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ARTICLE INFO ABSTRACT

Keywords: Behget’s disease (BD) is a relapsing, multisystem and inflammatory condition characterized by systemic vasculitis
Behget’s disease of small and large vessels. Although the etiopathogenesis of BD remains unknown, immune-mediated mechanisms
Monocytes play a major role in the development of the disease. BD patients present leukocyte infiltration in the mucocu-
Phospholipid metabolism . . P X . .
Inflammation taneous lesions as well as neutrophil hyperactivation. In contrast to neutrophils, whose involvement in the

pathogenesis of BD has been extensively studied, the biology of monocytes during BD is less well known. In this
study, we analyzed the phenotype and function of circulating monocytes of 38 BD patients from Hospital of Braga.
In addition, we evaluated the impact of inflammatory and metabolomic plasma environment on monocyte
biology. We observed a worsening of mitochondrial function, with lower mitochondrial mass and increased ROS
production, on circulating monocytes of BD patients. Incubation of monocytes from healthy donors with the
plasma of BD patients mimicked the observed phenotype, strongly suggesting the involvement of serum media-
tors. BD patients, regardless of their symptoms, had higher serum pro-inflammatory TNF-a and IP-10 levels and
IL-1B/IL-1RA ratio. Untargeted metabolomic analysis identified a dysregulation of glycerophospholipid meta-
bolism on BD patients, where a significant reduction of phospholipids was observed concomitantly with an in-
crease of lysophospholipids and fatty acids. These observations converged to an enhanced phospholipase A2
(PLA,) activation. Indeed, inhibition of PLA; with dexamethasone or the downstream cyclooxygenase (COX)
enzyme with ibuprofen was able to significantly revert the mitochondrial dysfunction observed on monocytes of
BD patients. Our results show that the plasma inflammatory environment coupled with a dysregulation of glyc-
erophospholipid metabolism in BD patients contribute to a dysfunction of circulating monocytes.
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1. Introduction

Behcet’s disease (BD) is a chronic relapsing inflammatory condition,
characterized by systemic vasculitis of small and large vessels [1-3].
Recurrent oral and genital ulcers and uveitis are the main symptoms
observed in active patients [2]. In more serious cases or in late stages of
the disease, patients can present involvement of other organs accompa-
nied by gastrointestinal, neurological, and articular manifestations [1,2].
Despite a worldwide BD distribution due to migration, higher prevalence
has been found in the ancient silk route [1-4].

Although the precise etiology is still unknown, genetic predisposition
coupled with environmental factors have been implicated in the immu-
nological deviation observed during the disease, where both innate and
adaptive immunity were shown to play a role [5,6]. Mucocutaneous le-
sions in BD are characterized by leukocyte infiltration, primarily by
neutrophils, monocytes and T cells [7]. Neutrophil hyperactivation
described in the form of increased production of reactive oxygen species
(ROS), endothelial adhesion, chemotaxis, and phagocytosis has been
correlated with tissue injury observed in lesions of BD [8]. These patients
also display monocyte hyperactivity contributing to increased neutrophil
adhesion and immune tissue infiltration with the development of a
pro-inflammatory phenotype [9,10]. This immune hyperactivation is not
only responsible for the acute attacks of the disease but also for gener-
ating an inflammatory loop that perpetuates high levels of inflammatory
cytokines, leading to tissue damage and vasculitis. As such, current
treatment is focused on immunomodulatory and immunosuppressive
agents aiming to suppress the inflammatory attacks of the disease.
Granulocyte and monocyte adsorption apheresis without additional
anti-symptomatic therapy has been proved to induce a significant re-
covery of BD lesions [11], pinpointing the crucial role for innate im-
munity in triggering initial inflammation. While the involvement of
neutrophils in the pathogenesis of BD has been extensively studied, less is
known about the dysregulated activity of mononuclear cells during BD.
Moreover, monocytes are divided into three subsets, namely classical,
intermediate and non-classical. Accumulating evidence showed that
monocyte activation, particularly the intermediate and non-classical
subsets, is associated with the disease progression in distinct autoim-
mune and autoinflammatory diseases [12]. However, it remains to be
determined how monocytes contribute to the BD process and which
subset is involved.

Emerging evidences indicate that immune cells tightly coordinate
their metabolic programs to support immunological functions [13].
Moreover, the environmental metabolome is a crucial factor influencing
the activity of the immune system [13]. Alterations of these delicate
signalling networks could lead to the onset of chronic inflammation. In
this context, clinical and experimental data have suggested that the
pathogenesis of immune-mediated disorders, such as BD, might involve
circulating mediators bridging metabolism and immunity [14].

Herein, we aimed to understand how plasma microenvironment im-
pacts monocyte metabolism and function in BD patients. Our results
show that the chronic systemic inflammatory environment combined
with a dysregulation of glycerophospholipid metabolism are responsible
for a worsening of mitochondrial function, with lower mitochondrial
mass and increased ROS production, on circulating monocytes of BD
patients.

2. Material and methods
2.1. Ethics statement

Study approval was obtained from the Ethics Subcommittee for Life
and Health Sciences of the University of Minho, Portugal (SECVS, 059/
2014) and the Ethics Committee for Health of the Hospital of Braga,
Portugal (CESHB) in July 22nd’ 2014 with an upgrade for the metab-
olomic studies in July 4th’ 2016 by the SECVS.
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Table 1
Clinical characteristics at baseline.

Parameter Active (n = 13) Inactive (n = 25)

Clinical Manifestations, n (%)

Oral ulcers 13 (100) 25 (100)
Pathergy reaction 10 (77) 23 (92)
Skin lesions 10 (77) 20 (80)
Genital ulcers 9 (69) 17 (68)
Articular involvement 6 (46) 10 (40)
Ocular lesions 5(38) 7 (28)
Vascular involvement 0 (0) 4 (16)
Gastrointestinal involvement 0 (0) 14
Neurological involvement 0(0) 14
Treatment, n (%)

Without treatment 0 (0) 2(8)
Glucocorticoid 11 (85) 22 (88)
Anti-TNFo 0 (0) 14)
Other DMARD 8 (62) 7 (28)

Legend: DMARD: Disease-Modifying Antirheumatic Drugs.

2.2. Study population

A total of 38 patients with either definitive or probable diagnostic of
BD (according to the International Study Group of Behcet (ISGB) criteria)
at the Department of Internal Medicine of Hospital of Braga, Braga
(Portugal) between 2015 and 2017, were recruited to the study. The
clinical characteristics of the patients are detailed in Table 1. Samples
from age- and sex-matched healthy individuals were used as controls.
Patients with other systemic inflammatory conditions and those who
developed infection complications during the study were excluded. Dis-
ease activity was assessed by Behcet’s Disease Clinical Activity Form
(BDCAF) [15]. The presence of oral ulcers, genital ulcers, any skin lesions
(erythema nodosum or papulopustular lesions), eye involvement, joint
tenderness and/or swelling, gastrointestinal, neurological, and vascular
involvement were all evaluated by thorough clinical evaluation and
specific investigations whenever needed. Active patients were defined as
those with BDCAF equal to or higher than 2 [16]. Patients were divided
into four treatment groups: without treatment (only 2 patients in inactive
stage), treated with glucocorticoids (11 active patients and 22 inactive
patients), with administration of anti-TNFa (only 1 patient in inactive
stage) and with disease-modifying antirheumatic drugs (DMARDs) (8
active patients and 7 inactive patients).

2.3. Monocyte isolation and culture with plasma samples

Peripheral blood mononuclear cells (PBMC) were isolated using equal
volumes of peripheral blood and Histopaque 1077 (MilliporeSigma, St
Louis, Missouri, USA). After centrifugation, plasma samples were
collected and stored (—80 °C). Monocytes were then separated by posi-
tive selection using magnetically labelled CD14 MicroBeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) on an OctoMACS separator. Iso-
lated monocytes were resuspended in complete RPMI medium (RPMI
supplemented with 10%FBS, 1%PenStrep and 1%HEPES), seeded at a
concentration of 1 x 10° monocytes per mL in a 96-well plate (Corning,
Corning, NY) and incubated for 24h with 50% of control or BD patient
plasma and 50% complete RPMI medium. In some cases, 1 pM Dexa-
methasone (Sigma) and 100 pM Ibuprofen (Sigma) was added to the
monocyte culture incubated with plasma from BD patients.

2.4. Phenotypic analysis of peripheral blood leukocytes

Blood samples were collected using K3EDTA tubes (Greiner Bio-One).
Red blood cells were lysed with the ACK Lysis Buffer (150 mM NH4Cl, 10
mM KHCOg3, 0.01 mM EDTA). Surface staining was performed with the
following antibodies: BV711-CD3 (clone OKT3), BV786-CD19 (clone
HIB19), BV605-CD56 (clone HCD56), FITC-CD66b (clone G10F5), APC-
CY7-CD16 (clone 3G8), BV650-CD14 (clone M5E2), BV510-CD86 (clone
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IT2.2), PE-Cy7-CD163 (clone GH1/61), APC-CD206 (clone 15-2) and PB-
HLA-DR (clone 1.243). The anti-human antibodies used to perform this
study were purchased from BioLegend (CA, USA). PBMC-derived
monocytes and cultured monocytes were stained for the quantification
of superoxide [Dihydroethidium (DHE)] and mitochondrial mass [non-
ylacridine orange (NAO)]. Staining was performed using DHE (45 pM in
FACS buffer (2% FBS in PBS, both from Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA)) for 10 min at 37 °C and NAO (1.25 pM in
complete RPMI) for 30 min at 37 °C (Sigma, St. Louis, Missouri, EUA).
After incubation, DHE stained cells were acquired directly, while NAO
staining was washed with FACS buffer before acquisition. Samples were
acquired on LSRII flow cytometer (BD Biosciences) using the DIVA
Software and data was analyzed using FlowJo software. The gating
strategy is depicted on Supplementary Fig. 1 [17].

2.5. Cytokine quantification

Cytokine quantification of plasma samples was performed with
Human Macrophage/Microglia Panel Legendplex kit (ref. 740,502, Bio-
Legend), according to manufacturer’s instructions.

2.6. Metabolomics

2.6.1. Reagents and solvents

Methanol (MEOH) MS grade and methyl tert-butyl ether (MTBE)
were obtained from Sigma-Aldrich (Steinheim, Germany). Acetonitrile
(ACN) MS grade (Fluka Chromassol, Spain), pyridine (Carlo Erba Re-
agents SAS, France), isopropanol (IPA) (Fischer, Austria), ammonium
hydroxide 28% (VWR Collection Chemicals, USA) and formic acid 98%
obtained from Sigma-Aldrich (St Louis, USA). Heptane MS grade, sodium
hydroxide (NaOH) and C18: 0, N, O-Bis (trimethylsilyl) tri-
fluoroacetamide with 1% trimethylchlorosilane (TMCS) obtained from
Sigma Aldrich, Spain. Ultra-pure water Milli-Q-Plus 185 (Millipore,
USA). A mixture of standards of alkanes (Supelco, United States),
methionine sulfone, O-methoxamine, a mixture of methyl acids and fatty
acids (FAME C8-C22) and tricosane were obtained from Sigma Aldrich,
Spain. 30 k/Daltons Centrifree protein cutoff cut filters were obtained
from Millipore, United States.

2.6.2. LC-ESI-qTOF/MS

50 pl of plasma samples were aliquoted and added 350 pl of a mixture
of MTBE/Ethanol (50:50 v/v), followed by vortex for approximately 30s
and centrifugation at 15 min 4000 g, at 15 °C [18]. The supernatant was
collected and transferred to the sterile vials to LC-MS analysis. Analysis
was performed by HPLC 1200 Agilent system accoupled to mass spec-
trometry, with a RP C8 column Agilent Poroshell (150 mm x 2.1 mm, 2.7
pm) as previously described [19]. Mobile Phases were composed by 5
mmol L~' NH4HCO2 in ultra-pure water (phase A) and 5 mmol Lt
NH4HCO?2 in MEOH (85%) and IPA (15%) in phase B in positive mode;
formic acid 0.1% in ultra-pure water (phase A) and formic acid 0.1% in
MEOH (85%) and IPA (15%) for the negative mode, pumped 0.5
mL/min. Quadrupole-time of flight (qTOF) mass spectrometry (6520,
Agilent Technologies) was performed in both polarities ESI (positive and
negative) in mode full scan from 50 to 1200 m/z. The capillary voltage
(V) was 3500 kV in positive mode and 4500 kV in negative mode.
Reference masses were applied in all analyses, which were 121.0509 m/z
and 922.0098 m/z for the positive mode and 112.9856 m/z and
1033.9881 m/z for the negative mode to performe the mass correction.
Data files were collected in centroide mode, scan rate of 1.02 scans/s.

2.6.3. CE-ESI-Tof MS

100 pL of plasma samples were vortexed for 2min and added 100 pL
of 0.2 mol L™! formic acid with ACN 5% and 0.4 mmol L™! methionine
sulfone (internal standard). Samples were vortexed (1 min) and then
transferred to Milipore filter (30 kDa protein cutoff), followed by
centrifugation (70 min, 2000 rpm at 4 °C). The supernatant was
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transferred to a vial for analysis. Electrophoresis capillary (6200, Agilent
Technologies) system accoupled to (TOF MS) mass spectrometry (6500,
Agilent Technologies) was used to sample analysis following a previously
published method [20]. The separation was performed by silica capillary
(50 pm i.d., 96 cm length) and background electrolyte (BGE) composed
by MEOH 10.8% and formic acid 3.78% v/v. All sample analysis was
performed in positive mode with ESI source. In source fragmentation was
made from 200 V to obtain the spectra profile of compounds.

2.6.4. GC-EI-q-MS

GC-MS analysis was performed following a protocol developed in
CEMBIO [21]. Briefly, 40 pL of plasma sample was homogenized for 2
min and added 120 pL of cold ACN, mixed for 2 min and let stand the
samples for 5 min on ice for deproteinization. Samples were methoxi-
mated and silylated with BSTFA Gas chromatography coupled to single
quadrupole mass spectrometry (7693, Agilent Technologies), electron
ionization (EI) source, Split/splitless injector, ccoupled to a Mass Selec-
tive Detector. Column (DB-5 ms, 30 m x 250 pm x 0.25 pm, 95%
dimethyl/5% phenyl polysiloxane film (Agillent Technologies).

2.6.5. Blank and quality control (QC) sample preparation

Blank and QCs were prepared to each platform from of ultra-pure
water volume and a pooling equal volume of each of the plasma sam-
ples, respectively. The same protocol of treatment was applied to blank as
well as QC samples [22].

2.6.6. Data treatment

All data were controlled and acquired using Mass Hunter Qualitative
Analysis B.07.00 (Agilent Technologies). Data obtained from LC-MS and
CE-MS were cleaned of background noise, unrelated ions, peak detection,
deconvolution and alignment were performed by the recursive feature
extraction (RFE) using Profinder Software B.08.00 (Agilent Technolo-
gies). Data obtained from GC-MS were processed by Unknowns Analysis
Software B.09.00 (Agilent Technologies) to perform peak extraction and
deconvolution. Alignment and integration were performed by Mass
Profiler Professional 14.9 and MS Quantitative Analysis (Quant-My-Way)
B.09.00. Blank subtraction and filtering by frequency of at least 50% of
the QC and 70% of each group and relative standard deviation (RSD) less
than 20% (LC-MS) and 30% (CE-MS and GC-MS) in QC were performed,
to keep only the relevant features. Feature with higher RSD was removed
from the data set. Missing values were substituted by KNN algorithm
using MetaboAnalyst 4.0 Software [23]. Normalization by QC was
applied to all data matrix and I.S applied only to GC-MS data. Beyond
this, all data were log-transformed to get a normal distribution and used
pareto scaling.

2.6.7. Metabolites annotation and pathway analysis

Features obtained by LC-MS and CE-MS representing significant dif-
ferences between the class were annotated using CEU Mass Mediator
Online Platform as the database source [24]. Accurate masses, retention
time, protonation, deprotonation, adducts formation, neutral loss, iso-
topic distribution and formula calculation tool Qualitative Analysis
B.07.00 (Agilent Technologies), were used to annotate the metabolites.
Additionally, CE-MS features were annotated using an in-house library
developed at CEMBIO (Madrid, Spain) to match the fragmentation profile
and the relative migration time (RMT). Features annotation by GC-MS
was performed by using the Fienh 15 [25] Library using retention time
information, the in house CEMBIO library and the NIST 17 mass spectra
library using retention index determination obtained from n-alkanes
(C8-C28). Biochemical pathway was created from the metabolites an-
notated using Pathway Analysis of MetaboAnalyst 4.0 with the following
parameters: Hypergeometric Test and Relative-betweenness Centrality
Algorithms and Homo sapiens (KEGG) pathway library [23].
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Fig. 1. Plasma cytokine profile in BD patients. The levels of (A) IL-1f, (B) IL-1RA, (C) IL-1f/IL-1RA ratio, (D) TNF-a, (E) IP-10, (F) IL-6 were quantified on the
plasma of healthy controls (n = 39) and inactive (n = 25) and active (n = 13) BD patients. Data are shown in a box and whisker plot format; *p < 0.05; **p < 0.01.

2.7. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 6
software. Regarding the small sample size and the non-normality
observed in our variables, Kruskal-Wallis test was used to identify sta-
tistical differences. For variables that reached global significance, pair-
wise comparisons were performed by the Mann-Whitney U test.
Correlations were calculated using Spearman’s correlation: Spearman
coefficient and p value were reported. For metabolomics, Multivariate

Analysis as Principal Components Analysis (PCA) and Partial Least
Square Discriminant Analysis (PLS-DA) and Variables Importance Pro-
jection (VIP) Score with Leave-one-out cross-validation method (LOOCV)
were performed in order to exploratory and discrimination of the classes.
Univariate analysis was performed by t-tests with false discover rate
(FDR) adjusted P-value. Combination of the VIP Score >1.0 and p < 0.05
were used as features statistically significant. Multivariate and univariate
analyses were performed by MetaboAnalyst 4.0 Software online [23].
Statistically significant values are as follows: *p < 0.05, **p < 0.01, ***p
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Fig. 2. Circulating monocytes of BD patients display a pro-inflammatory profile (A) Percentages of the monocyte population based on gating strategy on Fig S1
(B) The mean fluorescence intensity of M1-like prototype markers HLA-DR and CD86 and M2-like prototype markers CD163 and CD206. Data are shown in a box and

whisker plot format; *p < 0.05 MFI - Mean Fluorescent Intensity.
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Fig. 3. BD patients display a worsening of monocyte mitochondrial function with lower mitochondrial mass and increased ROS production. (A) The su-
peroxide production (DHE) and (B) mitochondrial mass (NAO) was quantified on the gated monocyte population. (C) Correlation between the monocyte mito-
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< 0.001, ****p < 0,0001.
3. Results
3.1. Characterization of BD patients and control group

Our study enrolled 77 subjects including 39 healthy age-matched
controls (17 males and 22 females, mean age + SD, 32.95 + 1.30
years), 25 inactive BD patients (10 males and 15 females; mean age + SD,
41.38 + 2.64 years) and 13 active BD patients (2 males and 11 females;
mean age + SD, 29.76 + 2.03 years) from the Hospital of Braga. The
mean disease duration was 12.16 + 8.24 years in inactive patients and
9.08 + 8.04 years in active patients. The mean age of diagnose was 34.68
+ 10.23 years in inactive patients and 38.08 + 10.34 years in active
patients. The clinical manifestations of the disease are presented in
Table 1, being oral ulcers, pathergy reaction and skin lesions the most
common in both inactive and active BD patients.

3.2. Cytokine profile of BD patients

Plasma samples from BD patients and healthy controls were used to
quantify the levels of circulating cytokines. Inflammatory (IL-1p, TNFa,
IL-6, IL-12p70, IFN-gamma, IL-23, and IP-10) and anti-inflammatory
(arginase, IL-4, IL-10 and IL1-RA) mediators were evaluated. While no
significant differences among groups were observed on the IL-1p levels
(Fig. 1A), IL-1RA levels were significantly decreased in BD patients
without active disease (p = 0.0107, Fig. 1B). As a result, the IL-1p/IL-1RA
ratio was found significantly higher in inactive BD patients in comparison
to active BD patients and healthy controls (p = 0.0147 and p = 0,0368,
respectively, Fig. 1C). Among the inflammatory mediators, both TNFa
and IP-10 levels were significantly increased in both inactive and active
patients in comparison to healthy individuals (p = 0.0391 and p = 0.0037
for TNFo and p = 0.0117 and p = 0.0355 for IP-10, respectively,
Fig. 1D-E). No significant differences were found between groups for IL-
6, IL-12p70, IFN-gamma and IL-23 (Fig. 1F and Supplementary
Figs. 2A-C). Of note, the other tested anti-inflammatory mediators were
also similar between all groups (Supplementary Figs. 2D-F). Our data

demonstrates increased levels of inflammatory mediators on the plasma
of BD patients, being the higher IL-1p/IL-1RA ratio exclusively of patients
without active disease.

3.3. BD patients monocytes display loss of mitochondrial mass

We extended our analysis to blood immune cell populations. While no
major changes were observed in the percentage of neutrophil and
lymphocyte populations, an increased neutrophil-to-lymphocyte (NLR)
ratio was detected in active patients, corroborating previous publications
(Supplementary Fig. 3A) [26,27]. Similarly, the percentage of circulating
monocytes was similar between all groups (Fig. 2A). Monocytes of BD
patients, particularly from those with active disease, displayed higher
surface levels of the antigen-presenting molecule human leukocyte
antigen-DR (HLA-DR) and the co-stimulatory molecule CD86, both sug-
gestive of monocyte activation (Fig. 2B). In contrast, no significant var-
iations were observed on the surface levels of the anti-inflammatory
markers CD163 and CD206 (Fig. 2B). A deeper analysis was performed
on the three sub-populations of monocytes based on the surface expres-
sion of CD14 and CD16. The percentages of classic (CD141" CD167),
intermediate (CD14"", CD16™ ") and non-classic (CD14" CD16™ ") were
similar between groups, which corroborate the data on total monocytes
(Supplementary Fig. 3B). Interestingly, the significant increase of the
surface HLA-DR and CD86 levels on the monocyte population was due to
a specific increase on the non-classical (p = 0.0262 and p = 0.0319 for
CD86 and p = 0.0393 and p = 0.0134 for HLA-DR for inactive and active,
respectively, compared to control) and, partially the intermediate (p =
0.0483 for active vs control and p = 0.0410 for active vs inactive for
CD86), monocyte populations (Supplementary Fig. 4). As observed in
total monocytes, no significant differences were found on the surface
levels of CD163 and CD206 for each sub-population (Supplementary
Fig. 5). A functional characterization of circulating monocytes was per-
formed through the evaluation of superoxide anion levels and mito-
chondrial mass. Corroborating previous studies, we observed a
significantly increase of superoxide anion levels, both of mitochondrial
and non-mitochondrial origin (data not shown), in BD patients, with a
tendency to be higher in active patients (p = 0.0214 and p = 0.0030,
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Fig. 4. Metabolic profiling of BD patients’ plasma (A) Principal Components Analysis Score Plot of untargeted metabolomics of BD patients and control group by
multiplatform analysis. HPLC-MS positive (a) and negative (b) modes analysis, CE-MS (c) and GC-MS (d) techniques. (B) Volcano plot highlighting significant me-
tabolites annotated between Behcet and control group. (C) Heat map of the lipids annotated with significantly different abundance between Behcet and control group.
(D) Graphical representation of the major pathways modified in the plasma of BD patients. Quantification of (E) phospholipids and (F) lysophospholipids in the plasma
of BD patients and healthy controls. Data are shown in a box and whisker plot format; *p < 0.05.

respectively, Fig. 3A) [28,29]. Interestingly, a significant decreased
mitochondrial mass was found in both inactive and active BD patients (p
= 0.0203 and p = 0.0242, respectively), being more drastic in the latter
(Fig. 3B), when compared to healthy controls. This mitochondrial mass
phenotype was observed in each of the three subsets of monocytes
(Supplementary Fig. S3C). Interestingly, we observed a negative corre-
lation between the DHE and NAO levels only on BD patients (p = 0.0287;
r 0.4377) (Fig. 3C). Furthermore, the mitochondrial mass was
inversely correlated with the surface expression of the HLA-DR and CD86
activation markers (Fig. 3D). While the phenotype was already observed
in control samples (p = 0.0320; r = —0.4930 for HLA-DR and p = 0.1608;
r = —0.3024 for CD86), it was significantly enhanced on monocytes of BD
patients (p = 0.0068; r = —0.5592 for HLA-DR and p = 0.0018; r =
—0.5551 for CD86). Collectively, our data suggests that the higher
monocyte activation of BD patients is associated with a worse mito-
chondrial function characterized by lower mitochondrial mass.

3.4. Untargeted metabolomic analysis of plasma samples from BD patients

Recent reports have suggested the involvement of several inflam-
matory mediators in the general hyperactivity of the immune response
observed in BD [5,30,31]. Yet, it is still unclear how the metabolic
environment in the blood stream will impact immune cell phenotype and
effector functions contributing to BD symptomatology and response to
therapy. To address this issue, we performed an untargeted metabolomic
analysis of plasma samples from BD patients and compared it against
healthy samples. The principal components analysis (PCA; Supplemen-
tary Fig. 6) models show the clustering of the quality control samples
(QC, light blue spheres) of each technique, evidencing a satisfactory
stability and performance of the analytical techniques. Further, PCA

models for LC-MS both ionization modes and CE-MS (Supplementary
Fig. 6A) showed two separate clusters representing BD and control group.
Yet, no differences were found between BD active and inactive patients
(Supplementary Fig. 6A). For this reason, the PLS-DA (Fig. 4A, a-d) su-
pervised models were built only with two classes (Behget and control).
Cross validation (CV) of PLS-DA model was measured from determina-
tion (R%) and prediction (Qz) coefficients that were considerate to be
good quality models with high R? and Q2 CV of each platform was:
LC-MS ESI+ (R% 0.90, Q* 0.88), LC-MS ESI- (R% 0.96, Q* 0.95), CE-MS
(R% 0.70, Q% 0.63) and GC-MS (R 0.39, Q% 0.10). Statistical analysis
showed a total of 130 significantly different features, from which 45
metabolites were annotated. Features of each technique are summarized
in Tables S1-S3. Univariate analysis performed on the metabolites allow
to discriminate 12 and 24 metabolites that were increased and decreased,
respectively, on BD patient’s plasma in comparison to healthy samples
(Fig. 4B). Among the most significant metabolites, we found glycer-
ophospholipids and fatty acids (Fig. 4C). A pathway analysis overview
pinpointed glycerophospholipid metabolism, serine, glycine and threo-
nine metabolism, linoleic acid metabolism and amino acyl-tRNA
biosynthesis as the most significantly modulated (Fig. 4D and Supple-
mentary Fig. 6B), being the biochemical pathway related to lipid meta-
bolism the more relevant. Moreover, the level of phospholipids was
found to be significantly decreased concomitantly with a trend of
increased lysophospholipid levels in BD patients in comparison to the
control group (Fig. 4E-F). Of note, no significant differences were found
in the plasma levels of phospholipid and lysophospholipid between
active and inactive patient (Supplementary Fig. S7). Overall, an untar-
geted metabolomic analysis identified the glycerophospholipids meta-
bolism as the most significantly modulated pathway on BD patients.
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3.5. Plasma from BD patients decreases mitochondrial mass in healthy
monocytes through a phospholipid-mediated inflammatory response

Our results revealed the activation status and functional mitochon-
drial changes in monocytes from BD patients, along with a significant
modulation of inflammatory status of the environment and lipid meta-
bolism. As such, we hypothesized that the inflammatory soluble media-
tors on the BD patient’s plasma contribute to the dysregulation of lipid
metabolism that in turn would be responsible for the observed monocyte
phenotype. Incubation of monocytes recovered from healthy donors with
BD patient’s plasma, but not plasma from control donors, induced a
significantly decrease on the mitochondrial mass (p < 0.0001; Fig. 5A).
Considering the dysregulation of glycerophospholipid metabolism
observed in the metabolomic analysis, the role of PLAy in this mito-
chondrial mass reduction was evaluated. Inhibition of PLA; by dexa-
methasone or the downstream cyclooxygenase (COX) enzyme with
ibuprofen significantly reverted the loss of mitochondrial mass (p =
0.0358 and p = 0.0165, respectively) (Fig. 5A-B). Taken together, our
data show that the dysregulated metabolism of phospholipids found in
the metabolomic analysis are directly linked to monocyte’s phenotype,
once the inhibition of arachidonic acid metabolism prevented a pro-
nounced decrease of mitochondrial mass in monocytes.

4. Discussion

Neutrophils and lymphocytes have already been pointed out as
important players of the chronic inflammatory response developed dur-
ing BD [32-35]. Although increased monocyte activation has been re-
ported in BD patients [9], the exact mechanism behind it is still unclear.
Our results show that a chronic inflammatory environment that results in
dysregulated phospholipid metabolism contributes to mitochondrial
dysfunction and to the pro-inflammatory phenotype of circulating
monocytes of BD patients.

While most studies have demonstrated increased levels of inflam-
matory cytokines [30,36-39], other have found no differences [40]. Our
cohort presented similar plasma levels of IL-1p, IL-6, IL-12p70 and
IFN-gamma between BD patients and control group, highlighting the
heterogeneity of the cohorts under study in terms of the severity of dis-
ease or undergoing treatment. Of note, 87% of patients enrolled in our
study were treated with glucocorticoids, which may explain the low
levels in most of the pro-inflammatory cytokines tested. However, IP-10
and TNFa levels were found significantly increased in BD patients, when
compared to heathy controls, proving that, despite the treatment, a
pro-inflammatory environment is still present. Increased levels of IP-10
were previously reported in BD as well as in Kawasaki disease, an

acute febrile vasculitis, suggesting an important role of this chemokine in
vasculitis development [41,42]. IL-1RA levels, an antagonist of the IL-1p
receptor used as therapeutic agent in inflammatory diseases as Still’s
Disease and BD [43,44], were highly decreased in inactive BD patients.
This lead to a significantly increase of IL-1p/IL-1RA ratio in these pa-
tients, a phenomena similarly observed in other inflammatory diseases
such as osteoarthritis [45]. Our data show a significant increase of TNFa
and IP-10 levels regardless of disease stage. This was further confirmed
by the metabolic signature of BD that is also independent of disease ac-
tivity. Interestingly, IL-1RA/IL-1p ratio is increased exclusively in inac-
tive BD patients, which suggests a low-grade but constant systemic
inflammatory phenotype in BD patients even in the absence of overt
disease.

In contrast to several other studies that have shown that circulating
CD16" monocytes (intermediates and non-classical) are found in large
numbers in patients with inflammation processes [46] and infectious
diseases [47,48], we did not observed any imbalance on the monocytes
sub-populations in our cohort of BD patients. Yet, a consensus exists on
the higher activation status of circulating monocytes in BD patients.
Previous studies demonstrated a higher production of inflammatory cy-
tokines and increased surface expression levels of HLA-DR and CD86 on
monocytes of BD patients when compared to healthy controls [34,
49-51]. We found a similar phenotype in our cohort. Moreover, here we
show that the increased activation status was observed only on the in-
termediate and non-classical monocyte populations, whereas no modi-
fications were observed on classical monocytes. This is a phenotype that
was already observed in other inflammatory conditions, namely systemic
lupus erythematous, sepsis and atherosclerosis [17,52,53]. In opposition
to the classical subtype, intermediate and non-classical monocytes
display a more pro-inflammatory phenotype more prone to become
activated and capable of secreting inflammatory cytokines and antimi-
crobial molecules [17,54]. Therefore, the activation, without expansion,
of the two minority monocyte populations in BD comes in line with the
cytokine signature, pinpointing a low-level but constant systemic in-
flammatory activation.

Monocytes from BD patients displayed a lower mitochondrial mass
with higher superoxide anion levels when compared to the control group.
Increased levels of superoxide production have already been reported in
neutrophils and macrophages of BD patients [55-58]. High levels of
superoxide induce mitochondrial damage and the consequent increased
permeability leads to the accumulation of reactive oxygen species (ROS),
generating a mitochondrial damage loop, that culminates in mitochon-
drial dysfunction [59,60]. We observed a negative correlation between
superoxide anion levels and mitochondrial mass in BD patients. Also, an
inverse correlation between mitochondrial mass and activation markers
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Dexamethasone and ibuprofen are selective inhibitors of PLA; and COX-1/COX-2, respectively.

(HLA-DR and CD86) was observed, which was more evident in BD pa-
tients than in the control group. Thus, our data strongly suggest that the
pro-inflammatory environment in BD patients (mainly due to increased
levels of pro-inflammatory cytokines) leads to activation of monocytes
towards a pro-inflammatory phenotype increasing the production of in-
flammatory products, namely ROS, that ultimately contribute to the
mitochondrial dysfunction through loss of mitochondrial mass (Fig. 6).

Glycerophospholipid metabolism was the major significantly modi-
fied pathway in the plasma of BD patients. The activation of this pathway
produces bioactive lipids as omega 3 and 6 fatty acids, polyunsaturated
fatty acids (PUFAs) and arachidonic acid [61]. Some of these bioactive
lipids can be metabolized to mediators that participate in the
pro-inflammatory signalling [61]. Inflammatory cytokines induce the
transport of the phospholipase A2 (PLA2) enzymes to the cellular
membrane that contains glycerophospholipid in the composition. Some
glycerophospholipids are activated and converted to PUFAs, producing
oxylipins that will promote an inflammatory loop [61-63]. In BD pa-
tients, decreased levels of glycerophospholipids [phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS)] may
be related to their metabolization to produce oxylipins that were also
found to be increased in BD patients. In addition, lysophospholipid, in
particular lysophosphatidylcholines (LPC), and fatty acids levels were
increased in BD patients suggesting an activation of PLA2, which comes

in line with the observed ongoing inflammatory processes. Our data
suggest an interplay between lipid metabolism and inflammation at
multiple levels that may exacerbate monocyte dysfunction in the devel-
opment of BD.

In order to explore the mechanism underlying the mitochondrial
dysfunction observed, plasma from BD patients was incubated with
healthy monocytes, significantly leading to a reduction of the mito-
chondrial mass of these cells. Phenotypic induction through plasma
mediators has already been described in BD [64]. Considering the
changes observed in glycerophospholipid metabolism with the untar-
geted metabolome analysis, we hypothesized that phospholipid meta-
bolism could be enrolled in this BD-phenotype induction. Expression of
PLA; can be induced through pro-inflammatory cytokines, such as IL-1 or
TNFa [36,65]. PLA; cleaves membrane phospholipids into fatty acids and
lysophospholipids, and, upon stimulation, promotes the release of
arachidonic acid (AA) that unleashes the production of prostaglandins by
cyclooxygenase-2 (COX-2) [65]. The resulting lipids can activate PLA;
through specific lipid-receptors, enhancing this inflammatory loop [65].
Thus, dexamethasone and ibuprofen were wused to suppress
cytokine-induced expression of PLA; and inhibit COX-1/COX-2, respec-
tively [65,66]. Dexamethasone and ibuprofen treatment significantly
reverted the loss of mitochondrial mass experienced by monocytes in the
presence of plasma from BD patients. Prostaglandins have been
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associated with mitochondrial dysfunction and to significantly potentiate
cytokine-induced inflammatory responses in rheumatoid arthritis and
other inflammatory disorders [67-69]. Our results suggest a direct or
indirect association between the production of prostaglandins and the
loss of mitochondrial mass (Fig. 6). Although future studies are necessary
to define the precise mechanism, the loss of mitochondrial mass can
occur through increased mitophagy or decreased biogenesis [70].

In conclusion, we demonstrate the existence of a low-grade contin-
uous inflammatory environment that associates with an increased glyc-
erophospholipid metabolism in the plasma of BD patients. Interestingly,
some mechanisms such as the increased IL1-RA/IL-1p ratio are specific
for inactive disease while others as inflammatory cytokines, monocyte
activation and metabolite signature, are specific of BD, irrespectively to
the disease stage. Consequently, circulating intermediate and non-
classical monocytes display an activated phenotype that correlates with
worsening of mitochondrial function, which may contribute to the in-
flammatory loop. Together with the already known inflammatory
players, namely neutrophils and lymphocytes, monocytes promote the
inflammatory environment present in BD patients. Finally, inhibition of
PLA, with dexamethasone or the downstream cyclooxygenase (COX)
with ibuprofen was able to significantly revert the mitochondrial
dysfunction observed on monocytes of BD patients. Our results bridge
metabolism and immunity to unravel the mechanisms of BD.
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