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Microparticles (MPs) are vesicles derived from the plasma membrane of different cells,
are considered a source of circulating autoantigens, and can form immune complexes
(MPs-ICs). The number of MPs and MPs-ICs increases in patients with systemic lupus
erythematosus (SLE). MPs activate myeloid cells by inducing IL-6 and TNF-« in both
SLE and other diseases. Therefore, we propose that the recognition of MPs-ICs by
monocytes rather that MPs may define their phenotype and contribute to the inflam-
matory process in patients with SLE. Thus, the aims of this study were to evaluate the
association among circulating MPs-ICs from different cell sources, alterations observed
in monocyte subsets, and disease activity in patients with SLE and to establish whether
monocytes bind and respond to MPs-ICs in vitro. Circulating MPs and monocyte sub-
sets were characterized in 60 patients with SLE and 60 healthy controls (HCs) using
multiparametric flow cytometry. Patients had higher MP counts and frequencies of
MPs-CD41a + (platelet-derived) compared with HCs, regardless of disease activity. MPs
from patients with SLE were C1qg + and formed ICs with IgM and IgG. MPs-IgG + were
positively correlated with active SLE (aSLE), whereas MPs-IgM + were negatively cor-
related. Most of the circulating total ICs-IgG + were located on MPs. The proportion
and number of non-classical monocytes were significantly decreased in patients with
SLE compared with HCs and in patients with aSLE compared with patients with the
inactive disease. Non-classical monocytes obtained from patients with SLE exhibited
increased levels of CD64 associated with MPs-IgG +, MPs-C1q +, total circulating ICs-
IgG +, and disease activity. The direct effects of MPs and MPs-IgG + on monocytes
were evaluated in cell culture. Monocytes from both HCs and patients bound to and
internalized MPs and MPs-IgG + independent of CD64. These vesicles derived from
platelets (PMPs), mainly PMPs-IgG +, activated monocytes in vitro and increased the
expression of CD69, CD64, and pro-inflammatory cytokines such as IL-1p, TNF-a, and
IFN-a. Therefore, MPs are one of the most representative sources of the total amount of
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circulating ICs-IgG + in patients with SLE. MPs-IgG + are associated with SLE activity,
and PMPs-IgG + stimulate monocytes, changing their phenotype and promoting pro-
inflammatory responses related to disease activity.

Keywords: microparticles, monocyte activation, immune complexes, systemic lupus erythematosus, monocyte

subsets

INTRODUCTION

Circulating autoantibodies against different nuclear components
are one of the main serological hallmarks of systemic lupus
erythematosus (SLE). These autoantibodies can form immune
complexes (ICs) in the circulation, which are then deposited at
the intravascular level, inducing inflammatory processes and
tissue damage (1). Different sources of autoantigens have been
implicated in the formation of ICs in patients with SLE, including
apoptotic bodies (2) that contain autoantigens such as DNA and
modified histones (3), and, more recently, microparticles (MPs)
(4). MPs are vesicles derived from plasma membranes of acti-
vated and apoptotic cells (ACs). Therefore, similar to ACs, MPs
are associated with different autoantigens, such as autoantigens
derived from nucleosomes (5) and have a broad spectrum of
effects on immune responses (6). For example, monocytes and
macrophages seem to play critical roles in the clearance of these
structures (7-9), and monocyte-derived MPs induced reactive
oxygen species (ROS) production, the release of cytokines,
such as IL-6, and NF-kB activation in human monocytes and
macrophages (10). Additionally, MPs from apoptotic neutrophils
from healthy donors together with raised IFN-a concentrations
induced the secretion of the pro-inflammatory cytokines IL-6,
IL-8, and TNF-a in monocytes from the same donors, and also
macrophage polarization was shifted toward a more inflamma-
tory type after the same treatment (11). In other phagocytic cells,
it has been observed that endothelial-derived MPs induced plas-
macytoid dendritic cell maturation, in addition to upregulation of
costimulatory molecules and inflammatory cytokines secretion
(IL-6 and IL-8) (12).

Increased numbers of circulating MPs have been reported in
patients with SLE (13). MPs can compete with ACs for removal
by binding to scavenger receptors (SRs) (14). In addition, these
structures or their contents may be subject to posttranslational
modifications, including citrullination and oxidation, which
contribute to alarmin and neoantigen availability (15). The MPs
containing acetylated chromatin drive ROS-independent neutro-
phil extracellular trap (NET) release in cells from patients with
SLE-presenting active nephritis (16). All these factors, together
with the presence of intracellular components on the MP surface,
such as nucleic acids (17), enable these vesicles to bind to the
toll-like receptors (TLRs) present on phagocytes (18-20). This
recognition contrasts with the non-inflammatory responses gen-
erated by SRs and may promote the classical activation of these
cells. MPs derived from ACs from patients with SLE increase
the expression of the costimulatory molecules CD40, CD80, and
CD86 and the production of pro-inflammatory cytokines IL-6,
TNF-a, and IFN-« in dendritic cells (21).

As shown in the study by Nielsen et al., circulating MPs
are associated with IgG and IgM antibodies (MPs-ICs) as well

as complement molecules in patients with SLE (4). Soluble
ICs have been directly related to activation of phagocytes, the
inflammatory process, and tissue damage in patients with SLE
and murine models of lupus (22-25). MPs-IgG + can provide
additional signals to myeloid cells through Fc gamma recep-
tors (FcyRs), promoting their pro-inflammatory responses
(26). However, MPs-IgM + and MPs-Clq + are also recog-
nized by receptors that induce alternative activation of these
cells (27, 28). Therefore, we propose that circulating MPs-ICs
rather than MPs may modulate and even define the functional
profile of monocytes in patients with SLE and contribute
to some extent to the perpetuation and exacerbation of the
inflammatory process in patients with SLE, in a similar way
than soluble ICs.

Currently, researchers have not clearly identified the mecha-
nisms by which MPs and MPs-ICs affect monocyte subsets in
patients with SLE (29); however, alterations in the number and
function of these cells as well as changes in the contents and
number of MPs have been described independently in these
patients (4, 30, 31). In addition, the activation of monocytes
by MPs has been observed in different diseases and models
including SLE; however, this aspect needs to be solved for MPs-
ICs. Therefore, our aims were to establish correlations among
circulating MPs-ICs from different cell sources, alterations
observed in monocyte subsets, and disease activity in patients
with SLE, and to establish whether MPs-CIs bind to and activate
monocytes in vitro.

MATERIALS AND METHODS

Reagents, Materials, and Antibodies

RPMI-1640 medium supplemented with GlutaMAX, Dulbecco’s
phosphate-buffered saline (DPBS), and fetal bovine serum
(FBS) were purchased from Gibco-BRL (Grand Island, NY,
USA). Paraformaldehyde, RNase A (DNase- and protease-
free), and DNase I (RNase-free supplied with MnCl2) were
acquired from Thermo Fisher Scientific, Inc. (Pittsburgh, PA,
USA). Histopaque®-1077, Collagen Type IV, trypan blue, dime-
thyl sulfoxide anhydrous >99.9% (DMSO), ionomycin from
Streptomyces conglobatus, and lipopolysaccharide (LPS) from
Escherichia coli O111:B4 were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Penicillin and streptomycin were pur-
chased from Cambrex-BioWhittaker (Walkersville, MD, USA).
Propidium iodide (PI), Annexin-V, Annexin-V binding buffer,
lysis solution, the BD™ Human Inflammatory Cytometric Bead
Array (CBA), and BD FACSFlow™ were purchased from BD
Pharmingen (San Diego, CA, USA). The sterile polystyrene
12 mm X 75 mm tubes were acquired from BD Falcon (San
Diego, CA, USA). Absolute counting beads were obtained
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from Beckman Coulter (Hialeah, FL, USA). The Fluoresbrite
Calibration Grade Size Range Kit (YG calibration grade spheres
with diameters of 0.5, 1.0, 2.0, 3.0, and 6.0 um), Fluoresbrite
YG Microspheres (0.1 um), and Fluoresbrite YG Microspheres
(0.2 um) were acquired from Polysciences, Inc. (Warrington,
PA, USA). The Rosette Sep Human Monocyte Enrichment
Cocktail was obtained from STEMCELL Technologies (British
Columbia, Vancouver, Canada).

Monoclonal antihuman MY4 (CD14)-FITC (Clone 322 A-1)
and MY4-RD1 (Clone 322 A-1) antibodies were obtained from
Beckman Coulter; the antibodies against human CD16-V450
(Clone 3G8), CD32-PE (Clone 3D3), CD64-APC (Clone 10.1),
CD33-P3 (Clone WM-53), CD36-APC (Clone CB38, also known
as NL07), CD68-PE (Clone Y1/82A), CD11a-PE-Cy7 (Clone
HI111), CD11b-PE (Clone D12), CDI11c-PE (Clone B-ly6),
CD18-APC (Clone 6.7), FcpuR-Alexa Fluor 647 (Clone HM14-1),
CD54-PE-Cy5 (Clone HA58), CD41a-PE (Clone HIP8), CD3-PE
(Clone 17 Al), CD33-PB (Clone WMS53), CD105-BV421
(Clone 266), CD19-V450 (Clone HIB19), CD63-FITC (Clone
H5C6), and CD69-PE (Clone FN50) were acquired from BD
Biosciences (San Diego, CA, USA). HLA-DR-APC-Cy7 (Clone
1.243), CD35-PE (E11), and CD93-PE (VIMD2) antibodies were
obtained from Biolegend (San Diego, CA, USA). Monoclonal
antihuman C1q-FITC (Clone ab4223) and anti-citrulline primary
antibodies (Clone ab100932) and the anti-rabbit IgG H&L-Alexa
Fluor 647 secondary antibody (Clone ab150079) were obtained
from Abcam (San Francisco, CA, USA). The F(ab’), anti-IgG
fragment conjugated to Alexa Fluor 488 and F(ab’), anti-IgM
fragment conjugated to Alexa Fluor 647 were purchased from
Jackson ImmunoResearch (Baltimore Pike, West Grove, PA,
USA). Antihuman CD235a-APC (Clone HIR2) was obtained
from eBioscience (San Diego, CA, USA).

Patients and Controls

Sixty patients with SLE, who were diagnosed according to the
American College of Rheumatology criteria (32), were recruited
at the Rheumatology Service of “Hospital Universitario San
Vicente Fundacion” (HUSVF), Medellin, Colombia. Patients
were classified according to the SLEDAI (systemic lupus ery-
thematosus disease activity index selena modification) scores
as either having inactive SLE (iSLE) (SLEDAI < 4) or active
SLE (aSLE) (SLEDAI > 4) (33); the damage index for SLE was
measured using the Systemic Lupus International Collaborating
Clinics (SLICC) index (33). The main demographic and clinical
characteristics of the study subjects were recorded from their
medical histories and are shown in Table 1. As controls, we
included 60 healthy controls (HCs) with the same gender and
similarly ages; additionally, a cohort control of 40 patients with
rheumatoid arthritis (RA) were included to compare only some
characteristics of MPs and monocyte subsets; these patients were
diagnosed according to the American College of Rheumatology
and European League Against Rheumatism criteria (34). Our
study complies with the Declaration of Helsinki; the research
protocol and informed consent form were approved by the
Universidad de Antioquias Medical Research Institute and
HUSVEF Ethics Committees. All patients and HCs provided
consent and signed the informed consent form.

Isolation, Counting, Sizing, and
Characterization of Microparticles (MPs)

Microparticles were isolated from platelet-poor plasma (PPP)
obtained from 4 mL of venous blood treated with the anticoagu-
lant citrate in BD-Vacutainer tubes, as previously described (13).
Briefly, immediately after collection, blood cells were removed by
centrifugation at 1,800 x g for 10 min at 21°C, followed by two
centrifugation steps at 3,000 x g for 20 min at 21°C to deplete
platelets and to obtain PPP. Finally, 1 mL of PPP was centrifuged
at 16,900 x g for 60 min at 21°C to obtain MPs. The MP pellet
was suspended in 1 mL of filtered FACS sheath fluid. Polystyrene
spheres of known sizes (0.1, 0.5, 1, 2, 3, and 6 pm) were used as
a reference to determine the MP size by flow cytometry based
on FSC-A and SSC-A parameters, and ultra-filtrated sheath fluid
(0.1-pm asymmetric polyethersulfone membrane filters, Thermo
Fisher Scientific) was used to set the threshold in the flow cytom-
eter. Some experiments were performed in the presence of the
detergent 0.05% Triton X-100 to ensure the vesicular nature of
the acquired events. Reference counts of fluorespheres of known
concentrations were used to determine the MP concentration
in 1 mL of PPP; all events corresponding to MPs in 200 pL of
PPP were acquired at a constant low flow and counted on a flow
cytometer. The number of events obtained was corrected by the
dilution factor. MPs were acquired on a FACS Canto™ II flow
cytometer (Becton Dickinson, San Jose, CA, USA) with FACS
DIVA software. The percentage and number of MPs were ana-
lyzed and estimated using FlowJo 7.6.1 software (Tree Star, Inc.,
Ashland, OR, USA).

Cell Source and Phenotype of MPs

Microparticles (200 puL of the MP suspension) were labeled for the
flow-cytometry analysis with different panels of specific antibod-
ies (at previously titrated volumes) at room temperature in the
dark for 20 min. The MP cell source was determined with mono-
clonal antibodies against human CD14, CD16, CD41a, CD45,
CD105, CD33, CD235a, CD3, CD19, and HLA-DR. An F(ab’),
anti-IgG fragment conjugated with Alexa Fluor 488 and an F(ab’),
anti-IgM fragment conjugated with Alexa Fluor 647 were used to
determine whether MPs form ICs. A specific primary antibody,
an APC-labeled secondary antibody, and a FITC-labeled specific
antibody were used to evaluate the presence of citrullinated
peptides and C1q on MPs. After staining, a wash with 800 pL of
DPBS followed by centrifugation at 16,900x g for 60 min at 4°C
was performed to remove the excess antibody. MPs were stained
with Annexin-V in the presence of Annexin-binding buffer for
20 min at room temperature to assess phosphatidylserine (PS)
exposure. The percentages of RNA + and DNA + MPs were
determined by exposing those structures to 20 UI of DNase and
1 pg of RNase for 1 h at 37°C; the MPs were subsequently stained
with PI (% MPs-DNA + = % MPs PI + —% MPs PI + treated with
RNase, and % MPs-RNA + = % MPs PI + —% MPs PI + treated
with DNase). This technique only allows the detection of nucleic
acids present on the surface of MPs. The FACS Canto™ II flow
cytometer with the FACS DIVA software was used to acquire
50,000 MPs; the fluorescence minus one (FMQO) method was
performed for each fluorochrome to determine the positive and
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TABLE 1 | Demographic and clinical characteristics of the patients with systemic lupus erythematosus (SLE) and healthy controls (HCs) included in the present study.

HCs SLE
iSLE (SLEDAI < 4) aSLE (SLEDAI > 4)
n 60 28 32
Age? 35 (19-76) 28 (18-73) 28 (18-53)
Sex F/M 53/7 24/4 30/2
Leukocyte count—cells/pL? 6,545 (3,250-11,550) 5,968 (1,093-13,255) 5,720 (1,271-12,948)
SLEDAI score? - 0(0-2) 7 (4-33)
SLICC score? - 0(0-2) 0(0-7)
Disease duration—ages® - 7 (0-25) 3(1-18)
Disease manifestations® -
Vasculitis 0 5(16)
Alopecia 0 7 (22)
Malar rash 4 (14) 4 (13)
Butterfly rash 0 1@Q)
Mucosal ulcers 0 39
Leukopenia 4(14) 6 (19)
Lymphopenia 5(18) 16 (50)
Thrombocytopenia 0 7 (22)
Cardiac manifestations 1(4) 10 (31)
Pulmonary manifestations 0 6 (19)
Neuropsychiatric manifestations 4(14) 8 (25)
Renal manifestations 15 (54) 27 (84)
Antiphospholipid syndrome 14) 3(9)
Raynaud’s phenomenon 0 13
Arthritis 0 6 (19)
Myopathy 1(4) 3(9)
ANASP - 22 (79) 31(97)
Anti-dsDNA 8 (25) 14 (44)
Other autoantibodies® 6 (19) 15 (47)
Low complement® - 8 (29) 23 (72)
Therapies® -
Prednisolone <7.5 mg daily 13 (46) 0
Prednisolone >7.5 to <30 mg daily 6 (21) 17 (63)
Prednisolone >30 mg daily 2(7) 12 (38)
Methylprednisolone 7 (25) 15 (47)
Chloroquine, hydroxychloroquine 23(82) 21 (66)
Azathioprine 5(18) 4 (13)
Cyclophosphamide 10 (36) 12 (38)
Cyclosporine 0 0
Methotrexate 2(7) 3(9)
Mycophenolate mofetil 6 (21) 8 (25)

aMedlian (minimum-maximum range).

bn (frequency).

cAnti-histone, anti-ENA, anti-C1q, anti-Ro, anti-La, and anti-SM.
9C3 and C4.

negative events. Freeze-dried powders of antibodies [anti-CD14
and F(ab), fractions against IgG and IgM] were centrifuged
(14,000x ¢/10 min) after their hydration and before use to avoid
noise and non-specific signals from protein aggregates.

Determination of Total Circulating Immune
Complex (IC) and Anti-C1q Antibody

Levels
Serum levels of anti-Clq antibodies were measured using an
enzyme-linked immunosorbent assay, according to the manu-
facturer’s instructions (ELISA, Inova, San Diego, CA, USA).

A homemade ELISA was used to determine the concentration
of total circulating ICs-IgG +. The ELISA for the total circulat-
ing ICs was performed using a previously described method

(35), with minor modifications. Briefly, flat bottom polystyrene
microtiter plates (MaxiSorp, Thermo Fisher Scientific, Inc.)
were coated with 0.5-pug/mL Clq (Sigma-Aldrich) in DPBS
overnight at room temperature. Plates were washed three times
with DPBS containing 0.05% Tween 20 (DPBST, pH 7.2-7.4)
and blocked with 2% BSA (IgG-free and protease-free, Jackson
ImmunoResearch) in DPBST for 1-2 h. The serum and plasma
samples were diluted 1:1,000-1:10,000 in reagent diluent (HRP
Sample Diluent. Inova Diagnostics, Inc., San Diego, CA, USA)
and incubated for 2 h. The Peroxidase AffiniPure Goat Anti-
Human IgG, Fcy fragment-specific detection antibody (Jackson
ImmunoResearch) was diluted 1:5,000 and incubated with the
samples for 60 min at room temperature. After a 20-min incuba-
tion with the substrate solution (R&D Systems, Minneapolis,
MN, USA), the developed color reaction was stopped with
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2N H,SO.. The absorbance of the samples was immediately
recorded at 450 nm in an ELISA plate reader (ELx800xz, BIO-
TEK Instruments, Inc., Winooski, VT, USA). The calibration
curve was optimized with heat-aggregated IgG (r* > 0.98),
which had been previously isolated from the plasma of healthy
individuals by affinity chromatography. Serial dilutions of this
purified human IgG were aggregated in DPBS at 63°C for 30 min.
Negative (samples from healthy individuals and IgG without any
artificial aggregation) and positive (samples from patients with
aSLE) controls were included in all measurements.

In some cases, the diluted plasma was centrifuged at 16,900x
g for 60 min at 21°C to determine the extent to which MPs con-
tributed to the total amount of circulating ICs-IgG +. The pellet
containing the MPs and the supernatant containing the soluble
ICs were evaluated separately using the protocol described above.

Leukocyte Counts and Monocyte Subset

Classification

Total peripheral blood treated with the anticoagulant EDTA was
stained with antihuman CD45, CD14, CD16, and HLA-DR for
20 min at room temperature in the dark; FMO controls were
performed for each antibody. Red cells were lysed with 1X
lysis solution according to the manufacturer’s instructions, and
100,000 cells were acquired immediately on a FACS Canto™ II
flow cytometer with FACS DIVA software. The monocyte subsets
were defined by FACS based on the surface expression of CD14,
CD16, and HLA-DR, as previously reported (29, 36). Leukocyte
(CD45 +) counting was performed by the flow cytometer
using counting beads and manually with a hemocytometer, as
previously described (31). Monocyte subsets were categorized
into three subsets based on previous reports (37): CD14 +
+ CD16— (classical), CD14 + CD16 + + (non-classical), and
CD14 + + CD16 + (intermediate) monocytes. The percentage of
monocyte subsets were estimated as described for MPs.

Isolation of Peripheral Blood Mononuclear
Cells for the Immunophenotyping of

Monocyte Subsets

Peripheral blood mononuclear cells (PBMCs) were obtained
from venous blood treated with the anticoagulant EDTA after
centrifugation on Histopaque-1077 at 900x g for 30 min at room
temperature. PBMCs were washed with DPBS and washing buffer
(DPBS plus 1% BSA and 0.01% NaNs) and suspended in blocking
buffer (DPBS plus 1% BSA, 0.01% NaN3, and 10% inactivated fetal
calf serum). Viability was determined by the exclusion of trypan
blue (>98%). Antibodies against the following molecules were
used to determine the expression of molecules associated with MP
recognition and mononuclear phagocyte function on monocyte
subsets (basic panel CD14, CD16, and HLA-DR): CD64, CD32,
CD35, or CD93, CD36, CD11a, CD11b, CD11¢c, CD18, and
CD54. FMO controls were performed for each antibody using the
basic panel. Cells were incubated 30 min at 4°C, followed by two
additional washes with washing buffer. Fifty thousand monocytes
were immediately acquired on a FACS Canto™ II flow cytometer
with FACS DIVA software. The percentage of stained cells and the
MFI were estimated using Flow]Jo 7.6.1 software.

Generation of Platelet-Derived MPs
(PMPs)

Platelets were isolated from the whole blood of health indi-
viduals treated with the anticoagulant citrate (BD-Vacutainer
tubes) through two rounds of centrifugation. The first round
was designed to obtain total plasma and samples were cen-
trifuged at 1,800x g for 10 min at room temperature, and the
second round was designed to obtain platelet-rich plasma
(PRP) and samples were centrifuged at 3,000x g for 20 min
at room temperature. Then, 20-40 X 10° platelets were stimu-
lated with 10-ng/mL Collagen Type IV in 200 uL of filtered
PBS supplemented with 1-mM calcium chloride for 30 min.
Platelets were precipitated by centrifugation at 3,000x g for
10 min, and sample supernatants were collected. PMPs in the
supernatant were washed with DPBS, centrifuged at 16,900x g
for 60 min, suspended in fresh DPBS, and stored at —70°C
until use.

IC Formation with PMPs (Opsonization)
Platelet-derived MPs generated from three to four healthy donors
were thawed, mixed, and quantified by flow cytometry using a
similar method as described for MPs from PPP. For opsoniza-
tion, 8 X 10° PMPs were mixed and incubated with 15 pg/mL
purified IgG (isolated from the plasma of 16 SLE-seropositive
patients by affinity chromatography) for 60 min at 37°C. The
unbound antibodies were removed by washes with 1 mL of PBS
and centrifugation at 16,900 g for 60 min. The IC formation by
PMPs (PMPs-ICs) was assessed by flow cytometry after staining
with an F(ab’), anti-IgG fragment conjugated with Alexa Fluor
488 for 30 min at 4°C (+20%). PMP mixtures were washed and
immediately acquired on a FACS Canto™ II flow cytometer with
FACS DIVA software.

Monocyte Isolation for Culture and

Determination of Their Responses

Monocytes were enriched from the peripheral venous blood of
patients with SLE and HCs using Rosette Sep, according to the
manufacturer’s instructions and a previously published method
(31). Approximately 1 X 10° monocytes were cultured alone or
in the presence of MPs and MPs-IgG + isolated from patients
with SLE that had previously been stained with 2-uM CFSE at a
ratio of 1:3 (cells:MPs) to evaluate the binding and uptake of MPs
and MPs-IgG + by monocyte subsets. Monocytes were mixed
and incubated for 1 h at 37°C in a 5% CO, atmosphere. Next,
these cells were stained with antibodies against CD14, CD16, and
HLA-DR as described above and analyzed by flow cytometry.
Samples were acquired again in the presence of 0.01% v/v trypan
blue to quench the fluorescence of bound and non-internalized
MPs and estimate the MFI of cells that internalized MPs (31).
A similar approach was performed to evaluate the binding and
uptake of PMPs and PMPs-IgG + by monocyte subsets, but a
ratio of 1:1 (cells:MPs) was used. Some of the binding and uptake
experiments using MPs-IgG + and PMPs-IgG + were performed
after CD64 on monocytes was blocked with 10 pg/mL of a
specific antibody (LEAF Purified antihuman CD64, clone 10.1,
Biolegend) for 1 h at 4°C.
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Approximately 2.5 X 10° monocytes were cultured alone or
with these vesicles at a 1:1 ratio (cells:MPs) in 250 pL of RPMI-
1640 supplemented with 5% inactivated and MP-depleted autolo-
gous serum (previously centrifuged at 16,900x g for 1 h to deplete
the remnants MPs after coagulation) for 6 h in sterile polystyrene
12 mm X 75 mm tubes to evaluate monocyte responses to PMPs
and PMPs-IgG +. In addition, 10 pg/mL LPS was used as a
positive control for monocyte activation in all cultures (data not
shown). Supernatants were collected and frozen at —20°C until
cytokine levels were assessed using CBA (IL-10, IL-6, IL-8, IL-1p,
and TNF-a) and ELISAs (IFN-a, Elabscience, Biotechnology Inc.
Houston, TX, USA); monocytes were harvested for an analysis
of CD69 and CD64 surface expression using flow cytometry and
a similar approach described for monocytes ex vivo. At 2 h of
culture, monocytes inhibited the expression of CD16, and we
analyzed the expression of CD69 and CD64 on the CD14"¢" and
CD14"" cells. Some of these experiments were performed after
CD64 on monocytes was blocked with 10 pg/mL of a specific
antibody for 1 h at 4°C. The concentrations of cytokines in the
supernatants were determined using the CBA, according to the
manufacturer’s instructions.

Statistical Analysis

Comparisons among patients with iSLE (n = 28) or aSLE (n = 32)
and the HCs (n = 60) and among total patients with SLE (n = 60)
or RA (n = 40) and the HCs (n = 60) were performed using the
Kruskal-Wallis test and Dunn’s post hoc test (data are presented as
medians + interquartile ranges). Comparisons of the MP size and
binding and uptake of MPs and MPs-IgG + by monocyte subsets
were performed using a two-way ANOVA and the Bonferroni’s
post hoc test (data are presented as mean + SD). Statistical
significance was set at the critical values of p < 0.05, *p < 0.05,
**p < 0.01, and ***p < 0.001. Correlations were determined by
calculating Spearman’s rank correlation coefficient with a 95%
confidence interval. Principal component analysis (PCA) was
used to estimate certain interactions between MPs, monocyte
subsets, and SLE activity. Analyses were performed by the pro-
grams GraphPad Prism version 7.2 (GraphPad Software Inc.,
San Diego, CA, USA) and Statgraphics Centurion XVI Version
16.1.18 (Statgraphics Corp., Rockville, MD, USA).

RESULTS

Platelets are the Main Source of MPs
in Patients with Systemic Lupus
Erythematosus (SLE)

The strategy used to define the size and granularity of MPs from
patients and HCs is shown in Figure 1A. The gate defining MPs
was located above the electronic noise and below the platelets
(Figure 1A). In addition, different controls were included and
performed during the standardization phase of MP detection
to ensure a minimal contribution of protein aggregates, the
vesicular nature of these structures, the absence of contamina-
tion with smaller vesicles such as exosomes (by size exclusion
and CD63 expression), and the concentration of MPs used in the
staining and acquisition procedures (Figure S1 in Supplementary

Material). The presence of actin in these structures was also
observed (data not shown —-DNS-). Therefore, we focused our
study on these extracellular vesicles, which display phenotypic
characteristics that correspond to MPs by flow cytometry and
hence will be called MPs hereafter. The size of 80% of the MPs
ranged from 0.1 to 1 um, and their sizes did not differ among
the study groups (Figure 1B). The circulating MP count was
significantly higher in patients with iSLE (p < 0.01) and patients
with aSLE (p < 0.001) compared with HCs (Figures 1A,B) and
significantly higher in total patients with SLE compared with
patients with other systemic autoimmune diseases (SADs), such
as RA (Figure S2A in Supplementary Material). Patients had
higher percentages of MPs-CD41a + than did HCs, regardless
of disease activity (Figure 1C). Low proportions of MPs positive
for endothelial (CD105 +) and erythroid (CD235a +) markers
(Figure S3A in Supplementary Material) and negative for all lin-
age markers evaluated were observed in the study groups (DNS).
Leukocytes were an important source of MPs (Figure 1C), and
similar proportions of MPs positive for CD3, CD19, CD33, CD16,
and CD14 as well as MPs-Annexin-V + were observed between
patients and HCs (Figure 1 C; Figure S3A in Supplementary
Material). Patients with either iSLE or aSLE showed a higher
proportion of MPs positive for citrullinated peptides (CP +)
than HCs (Figure 1D), and an enrichment of CP + on MPs-
CD41a + was observed (Figure S3B in Supplementary Material).
No differences in the proportions of MPs-DNA + (Figure 1D)
and MPs-RNA + (DNS) were observed among the study groups.

MPs from Patients with SLE Form ICs

with IgM and IgG

A significantly higher MPs-Clq + frequency was observed in
patients with SLE than that observed in HCs (Figure 1E), sug-
gesting that MPs formed ICs in these individuals. Therefore,
the presence of IgG and IgM on these vesicles was evaluated.
Patients had a higher frequency of MPs-IgG + IgM—, MPs-IgG-
IgM +, and MPs-IgG + IgM + compared with HCs (Figure 2A).
In addition, the MFI of IgG on MPs from patients was significantly
increased compared with the HCs (Figures 2B,C), independent
of disease activity. In contrast, a higher MFI of IgM was observed
on MPs from patients with iSLE compared with patients with
aSLE and HCs (Figures 2B,C). The sources of MPs-C1q +, MPs-
IgG + IgM—, and MPs-IgG-IgM + were leukocytes and platelets
in patients with SLE (Figure S3B in Supplementary Material). The
proportion of MPs-IgG-IgM + and the MFI of IgM on MPs was
negatively correlated with SLEDATI scores, whereas the frequency
of MPs-IgG + IgM— was positively correlated with disease activ-
ity (Figure 2D). Total levels of circulating ICs-IgG + evaluated
using an ELISA were increased in patients with SLE compared
with HCs and were positively correlated with SLEDAI scores and
MPs-IgG + IgM— levels evaluated by flow cytometry. Indeed,
when MPs from plasma samples from patients were separated and
evaluated by ELISA, most of the total circulating ICs-IgG + were
located on these vesicles (Figures S4A,B in Supplementary
Material). Patients with aSLE exhibited a higher concentration
of serum anti-Clq antibodies, and this increase was positively
associated with SLEDAI scores (Figure S4C in Supplementary
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FIGURE 1 | Differences in the number, cell sources, and phenotype of circulating microparticles (MPs) from patients with systemic lupus erythematosus (SLE) and
healthy controls (HCs). (A) Representative dot plots of the electronic noise, platelets, and MPs. The distribution of MP sizes is shown on the right and the ranking of
MP sizes was estimated using standard-sized beads based on FSC-A and SSC-A. The data from a control sample are shown. (B) Frequency of MPs of different
sizes (upper) and the number (lower) of total MPs in patients with inactive SLE (iISLE) (n = 28), patients with active SLE (aSLE) (n = 32), and HCs (n = 60). Frequency
of circulating (C) MPs-CD41a +, MPs-CD45 +, MPs-Annexin V +, (D) MPs-CP +, MPs-DNA +, and (E) MPs-C1q + in patients with iSLE (n = 28), patients with
aSLE (n = 32), and HCs (n = 60). Comparisons in MP sizes among the groups were performed using a two-way ANOVA and the Bonferroni’s post hoc test. Other
comparisons among groups were performed using the Kruskal-Wallis test and Dunn’s post hoc test; *p < 0.05, **p < 0.01, and **p < 0.001.

Material); however, the increase in the levels of this factor and
the frequency of MPs-Clq + was not correlated (Figure S4C
in Supplementary Material). The presence of MP-forming ICs
was also evaluated in patients with other SADs, such as RA,
and similar to patients with SLE, patients with RA had a higher
frequency of MPs-IgG + than did HCs, although the value was
significantly lower than that for patients with SLE (Figure S2A in
Supplementary Material).

Numbers of Non-Classical Monocytes
Negatively Correlated with Systemic
Lupus Erythematosus Disease Activity
Index Scores

The gating strategy used to define monocyte subsets is shown
in Figure 3A. A significantly higher frequency of intermediate
monocytes was observed in patients with SLE compared with HCs
(Figure 3B). The proportion and number of non-classical mono-
cytes was significantly decreased in patients with SLE compared

with HCs and in patients with aSLE compared with patients with
iSLE (Figures 3B,C). No changes were observed in the numbers
of classical monocytes among the studied groups (Figures 3B,C).
Significant and negative correlations were observed between the
percentage and number of non-classical monocytes with SLEDAI
scores (Figure 3D).

Altered Expression of Receptors
Associated with MP Recognition on

Monocytes from Patients with SLE

CD36 expression was reduced in classical and intermediate mono-
cytes from patients with aSLE compared with HCs (Figure 4A).
The expression of this receptor was not altered in the monocyte
subsets from patients with other SADs (such as RA) compared
with HCs (Figure S2C in Supplementary Material). No differ-
ences in the MFIs of the C1q receptor CD93, FcyRII (CD32), and
FcpR were observed in monocyte subpopulations from patients
compared with HCs (DNS). The expression of the Clq receptor
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FIGURE 2 | MPs-IgG + are associated with systemic lupus erythematosus (SLE) activity. (A) Frequency of circulating MPs-IgG + IgM—, MPs-IgG — IgM +, and
MPs-IgG + IgM + in patients with inactive SLE (iSLE) (n = 28), patients with active SLE (aSLE) (n = 32), and healthy controls (HCs) (n = 60). (B) MFlIs of IgG and IgM
on circulating microparticles (MPs). (C) Representative histograms show IgM (upper) and IgG (lower) expression on MPs from patients with aSLE (black), patients
with iSLE (dark gray), and HCs (light gray). (D) Analysis of the correlations between the MPs-IgG—IgM +, MPs-IgM + MFI, and MPs-IgG + IgM— frequencies and
systemic lupus erythematosus disease activity index (SLEDAI) scores. Comparisons among groups were performed using the Kruskal-Wallis test and Dunn’s
post hoc test; *p < 0.01 and **p < 0.001. Correlation analyses were performed by determining Spearman’s rank correlation coefficients and 95% confidence
intervals; the dotted line indicates the cut-off point between patients with iISLE (SLEDAI < 4) and those with aSLE (SLEDAI > 4).

CD35 was reduced in classical monocytes from patients with SLE
(Figure 4B). The MFI of FcyRI (CD64) increased in all monocyte
subpopulations from patients with aSLE compared with HCs and
in intermediate and non-classical monocytes from patients with
aSLE compared with patients with iSLE (Figure 4C). In addition,
CD64 expression was increased in all monocyte subsets from total
patients with SLE compared with patients with other SADs, such
as RA (Figure S2B in Supplementary Material). FcyRIII CD16
expression was decreased in intermediate and non-classical
monocytes from patients with aSLE compared with patients with
iSLE and HCs (DNS).

The evaluation of different integrins (CD11a, CD11b, CD11c,
and CD18) and complement receptors (CRs) (CR3 and CR4)
revealed only a significant increase in the MFI of CD18 on classical

monocytes from patients with aSLE compared with patients with
iSLE and HCs, and on intermediate monocytes from patients
with aSLE compared with HCs (Figure 4D and DNS).

Association of MPs and Mononuclear
Phagocytes with SLE Activity

A PCA was performed to define associations among the main
phenotypic changes observed in monocyte subsets and MPs with
disease activity. Two components explain 48% of the variability
in the system; component 1 was related to disease activity and
component 2 was related to the expression of the parameters
measured in the present study. Three main groups were clearly
observed, based on their eigenvalues. The first included patients
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FIGURE 3 | The percentage and number of non-classical monocytes were decreased in patients with systemic lupus erythematosus (SLE) and correlated with
systemic lupus erythematosus disease activity index (SLEDAI) scores. (A) Gating strategy used to determine monocyte subsets. (B) Frequencies and (C) absolute
numbers of classical, intermediate, and non-classical monocytes in patients with inactive SLE (iSLE) (n = 28), patients with active SLE (aSLE) (n = 32), and HCs

(n = 60). (D) Analysis of correlations between the absolute number and frequency of non-classical monocytes with SLEDAI scores. The dotted line indicates the
cutoff point between patients with iSLE (SLEDAI < 4) and those with aSLE (SLEDAI > 4). Comparisons among the groups were performed using the Kruskal-Wallis
test and Dunn'’s post hoc test: *p < 0.05, *p < 0.01, and ***p < 0.001. Correlation analyses were performed by calculating Spearman’s rank correlation coefficients
and 95% confidence intervals.
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FIGURE 4 | Subsets of monocytes from patients with systemic lupus erythematosus (SLE) display alterations in the expression of putative microparticle (MP)
receptors. The MFls of (A) CD36, (B) CD35, (C) CD64, and (D) CD18 on classical, intermediate, and non-classical monocytes from patients with inactive SLE (iSLE)
(n = 28), patients with active SLE (aSLE) (n = 32), and healthy controls (HCs) (n = 60). Comparisons among groups were performed using the Kruskal-Wallis test
and Dunn’s post hoc test; “p < 0.05, **p < 0.01, and ***p < 0.001.

with the highest SLEDAT scores and was closely related to the per-  of total circulating ICs-IgG +. In the same group, which was not
centage of total MPs-IgG + (including all MPs that were positive ~ as narrowly associated with higher SLEDALI scores, correlations
for IgG independent of IgM expression) and the concentration  with other variables were observed, including the MFI of CD64
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in non-classical monocytes, MPs-Clq +, MPs-IgG + IgM—,
and serum levels of anti-Clq (Figure 5A). In contrast to the
first group, particularly regarding the higher SLEDAI scores,
the second group was mainly defined by the MFI of CD16 in
non-classical monocytes and MPs-IgG-IgM +. In addition, the
number of non-classical monocytes was correlated with this
group (Figure 5A). A third group lying between these two groups
was observed and had a wide spectrum of different phenotypic
markers on intermediate and classical monocytes (Figure 5A).
A heat map was constructed to visualize the weight of each variable
in the two components described. This approach corroborated
that total MPs-IgG +, MPs-IgG 4 IgM—, and CD64 expression on

non-classical monocytes were positively correlated with disease
activity (Figure 5B). In contrast, MPs-IgG-IgM +, the increase
in CD16 expression, and the number of non-classical monocytes
were negatively correlated with disease activity (Figure 5B).

Binding and Uptake of MPs-IgG + by
Classical and Intermediate Monocytes,
and PMPs-IgG + Inducing Monocyte

Activation
Circulating MPs isolated from patients with SLE were labeled
with CFSE and cultured with total monocytes to evaluate
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whether monocyte subsets bind and take up these vesicles.
Controls for the quenching efficiency of CFSE-labeled MPs and
MPs-ICs are shown in Figure S5A in Supplementary Material.
Classical and intermediate monocytes from patients with SLE
bound and took up more MPs-IgG + than MPs, whereas these
findings were only observed for classical monocytes in HCs
(Figures 6A,B). In addition, intermediate monocytes from
patients with SLE bound and took up higher levels of MPs-
IgG + than HCs. In non-classical cells, significant differences
were not observed, although an increasing trend was noticed
(Figures 6A,B). CD64 blockade had no effect on the binding
and uptake of MPs-ICs by monocyte subsets (Figures S5B,C in
Supplementary Material).

Since PMPs were the most frequent type of MPs detected
in patients with SLE, we generated these structures from
enriched platelets obtained from HCs and opsonized them
with or without IgG from patients with SLE. The results from

the in vitro generation of PMPs and their opsonization are
shown in Figures S6A,B in Supplementary Material. The
patterns of binding and uptake of these PMPs and PMPs-
IgG + were similar in HC monocyte subsets compared with
circulating vesicles from patients with SLE, indicating that
more PMPs-ICs were bound and taken up than were non-
opsonized PMPs (Figure S6C in Supplementary Material).
Controls for the quenching efficiency of CFSE-labeled PMPs-
ICs are shown in Figure S6D in Supplementary Material.
CD64 blockade had no effect on the binding and uptake of
PMPs-1Cs by monocyte subsets (Figure S6E in Supplementary
Material).

Monocytes from HCs were cultured with in vitro generated
PMPs and PMPs-IgG + to determine whether MPs-IgG + have
any direct effect on these cells. PMPs-IgG + significantly increased
the expression of CD64 and CD69 in CDI14"¢" monocytes
(Figure 6C). No differences were observed in CD14 monocytes
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FIGURE 6 | Monocyte subsets showing the binding and uptake of MPs-IgG +, and PMPs-IgG + inducing monocyte activation. (A) Representative image showing
the binding and uptake of microparticles (MPs) and MPs-ICs (3:1 vesicle:cell ratio) by monocyte subsets in healthy individuals (left panel) and patients with systemic
lupus erythematosus (SLE) (right panel). (B) Binding and uptake (upper panel) and uptake (lower panel) of MPs and MPs-ICs (3:1 vesicle:cell ratio) by classical,
intermediate, and non-classical monocytes from HCs and SLE patients. Comparisons between the groups were performed using the Wilcoxon signed-rank test;
*p <0.05, *p <0.01, and **p < 0.001. (C) CD64 and CD69 expression in CD149" monocytes (upper panel) and cytokine levels in supernatants of monocytes
stimulated with PMPs and PMPs-ICs (lower panel). Comparisons among the groups were performed using the Kruskal-Wallis test and Dunn’s post hoc test;
*p < 0.05, **p <0.01, and **p < 0.001.

(DNS). PMPs-IgG + significantly increased the accumulation of
IL-10, IL-1f, IL-8, TNF-a, IL-6, and IFN-a (Figure 6C). These
responses were not observed in monocytes cultured with IgG
alone (Figure S6F in Supplementary Material and DNS), and
CD64 blockade had no effect on the PMPs-IgG-induced accumu-
lation of IL-1pB, TNF-a, IL-6, and IL-10 in monocyte supernatants
(Figure S6F in Supplementary Material). Based on these results,
opsonized MPs have a direct effect on monocytes, inducing their
activation.

DISCUSSION

Here, MPs and monocyte subset phenotypes were associated with
disease activity in patients with SLE. On one hand, a high number
of and the MFI of CD16 on non-classical monocytes and an
increased MPs-IgG-IgM + frequency were negatively correlated
with SLEDAT scores. A high CD64 MFI in non-classical mono-
cytes, increased percentages of MPs-IgG + IgM—, total MPs-
IgG +, and MPs-C1q +, and increased levels of total circulating
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IC-IgG + and anti-C1q were observed in patients with aSLE.
Based on this evidence, both monocytes and MPs may interact
in vivo to induce different aspects of SLE activity.

Patients with SLE displayed an elevated number of total circu-
lating MPs, mainly derived from platelets. This finding is consist-
ent with previous studies reporting that 2-10 times more MPs in
the blood from patients with SLE compared with HCs (38). MPs
in patients with SLE are mainly derived from platelets (PMPs)
(14, 39, 40). However, other authors have reported a decrease in
the number of plasma MPs in patients with SLE compared with
thatin HCs (41). This finding does not agree with our results, pos-
sibly because we evaluated freshly isolated samples instead frozen
PPP. Although freezing procedures have not been shown to alter
MPs (42), in our study, this conclusion was accurate for the sur-
face expression of different proteins but not for the counts and the
detection of ICs formed from these structures (DNS). In addition,
the increase in the MP counts in our cohort was not related to any
of the clinical variables evaluated, such as renal, hematological,
neurological, immunological, cardiovascular, skeletal muscle,
and mucocutaneous involvement, or even with different doses
of glucocorticoids (DNS). Previously, an increase in the number
of circulating endothelium-derived MPs in patients with SLE has
been reported (21, 41). However, the linage markers used for this
analysis were CD31 and CD146 instead CD105 that was used in
our case. All these molecules are linage markers accepted for the
characterization of endothelial cells; however, all of them can be
expressed in different proportion on other cells like leukocytes
and platelets (43-47). This may be an explanation for the discrep-
ancy between these reports and our findings.

Researchers have not conclusively determined the mechanism
by which PMP levels are increased in patients with SLE; however,
PMP levels do not appear to be related to the disease activity, as no
differences were observed in SLEDAI scores. Nevertheless, it may
be a consequence of platelet activation, such as by autoantibodies
against the platelet glycoproteins (48) and lupus anticoagulant
(49), or through inflammatory mediators such as TNF-a and
IL-1p, which induce platelet activation. Indeed, patients with SLE
present different inflammatory changes associated with massive
fibrin networks and micro-thrombus formation. Thus, platelets
can generate PMPs when participating in these responses (50).
Notably, although the mechanism remains to be defined in SLE,
platelets have been shown to bind and activate monocytes through
serotonin release (51). Therefore, we propose that PMPs induce
similar responses in monocytes from patients with SLE, mainly
when PMPs are forming ICs. This hypothesis was supported by
the PCA results and partially corroborated with the findings from
in vitro cultures, in which we observed that MPs-IgG + were
bound and internalized by classical and intermediate monocytes
from patients with a greater extent than MPs, and PMPs-ICs
induced the expression of CD69 and CD64 and the release of
different cytokines by monocytes.

Although platelets lack a nucleus, they can contain different
autoantigens that enable them to form ICs, such as functional
mitochondria containing cardiolipin and mitochondrial DNA
(mtDNA). These highly inflammatory organelles are released
from platelets and have been detected outside cells and free in
the circulation of patients with various pathologies, including

those with SLE (52). In contrast, another explanation for the
observation of platelets containing autoantigens in patients with
SLE is the high levels of nucleosomes that have been detected in
the blood of patients with several inflammatory conditions, such
as autoimmune diseases (53). Histones are cationic proteins that
associate with DNA in nucleosomes, and Fuchs et al. showed that
histones bind to platelets, leading to their aggregation, calcium
flux, and shape changes (54); histones H4 and H3 are the main
histones responsible for activating human platelets by binding to
TLR2 and TLR4 (55). Therefore, we postulate that this phenom-
enon leads to the release of MPs with nucleosomes attached to
their surface from platelets, which in turn favors IC formation.
However, since we did not evaluate which autoantigens on PMPs
or autoantibodies were responsible for IC formation, further
studies are required to resolve this issue.

As observed in our results, opsonization does not seem to
occur in all PMPs since only approximately 10-25% of these
vesicles formed ICs in vitro with the IgG from patients with SLE;
instead in vivo, more than 30% of PMPs were opsonized in a
considerable number of patients. Thus, for some reason, PMPs
from patients with SLE express more autoantigens in vivo than
PMPs obtained from the in vitro stimulation of platelets from
HCs. However, platelet activation appears to be important for
the expression of those autoantigens since unstimulated platelets
generated PMPs but were not opsonized in vitro. Therefore, a
greater level of membrane exposure of autoantigens on PMPs
must occur in patients with SLE, which allows the recognition
of more IgG autoantibodies. This hypothesis partially explains
the observed lower binding and uptake of CFSE-labeled PMPs-
IgG + generated in vitro than MPs-IgG + obtained from patients.

The physiological role of MPs may be altered in patients with
SLE, mainly due to variations in their cell source and contents
observed in the present and other studies (4, 56). The cell
death and activation of a variety of cells in patients with SLE
(57) as well as defects in vesicle clearance (31) may favor MP
accumulation and allow the formation of potentially pathogenic
modifications and ICs. The presence of CP in MPs suggested
that these vesicles were modified in the extracellular milieu or
that they were derived from sources rich in those polypeptides.
The participation of MPs-CP + in the pathogenesis of SLE
remains to be defined; however, CP is recognized by TLR4 (58).
Notably, the serum concentrations of anti-CCP autoantibodies
were similar in patients with SLE and HCs (DNS); therefore,
MPs-CP + likely function more as alarmins than as autoanti-
gens in patients with SLE.

Since nucleic acids are extensively involved in the pathogen-
esis of SLE, the presence of these molecules on the surface of
MPs was also analyzed in the present study. However, we did not
observe differences in the frequency of MPs-DNA + and MPs-
RNA + from patients with SLE compared with HCs. Importantly,
PI only stains nucleic acids on the surface of intact MPs; therefore,
based on these results, we could not conclusively determine the
total amount of DNA or RNA inside MPs or the total frequency of
positive MPs to nucleic acids (inside and outside) in patients with
SLE. Although PI is able to bind to relatively few base pairs (from
4 to 5), we may not have detected any differences because a per-
meabilization step was not included in our protocol to avoid any
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alteration in the MPs structure. Thus, we cannot ignore that this
technical approach introduced a bias to characterize only surface
DNA and RNA on MPs of this study. Therefore, other approaches
are needed for the detection of differences in nucleic acids such
as the use of anti-DNA and anti-chromatin antibodies, PCR,
southern blot, northern blot, and image cytometry. However,
regarding the use of antibodies is important to notice that,
although anti-DNA antibodies have been shown to bind to the
MP surface (17), those antibodies also react with other cell com-
ponents. For example, Sisarak et al. identified MPs-DNA + based
on the binding of the PR1-3 antibody to these vesicles; however,
this antibody is specific for anti-DNA/histone H2a/H2b (5). In
addition, anti-DNA antibodies bind to nucleosomes (17) and cell
membranes (59, 60). Furthermore, anti-DNA antibodies are also
able to simultaneously bind the DNA and the proteins attached
to the MP surface (59, 60). Therefore, in patients with SLE, these
antibodies recognize the DNA (or RNA)-protein complex, and
thus, instead of the frequency of MPs-DNA + or MPs-RNA +,
evaluations of the type of complexes (nucleic acids with nucle-
osomes or ribonucleoproteins) present in MPs from patients
with SLE may be more relevant and informative. However, this
speculation requires further investigation in our patients.

Other authors have reported a reduced proportion of MPs-
Annexin-V + in patients with SLE (13), which contradicts our
findings. Furthermore, in the present study, monocyte subsets
expressed lower levels of CD36. Thus, although MPs from
patients with SLE express PS, monocytes do not remove these
vesicles efficiently or silently (61). These findings also partially
explain the larger number of circulating MPs observed in patients
SLE, as previously suggested for ACs in patients with this disease
(57). However, additional studies are required to evaluate these
assumptions since we did not observe differences in MP internali-
zation between monocytes from patients and HCs.

Microparticles from patients with SLE form ICs that are asso-
ciated with complement activation and disease activity (13, 62).
However, the present study is the first report showing that MPs-
IgG +, but not MPs-IgM +, were positively correlated with disease
activity. These results, together with the increased uptake of MPs-
CIs by monocytes from patients with SLE compared with HCs,
independent of CD64, suggest that MPs-IgG + preferentially
interacts with monocytes through other FcyR, possibly enabling
the pro-inflammatory activation of these cells (63). The expres-
sion of CD64 on monocyte surface is considered a biomarker of
SLE activity (64). In vitro, type-I IFNs (IFNs-I) and stimulation
with some TLR agonists induce CD64 expression on monocytes
(63). Here, PMPs-CIs induced CD64 and CD69 expression and
IFN-a production, indicating that these structures directly acti-
vated monocytes.

Type-I IEN overproduction is a hallmark of SLE, and these
factors are mainly produced by plasmacytoid DCs (pDCs),
monocytes, and macrophages (65). The production of these
cytokines is induced by endosomal TLRs, such as TLR3, TLR7,
and TLRY, and by some surface TLRs, such as TLR4 (66).
It has been observed that ICs containing DNA and RNA induce
the production of IFNs-I by monocytes of healthy individuals
in vitro (67). Although we did not observe more MPs-DNA + and
MPs-RNA + frequency in SLE patients, our results showed that

PMPs-IC induce IFNs-I secretion, possible through the binding
of FcyR and TLR on the plasma membrane and once internal-
ized, these vesicles can exposure the nucleic acids that contain
to interact with endosomal TLRs. IFN-a has been positively cor-
related with the increase in CD64 expression in monocytes from
patients with SLE (64). Mononuclear cells threated with agonists
of TLR7 and TLR9 increased the expression of CD64 in mono-
cytes of healthy individuals; likewise, the exposure of these cells
to sera from patients with SLE positively regulated transcription
and surface expression of CD64 in a manner dependent on the
concentration of this cytokine (63). Therefore, MPs-ICs seem to
contribute to the activation of monocytes and the IFN-T hallmark
in SLE patients.

The presence of C1q on MPs also suggested that MPs-ICs
induce classical complement activation. According to the PCA,
MPs-C1q + appear to have a role in SLE activity. The binding of
free C1q to monocytes negatively regulates their inflammatory
response induced by HMGBI (68). Therefore, MPs-IgG + may be
a potential target for C1q consumption, avoiding this regulatory
pathway. The recognition of Clg-opsonized ICs through puta-
tive C1q receptors (CD35 and CD93) is another pathway for the
non-inflammatory removal of ACs (69), producing IL-10 (27)
and avoiding the release of alarmins (70); this pathway is also pos-
tulated for MPs. However, we detected reduced CD35 expression
in patients with iSLE and an even more significant reduction in
patients with aSLE. Thus, similar to CD36, the internalization of
MPs through this pathway may not be efficient in these patients,
favoring their accumulation and subsequent recognition by anti-
Clq antibodies. These changes would alter the silent removal of
MPs and activate the complement cascade.

The presence of the complement fractions C3b and C4b on
MPs has been reported previously (71), indicating that these
vesicles are potentially recognized by the CR3, formed by integ-
rins oM and P2 (CD18). According to Wolf et al., CR3 increases
the expression of IL-6 and CCL2 in macrophages (72). Since
we observed increased CDI18 expression in the classical and
intermediate monocytes from patients with aSLE, this pathway
may represent another mechanism for the MP-mediated inflam-
matory activation of monocytes.

In contrast to MPs-IgG + IgM—, the MP-IgG-IgM + frequency
was negatively correlated with SLE activity. Poly-reactive IgM-
natural autoantibodies have been shown to bind self-reactive
IgG, providing a mechanism to protect the host from high-
affinity autoantibodies (73, 74). IgM autoantibodies that bind to
neo-epitopes on ACs are significantly more plentiful in patients
with iSLE than in patients with aSLE and are associated with less-
severe organ damage (75). Furthermore, IgM antibodies promote
the non-inflammatory clearance of MPs by monocytes and mac-
rophages more effectively than ACs (76, 77), which may occur
through FcpR on monocytes (78). Therefore, IgM may facilitate
the silent removal of MPs and avoid the pathogenic effect of ICs-
IgG + on monocytes from patients with SLE. This mechanism
of MP removal may negatively regulate monocyte activation in
patients with iSLE when other pathways, such as those mediated
by CD36 and CD35, are activated to a lower extent.

Non-classical monocytes patrol the endothelium of micro-
vasculature, removing ACs, ICs, and MPs (79). In the present
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study, the decrease in the number of these cells in patients with
SLE was positively correlated with disease activity. In our previ-
ous study, we observed the same reduction in another group of
patients with SLE (31), and other authors have also shown that
this reduction was positively correlated with increased egress and
retention of these cells in inflamed tissues, mainly the kidney (80).
The low number of these monocytes may affect their patrolling
function, indirectly contributing to a reduction in endothelial
patrol and to the increased number of circulating MPs observed
in patients with SLE. In addition, high doses of glucocorticoids
(500 mg/day of methylprednisolone) decrease the number of
CD14 + CD16 + monocytes in HCs (81). In the present study,
we classified patients according to glucocorticoid doses as well as
doses of another type of immunosuppressive medication; how-
ever, we did not observe differences in the frequency and number
of monocyte subsets using these criteria (DNS).

Based on our evidence, MPs and monocyte subsets from
patients with SLE display differential expression of surface mark-
ers and receptors in a manner dependent on disease activity. Our
current results indicate an imbalance in putative MP receptors
that promote inflammatory responses (CD64 and CD18) versus
non-inflammatory responses (CD36 and CD35) on monocyte
subsets in patients with aSLE. In addition, patients display
increased levels of PMPs, an important source of ICs that can
directly activate monocytes. Therefore, we propose that these
vesicles participate in SLE pathogenesis by activating these cells,
and these changes in the MPs and monocyte phenotype should
be evaluated in future studies as potential biomarkers of disease
activity or the treatment response.
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