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Abstract

Systemic lupus erythematosus (SLE) is associated with a high risk of venous and arterial 

thrombosis, not necessarily associated with prothrombotic antiphospholipid antibodies (Abs). 

Alternatively, thrombosis may be due to an increased titer of anti-dsDNA Abs that presumably 

promote thrombosis via direct platelet activation. Here, we investigated effects of purified 

anti-dsDNA Abs from the blood of SLE patients, alone or in a complex with dsDNA, on 

isolated normal human platelets. We showed that anti-dsDNA Abs and anti-dsDNA Ab/dsDNA 

complexes induced strong platelet activation assessed by enhanced P-selectin expression and 

dramatic morphological and ultrastructural changes. Electron microscopy revealed a significantly 

higher percentage of platelets that lost their discoid shape, formed multiple filopodia and had 

a shrunken body when treated with anti-dsDNA Abs or anti-dsDNA Ab/dsDNA complexes 

compared with control samples. In addition, these platelets activated with anti-dsDNA Ab/dsDNA 

complexes typically contained a reduced number of secretory α-granules that grouped in the 

middle and often merged into a solid electron dense area. Many activated platelets released 

plasma membrane-derived microvesicles and/or fell apart into subcellular cytoplasmic fragments. 

Confocal microscopy revealed that platelets treated with anti-dsDNA Ab/dsDNA complex had 

a heterogeneous distribution of septin2 compared with the homogeneous distribution in control 
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platelets. Structural perturbations were concomitant with mitochondrial depolarization and a 

decreased content of platelet ATP, indicating energetic exhaustion. Most of the biochemical and 

morphological changes in platelets induced by anti-dsDNA Abs and anti-dsDNA Ab/dsDNA 

complexes were prevented by pre-treatment with a monoclonal mAb against FcγRIIA. The 

aggregate of data indicates that anti-dsDNA Abs alone or in a complex with dsDNA strongly 

affect platelets via the FcγRIIA receptor. The immune activation of platelets with antinuclear Abs 

may comprise a prothrombotic mechanism underlying a high risk of thrombotic complications in 

patients with SLE.
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1. Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease associated with 

immune inflammation of various organs and tissues (joints, kidney, skin, central nervous 

system, etc.). In SLE the immune system works against various autologous cellular antigens, 

including cytoplasmic proteins, cell surface, and nuclear components such as DNA and 

histones[1,2].

Elevated levels of anti-dsDNA antibodies (Abs) in the blood is a characteristic sign of 

SLE, but the titer of anti-dsDNA Abs can vary during the disease depending on the disease 

activity[3]. Anti-dsDNA Abs form complexes with DNA that stimulate the peripheral blood 

mononuclear cells through toll-like receptors 9 followed by production of interferon-α, 

a strong pro-inflammatory factor[4–6]. Platelets also can be potentially activated by DNA-

containing immune complexes through the FcγRIIA receptor[7] or by free anti-DNA Abs 

through the β3 subunit of the integrins αIIbβ3 and αvβ3[8].

SLE patients have an increased risk of venous and arterial thrombosis[9], which is one 

of the major causes of mortality in SLE. Cerebrovascular accidents, coronary occlusions, 

and pulmonary embolisms are the most common thrombotic events during SLE[10]. It 

has been shown that thrombosis during SLE is strongly associated with the presence 

of antiphospholipid Abs in the blood[11]. However, about 20% of SLE patients with 

thrombosis are negative for antiphospholipid Abs[12], suggesting that antiphospholipid Abs 

are not the only pathogenic factor responsible for the thrombosis during SLE. It is likely 

that the predisposition to thrombosis in SLE can be due to chronic platelet activation in 

the blood stream[13] followed by expression of procoagulant phosphatidylserine[14] and 

secretion of prothrombotic compounds assessed by increased expression of P-selectin[13]. 

Platelet activation in SLE is associated with complement deposition on cells that can 

activate platelets in combination with inflammatory cytokines[7,14]. Activated platelets 

can be a source of the soluble CD40 ligand, which can secondarily promote activation 

of antigen-presenting cells, including monocytes and plasmacytoid dendritic cells. These 

cellular reactions are critically important for the pathogenesis of SLE because they 

lead to the production of autoantibodies, including anti-DNA Abs that can aggravate 
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the disease[7]. Importantly, platelet-mediated activation of plasmacytoid dendritic cells 

promotes the secretion of interferon-α[7] that may influence megakaryocytes, so that 

platelets derived from these megakaryocytes are pre-activated[15]. In the blood of SLE 

patients, platelet-monocyte complexes are formed[16], suggesting that activated platelets 

bearing the CD40 ligand (CD154) can trigger monocytes through CD154-CD40 interaction. 

Moreover, activated platelets can cross-activate neutrophils that form prothrombotic 

neutrophil extracellular traps (NETs)[17,18]. Despite strong evidence for involvement of 

platelets and anti-DNA Abs in the pathogenesis of SLE, many aspects of platelet activation 

and its relation to DNA-containing immune complexes remain unknown. Very little is 

known about ultrastructural changes of platelets in SLE and whether anti-dsDNA Abs or 

their complexes with dsDNA can induce these changes.

Here we studied functional and structural alterations of normal isolated human platelets 

induced by purified SLE-related anti-dsDNA Abs and anti-dsDNA Ab/dsDNA complexes 

to investigate mechanisms of immune platelet activation, including a role of the FcγRIIA 

receptor. The results show that anti-dsDNA Abs and anti-dsDNA Ab/dsDNA complexes 

affect platelet morphology, ultrastructure, septin 2 intracellular distribution, and lead to 

the α-granule secretion, indicating strong platelet activation followed by their energetic 

exhaustion. These changes are lessened substantially in the presence of an anti-FcγRIIA Ab, 

implying that the FcγRIIA receptors mediate the pathogenically important pro-thrombotic 

interactions between platelets and anti-dsDNA Abs and anti-dsDNA Ab/dsDNA complexes.

2. Materials and Methods

2.1. Patients, donors, blood collection and processing

The study was approved by the Ethical Committee of Kazan State Medical University 

(Kazan, Russia) and performed in accordance with the Declaration of Helsinki. With 

informed written consent, blood was withdrawn from 20 healthy donors and 37 SLE patients 

of whom 4 (11%) were men and 33 (89%) women at an average age of 37±10 years. 

Citrated platelet-rich plasma of healthy donors was used for platelet isolation and blood 

serum of SLE patients was used as a source of purified anti-dsDNA antibodies. SLE was 

documented using criteria of the American College of Rheumatology. The patients were 

selected based on the disease activity (an average SELENA-SLEDAI index was 12±5) and 

an abnormally high titer of anti-dsDNA Abs in the blood (11 patients had more than 200 

IU/ml, 7 patients had 100200 IU/ml; the rest 19 patients had a titer of anti-dsDNA Abs <100 

IU/ml but higher than the normal range 0–25 IU/ml). Antiphospholipid syndrome (APS) 

was diagnosed in 5 (13%) patients based on a history of deep vein thrombosis (3 patients) 

and recurrent miscarriage (2) combined with positive blood tests for lupus anticoagulant and 

anticardiolipin Abs. 3 SLE patients developed thrombosis and they all had elevated levels 

of anti-dsDNA Abs of 200, 63, and 30 IU/ml, while the reference range is <10 IU/ml. 

All the patients were on corticosteroids. Venous blood was drawn in vacuum containers 

containing 3.8% sodium citrate (Vacuette, Austria) (9:1, vol/vol) and centrifuged at 200g for 

10 min at room temperature to obtain platelet-rich plasma (PRP) for platelets isolation. For 

serum, the blood was mixed with Z Serum Clot Activator (Vacuette, Austria) and allowed 

to clot and contract for 30 min at room temperature, followed by centrifugation at 800g for 
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10 min. Individual serum was collected and spun at 10,000g for 10 min, then frozen and 

stored at −72°C until antibodies purification. Blood for other biochemical, hematological, 

immunological, and hemostasis tests was processed accordingly.

2.2. Purity of the anti-dsDNA Abs

The purity of isolated anti-dsDNA Abs used in this study was confirmed by SDS-PAGE 

using 10 % resolving gel and 4% stacking gel. For non-reducing conditions, 1 μg protein 

per lane was applied after incubation in a sample buffer (62.5 mM Tris, 2% sodium dodecyl 

sulfate, 10 v/v% glycerol, 0.02% bromophenol blue) for 30 min at room temperature. 

For reducing conditions, 1 μg protein per lane was applied after incubation in a reducing 

sample buffer (62.5 mM Tris, 2% sodium dodecyl sulfate, 50 mM dithiothreitol, 10 v/v% 

glycerol, 0.02% bromophenol blue) for 10 min at 100°C in a water bath followed by 

cooling in ice. The gels were stained with Coomassie Brilliant Blue R-250 (BioRad, USA). 

Both the anti-dsDNA Abs and non-dsDNA binding IgG had ~95% purity according to 

the SDS-PAGE electrophoresis (Fig. S1A). The dsDNA-binding activity of anti-dsDNA 

Abs in concentration 50 μg/ml was 208.4 IU/ml and dsDNA-binding activity of non-

DNA binding IgG in concentration 50 μg/ml was 5.9 IU/ml (Fig. S1E). The absence of 

contaminating DNA in the anti-dsDNA Ab preparations was confirmed by agarose gel 

(0.7%) electrophoresis with a GelRed nucleic acid gel stain (Biotium, USA). 10 μg of 

protein per lane was loaded and the results were analyzed using ChemiDoc™ XRS + System 

(Fig. S1B).

2.3. dsDNA-binding activity of the anti-dsDNA Abs

The specific dsDNA-binding activity of isolated Abs was confirmed by ELISA. Calf thymus 

dsDNA (Serva, Germany) in citrate buffer (0.1 M H2PO4, 0.05 M citric acid) (10 μg/ml; 

100 μl/well) was adsorbed overnight at room temperature on a 96-well plate pre-activated 

with UV for 2 hrs. The plate was washed 3 times with 10 mM NaH2PO4/Na2HPO4, 

100 mM NaCl, containing 0.2 v/v% Tween 20, pH 7.4 (PBST). The washed plate was 

coated with anti-dsDNA Abs or control IgG (80 μg/ml, 100 μl/well) diluted in PBST and 

incubated at 37°C for 1 h. The plate was washed 3 times with PBST. The washed plate was 

coated with 100 μl/well horseradish peroxidase-conjugated secondary mouse anti-human 

IgG diluted 1:10,0000 (“Sorbent” LLC, Russia) and incubated at 37°C for 1.5 hrs. After 

washing the plate 3 times with PBST and 2 times with milliQ water 100 μl/well of 3,3′,5,5′-
tetramethylbenzidine (TMB) (Life Technologies, USA) was added. In 30 min the reaction 

was stopped by the addition of 100 μl/well of 1 M H2SO4. Absorbance at 450 nm was 

measured in a Microplate Reader Stat Fax 2100 (Awareness Technology, USA) (Fig. S1C). 

To calibrate the specific anti-ds-DNA-binding activity of isolated Abs in IU/ml, we used 

a Vecto-dsDNA-IgG KIT (Vector-BEST, Russia) that contained IgG standards with known 

activity in IU/ml (Fig. S1E).

2.4. Isolation of IgG using affinity chromatography on Protein G-Sepharose

HiTrap Protein G HP 1 ml column (GE Healthcare, Sweden) was equilibrated with PBS. 1 

ml of individual or pooled blood serum from SLE patients diluted 7 times with PBS was 

passed through the column at a flow rate of 1 ml/min at room temperature. The column 

was washed with 5 column volumes of PBS and the adsorbed IgG was eluted with 100 
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mM glycine-HCl buffer, pH 2.3. The eluted IgG was immediately neutralized with 1 M 

Tris-NaOH, pH 9.8, at a 20:1 volume ratio. IgG preparations from at least 6 ml SLE serums 

were pooled and used for purification of anti-dsDNA Abs. Altogether, 9 batches of IgG from 

the blood of 37 SLE patients were purified and used in this study.

2.5. Synthesis of dsDNA-cellulose, a sorbent for purification of anti-dsDNA Abs

dsDNA-cellulose was synthesized as described[21]. Briefly, acid-washed microcristalline 

cellulose (Serva, Germany) was mixed with calf thymus dsDNA (Serva, Germany) dissolved 

in 10 mM Tris/10 mM NaCl, pH 7.4 (16 mg of DNA per 1 g of cellulose). The components 

were kneaded to achieve complete mixing, then spread as a thin layer over a glass surface 

and air-dried. The powder was suspended in 100 v/v% ethanol in the glass plate which 

was placed on ice in a shaker under UV illumination until complete drying due to ethanol 

evaporation. The dsDNA-cellulose was washed thoroughly with PBS using a Buchner funnel 

and stored at 4°C in PBS with 0.02% NaN3.

2.6. Affinity chromatography of anti-dsDNA Abs on dsDNA-cellulose

dsDNA-cellulose was packed into a Tricorn 10/50 column (GE Healthcare, Sweden) and 

equilibrated with a binding buffer (20 mM Tris, 50 mM NaCl, 2 mM EDTA, pH 7.4). IgG 

obtained from the serum of SLE patients (1.7–2.3 mg/ml in 12–20 ml) was pre-heated on 

a water bath at 56°C for 45 min to destroy DNases[22] and passed through the column 

at a flow rate of 0.05 ml/min at room temperature. The column was washed with the 

binding buffer and the absorbed IgGs comprising anti-dsDNA Abs were eluted with a 

high ionic strength elution buffer with (20 mM Tris, 1 M NaCl, 2 mM EDTA, pH 7.4). 

The protein-containing fractions were collected, concentrated and transferred into PBS 

using Amicon Ultra Centrifugal Filters with NMWL of 50, 000 Da (Merc Millipore, 

USA). The portion of IgG not absorbed on the dsDNA-cellulose column was collected 

and used as a negative control for anti-dsDNA Abs. It is noteworthy that the non-dsDNA 

binding IgG used as a non-immune control IgG was isolated exclusively from patient serum 

not containing antiphospholipid Abs. As an alternative source of control IgG we used 

commercially available native human IgG protein (Abcam, USA) that had no activating 

effect on platelets, either in the presence or absence of DNA. To remove the possible 

aggregates the anti-dsDNA Abs were filtered through Amicon Ultra Centrifugal Filters with 

NMWL of 300,000 Da (Merc Millipore, USA).

2.7. Platelet isolation and treatment

Platelets were isolated from PRP of healthy donors (1.0–1.5 ml) by gel-filtration on a 2 

cm·8 cm column filled with Sepharose 2B (GE Healthcare, Sweden) and equilibrated with 

Tyrode’s buffer (4 mM HEPES, 135 mM NaCl, 2.7 mM KCl, 2.4 mM MgCl2, 5.6 mM 

D-glucose, 3.3 mM NaH2PO4, 0.35 mg/ml bovine serum albumin, pH 7.4). About 2 ml 

of isolated platelets were collected in the void volume at a concentration of 80,000 to 

240,000 platelets per 1 μl (counted in a hemocytometer at 400). Isolated platelets were 

untreated (negative control) or treated with anti-dsDNA Abs (50 μg/ml) in the absence or 

presence of dsDNA (50 μg/ml) (Sigma-Aldrich, USA) at 37°C for 15 min in Tyrode’s buffer 

containing 2 mM CaCl2. The 50 μg/ml concentration of anti-dsDNA Abs was determined 

by titration (Fig. S1D) and corresponded to ~200 IU/ml based on ELISA (Fig. S1E). A 
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non-DNA-binding IgG either purified from SLE serum (50 μg/ml with specific anti-dsDNA 

activity <10 IU/ml) or native human IgG purchased from Abcam was used as an additional 

negative control for anti-dsDNA Abs and dsDNA alone (50 μg/ml) was used as a negative 

control for dsDNA-containing immune complexes. In some experiments, 40 μg/ml of a 

monoclonal anti-FcγRIIA antibody (mAb, clone IV.3) against the FcγRIIA receptor purified 

from supernatants of hybridoma cells (HB-217, American Type Culture Collection) as 

described previously[19] was added to platelets 15 min prior to the incubation with anti-

dsDNA Abs alone anti-dsDNA Abs/dsDNA complexes. In some experiments platelets were 

pre-treated with 20 U/ml DNase I (Thermo Scientific, USA) for 30 min at 37°C in Tyrode’s 

buffer in the presence of 0.1 mM CaCl2.

2.8. Flow cytometry of platelets

Functionality of isolated platelets and degree of activation were assessed by the 

mitochondrial membrane potential (ΔΨm) and expression of P-selectin using flow 

cytometry. Platelets untreated or treated with various stimulants were mixed with a ΔΨm-

sensitive dye, Mito Tracker Deep Red FM (300 nM final concentration) (Invitrogen, US) or 

with 1.5 μl of anti-human CD62P phycoerythrin-labeled murine antibodies (BD Biosciences, 

USA). The samples labeled for P-selectin (50 μl final volume) and with Mito Tracker Deep 

Red FM (150 μl final volume) were incubated in Tyrode’s buffer containing 2 mM CaCl2 for 

15 or 30 min at 37°C in the dark before the measurements. The samples were analyzed using 

a FacsCalibur flow cytometer equipped with BD CellQuest™ software (BD Biosciences, 

USA). Platelets were gated based on the size and granularity using Forward Light Scatter 

(LFS) and Side Scatter (LSS) channels and 5,000 cells were counted in each sample. FlowJo 

X software was used for data analysis.

2.9. Measurement of ATP content in platelets

Isolated platelets (0.1 ml at 107 cells/ml) in Tyrode’s buffer were incubated for 15 and 30 

min with the anti-dsDNA Ab/dsDNA complexes or non-DNA-binding IgG (purified from 

SLE serum) mixed with dsDNA in the presence of 2 mM CaCl2. After the incubation, 

platelets were spun down for 5 min at 2,000g and lysed with 0.2 v/v% Triton X-100 in 

Tyrode’s buffer for 20 min at 4°C with continuous shaking. Debris was removed from the 

lysates by centrifugation at 8,000g for 10 min. ATP concentration in the supernatant of 

platelet lysates was measured in a plate reader Infinite 200 PRO (Tecan, Switzerland) using 

an ATP Bioluminescent Assay Kit (Sigma-Aldrich, USA) according to the manufacturer’s 

instructions. The ATP concentration was normalized by the protein content in the platelet 

lysates determined with a Pierce BCA Protein Assay Kit (ThermoFisher Scientific, USA).

2.10. Scanning electron microscopy of platelets

Isolated platelets untreated or treated with various stimulants were fixed in 2% 

glutaraldehyde in 50 mM sodium cacodylate buffer (pH 7.5), containing 150 mM NaCl, for 

90 min at room temperature. The fixed gel-filtered platelets were layered on a carbon filter 

(0.4-μm-pore size) and centrifuged at 150g for 5 min. The samples were rinsed three times 

with the cacodylate buffer for 5 min, dehydrated in ascending concentrations of ethanol, and 

dried overnight with hexamethyldisilazane. A thin film of gold-palladium was layered on the 
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samples using a sputter coater Quorom Q 150T ES (Quorum, UK). Micrographs were taken 

with a scanning electron microscope Merlin (Carl Zeiss, Germany).

2.11. Transmission electron microscopy of platelets

Isolated platelets incubated under various experimental conditions were fixed in 2% 

glutaraldehyde solution in phosphate-buffered saline (PBS) for 90 min at room temperature. 

The fixed platelets were centrifuged at 1,000g for 5 min. The pellet was washed with PBS 

and the samples were post-fixed with 1% osmium tetroxide in the same buffer with addition 

of sucrose (25 mg/ml) for 2 hrs. The samples were dehydrated in ascending concentrations 

of ethanol, then in acetone and propylene oxide. Epon 812 was used as the embedding resin. 

Samples were polymerized for 3 days under increasing temperature from 37°C to 60°C. 

Sections were obtained on an LKB-III ultramicrotome (LKB, Sweden). The sections were 

contrasted with saturated aqueous solution of uranyl acetate for 10 min at 60°C and then 

with an aqueous solution of lead citrate for 10 min. The preparations were examined using a 

JEM1200EX electron microscope (JEOL, Japan).

2.12. Immunofluorescent staining of isolated platelets

Isolated treated or untreated platelets (1.2×106 platelets in 100 μl of Tyrode’s buffer) were 

fixed in suspension by 4% paraformaldehyde for 90 min at room temperature. Fixed 

platelets were attached to polylysine-coated glass cover slips by centrifugation (800g, 

5 min). Immunofluorescent staining of the fixed platelets was performed as described 

previously[20] with modifications. Briefly, after three consecutive washes in phosphate-

buffered saline (PBS), 5 min each, cells were permeabilized by incubation with 0.1% Triton 

X-100 for 5 min. Then cells were incubated with normal goat serum (Vector Laboratories, 

USA) in the presence 0.1% Triton X-100 and 5% bovine serum albumin for 30 min at 

room temperature. Immunostaining of septin 2 was performed by 1-hour incubation with 

polyclonal anti-septin 2 antibodies (Sigma Prestige, 1:50), followed by 1-hour incubation 

with Alexa Fluor 488-conjugated anti-rabbit secondary antibodies (Invitrogen, 1:200). 

Staining was detected by confocal microscopy using a Zeiss LSM 510 laser scanning 

confocal microscope (Carl Zeiss Microscopy GmbH, Germany) and analyzed using ImageJ 

software.

2.13. Determination of the working concentration of isolated anti-dsDNA Abs by the 
ability to induce expression of P-selectin on platelets

To determine the working concentration of anti-dsDNA Abs that effectively activates 

platelets, platelets were labeled with 1.5 μl of anti-human CD62P phycoerythrin-labeled 

murine antibodies (BD Biosciences, USA) and treated with anti-dsDNA Abs at various 

concentrations (1, 5, 10, 20, 30, 50, 60, 70, 80 and 90 μg/ml). After incubation for 15 

min at 37°C in Tyrode’s buffer (150 μl final volume) containing 2 mM CaCl2 the level of 

P-selectin expression was measured with flow cytometry. The samples were analyzed using 

a FacsCalibur flow cytometer equipped with BD CellQuest™ software (BD Biosciences, 

USA). Platelets were gated based on the size and granularity using in Forward Light Scatter 

(LFS) and Side Scatter (LSS) channels and 5,000 cells were counted in each sample. FlowJo 

X software was used for data analysis (Fig. S1D). Based on the results of these titration 

experiments (Fig. S1D), the working concentration of anti-dsDNA Abs used in this study 
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was determined as 50 μg/ml, which corresponds to a high titer (~200 IU/ml) of anti-dsDNA 

Abs in the blood of SLE patients.

2.14. Statistical analyses

Statistical analyses were performed using a GraphPad Prism 5.0 package (GraphPad 

Software, La Jolla, CA, USA). After assessing normality with the Shapiro-Wilk and 

D’Agostino-Pearson criteria, samples were analyzed for statistical significance using a 

two-tailed Student’s t-tests, a Mann-Whitney U-test, a Kruskal-Wallis test or a chi-square 

test (for categorical values) with a 95% level of significance (alpha=0.05). Significance is 

represented as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3. Results

3.1. Anti-dsDNA Abs induce FcγRIIA-mediated expression of P-selectin in platelets

Flow cytometry showed that normal platelets isolated from the blood of healthy donors had 

a significantly increased level of P-selectin expression after incubation with anti-dsDNA Abs 

alone or mixed with dsDNA compared to control untreated platelets (Fig. 1A). Importantly, 

the activating effect of anti-dsDNA Abs was observed at a concentration and activity that 

corresponded to the elevated titer of Abs observed in the blood of SLE patients (~200 

IU/ml). Platelets incubated with non-DNA-binding IgG, either purified from SLE serum 

or purchased from Abcam, had no significant difference from untreated platelets, implying 

that the increased P-selectin expression was due to anti-dsDNA Abs alone or in a complex 

with dsDNA. To exclude the possibility that the activating effect of anti-dsDNA Abs in 

the absence of dsDNA was due to non-specific aggregation of Abs that could mimic 

formation of immune complexes, we filtered Abs to remove possible aggregates. The 

filtered monomeric anti-dsDNA Abs maintained their ability to stimulate platelets without 

addition of the antigen (Fig. 1A). To see if the activating effect of isolated anti-dsDNA 

Abs was mediated by surface-bound DNA, platelets were pre-treated with DNase I before 

the addition of the Abs. Flow cytometry showed that DNase I-treated platelets incubated 

with anti-dsDNA Abs had a significantly lower percentage of P-selectin positive platelets 

compared with platelets untreated with DNase (Fig. 1B). Importantly, pre-treatment of 

platelets with an FcγRIIA blocking antibody (mAb IV.3) reduced the level of P-selectin 

expression down to the baseline, indistinguishable from the background control values in 

unstimulated platelets, indicating that platelet activation with anti-dsDNA Abs, alone or in a 

complex with dsDNA, was mediated by the FcγRIIA receptor (Fig. 1A).

3.2. Anti-dsDNA Abs induce platelet shape change

To confirm the direct activating effects of anti-dsDNA Abs on platelets, we used scanning 

electron microscopy to follow morphological changes of isolated normal platelets under 

various experimental conditions. The extent of platelet activation was quantified as a fraction 

of morphologically altered cells after segregation of individual platelets into activated versus 

non-activated cells based on their distinct morphology. Quiescent or resting platelets had a 

discoid shape without or with a few (1–2) thin filopodia. Activated platelets lost their discoid 

form, and formed multiple membrane protrusions, such as thinner or thicker filopodia. To 

assess the extent of platelet activation based on the morphological signs, we counted the 
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number of filopodia per one platelet (Table 1). The mean number of filopodia per one 

platelet was significantly higher in the samples treated with anti-dsDNA Abs alone (3.8±0.1) 

and the anti-dsDNA Ab/dsDNA complexes (4.0±0.1) compared with untreated samples 

(1.4±0.1) (p<0.0001, one-way ANOVA test) (Fig. 2). As in the flow cytometry experiments, 

preincubation of platelets with an anti-FcγRIIA mAb significantly decreased the mean 

number of filopodia per one platelet to 1.5±0.1 when they were treated with anti-dsDNA 

Abs alone and to 1.7±0.1 when platelets were treated with the anti-dsDNA Ab/dsDNA 

complexes (Fig. 2C,F). Platelets treated with control non-DNA-binding IgG (Fig. 2D) were 

minimally activated at the same level as control untreated platelets (Table 1).

3.3. Anti-dsDNA Abs alter platelet ultrastructure

To reveal ultrastructural changes in platelets induced by anti-dsDNA Abs, we used 

transmission electron microscopy. Segregation of non-activated versus activated platelets 

from the electron micrographs was based on the following criteria. Resting platelets had 

discoid or round shape depending on the projection; they also contained round-shaped 

α-granules that were usually located randomly in the platelet body; all other organelles were 

clearly visualized, such as dense bodies (δ-granules), glycogen granules, open canalicular 

system (OCS), and mitochondria (Fig. 3A). The resting platelets might form 1 or 2 short 

filopodia. Unlike resting platelets that were largely homogenous, activated platelets had 

diverse and greatly altered ultrastructural features (Fig. 3). After treatment with isolated anti-

dsDNA Abs (Fig. S2E) 87% platelets had pronounced signs of activation, including a loss 

of the discoid or round shape, formation of multiple filopodia (Fig. 3B), a substantial loss of 

α-granules (Fig. S3A) and vesiculation of the plasma membrane (Fig. 3E). A considerable 

fraction of the anti-dsDNA-Ab-activated platelets fell apart into cellular fragments (Fig. 

3D) or had α-granules grouped in the middle of the platelet (Fig. 3C), sometimes even 

merging into a solid electron dense area (Fig. 3D, Table 2). After treatment with anti-dsDNA 

Abs/dsDNA complexes (Fig. S2B), 98% of platelets had the same ultrastructural signs 

of activation, but there were 2 times more platelets with α-granules merged into a solid 

electron dense area rather than with separate α-granules centralized in the middle of the 

platelet (Table 2). Also, we noticed that platelets treated with anti-dsDNA Abs/dsDNA 

complexes contained ~10% of membrane-surrounded “empty” platelet bodies or platelet 

“ghosts” that had a uniformly low electron density and no organelles inside (Fig. 3E). 

Platelets pre-treated with an anti-FcγRIIA mAb (Fig. S2C,F) still had moderate signs of 

activation, like a loss of the discoid or round shape, formation of filopodia and centralization 

of α-granules in the middle of platelet body. However, the overall changes were much 

less pronounced than in the corresponding platelet samples not pre-treated with the anti-

FcγRIIA mAb. In platelets incubated in the presence of non-DNA-binding IgG (Fig. S2D) 

used as a negative control, the resting non-activated platelets prevailed with a relatively 

small fraction of platelets (27%) that displayed moderate ultrastructural signs of activation 

(Figs. 3F, S3; Table 2). Untreated platelets also had 16% of platelets with moderate 

ultrastructural signs of activation (Figs. 3A; S3; Table 2).
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3.4. Rearrangements of septin 2 in platelets induced by anti-dsDNA Abs and their 
immune complexes with dsDNA

To analyze intra-platelet localization of immunostained cytoskeletal protein septin 2 under 

various experimental conditions, we used confocal microscopy. Control untreated (resting) 

platelets displayed a homogeneous distribution of septin 2 over platelet bodies with a 

prevalent concentration at the cell periphery, suggesting its association with the plasma 

membrane (Fig. 4A). Dramatic changes were observed in platelets treated with the complex 

of anti-dsDNA Abs and dsDNA (Fig. 4B), namely the distribution of septin 2 was highly 

heterogeneous and multiple fluorescent clusters were located mostly at the cell periphery, 

as well as in the middle of deformed platelet bodies. The observed changes of septin 2 

distribution indicate dramatic alterations in platelet cytoskeleton upon activation induced 

by the anti-dsDNA Abs/ds-DNA complexes. In the samples treated with anti-dsDNA 

Abs alone, the distribution of septin 2 was much like in control untreated cells with 

the prevailing concentration at the cell periphery, albeit with clustering and moderate 

cytoplasmic spreading (Fig. 4C). Platelets treated with dsDNA alone showed a distribution 

of septin 2 similar to control untreated samples, but some platelets had clusters of septin 2 

(Fig. 4D). Platelets preincubated with FcγRIIA mAb IV.3 before adding anti-dsDNA Abs 

(alone or in a complex with dsDNA), displayed a distribution of septin 2 similar to the 

control untreated platelets, with a homogeneous fluorescence intensity concentrated at the 

cell periphery (Fig. 4E,F).

3.5. Effect of anti-dsDNA Abs on the energy metabolism in platelets

To evaluate changes in energy metabolism of platelets, we measured the mitochondrial 

membrane potential (Fig. 5A) and intracellular ATP content (Fig. 5B) after incubation of 

platelets for 15 and 30 min with either anti-dsDNA Ab/dsDNA complexes or a non-DNA-

binding IgG/dsDNA mixture (used as an additional control for anti-dsDNA Abs). The 

average values of the mitochondrial membrane potential descended in the following order: 

untreated (resting) platelets > platelets treated with non-DNA-binding IgG mixed with 

dsDNA > platelets treated with anti-dsDNA Abs/dsDNA complex (Fig. 5A). The average 

ATP content decreased in the same order as the mitochondrial membrane potential (Fig. 

5B). There was no time dependence for both parameters, indicating that the energetic 

exhaustion of platelets resulting in a decrease of the mitochondria membrane potential and 

ATP depletion was basically developed within 15 minutes of platelet activation with the 

anti-dsDNA Ab/dsDNA immune complexes.

4. Discussion

Thrombosis is a common complication associated with autoimmune disorders, such as 

SLE. Several potential mechanisms may lead to a pro-thrombotic status in patients with 

autoimmune disorders. Antiphospholipid Abs and their complexes often formed in SLE have 

been shown to promote thrombosis through multiple pathways, including binding to β2 

glycoprotein, negatively charged phospholipids, and to the FcγRIIA receptors on platelets, 

thus triggering a release of platelet α-granules and formation of highly procoagulant 

extracellular microvesicles[23]. Abs against tissue factor pathway inhibitor (TFPI) co-exist 

with antiphospholipid Abs and block the activity of TFPI followed by a decrease of 
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the inhibition of Factor Xa[11,24]. In addition, inflammation by itself may change the 

hemostatic balance toward the pro-thrombotic status via enhanced expression of tissue 

factor and adhesion molecules on the endothelial cells and leukocytes and suppression of 

thrombomodulin and heparin-like glycosaminoglycans[25,26]. Inflammation also increases 

production of “acute phase proteins”, including fibrinogen, which is a strong risk factor for 

venous thrombosis[26,27]. However, thrombosis in SLE patients often develops irrespective 

of formation of antiphospholipid Abs and hyperfibrinogenemia, suggesting the existence of 

alternative pro-thrombotic mechanisms. Importantly, a higher incidence of thrombosis in 

SLE patients has been associated with an elevated level of anti-DNA Abs[28] as well as with 

hyperproduction of other antinuclear Abs[29], supporting the possibility that the circulating 

immune complexes containing dsDNA play an important role in the pathogenesis of venous 

thromboembolism in SLE. We have recently found that anti-dsDNA Abs purified form 

the blood of SLE patients increase the rate and degree of platelet-driven clot contraction, 

suggesting that they activate platelets and promote platelet contractility[30]. Therefore, we 

hypothesized that anti-dsDNA Abs formed at a high titer in the blood of SLE patients could 

cause the pro-thrombotic state through direct platelet activation.

Here, using various independent methods, we have shown that platelets are strongly 

activated by anti-dsDNA Abs alone and in a complex with dsDNA. Evidence for platelet 

activation is based on the release of α-granules assessed by P-selectin expression (Fig. 

1A), a decrease of the mitochondrial membrane potential and cellular ATP content (Fig. 

5), as well as on dramatic changes in platelet morphology (Tables 1, 2, Figs. 2; 3; S2), 

and septin 2 redistribution (Fig. 4). In platelets treated with anti-dsDNA Abs alone or 

in a complex with dsDNA, we observed grouped α-granules in the middle of a body 

and even merged α-granules (Fig. 3C,D) that likely comprise two consecutive steps of 

granular secretion through the open canalicular system[31,32]. Septins are cytoskeletal 

proteins[33] with poorly investigated involvement into platelet activation. Changes in septin 

2 were shown to be tightly connected with alterations in platelet functionality, including 

apoptosis[34–37]. Previously, it has been demonstrated that septin 2 is expressed in platelets 

and is co-localized with actin and transferrin receptor (endocytosis marker)[38]. Also, septin 

2 is co-localized with actin filaments primarily at or near the cell membrane, which is in 

agreement with our finding that in resting platelets septin 2 is mostly concentrated near the 

platelet periphery (Fig. 4A). We determined that the intracellular distribution of septin 2 is 

changed under the influence of the anti-dsDNA Ab/dsDNA complex from homogeneous to 

heterogeneous (clusters) (Fig. 4B). Together with the results of transmission and scanning 

electron microscopy (Figs. 2B; 2S,B), these data indicate profound cytoskeletal changes in 

the platelets activated by DNA-containing immune complexes.

A decreased mitochondrial membrane potential and content of ATP in platelets treated with 

the anti-dsDNA Ab/dsDNA complex (Fig. 5) is a sign of energetic exhaustion that follows 

platelet activation[39]. It is noteworthy that alterations in the platelet shape, intracellular 

location of α-granules and destruction of organelles have been described earlier in relation 

to other immune or inflammatory platelet stimulations induced by aggregated IgGs, 

immune complexes containing platelet factor 4 and heparin, or bacteria[40]. Formation of 

extracellular microvesicles and platelet fragmentation induced by the immune complex of 
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anti-dsDNA Abs with dsDNA and revealed in this study are similar to platelet disintegration 

observed after stimulation with thrombin[41].

It is noteworthy that most, if not all, of the revealed effects of anti-dsDNA Abs on platelets 

were mediated via the FcγRIIA receptor, because blockage of this receptor with a mAb 

abolishes many of the changes described and therefore protects platelets from the activation 

induced by anti-dsDNA Abs and anti-dsDNA Ab/dsDNA complexes (Figs. 1A,B; 2C,F; 

S2C,F; 3C,F; 4C,F; Tables 1,2). The central role of FcγRIIA in platelet activation was 

shown earlier for immune complexes of various types and composition[40,42]. For example, 

the immune complexes of IgG with platelet factor 4 and heparin, which are formed in 

heparin-induced thrombocytopenia, lead to thrombocytopenia and thrombotic disorders 

through the FcγRIIA receptor[40,43,44]. Furthermore, platelets can be activated through 

the FcγRIIA receptor by bacteria as a part of an immune complex with IgG or in an 

IgG-independent way[40].

What was somewhat unexpected is that platelets were activated not only by immune 

complexes composed of anti-dsDNA Abs and dsDNA, but also by anti-dsDNA Abs alone in 

the absence of the exogenously added antigen. An artifact due to aggregation of anti-dsDNA 

Abs has been excluded by removing the potential aggregates via filtration with a 300-kDa 

exclusion limit, after which monomeric anti-dsDNA Abs maintains the ability to activate 

platelets (Fig. 1A). The lack of platelet-activating effects of the non-DNA-binding IgG 

purified from the same source with a similar procedure excludes the possibility of activation 

via potential contamination of endotoxin in the anti-dsDNA Ab preparations. There are 

several possible explanations of the direct activating effect of anti-dsDNA Abs on platelets. 

First, DNA has been shown to reside on the platelet surface[45], such that anti-dsDNA 

Abs can interact with the endogenous antigen on the plasma membrane and form immune 

complexes in situ that could activate platelets through the FcγRIIA receptor (Fig. 1B). Our 

results with pre-treatment of platelet with DNase I (Fig. 1B) confirm this scenario. Second, 

there is a cross-reactivity of anti-dsDNA Abs with the integrin β3 subunit[8], suggesting that 

anti-dsDNA Abs can either bind and activate the platelet integrins αIIbβ3 and αvβ3 and/or 

induce bridging and clustering between FcγRIIA and the β3 integrins, leading to platelet 

activation. The interplay between FcγRIIA and the integrins on platelets has been proposed 

as a mechanism for platelet activation in eptifibatide-dependent thrombocytopenia[46].

Irrespective of the activating stimulus and underlying mechanisms, platelet activation has 

multiple pathogenic implications in SLE beyond the risk of thrombotic complications[47]. 

For example, activated platelets are involved in dysregulation of the immune system 

by promoting NETosis[17,48], by expressing a soluble and platelet-associated protein 

CD154 or CD40 ligand belonging to the TNFα family[49], via expression on the 

plasma membrane and release of S100A8/A9 (calprotectin), a heterodimeric activator of 

toll-like receptor-4 found at a higher level in the blood of SLE patients that correlates 

strongly with cardiovascular complications[50]. Formation of platelet-derived microvesicles 

and platelet disintegration like those we observed upon treatment with anti-dsDNA Ab/

dsDNA complexes (Figs. 3,D; 2S,B) provide a huge source of autoantigens. Also, the 

correlation between a disease activity score (SLEDAI-2k) and platelet count in SLE 

patients may partially be explained by platelet disintegration caused by anti-dsDNA Ab/
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dsDNA complexes[51]. In addition, activated platelets sustain complement activation, 

induce and promote activation and damage of the endothelium, leukocyte recruitment and 

vasoconstriction[52].

The results of this study that highlight the role of anti-dsDNA Abs in the pathogenesis 

of SLE may have practical importance. First, a high titer of anti-dsDNA Abs in the 

blood of SLE patients should be considered as a risk factor for thrombosis because 

hyper-production of these Abs and formation of dsDNA-containing immune complexes 

can lead to systemic platelet activation, making platelets highly adhesive to the vessel wall 

and to each other, which provides a strong predisposition to thrombosis[30,53]. Second, 

the pathogenic importance of the dsDNA and anti-dsDNA Abs suggests searching for 

new treatment modalities in autoimmune disorders that would reduce release of dsDNA, 

immune response to dsDNA, and dsDNA-related platelet activation. An example of such an 

approach is metformin, a drug used in type 2 diabetes, which turned out to be potentially 

promising in SLE by decreasing NETosis, release of mitochondrial DNA and production of 

interferon[54,55].

In summary, this study presents evidence that platelets can be strongly perturbed by anti-

dsDNA Abs alone and in complex with dsDNA via the FcγRIIA receptor. The effects 

of anti-dsDNA Abs on platelets manifest as biochemical and structural alterations that 

comprise activation followed by energetic exhaustion, dysfunction, and disintegration. 

The activation of platelets induced by the Ab/DNA complexes is an important part of 

a more general immune platelet stimulation associated with autoimmune disorders. The 

activated platelets promote a pro-thrombotic state and underlie a high incidence of arterial 

and venous thrombosis in SLE patients. Platelet dysfunction resulting from continuous 

platelet activation can also have a pathogenic significance in SLE, leading to impaired 

contraction of intravital clots and thrombi, thus affecting their obstructiveness, mechanical 

and enzymatic stability[30]. Both the immune platelet activation and dysfunction have 

pathogenic implications beyond thrombosis and contribute to a profound dysregulation of 

the immune system in SLE and other autoimmune diseases.
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Ab(s) antibody (antibodies)

ATP adenosine triphosphate
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dsDNA double-stranded DNA

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

FLS Forward Light Scatter

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IgG immunoglobulin G

mAb monoclonal antibody

NETs neutrophil extracellular traps

NMWL Nominal Molecular Weight Limit

PBS phosphate-buffered saline

PBST phosphate-buffered saline with Twin-20

PRP platelet-rich plasma

SELENA Safety of Estrogens in Lupus National Assessment study

SLE systemic lupus erythematosus

SLEDAI Systemic Lupus Erythematosus Disease Activity Index

SLS Side Light Scatter

TMB 3,3′,5,5′-tetramethylbenzidine
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Highlights:

• Anti-dsDNA Abs from the blood of SLE patients activate platelets trough 

FcγRIIA.

• Anti-dsDNA-Abs induce platelet degranulation and P-selectin expression.

• Immune platelet activation includes rearrangement of cytoskeletal proteins.

• Anti-dsDNA-Abs cause platelet microvesiculation and cytoplasmic 

disintegration.

• Immune platelet activation is a prothrombotic mechanism in SLE.
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Fig. 1. Biochemical signs of platelet activation induced by anti-dsDNA Abs and dsDNA-
containing immune complexes.
(A) Average P-selectin (CD62P) expression levels on isolated normal human platelets under 

various experimental conditions normalized by control untreated platelets. Bars from left 

to right represent the following samples: platelets treated with anti-dsDNA Abs unfiltered 

(n=8) or filtered to remove aggregates (n=3); with anti-dsDNA Ab/dsDNA complexes 

(n=7); with anti-DNA Abs after pre-treatment with anti-FcγRIIA mAb (n=5); with anti-

dsDNA Ab/dsDNA complex after pre-treatment with anti-FcγRIIA mAb (n=4); with non-

DNA-binding IgG purified from SLE serum (n=7); with control IgG (Abcam) (n=3) or 

incubated without treatment (untreated, n=8). n is the number of experiments with platelets 

from different donors. A Mann-Whitney U-test was used to compare with the negative 

control. (B) Percent of P-selectin- positive isolated normal human platelets under various 

experimental conditions normalized by control untreated platelets. Bars from left to right 

represent the following samples: platelets pre-treated with DNase I followed by incubation 

with anti-dsDNA Abs (DNase+anti-dsDNA Abs) (n=3); treated with anti-dsDNA Abs only 

(anti-dsDNA Abs) (n=3); pre-treated with DNase I without further adding anti-dsDNA Abs 

(DNase) (n=3); untreated platelets (n=3). “n” is the number of experiments with platelets 

from different donors. A chi-square test was used for statistical analysis. ***p<0.001.
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Fig. 2. Representative scanning electron micrographs of isolated normal human platelets under 
various experimental conditions (see Methods for details).
(A) An untreated platelet (control); (B-F) platelets incubated with: anti-dsDNA Ab/dsDNA 

complexes (B), anti-dsDNA Ab/dsDNA complexes after pre-treatment with anti-FcγRIIA 

mAb (C), non-immune IgG (D), anti-dsDNA Abs (E), and anti-dsDNA Abs after pre-

treatment with anti-FcγRIIA mAb (F). In B and E platelets have morphological signs of 

activation: characteristic shape changes, formation of filopodia and aggregates. Scale bar = 1 

μm.
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Fig. 3. Representative transmission electron micrographs of human platelets without or with 
characteristic ultrastructural alterations induced by anti-dsDNA Abs or anti-dsDNA Abs/dsDNA 
complexes.
Ultrastructure of resting (A, F) and activated (B, C, D, E) platelets: (B) shape change, 

shrinkage and formation of multiple filopodia; (C) shape change, α-granules grouped in 

the middle of the platelet body; (D) dramatic shape change, partial fragmentation, a solid 

electron dense area in the center, vesiculation of the plasma membrane; (E) a “grey” platelet 

without α-granules. Designations: α, α-granules; δ, δ-granules, gl, glycogen granules; m, 

mitochondria; mt, microtubules; OCS, open canalicular system; f, filopodia; v, microvesicle 

with a single membrane; mv, a multivesicular particle. Scale bars are 0.2 μm (A, B, D, E) 

and 0.5 μm (C).
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Fig. 4. Representative images of septin 2 distribution in isolated normal human platelets under 
various experimental conditions as detected by immunofluorescence.
(A) Control (untreated) platelets. (B-F) Platelets incubated with: anti-dsDNA Ab/dsDNA 

complexes (B), anti-dsDNA Ab/dsDNA complexes after pre-treatment with anti-FcγRIIA 

mAb (C), dsDNA (D), anti-dsDNA Abs (E), and anti-dsDNA Abs after pre-treatment with 

anti-FcγRIIA mAb (F) In A, C, D, and F, platelets display homogeneous intracellular 

distribution of septin 2 with a prevalent concentration at the cell periphery. In B, septin 2 

forms multiple fluorescent clusters mostly at the cell periphery as well as in the middle of 

platelet bodies. In E, platelets contain clusters of septin 2 with prevailing concentration at 

the cell periphery, albeit with moderate clustering and cytoplasmic spreading. All the images 

were acquired with the same microscope settings. Scale bar = 5 μm.
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Fig. 5. Mitochondrial membrane potential (A) and ATP content (B) in untreated platelets (white 
bars) and in platelets after incubation for 15 and 30 min with non-DNA-binding IgG/DNA 
complex (grey bars) or anti-dsDNA Ab/dsDNA complexes (black bars).
Final concentrations: 50 μg/ml anti-dsDNA Abs, 50 μg/ml non-DNA-binding IgG purified 

from SLE serum and 50 μg/ml dsDNA. Results of a representative experiment out of three 

independent but consistent experiments. A paired Student’s t-test was used for statistical 

analysis. *p<0.05 compared with non-DNA-binding IgG mixed with DNA.
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Table 1.

Morphological sign of platelet activation induced by anti-dsDNA Abs and dsDNA-containing immune 

complexes (from scanning electron microscopy).

Anti-DNA Abs Anti-DNA 
Abs+DNA

mAb IV.3 
+Anti-DNA 
Abs

mAb IV.3 + Anti-
DNA Abs+DNA

Non-DNA 
binding control 
IgG

Untreated 
platelets

Mean number of 
filopodia per 1 
platelet

3.8±0.1**** 4.0±0.1**** 1.5±0.1 1.7±0.1 1.3±0.1 1.4±0.1

****
p<0.0001 compared with untreated platelets. One-way ANOVA test was used. N>200 platelets per sample, data presented as mean±SEM.
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Table 2.

Fractions of activated platelets with characteristic structural features under various experimental conditions 

(from transmission electron microscopy)

Structural platelet variants

Platelets treated with:

Untreated 
platelets

anti-DNA 
Abs

anti-DNA Abs 
+ DNA

anti-Fc mAb 
+ anti-DNA 

Abs

anti-Fc mAb + 
anti-DNA Abs + 

DNA

non-DNA 
binding IgG

Total platelets taken as 100%

(n*)

100
(n=131)

100
(n=164)

100
(n=38)

100
(n=107)

100
(n=27)

100
(n=262)

Activated platelets, % 87 98 78 73 26 16

centered α-granules, % 7 4 14 7 0 0

merged α- granules, % 6 15 0 2 0 0

no α-granules, % 8 9 0 0 0 0

Cytoplasmic fragmentation, 
%

11 13 0 0 0 0

Platelet “ghosts”, % 0 10 0 0 0 0

*
n is the absolute number of individual platelets analyzed
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