235™), leukocytes (CD45™) and monocytes (CD11b™) (Figure 1D).
Nearly one-fourth of circulating MVs presented a pro-coagulant po-
tential, as illustrated by their annexin-V positivity labeling (Figure 1D).
Platelet- and endothelium-derived MVs were significantly increased in
obese patients with a higher trend for MV pro-coagulant activity
(annexin-V*) (Figure 1E—J). Plasma EXO concentrations, analyzed by
NTA, were significantly increased both in overweight and obese pa-
tients compared to those of healthy patients, again with high disper-
sion of EXO concentrations in overweight patients (Figure 1C). No
changes in EXO size were observed (Figure 1K). Positive associations
were found between EV concentrations with patient BMI, HOMA-IR and
other metabolic parameters suggesting that EVs might participate to
obesity-associated metabolic complications (Table A.2). Similarly to
humans, circulating EV subtypes analysis in obese rodents also
demonstrated a significant increase of both MVs and EXOs in com-
parison to lean animals (Figure 1L) whereas respective MV and EXO
size were not impacted by obesity (Figure 1M).

3.2. Plasma EV subtypes carry adipokines

In order to better define WAT-derived adipokines retrieved in circu-
lating EVs, we used commercial protein arrays gathering soluble
proteins known to participate to metabolic responses and also secreted
by adipocytes. Among the 58 proteins tested, 29 were detected in MVs
and EXOs isolated from plasma (Figure 2). It revealed the presence of a
selective set of inflammatory proteins, proteases or protease inhibitors,
matrix proteins, complement factors or others soluble factors in
plasma EVs. We confirmed the presence of adiponectin both on
circulating MVs and EXOs, as previously reported [5,8], whereas leptin
or resistin were undetectable in analyzed EV preparations (Figure 2).

3.3. MVs constitute a major secretory pathway for MIF

In order to evaluate EV contribution in the secretion of adipokines, we
proceeded to multiplex analysis of 22 secreted factors concentrations
in platelet-free plasma (PFP) before and after sequential depletion of
MVs and EXOs (see Figure 1A). Analytical measurement was validated
on total plasma by confirming increased circulating levels of chemerin,
FABP4/aP2, IL-6, leptin, MCP-1, MIF, PAI-1, TIMP-1, and visfatin in
obese patients whereas adiponectin concentrations, as expected,
negatively correlated with BMI (Table A.3). We also confirmed a pos-
itive correlation for some of these factors with the HOMA-IR index, in
agreement with their role in the development of IR.
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Figure 1: Plasma MV and EXO concentrations are significantly increased in obesity. A. Schematic protocol used to isolate EV subtypes, including MVs and EXOs, from
plasma samples. Aliquots of platelet-free plasma (PFP), and successively depleted of MVs (PFP w/o MVs) then EXOs (PFP w/o EVs) were conserved for multiplex analysis. B—C.
Plasma MV and EXO concentrations in control, overweight, and obese patients. Total circulating MVs (B) were quantified on PFP by flow cytometry and presented as MV number per
l of plasma sample. EXO concentration (C) was estimated by NTA analysis on isolated EXO fraction. Control (n = 21), overweight (7 = 7) and obese patients (7 = 20). *p < 0.05,
*p < 0.005, **p < 0.001. D. Circulating MV distribution in plasma from control patients. Percent (%) of circulating MVs derived from platelets (CD417), endothelial cells
(CD146™), erythrocytes (CD235a™), leukocytes (CD45+), monocytes (CD11b™), or with procoagulant activity (annexin V') estimated by flow cytometry. E—J. Circulating MV
concentration levels derived from platelets (B), endothelial cells (C), erythrocytes (D), leukocytes (E), monocytes (F), or with procoagulant activity (G) were measured in control
(n = 20), overweight (n = 12) and obese patients (n = 21). MV concentrations were expressed as events detected by flow cytometry per pl of plasma. K. Plasma EXO mean size
(nm) was measured by NTA on EXO isolated from control (n = 20), overweight (7 = 9) and obese (7 = 17) patients. L—M. Circulating plasma MV and EXO concentrations (L) and
size (M) measured using NTA analysis in lean and obese mice (7 = 4 per group). Significant differences (p < 0.05) between groups using a non-parametric ANOVA test corrected
for multiple comparisons by Tukey’s test are indicated by *.
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Figure 2: Proteome profiling of EV subtypes reveals the presence of numerous soluble factors. Protein arrays incubated with human plasma MVs or EXOs reveal that EVs
convey many soluble factors. Results presented are mean of signal intensity (expressed as mean pixels per g of protein) from two independent MV or EXO preparations prepared

from two different obese patients, respectively.

The respective concentration of each soluble factor measured in PFP
was compared with the one measured in PFP depleted from MVs (PFP
w/o0 MVs) and in PFP depleted from all EVs (PFP w/o EVs) in the three
patient groups (Table A.4). Depletion of MVs and/or EXOs from all
plasma patients did not modify the overall circulating levels of these
factors, at the exception of MIF (Table A.4 and Figure 3A). Of impor-
tance, more than half of plasma MIF circulated in association with EVs,
with a preferential association to MVs (50.6% of total circulating MIF)
(Figure 3B, control group). MIF secreted by adipocytes and by WAT-
infiltrated immune cells may contribute to raising circulating MIF in
obese patients (Table A.3). However, EV-associated proportions of MIF
were unchanged in overweight or obese patients demonstrating that
MIF constitutively used EV secretory pathway (Figure 3B). We
confirmed specific MIF association with circulating human MVs iso-
lated from patients by western blot (Figure 3C) whereas this cytokine
was undetectable in human EXO fractions. -actin and CD9 were used
as MV and EXO protein markers, respectively, and MFG-E8 as a
general EV marker, as previously described [5]. We also demonstrated
specific MIF association with MVs derived from adipocytes and T
lymphocytes, two cell types known to be major producers of this
cytokine, underlying a conserved MV-oriented secretion mechanism
(Figure 3D). Finally, MIF protein is located within MVs (and not at the
MV surface) since MIF signal was still detected after proteinase K
action but quenched following a combined treatment of proteinase K
with Triton X100 (Figure 3E).

3.4. MV-MIF functional effects specifically rely on MIF tautomerase
activity

MIF cytokine is an important mediator in both acute and chronic
inflammation, and its secretion is significantly enhanced in inflam-
matory diseases. MIF signal transduction is initiated by binding to
CD74/CD44, and leads to ERK1/2 activation, which mediates most of
MIF proliferative and inflammatory effects [10]. In order to decipher
the functionality of MV-associated MIF, we isolated EV subtypes from
MEFs expressing or not MIF protein (Figure 4A,B). We again
demonstrated that MIF specifically associated with MVs derived from
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WT MEFs (Figure 4B). Similar internalization kinetics for MVs derived
gither from WT or MIF~/~ MEFs excluding a role of MIF in this
process (Figure 4C). WT MVs induce rapid ERK 1/2 phosphorylation
when incubated for 2 h on RAW macrophages, in a similar manner
than recombinant MIF (Figure 4D). Conversely, no ERK activation was
observed following MIF~'~ MV incubation (Figure 4D). Addition of
neutralizing MIF antibodies within the culture medium during the WT
MV incubation period did not prevent from ERK1/2 phosphorylation
(Figure 4E). These results suggest that MIF within the MVs, inac-
cessible to MIF neutralizing antibody, is responsible for such an
activation, which would likely rely on MV internalization rather than on
a classical ligand/receptor interaction. MIF is also known to act as a
D-dopachrome tautomerase, known to transduce several MIF bio-
logical activities. Addition of Iso-1, a cell-permeant MIF tautomerase
activity inhibitor, during MV incubation period, abolished ERK acti-
vation induced by WT MVs therefore establishing the role of MV-
associated MIF enzymatic activity for triggering ERK activation in
recipient cells (Figure 4D).

4. DISCUSSION

EVs have recently gained interest as mediators of obesity-associated
immuno-metabolic dysfunctions, suggesting that they could convey
metabolic relays such as adipokines.

To our knowledge, our study is the first investigating such an advanced
characterization of MVs and EXOs within the same obese patient. Both
EV subtypes are significantly increased with obesity, in agreement with
previous studies focused, separately, on circulating MVs [11] or EXOs
[12]. Significant association of circulating MVs and EXOs with BMI
suggest that WAT may constitute an important source for circulating
EVs. However, estimation of adipose-derived EVs is rendered difficult
by the lack of an adipose marker specifically secreted by EVs, which
would reflect adipose-derived EV secretion. We confirmed adiponectin
presence both on circulating MVs and EXOs. Nonetheless, decreased
adiponectin expression in obese adipocytes leads to unreliable esti-
mation of fat-derived EVs (data not shown).
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Figure 3: MIF specifically uses MVs as a secretory pathway. A. MIF concentration significantly decreased upon removal of plasma MVs. MIF concentration, successively
measured in PFP, PFP w/o MVs, and PFP w/o EVs is presented in control patients (left, n = 19), overweight patients (middle, n = 19), and obese patients (right, n = 19). B. MV-
associated MIF ratios are unchanged with obesity. Percent of EV-associated fractions and soluble MIF fraction was calculated based on MIF concentrations measured in PFP, PFP
w/o MV, and PFP w/o EV. MVs carry around half of circulating MIF in control, overweight and obese patients. C—D. Western blots of EV preparations confirmed specific MIF
association with MVs. MV and EXO preparations isolated from plasma patients (C) or from 3T3-L1 adipocytes and T-CEM lymphocytes supernatants (D) were analyzed for MIF
presence. MIF specifically associated with MVs, whatever EV cellular origin. B-actin and CD9 were respectively used as MV and EXO protein markers. E. MIF is located within MVs.
Proteinase K treatment did not modify MV-associated MIF signal by comparison to untreated MVs excluding that MIF is exposed on MVs. Combined treatment of proteinase K and
Triton X100 led to MIF signal disappearance, establishing that MIF is packed within MVs. The transmembrane protein CD9 and the cytoplasmic spindle-oriented caveolin are

respectively used as positive controls of this proteinase K protection assay.

MV elevation in the obese state relies on a specific increase in platelet-
and endothelium-derived MVs. These MV subtypes are known to
actively participate to the development of CVD by modulating coagu-
lation, inflammation, or vascular function [13]. We have previously
demonstrated that intravenous injection of plasma MVs isolated from
MS patients in mice induces endothelial dysfunction [14], thereby
demonstrating active participation of these large EVs in the develop-
ment of CVD. Besides, numerous clinical studies have established a
relationship between elevated MV circulating levels and the develop-
ment of type 2 diabetes mellitus (T2DM) [15]. A recent study also
revealed higher EXO concentration in diabetic patients [16]. These
authors demonstrated that IR state enhanced EV secretion identifying a
vicious circle where obesity, a major factor risk for T2DM, could initiate
EV
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secretion that could be further entertained by IR and associated chronic
inflammation.

Aiming at measuring EV contribution in the secretion of adipokines,
we compared plasma levels of soluble factors before and after EV
subtype depletion in a cohort of MS patients. Since most of con-
centrations of circulating factors were unchanged after EV retrieval,
we concluded that their presence in EVs is likely related to default
packing during EV secretion process. Conversely, half of plasma MIF
cytokine specifically uses MVs as a conserved secretory process. MIF
has been previously detected in EVs from adipocytes [8], in
pancreatic ductal adenocarcinomas-derived EVs [17] or during sperm
maturation [18], but no distinction was made between MV and EXO
subpopulations. Specific MV association could depend on the ATP-
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Results presented were quantified from three independent experiments.

binding cassette transporter (ABCA1) since this transporter has been inhibitor improved insulin sensitivity in a diabetic mouse model [25].

both involved in the export of MIF from monocytes [19] and in MV
formation [20].

ERK signaling pathway has been implicated in the development of IR
associated with obesity and T2DM. Indeed, ERK has been involved in
adipose conversion [21] and ERK activity is abnormally increased in
human and rodent adipose tissues in diabetic states [22,23]. More-
over, some diabetogenic factors have also been shown to influence
insulin signaling through activation of ERK signaling cascade [24]. Of
interest, targeting the ERK pathway with MEK (MAPK or ERK kinase)
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MIF actions mainly rely on ERK activation. MV-associated MIF presents
the specificity to trigger ERK signaling in recipient cells through its
tautomerase activity. Although MIF enzymatic activity is not well
defined, its importance has been underlined in multiple disease states
by mutational investigations or with irreversible inhibitors [26,27].
Therefore, new EV-based strategies based on MV-associated MIF
might therefore appear promising in order to better understand MIF
tautomerase activity as well as its involvement in modulating insulin
signaling.
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Altogether, our study emphasizes the importance of considering the
role of EVs as metabolic relays in the development of obesity-
associated metabolic complications. Particularly, MIF immune and
metabolic responses would need to be reconsidered in the light of our
results establishing specific cell responses when exposed to MV-
associated form. Furthermore, this study opens new perspectives for
MIF treatment using EV-based strategies, which will allow targeting
metabolic responses linked specifically to MIF enzymatic activity.

AUTHOR CONTRIBUTIONS

SLL conceived, designed experiments, researched data, and wrote the
manuscript. JA and MD conceived, designed experiments, researched
data, and reviewed and edited the manuscript. MM, LV, and AF ac-
quired data, analyzed data, and reviewed the manuscript. FG, SD, and
JB recruited patients and reviewed the manuscript. GS analyzed data
and reviewed the manuscript. OH, MCM, and RA reviewed and edited
the manuscript.

SLL is the guarantor of this work and, as such, had full access to all the
data in the study and take responsibility for the integrity of the data and
the accuracy of the data analysis.

ACKNOWLEDGMENTS

We thank Pr R. Bucala (Yale University, New Haven, USA) for providing MIF~" and WT
MEFs, as well as neutralizing MIF antibodies and isotype controls. We thank Dr
Isabelle Dugail (INSERM UMRS 1166, team 6 Nutriomics, Paris, France) for providing
3T3-L1 cells. We thank the staff of Centre Hospitalo-Universitaire d’Angers for
analysis of clinical data of METABOL cohort. We thank J-C Gimel (INSERM U1066,
MINT Team, Angers, France) for providing access to NTA technology.

This work was supported by a research grant from Société Francophone du Diabéte,
Inserm, Université d’Angers and Centre Hospitalo-Universitaire d’Angers. JA and MD
are recipients of a doctoral fellowship from French Ministry of Education and Research.

CONFLICT OF INTEREST
None declared.
APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.org/10.1016/}.
molmet.2018.10.001.

APPENDIX

Metabol study group composition
CLINICS (Centre Hospitalo-Universitaire d’Angers, Angers, France)

e Hepatology. Jérome Boursier, Paul Cales, Frédéric Oberti, Isabelle
Fouchard-Hubert, Adrien Lannes

o Diabetology. Séverine Dubois, Ingrid Allix, Pierre-Henri Ducluzeau

e Pneumology. Frédéric Gagnadoux, Wojciech Trzepizur, Nicole
Meslier, Pascaline Priou

e Functional Vascular Explorations: Samir Henni, Georges Leftheriotis,
Pierre Abraham

e Radiology: Christophe Aubé

BASIC SCIENCE (INSERM UMRS1063, Oxidative stress and metabolic pathologies,
Angers University, France)

Ramaroson Andriantsitohaina, M. Carmen Martinez, Soazig Le Lay, Raffaella Soleti
and Luisa Vergori

I

MOLECULAR
METABOLISM

STATISTICS: Gilles Hunault
BIOLOGICAL RESSOURCE CENTER: Odile Blanchet, Belaid Sekour
Coordination

e Jean-Marie Chrétien, Sandra Girre

REFERENCES

[1] Stern, J.H., Rutkowski, J.M., Scherer, P.E., 2016 May 10. Adiponectin, leptin,
and fatty acids in the maintenance of metabolic homeostasis through adipose
tissue crosstalk. Cell Metabolism 23(5):770—784.

Huang-Doran, I., Zhang, C.Y., Vidal-Puig, A., 2017 Jan. Extracellular vesicles:

novel mediators of cell communication in metabolic disease. Trends in

Endocrinology and Metabolism 28(1):3—18.

Thery, C., Ostrowski, M., Segura, E., 2009 Aug. Membrane vesicles as con-

veyors of immune responses. Nature Reviews Immunology 9(8):581—593.

van Niel, G., D’Angelo, G., Raposo, G., 2018 Jan 17. Shedding light on the cell
biology of extracellular vesicles. Nature Reviews Molecular Cell Biology.

Durcin, M., Fleury, A., Taillebois, E., Hilairet, G., Krupova, Z., Henry, C., et al.,

2017. Characterisation of adipocyte-derived extracellular vesicle subtypes

identifies distinct protein and lipid signatures for large and small extracellular

vesicles. Journal of Extracellular Vesicles 6(1):1305677.

Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J.P., Primdal-

Bengtson, B., et al., 2016 Feb 23. Proteomic comparison defines novel

markers to characterize heterogeneous populations of extracellular vesicle

subtypes. Proceedings of the National Academy of Sciences of the United

States of America 113(8):E968—E977.

Deng, Z.B., Poliakov, A., Hardy, R.W., Clements, R., Liu, C., Liu, Y., et al., 2009

Nov. Adipose tissue exosome-like vesicles mediate activation of macrophage-

induced insulin resistance. Diabetes 58(11):2498—2505.

Kranendonk, M.E., Visseren, F.L., van Balkom, B.W., Nolte-'t Hoen, E.N., van

Herwaarden, J.A., de Jager, W., et al., 2014 May. Human adipocyte extra-

cellular vesicles in reciprocal signaling between adipocytes and macrophages.

Obesity (Silver Spring) 22(5):1296—1308.

Thomou, T., Mori, M.A., Dreyfuss, J.M., Konishi, M., Sakaguchi, M.,

Wolfrum, C., et al., 2017 Feb 23. Adipose-derived circulating miRNAs regulate

gene expression in other tissues. Nature 542(7642):450—455.

[10] Leng, L., Metz, C.N., Fang, Y., Xu, J., Donnelly, S., Baugh, J., et al., 2003 Jun
2. MIF signal transduction initiated by binding to CD74. Journal of Experi-
mental Medicine 197(11):1467—1476.

[11] Stepanian, A., Bourguignat, L., Hennou, S., Coupaye, M., Hajage, D.,
Salomon, L., et al., 2013 Mar 20. Microparticle increase in severe obesity: not
related to metabolic syndrome and unchanged after massive weight loss.
Obesity (Silver Spring).

[12] Eguchi, A., Lazic, M., Armando, A.M., Phillips, S.A., Katebian, R., Maraka, S.,
et al., 2016 Nov. Circulating adipocyte-derived extracellular vesicles are novel
markers of metabolic stress. Journal of Molecular Medicine (Limerick) 94(11):
1241—1253.

[13] Boulanger, C.M., Loyer, X., Rautou, P.E., Amabile, N., 2017 May. Extracellular
vesicles in coronary artery disease. Nature Reviews Cardiology 14(5):259—272.

[14] Agouni, A., Lagrue-Lak-Hal, A.H., Ducluzeau, P.H., Mostefai, H.A., Draunet-
Busson, C., Leftheriotis, G., et al., 2008 Oct. Endothelial dysfunction caused by
circulating microparticles from patients with metabolic syndrome. American
Journal of Pathology 173(4):1210—1219.

[15] Li, S., Wei, J., Zhang, C., Li, X., Meng, W., Mo, X., et al., 2016. Cell-derived
microparticles in patients with type 2 diabetes mellitus: a systematic review
and meta-analysis. Cellular Physiology and Biochemistry 39(6):2439—2450.

[16] Freeman, D.W., Noren Hooten, N., Eitan, E., Green, J., Mode, N.A.,
Bodogai, M., et al., 2018 May 2. Altered extracellular vesicle concentration,
cargo and function in diabetes mellitus. Diabetes.

2

3

[4

[5

6

[7

[8

9

MOLECULAR METABOLISM 18 (2018) 134—142 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 141

www.molecularmetabolism.com


https://doi.org/10.1016/j.molmet.2018.10.001
https://doi.org/10.1016/j.molmet.2018.10.001
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref1
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref1
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref1
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref1
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref2
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref2
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref2
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref2
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref3
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref3
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref3
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref4
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref4
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref5
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref5
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref5
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref5
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref6
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref7
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref7
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref7
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref7
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref8
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref8
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref8
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref8
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref8
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref9
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref9
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref9
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref9
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref10
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref10
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref10
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref10
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref11
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref11
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref11
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref11
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref12
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref12
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref12
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref12
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref12
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref13
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref13
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref13
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref14
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref14
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref14
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref14
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref14
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref15
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref15
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref15
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref15
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref16
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref16
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref16
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Brief Communication

17

(8]

19

[20]

[21]

[22]

142

Costa-Silva, B., Aiello, N.M., Ocean, A.J., Singh, S., Zhang, H., Thakur, B.K.,
et al., 2015 Jun. Pancreatic cancer exosomes initiate pre-metastatic niche
formation in the liver. Nature Cell Biology 17(6):816—826.

Sullivan, R., Saez, F., Girouard, J., Frenette, G., 2005 Jul-Aug. Role of exo-
somes in sperm maturation during the transit along the male reproductive
tract. Blood Cells Molecules and Diseases 35(1):1—10.

Flieger, 0., Engling, A., Bucala, R., Lue, H., Nickel, W., Bernhagen, J., 2003
Sep 11. Regulated secretion of Macrophage Migration Inhibitory Factor is
mediated by a non-classical pathway involving an ABC transporter. FEBS
Letters 551(1—3):78—86.

Hafiane, A., Genest, J., 2017 Feb. ATP binding cassette A1 (ABCA1) mediates
microparticle formation during high-density lipoprotein (HDL) biogenesis.
Atherosclerosis 257:90—99.

Prusty, D., Park, B.H., Davis, K.E., Farmer, S.R., 2002 Nov 29. Activation of
MEK/ERK signaling promotes adipogenesis by enhancing peroxisome
proliferator-activated receptor gamma (PPARgamma ) and C/EBPalpha gene
expression during the differentiation of 3T3-L1 preadipocytes. Journal of
Biological Chemistry 277(48):46226—46232.

Bashan, N., Dorfman, K., Tarnovscki, T., Harman-Boehm, I., Liberty, I.F.,
Bluher, M., et al., 2007 Jun. Mitogen-activated protein kinases, inhibitory-
kappaB kinase, and insulin signaling in human omental versus subcutane-
ous adipose tissue in obesity. Endocrinology 148(6):2955—2962.

[23]

[24]

[25]

[26]

[27]

Carlson, C.J., Koterski, S., Sciotti, R.J., Poccard, G.B., Rondinone, C.M., 2003
Mar. Enhanced basal activation of mitogen-activated protein kinases in adi-
pocytes from type 2 diabetes: potential role of p38 in the downregulation of
GLUT4 expression. Diabetes 52(3):634—641.

Jager, J., Gremeaux, T., Cormont, M., Le Marchand-Brustel, Y., Tanti, J.F.,
2007 Jan. Interleukin-1beta-induced insulin resistance in adipocytes through
down-regulation of insulin receptor substrate-1 expression. Endocrinology
148(1):241—-251.

Ozaki, K.I., Awazu, M., Tamiya, M., lwasaki, Y., Harada, A., Kugisaki, S., et al.,
2016 Apr 15. Targeting the ERK signaling pathway as a potential treatment for
insulin resistance and type 2 diabetes. American Journal of Physiology
Endocrinology and Metabolism 310(8):E643—E651.

Lubetsky, J.B., Dios, A., Han, J., Aljabari, B., Ruzsicska, B., Mitchell, R., et al.,
2002 Jul 12. The tautomerase active site of Macrophage Migration Inhibitory
Factor is a potential target for discovery of novel anti-inflammatory agents.
Journal of Biological Chemistry 277(28):24976—24982.

Rosengren, E., Bucala, R., Aman, P., Jacobsson, L., Odh, G., Metz, C.N., et al.,
1996 Jan. The immunoregulatory mediator Macrophage Migration Inhibitory
Factor (MIF) catalyzes a tautomerization reaction. Molecular Medicine 2(1):
143—149.

MOLECULAR METABOLISM 18 (2018) 134—142 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://refhub.elsevier.com/S2212-8778(18)30858-5/sref17
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref17
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref17
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref17
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref18
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref18
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref18
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref18
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref19
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref20
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref20
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref20
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref20
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref21
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref22
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref22
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref22
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref22
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref22
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref23
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref23
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref23
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref23
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref23
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref24
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref24
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref24
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref24
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref24
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref25
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref25
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref25
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref25
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref25
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref26
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref26
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref26
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref26
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref26
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref27
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref27
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref27
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref27
http://refhub.elsevier.com/S2212-8778(18)30858-5/sref27
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

	Phenotyping of circulating extracellular vesicles (EVs) in obesity identifies large EVs as functional conveyors of Macropha ...
	1. Introduction
	2. Materials and methods
	2.1. Human studies
	2.2. Animals
	2.3. Circulating EV isolation from blood samples
	2.4. Flow cytometry assays
	2.5. Nanoparticle tracking analysis (NTA)
	2.6. Protein arrays
	2.7. Multiplex immunoassays
	2.8. Protein lysates, SDS-PAGE and immunoblotting
	2.9. Cell culture
	2.10. PKH26-EV internalization
	2.11. Proteinase K protection assay
	2.12. Activation of ERK1/2 in RAW cells
	2.13. Quantification and statistical analysis

	3. Results
	3.1. Plasma EV subtypes are significantly increased in obesity
	3.2. Plasma EV subtypes carry adipokines
	3.3. MVs constitute a major secretory pathway for MIF
	3.4. MV-MIF functional effects specifically rely on MIF tautomerase activity

	4. Discussion
	Author contributions
	Acknowledgments
	Conflict of interest
	Appendix A. Supplementary data
	Appendix
	Metabol study group composition

	References


