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Introduction

Summary

Circulating microvesicles (MVs) from patients with systemic lupus ery-
thematosus (SLE) express the type 1 interferon (IFN)-inducible protein
galectin-3 binding protein (G3BP), which may enhance their deposition
in the glomerular basement membrane. The release of G3BP-expressing
MVs from normal peripheral blood mononuclear cells (PBMCs) is induced
by Toll-like receptor 9 (TLR-9) ligands, and these vesicles contain autoan-
tibody-accessible double-stranded DNA (dsDNA). This study compares the
release of MVs expressing G3BP and dsDNA from PBMCs derived from
SLE patients with or without active lupus nephritis (LN) and from healthy
donors, and taps further into the potential dependency on IFN-« for their
generation and impacts of TLR-7/TLR-9 co-stimulation. PBMCs from 10
healthy donors and 12 SLE patients, six of whom had active LN at study
inclusion, were stimulated in-vitro with recombinant human IFN-a and
the TLR-9 agonists oligodeoxynucleotide (ODN)2216 or ODN2395 alone
or in combination with the TLR-7 agonist gardiquimod. MVs in the su-
pernatants were subsequently isolated by differential centrifugation and
their expression of G3BP and dsDNA was quantified by flow cytometry.
Stimulation with ODN2395 significantly increased the release of MVs co-
expressing G3BP and dsDNA from PBMCs isolated from healthy donors
and SLE patients. The expression of G3BP on individual MVs and the
proportion of G3BP and dsDNA double-positive MVs released were in-
creased in active LN patients. Neither co-stimulation with gardiquimod
nor with the IFN-« inhibitor IN-1 had any effect on the MV release in-
duced by ODN2395. In conclusion, the TLR-9-mediated inducibility of
MVs co-expressing G3BP and dsDNA is increased in SLE patients with
active LN.
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pathogenic players in systemic autoimmune diseases, such
as systemic lupus erythematosus (SLE) [6,7]. Accordingly,

Microvesicles (MVs) are plasma membrane-derived vesicles
with enclosed cytoplasm that range in size from 0-1 to
1 um and are shed from most cell types constitutively and
in response to activation or during apoptosis [1-3]. Having
previously been regarded as inert cell debris [4], evidence
now suggests that MVs contain an orchestrated cargo of
proteins and nucleic acids involved in inflammation, coagu-
lation and several other physiological processes [3,5]. In
addition to being potential biomarkers, MVs may also be

the MV-profile of SLE patients deviates markedly from
that of healthy subjects; proteomics show that circulating
MVs from SLE patients have an increased content of galec-
tin-3 binding protein (G3BP), immunoglobulin (Ig)G [8]
and several other proteins [9,10]. These findings have been
supplemented by flow cytometric analyses showing increased
circulating levels of MVs with surface-bound IgG [11-13]
or G3BP [14]. MV containing apoptosis-modified chromatin
are abundant in the blood of SLE patients [15].
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The expression of double-stranded DNA (dsDNA) on
the surface renders MVs targets for anti-dsDNA anti-
bodies in SLE [12], which may implicate the MVs in
loss of self-tolerance and the proinflammatory responses
driving lupus disease [15,16]. A role for vesicular DNA
in murine lupus has been indicated, i.e. by the finding
that mice deficient in DNase 1L3 develop features char-
acteristic of SLE [17]. In addition, G3BP-expressing MV's
are likely to be glomerulophilic by virtue of G3BP’s
affinity for multiple factors comprising the glomerular
basement membrane, including nidogen, collagen 1V,
fibronectin and galectin-3, which is up-regulated in
patients with lupus nephritis (LN) [18,19]. Hence, G3BP
carried on the surface of MVs may facilitate IgG accu-
mulation in the glomeruli, and glomerular co-localization
of G3BP and IgG was recently demonstrated in LN
patients by electron microscopy [14]. Despite their eti-
opathogenic potential in SLE, G3BP-expressing MVs
remain largely undescribed.

We recently identified Toll-like receptor 9 (TLR-9) liga-
tion as a stimulus for release of G3BP-expressing MVs
from peripheral blood mononuclear cells (PBMCs) from
healthy donors [20]. The majority of these in-vitro-generated
vesicles contained dsDNA that proved accessible to an
anti-dsDNA antibody. Moreover, their release depended,
at least in part, on interferon (IFN)-a secretion, compat-
ible with the type I IFN-inducible nature of G3BP [21]
and the increased IFN-a activity frequently found in SLE
patients [21-25].

TLR-9 signaling has been linked to the pathogenesis
of SLE [26]. The binding of DNA-rich immune complexes
(ICs) to TLR-9 elicits secretion of IFN-o from plasma-
cytoid dendritic cells (pDCs) [27-29], and synthetic TLR-9
agonists have been shown to induce the production of
anti-dsDNA antibodies by B cells from SLE patients [30].
Furthermore, high TLR-9 expression is associated with
worsened SLE prognosis [31], and the expression is
increased in PBMCs from patients with active LN com-
pared to patients without active LN and healthy individuals
[32]. Several murine studies demonstrate that administra-
tion of TLR-9 ligands in lupus-prone mice triggers or
exacerbates renal disease [33-36]. In these studies, animals
injected with cytosine—phosphate-guanosine (CpG) oligo-
deoxynucleotide (ODN) displayed aggravated IC-induced
glomerulonephritis, severe proteinuria, and elevated serum
autoantibodies. Conversely, treatment with TLR-9-
antagonists reduced serum anti-dsDNA antibodies, IFN-a
levels and glomerular IgG deposits [37,38]. Paradoxically,
some studies of TLR-9 knock-out mice show attenuated
renal disease [39,40], while others show exacerbated renal
disease [8,41-48].

In the present study, we compare the TLR-9-induced
MV release by PBMCs derived from healthy blood donors
and SLE patients with or without active LN at study

MVs co-expressing G3BP and dsDNA in SLE

inclusion. We further examine the effects of co-stimulation
through TLR-7 and TLR-9 and the role of IFN-a in the
TLR-9-mediated MV release from SLE PBMCs.

Materials and methods

SLE patients and healthy donors

SLE patients were included from both the inpatient and
outpatient rheumatology clinic at Copenhagen University
Hospital, Rigshospitalet, and fulfilled the American College
of Rheumatology classification criteria for SLE [49]. Patients
with histologically confirmed LN and increasing or per-
sistent proteinuria of > 0-5 g/day were considered to have
active LN. Blood from anonymous healthy donors was
obtained from the Blood Bank at Copenhagen University
Hospital, Rigshospitalet. Four of the healthy donors were
also included in a previous study [20]. Samples from
patients and healthy donors were analyzed in parallel and
were sex- and age-matched. The study was approved by
the Scientific-Ethical Committee of the Capital Region
of Denmark (protocol no. H-15004075).

Isolation of PBMCs

Blood was collected in ethylenediamine tetraacetic acid
(EDTA)-containing Vacutainer® tubes (Greiner Bio-one
GmbH, Kremsmiinster, Austria), and centrifuged at 1800 g
for 10 min at 21°C. The plasma was aspirated and dis-
carded, and the PBMCs were poured onto a density gra-
dient medium (Lymphoprep™; Alere Technologies, Oslo,
Norway), centrifuged at 1172 g for 30 min at 24°C, washed
twice in sterile phosphate-buffered saline (PBS) (Thermo
Fisher Scientific, Waltham, MA, USA), and finally resus-
pended in sterile medium consisting of RPMI-1640
GlutaMAX medium (Lonza, Basel, Switzerland) supple-
mented with 20% heat-inactivated fetal calf serum (hFCS)
(Sigma-Aldrich, St Louis, MO, USA) and 0-1% gentamicin
(BI, Kibbutz Beit Haemek, Israel) (referred to as incuba-
tion medium). PBMCs were subsequently counted using
the NucleoCounter® NC-100™ system (ChemoMetec,
Allergd, Denmark), according to the manufacturer’s instruc-
tions. The purified PBMCs were then divided into 500 pl
aliquots in cryotubes (Dacos, Esbjerg, Denmark), followed
by addition of 500 ul sterile medium, yielding a final
concentration of 25% hFCS and 10% dimethyl sulfoxide
(DMSO) (Merck kGaA, Darmstadt, Germany). The cryo-
tubes were inverted, placed in CoolCell” freezing containers
(BioCision, San Rafael, CA, USA) and stored at —80°C
for at least 24 h before they were cryopreserved.

Stimulation of PBMCs

PBMCs were stimulated as previously described [20]. In
brief, the cryopreserved PBMCs were thawed at room
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temperature (RT), washed and resuspended in incubation
medium. The hFCS used in the incubation medium was
filtered through a 0-2 pm filter (Sartorius, Gottingen,
Germany). Cell viability was confirmed wusing the
NucleoCounter® NC-100™ system (ChemoMetec), accord-
ing to the manufacturer’s instructions. The cells were plated
into 48-well plates with Nunclon® delta surface (Nunc,
Roskilde, Denmark) at approximately 600 000 PBMCs per
well and rested for 30 min at 37°C and 5% CO, before
incubation for 24 h at 37°C and 5% CO, with the fol-
lowing components or combinations hereof: the TLR-7
agonist gardiquimod (Invivogen, San Diego, CA, USA,
1-5 pug/ml); the TLR-9 agonist ODN2395 (Invivogen, 6 pg/
ml); the TLR-9 agonist ODN2216 (Invivogen, 6 pg/ml)
[50]; recombinant human (rh)IFN-a (Sigma-Aldrich), 2 pg/
ml, ~200 000 U/ml); and the inhibitor of interaction
between IFN-a and the IFN-a receptor (IFNAR) IFN-a-
IFNAR-IN-1 hydrochloride (IN-1) (MedchemExpress,
Sollentuna, Sweden, 32 uM) [51].

Preparation of culture supernatants

After incubation with stimuli the plates were left at RT
for 15 min. Adhered cells were gently loosened and trans-
ferred to fluorescence activator cell sorter (FACS) tubes
(Corning, New York City, NY, USA). The cell suspensions
were centrifuged at 458 g for 10 min at 24°C to pellet
PBMCs. The cell-free supernatants were then harvested,
aliquoted into cryotubes and snap-frozen in liquid nitrogen.
Samples were stored at —80°C until analysis.

Staining of PBMCs

After collection of the supernatants, PBMCs were resus-
pended in 100 ul PBS followed by incubation with 100 pl
tetramethylrhodamine ethyl ester (TMRE) solution (Abcam,
Cambridge, UK) (100 nM in PBS) for 15 min at 37°C,
5% CO,, washed in PBS containing 2% hFCS (referred
to as incubation buffer) and centrifuged at 458 g for 10 min
at 24°C. The supernatant was aspirated, and PBMCs were
resuspended in 100 pul incubation buffer. Fcy-receptors were
blocked by addition of 5 pl commercial Fc blocker [Becton
Dickinson (BD), Franklin Lakes, NJ, USA] to each FACS
tube for 15 min at RT in the dark. Antibody cocktails
were prepared containing BV421-conjugated anti-human
CD3 (BD), peridinin chlorophyll-cyanin 5.5 (PerCP-Cy5-5)-
conjugated anti-human CD19 (BD), allophycocyanin
(APC)-H7-conjugated anti-human CD69 (BD) and phy-
coerythrin-cyanin 7 (PE-Cy7)-conjugated anti-human
CD80 (BD) antibodies, all diluted 1 : 55 in brilliant stain
buffer (BD). The cocktails were added to PBMCs to a
final dilution of 1 : 110 and the mixtures were incubated
for 30 min at RT in the dark, followed by wash in incu-
bation buffer. The cells were resuspended in incubation
buffer and left on ice for 5 min before acquisition on a

FACSCanto II flow cytometer (BD). TMRE stains cells
with active mitochondria, and consequently cells negative
for this dye were considered dead/apoptotic and were
excluded from analysis.

Isolation of MVs from culture supernatants

The frozen cell-free supernatants were thawed at RT and
transferred to Eppendorf tubes (Corning) (200 pl in each)
and centrifuged at 20 000 g for 30 min at 21°C to pellet
MVs. The supernatant was subsequently aspired down to
25 ul and discarded, and MVs were resuspended in 175 pl
PBS that had been filtered through a 0-2 pm filter (Sartorius,
Gottingen, Germany), followed by another ultracentrifuga-
tion step. The supernatant was aspirated as before and
discarded, and MVs were resuspended in 70 ul filtered
PBS to a final volume of 95 ul (MV-isolate).

Detection and staining of MVs

Calcein was used as a fluorescent marker of MVs and
was added to the MV isolates in the form of calcein-
AM; the reliable use of this compound for the general
labeling of intact extracellular vesicles has been described
previously [52]. Fcy-receptors on MVs were blocked by
adding 5 ul commercial Fc blocker (BD) to MV-isolates
for 15 min at RT. After this incubation, 5 pl MV-isolate
was pipetted into 22.5-pl filtered PBS in FACS tubes
followed by addition of 5 pl mouse anti-human G3BP
antibody of IgG2b isotype (Proteintech, Manchester, UK)
(1 pg/ml in filtered PBS) or an isotype control (Biolegend,
San Diego, CA, USA), 5 ul mouse anti-dsDNA antibody
of IgG2a isotype (SSI, Copenhagen, Denmark) (0-5 pg/
ml in filtered PBS) or an isotype control (Biolegend).
Next, 5 pl APC-conjugated goat anti-mouse IgG2b anti-
body (Southern Biotech, Birmingham, AL, USA) (0-5 ug/ml
in filtered PBS), 5 pl BV510-conjugated rat anti-mouse
IgG2a antibody (BD) (0-5 pg/ml in filtered PBS) and
2.5 ul calcein-AM (Sigma-Aldrich) (25 pg/ml in filtered
PBS) were added, yielding a final volume of 50 pl
Unstained and single-stained controls were included. The
tubes were incubated for 1 h at RT in the dark. After
incubation, 100 ul TruCount beads (BD) were added to
the tubes and the volume was adjusted to 300 ul with
filtered PBS before acquisition on a FACSCanto II flow
cytometer (BD) in logarithmic mode, at low flow-rate,
and with lowest SSC threshold (= 200). The TruCount
bead solution was prepared by dissolving the lyophilized
beads in 500 pl filtered PBS. Each sample was run for
4 min or until a minimum of 1000 TruCount bead
events were recorded.

Quantification and size determination of MVs

The absolute count of MVs (MVs/pl) was calculated with
TruCount beads as reference by applying the formula:
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{[(no. of MV events within gates of interest)/(no. of
collected bead events)] x [(total no. of beads)/(test vol-
ume)]] x (dilution factor)}.

The MV gate was defined using Megamix-Plus SSC
beads (Biocytex, Marseille, France), as outlined in our
previous study [20].

Statistical analysis

Wilcoxon’s rank-sum test and Wilcoxon’s signed-rank test
(two-tailed) were used for two-group comparisons of
unpaired and paired continuous data, respectively. Fisher’s
exact test (two-tailed) was applied for two-group com-
parisons of categorical data. The tests were carried out
using GraphPad Prism software version 8 (GraphPad
Software Inc, San Diego, CA, USA). Spearman’s correla-
tions and linear regression analyses (ordinary least squares)
were performed using R software version 3.4.3 (R
Foundation for Statistical Computing, Vienna, Austria).
The validity of the models with regard to linearity, homo-
scedasticity and normality of error terms was assessed
from ‘residuals versus fitted plots’ and ‘normal Q-Q plots
of standardized residuals. P-values less than 0-05 were
considered statistically significant.

Table 1. Characteristics of SLE patients and HDs

MVs co-expressing G3BP and dsDNA in SLE

Results

This study included 12 SLE patients, six of whom had
active LN at study inclusion, and 10 healthy donors.
Their clinical and demographical characteristics are
shown in Table 1. Patients with active LN were con-
firmed by renal biopsy; class I (n = 1), class I (n = 1),
class IIT (n = 1), class IV (n = 2) and class IV + V
(n = 1). The groups did not differ significantly with
regard to sex, age or disease duration nor with regard
to leukocyte counts and lymphocyte counts (hematology
was only available for SLE patients). Three SLE patients
were considered lymphopenic (< 1000/ul) at study inclu-
sion, two of whom had active LN. Notably, the Systemic
Lupus Erythematosus Disease Activity Index (SLEDAI)
scores of patients with active LN were significantly higher
than those of patients without active LN at study inclu-
sion (median SLEDAI scores of 8 and 4 for patients
with and without active LN, respectively) (P = 0-01).
Moreover, both prednisolone treatment and positivity
for anti-dsDNA antibodies was more frequent in the
group with active LN (83 and 33% for patients with
and without active LN, respectively), but these differ-
ences were not statistically significant (P = 0.24).

All SLE Active LN Not active LN HD
n=12 n=6 n=6 n=10
Sex (female), % (1) 91.7 (11) 100 (6) 83.3 (5) 90 (9)
Age (years), median (IQR) 32 (23-5-44-8) 34 (26-8-51-8) 28 (19-46-8) 28 (24-5-37)
Disease duration (years), median (IQR) 6 (2-16) 6 (1-18:5) 6 (2-19) -
Immunosuppressive medication,® % (r) 75 (9) 83.3 (5) 66-7 (4) -
Prednisolone 583 (7) 83.3(5) 33.3(2) -
Dose (mg), median (range) 30 (2-75) 30 (2-75) 20 (5-35) -
Hydroxychloroquine 583 (7) 66-7 (4) 50 (3) -
Mycophenolate mofetil 25 (3) 33:3(2) 16-7 (1) -
Cyclophosphamide 16:7 (1) 167 (1) 0(0) -
Disease manifestations,* % (1)
Nephritis 50 (6) 100 (6) 0(0) -
Arthritis 25 (3) 167 (1) 33.3(2) -
Pleuritis 16:7 (2) 33.3(2) 0(0) -
CNS 8:3(1) 16-7 (1) 0(0) -
APS, thrombotic 25 (3) 167 (1) 33.3(2) -
Low C3/C4 66-7 (8) 100 (6) 33.3(2) -
Previous LN, % (1) 583 (7) 100 (6) 167 (1) -
Leukocytes (10°/ul), median (IQR) 6-5 (4-65-12-2) 7-9 (4-4-14-95) 5.7 (3-98-8-7) -
Lymphocytes (103/pl), median (IQR) 1-5 (0-95-2-38) 1.7 (0-8-2-5) 1-5(1-18-1-98) -
Lymphopenia (< 1000/pl), % (n) 25 (3) 33.3(2) 167 (1)
Anti-dsDNA antibody positivity, % (1) 583 (7) 83.3 (5) 33.3(2) -
Titer, median (IQR)® 111 (6-3-380) 380 (112-380) 81 (0:9-111) -
SLEDAI score, median (IQR) 6 (4-8) 8 (6-20) 4 (0-6-25) -

IQR = interquartile range; HD = healthy donors; SLE = systemic lupus erythematosus; LN = lupus nephritis; SLEDAI = Systemic Lupus Erythematosus

Disease Activity Index; CNS = central nervous system.
At study inclusion; °n = 10 (five with active LN).
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TLR-9-mediated release of G3BP- and dsDNA- In non-stimulated cultures from all three groups, the
expressing MVs from mononuclear cells median proportion of MVs expressing G3BP was less than
6%, which increased to approximately 40% in the groups
of healthy donors and patients without active LN and to
approximately 60% in the group of patients with active
LN (Table 2). Furthermore, patients with active LN showed
higher G3BP expression per MV than the two other groups
(Fig. 1d). The differences were even more pronounced for
G3BP and dsDNA double-positive MV, with median G3BP
median fluorescence intensity (MFI)-values of 182, 145

Stimulation of cells from healthy donors and active LN
patients with the TLR-9 agonist ODN2395 caused minor
increases in the overall content of MVs in the supernatants
(Fig. 1a), but a marked increase in the release of G3BP
and dsDNA double-positive MVs was observed (Fig. 1b),
and this was reflected by the number of G3BP-expressing
MVs in toto (Fig. 1c).

(a) Total MVs (b) G3BP and dsDNA double-positive MVs
3.5%x1074 1.8x107 *
> 13sx107] -
3x1074 ° 9x108
6x108
2.5%x1074
E 2x107 s =
£ 7 o 6
2 15x107-| % o 0
= (¢} ]
1x107+ 2x106
5x106+ ) ]
0- 0
NS ODN2395 NS ODN2395
(C) G3BP-expressing MVs in totg (d) G3BP-expressing MVs in toto
X P=0.042
1.8x107 300+ —
135¢107] e P=0.041
9x10° - P=0093  x
8x106 g p00% x
= 2004 e £ 0
T 6x108 g e °
E P4
> " @
= 4%x10 g 1004
2x108 w
o e D ﬁ .
0 0-
NS ODN2395 NS ODN2395
(e) dsDNA-expressing MVs in toto (f) dsDNA-expressing MVs in toto
L8187 000y _Pooe
1'2?:1871 ° e P=0.056
7.5%108 T 800- o
= o
-  6x106- ee ° = )
E ° g 600
? ° = Yo
2 4x108 9 400
= o g_ ° °
2x105+ @49 = & 2004
0 0-
NS ODN2395 NS ODN2395

3 HD @ SLE (notactive LN) = SLE (active LN)

Fig. 1. Release of galectin-3 binding protein (G3BP)- and dsDNA-expressing microvesicles (MVs) from Toll-like receptor (TLR)-9-stimulated
mononuclear cells. Peripheral blood mononuclear cells (PBMCs) from 10 healthy donors (HD; white columns), six systemic lupus erythematosus
(SLE) patients without active lupus nephritis (LN) (not active LN; gray columns) and six SLE patients with active LN (active LN; black columns) were
left non-stimulated (NS) or stimulated with the TLR-9 agonist oligodeoxynucleotide (ODN)2395 for 24 h. MVs released into the culture supernatants
were subsequently isolated by ultracentrifugation, quantified and characterized with respect to expression of G3BP and dsDNA by flow cytometry.
Columns and error bars represent median values and interquartile range. (a) The total concentration of MV in culture supernatants. (b) The
concentration of G3BP and dsDNA double-positive MV's and (c) the G3BP-expressing MV population in toto with (d) corresponding G3BP-derived
median fluorescence intensity (MFI) values. (e) The concentration of the dsDNA-expressing MV population in toto with (f) corresponding dsDNA-
derived MFI values. Asterisks above horizontal lines represent P-values for comparisons between non-stimulated and stimulated samples, whereas
values above brackets are P-values for comparisons between groups. *P < 0-05; **P < 0-01.
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Table 2. Proportions of G3BP- and dsDNA-expressing MV populations in individual cell cultures

1 2 3 P-values®

HD (n =10) Not active LN (n = 6) Active LN (n =6) 1 versus 2 1 versus3 2 versus3
MYV populations, % of total MV's
Non-stimulated samples
G3BP-expressing MV in toto 4 4 6 0-96 0-43 0-82
dsDNA-expressing M Vs in toto 32 32 35 0-88 0-49 0-70
G3BP and dsDNA double-positive MV's 3 2 4 0-49 0-43 0-39
ODN2395-stimulated samples
G3BP-expressing MVs in toto 40% 40* 58* 0-96 0-001 0-026
dsDNA-expressing MV in toto 29 25* 37 0-18 0-06 0-07
G3BP and dsDNA double-positive MV's 25* 21* 36* 0-31 0-008 0-07

Median proportions of MVs bearing G3BP and dsDNA released from PBMCs from healthy donors (group 1; HD), patients without ongoing LN

(group 2; not active LN), and patients with ongoing LN (group 3; active LN).

G3BP = galectin-3 binding protein; MV = microvesicle; PBMC = peripheral blood mononuclear cells; HD = healthy donors; ODN = oligodeoxynu-

cleotide; LN = lupus nephritis.

2P-values for comparisons between groups (1-3) with significant P-values marked in bold type.

*P < 0-05 and

**P < 0-01 relate to comparisons between stimulated and non-stimulated samples.

Table 3. Linear regression analyses of galectin-3 binding protein-expressing microvesicles by clinical and serological features of SLE

Independent variables Coeflicients (B) 95% CI P-values

G3BP-expressing M Vs in % of total MV count

LN (active) 193 4-5t0 34-2 0-02 Model 1
SLEDALI score 0-4 —-0-1to 1-8 0-53 Model 2
SLEDAI score (excluding LN) 0-02 -1:6to 1.7 0-98 Model 3
Anti-dsDNA antibodies (titer)* 0-05 —0-01 to 0-12 0-11 Model 4
MFI of G3BP-expressing M Vs

LN (active) 69-3 166 to 122 0-02 Model 1
SLEDAI score 2-4 —2:4t072 0-3 Model 2
SLEDAI score (excluding LN) 13 -4.5t07-2 0-62 Model 3
Anti-dsDNA antibodies (titer)? 0-2 0-01 to 0-41 0-04 Model 4

Simple linear regressions were performed for SLE patients (n = 12), with (a) proportions of G3BP-expressing MV in toto and (b) the corresponding
G3BP MFIs as dependent variables (after ODN2395-stimulation), and with LN, SLEDAT scores and anti-dsDNA antibody titers as independent variables
(models 1-4). Model 3 in both (a) and (b) depicts the regression coefficients and P-values for SLEDALI scores when excluding renal manifestations from
the index (i.e. subtracting four points for each patient with active LN). Significant P-values are marked in bold type.

SLE = systemic lupus erythematosus; MV = microvesicle; G3BP = galectin-3 binding protein; MFI = median fluorescence intensity; ODN = oligode-

oxynucleotide; LN = lupus nephritis; SLEDAI = Systemic Lupus Erythematosus Disease Activity Index.

an = 10 (five with active LN).

and 302 for MVs from healthy donors, patients without
active LN and patients with active LN, respectively (active
LN versus healthy: P = 0-016 and active LN versus not
active LN: P = 0-0087; data not shown).

To further address whether these differences relate to
active LN specifically, or to disease activity in general,
linear regressions were performed with the proportions
of G3BP-expressing MVs in toto as dependent variable
(DV) and with LN and SLEDAI scores as independent
variables (Table 3a; models 1-3). The group size (n = 12)

© 2021 British Society for Immunology, Clinical and Experimental Inmunology, 204: 64-77

was considered too small for multivariable analyses.
Nevertheless, in these simple models, active LN associated
positively with the proportions of G3BP-expressing MVs
in toto (MV percentage change in the presence of LN)
(B = 193, P = 0-02, model 1), whereas no significant
relationship was found between SLEDAI scores and this
DV (MV percentage change per SLEDAI score unit incre-
ment) (B = 04, P = 0-53, model 2). Moreover, excluding
renal manifestations from the SLEDAI (ie. subtracting
four points for each patient with active LN) resulted in
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even higher P-values and further weakened the beta coef-
ficients (model 3). Similar pictures were seen with the
corresponding G3BP MFI-values as DV (Table 3b, models
1-3). These findings support that disease activity, in gen-
eral, is not confounding the association between active
LN and G3BP-expressing MVs and that the differences
are related directly to renal disease. In the same manner,
we also examined potential connections between the titers
of anti-dsDNA antibodies measured in patients and the
inducibility of these vesicles (Table 3a,b, model 4). From
these analyses we found that the antibody titers were
positively associated with the G3BP expression by indi-
vidual MVs but did not associate significantly with the
proportions of G3BP-expressing MVs in toto (P = 0-04
and 0-11, respectively).

In contrast to the findings for G3BP, the proportion
of MVs bearing dsDNA on the surface was approxi-
mately one-third before stimulation (Table 2), and stimu-
lation with ODN2395 did not affect the total number
of dsDNA-expressing MVs (Fig. le), nor did it affect
the proportion of MVs bearing dsDNA (Table 2). The
majority of the dsDNA-expressing MVs also carried
G3BP, but not vice versa. Without stimulation, MVs in
cultures from healthy donors expressed higher amounts
of dsDNA than MVs from either patient group, but
this difference was not observed in cultures stimulated
with ODN2395 (Fig. 1f).

The specificity of the signals derived from the anti-
G3BP and anti-dsDNA antibodies was validated with

isotype controls (Fig. 2) and DNase treatment (not
shown).

The fraction of dead/apoptotic B cells was generally
decreased in the ODN2395-stimulated cell cultures but
was significantly higher in the active LN group relative
to the other two groups after 24 h incubation with this
TLR-9 agonist (data not shown). However, using Spearman’s
rho for both healthy donors and SLE patients (non-
stratified), the fraction of dead/apoptotic B cells or T cells
did not correlate with the proportions of dsSDNA-expressing
MVs in toto or G3BP and dsDNA double-positive MV,
nor with the amount of dsDNA and G3BP on individual
MVs (data not shown). Thus, the proportional differences
of dead/apoptotic lymphocytes between the groups are
unlikely to explain our findings.

TLR-9-mediated expression of CD69 and CD80 on
B cells

In humans, the cells responsive to the ODN2395 stimulus
used in the experiments described above are mainly B cells
and pDCs [53,54]. In particular, B cells frequently show
aberrant responsiveness to TLR-9 agonists in SLE [55-57].
The B cell and the T cell responses to TLR-9 stimulation
were therefore compared between healthy donors and
patients with and without ongoing LN using CD69 and
CD80 as activation markers (Fig. 3). Circulating pDCs were
considered too sparse to be analyzed in this set-up [58].

As expected, T cells were non-responsive to CpG ODN
(Fig. 3a). Conversely, B cells from patients with active LN

a1 |[NS Qz | 10*3

G3BP

'ODN2395

Q2 (b) w'iar | ODN2395 a2

i) "2
10 10 10 100 10

v ial |ODN2395 @2

Isotype controls

dsDNA

Calcein

Fig. 2. Validation of signal-specificity. Representative fluorescence scatter-plots from a healthy donor, showing the staining of microvesicles (MVs)
from non-stimulated (NS) and oligodeoxynucleotide (ODN)2395-stimulated peripheral blood mononuclear cells (PBMCs) with calcein, as a general
MYV marker, and with (a) anti-G3BP and anti-dsDNA antibodies or (b) corresponding isotype controls.
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Fig. 3. Effect of Toll-like receptor (TLR)-9 stimulation on the expression of CD69 and CD80 by B cells and T cells. Peripheral blood mononuclear cells
(PBMCs) from 10 healthy donors (HD; white columns), six systemic lupus erythematosus (SLE) patients without active lupus nephritis (LN) (not
active LN; grey columns) and six SLE patients with active LN (black columns; active LN) were stimulated with the TLR-9 agonist oligodeoxynucleotide
(ODN)2395 or left non-stimulated (NS) for 24 h, and the expression of the activation markers (a,b) CD69 and (c) CD80 by CD19-positive B cells and
CD3-positive T cells were measured by flow cytometry (CD19 expression was undetectable on B cells from one SLE patient without active LN). (d)
Comparisons of the T/B cell ratios and the proportions of T cells and B cells among healthy donors and SLE patients with and without active LN in
the non-stimulated cell cultures after 24 h incubation. (e) Representative example of CD3 and CD19 staining of PBMCs from a healthy donor, after
exclusion of doublets. (f) Forward-/side-scatter (FSC/SSC) plot showing the gates for dead/apoptotic cells, lymphocytes and monocytes. The black
events represent CD19 and tetramethylrhodamine ethyl ester (TMRE) double-positive (viable) cells, backgated from the CD19 gate in (e). (g)
Corresponding FSC/SSC plot but with the black events representing CD19-positive and TMRE-negative (dead/apoptotic) cells — mainly localizing
within the dead/apoptotic gate. Columns and error bars represent median values and interquartile range. Asterisks above horizontal lines represent
P-values for comparisons between non-stimulated and stimulated samples, whereas values above brackets are P-values for comparisons between
groups. (*)P < 0-1; *P < 0-05; **P < 0-01.

and B cells from healthy donors significantly up-regulated Importantly, no marked intergroup differences were
the expression of CD69 after stimulation with ODN2395, observed in the T/B cell ratios or in the proportions
while the expression of this activation marker was signifi- of T and B cells in the non-stimulated cell cultures
cantly lower on B cells from patients without active LN (Fig. 3d), favoring that variations in the cellular responses
(Fig. 3b). Similarly, ODN2395 induced a significant or as well as the MV responses among groups are
borderline-significant up-regulation of CD80 on B cells unrelated to baseline deviations in the lymphocytic cell
from healthy donors and on B cells from disease-active distribution.

LN patients, respectively, but not on B cells from SLE
patients without active LN (Fig. 3c). In a simple linear

regression analysis involving all 12 SLE patients, this lower Effect of TLR-7 and TLR-9 co-stimulation on the

. . . release of MVs from TLR-stimulated mononuclear
responsiveness seemed unlinked to treatment with hydroxy-

chloroquine, which is known to inhibit TLR-9 signalling cells

[59], at study inclusion (data not shown). Similarly, strati- Previous studies have shown that TLR-7 ligands interfere
tying patients into those with and without active LN did with TLR-9-mediated chemokine and cytokine production,
not reveal any notable intragroup differences in the induced including that of IFN-a [60,61]. We therefore wanted to
MFIs for CD69/CD80 between individuals receiving and investigate whether such interference also extends to the
not receiving hydroxychloroquine (data not shown). TLR-9-induced MV response.
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Co-stimulation of PBMCs through TLR-7 with gardiqui-
mod had no effect on the TLR-9-induced release of G3BP-
expressing MVs in toto or of G3BP and dsDNA
double-positive MVs specifically (Fig. 4a,b); nor did it
affect the expression of G3BP or dsDNA by individual
MVs (data not shown). Notably, co-stimulation with
gardiquimod did inhibit the ODN2395-induced up-
regulation of CD69 and CD80 by B cells from healthy
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donors and tended to inhibit the up-regulation of CD69
on B cells from SLE patients (Fig. 4c,d).

Role of IFN-« in the release of MVs from TLR-
stimulated mononuclear cells

Given the prominent role of IFN-a in the pathogenesis
of SLE [62], we examined the influence of this cytokine
on the release of G3BP-expressing MVs from PBMCs
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Fig. 4. Interplay between Toll-like receptor (TLR)-9 and TLR-7 in induction of microvesicle (MV) release and B cell activation. Peripheral blood
mononuclear cells (PBMCs) from six healthy donors (HD) and six systemic lupus erythematosus (SLE) patients [four of whom had active lupus
nephritis (LN) at study inclusion] were incubated for 24 h with the TLR-9 agonist oligodeoxynucleotide (ODN)2395 alone (white events; ODN2395)
or in combination with the TLR-7 agonist gardiquimod (black events; ODN2395+gardiquimod). MV released into the culture supernatants were
subsequently isolated by ultracentrifugation, quantified and characterized with respect to expression of G3BP and dsDNA by flow cytometry. (a) The
concentrations of G3BP-expressing MV’ in toto and (b) G3BP and dsDNA double-positive MVs released from healthy and SLE PBMCs in culture
supernatants are shown together with median proportions of MVs bearing these markers (inserted boxes below). (c) Expression of the activation
markers CD69 and (d) CD80 by B cells was measured in the corresponding cell fractions by flow cytometry and is shown as median fluorescence
intensity (MFI) values. Columns and error bars represent median values and interquartile range.
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Fig. 5. Interferon (IFN)-a’s role in the Toll-like receptor (TLR)-9-induced release of microvesicles (MVs) from systemic lupus erythematosus (SLE)

mononuclear cells. Peripheral blood mononuclear cells (PBMCs) from seven SLE patients [two of whom had active lupus nephritis (LN) at study
inclusion] were incubated for 24 h with the TLR-9 agonist oligodeoxynucleotide (ODN)2395 alone (-) or in combination with the IFN-a inhibitor

IN-1 (+). MVs released into the culture supernatants were subsequently isolated by ultracentrifugation, quantified and characterized with respect to
expression of G3BP and dsDNA by flow cytometry. (a) Concentrations of G3BP-expressing MVs in toto and (b) G3BP and dsDNA double-positive
MVs in the culture supernatants. Median proportions of MV bearing these markers are inserted in the boxes below. (¢,d) PBMCs from six healthy

donors were left non-stimulated (NS) or were incubated for 24 h with the TLR-9-agonist ODN2216, a weak B cell activator and strong IFN-a inducer;

with the TLR-9 agonist ODN2395, a potent B cell activator and strong IFN-a inducer; or with recombinant human (rh)IFN-a. (c) The concentrations
of G3BP-expressing MV in toto and (d) MVs double-positive for G3BP and dsDNA in the culture supernatants from non-stimulated (NS) and
stimulated cells. Columns and error bars represent median values and interquartile range. Asterisks above horizontal lines represent P-values for

comparisons between non-stimulated and stimulated samples. *P < 0-05.

derived from SLE patients (Fig. 5). The IFN-a inhibitor
IN-1 showed no influence on the release of G3BP-
expressing MVs as a whole or G3BP and dsDNA double-
positive MVs (Fig. 5a,b), nor did it affect the expression
of G3BP and dsDNA by individual MVs (data not
shown).

To further assess the dependency on IFN-a for the
TLR-9-induced MV response, PBMCs from six healthy
donors were stimulated with rhIFN-a, the TLR-9 agonists
ODN2216 (CpG ODN class A) or with ODN2395 (CpG
ODN class C). ODN2216 mainly engages pDCs to secrete
large amounts of IFN-a but only weakly activates B cells,
whereas ODN2395 is considered a strong IFN-a inducer
and potent B cell activator [50]. Evidently, ODN2395 but
not rhIFN-a or ODN2216 induced the release of G3BP-
expressing MVs (Fig. 5¢,d). Similarly, stimulation of PBMCs
from one healthy donor with lower concentrations of
rhIFN-o  [0-01 pg/ml (~1000 U/ml) and 0-5 pg/ml
(~50 000 U/ml)] had no effect either on the release of
these vesicles (data not shown). None of the stimuli affected
the release of MVs expressing dsDNA in toto (data not
shown).

Discussion

This study confirms our previous findings that stimulation
of PBMC:s with the class C TLR-9 agonist ODN2395 induces
release of MVs co-expressing G3BP and dsDNA in healthy
donors [20] and extend this finding to also include SLE
patients. This is a relevant finding, as co-expression of G3BP
and dsDNA may affect the antigenic and glomerulophilic
properties of MVs, and MVs from SLE patients more fre-
quently contain apoptosis-modified chromatin or G3BP
than MVs from healthy donors [9,10,12,14-16]. However,
the class A TLR-9 agonist ODN2216 failed to induce such
MV release. Both TLR-9 agonists stimulate pDCs, but
ODN2395 also potently stimulates B cells [50], suggesting
that B cells are involved in the generation of G3BP-expressing
MVs, either as primary source or as critical contributors
to the local cytokine environment. We have previously
shown that also the class B TLR-9 agonist ODN2006 fails
to induce the release of G3BP-expressing MVs from PBMCs
[20]. These differences may relate to the effects of ODN2395
as both a potent B cell activator and strong IFN-a inducer
[50]. Hence, TLR-9 ligation in B cells combined with IFN-a
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secretion from pDCs may be necessary for such MV release
to occur. Moreover, this would also explain the lack of
effect when incubating healthy donor PBMCs with rhIFN-«
alone.

Following stimulation with ODN2395, MVs in cell cul-
tures from patients with active LN contained a higher
proportion of MVs bearing G3BP (approximately 60%)
than MVs in cultures from patients without LN or healthy
donors (both approximately 40%), and the patients with
LN also showed increased amounts of surface-bound G3BP
per MV. The over-expression of G3BP in this group may
be linked to an increased TLR-9 expression by mononuclear
cells from SLE patients with active disease [30,63], and
particularly from patients with ongoing LN [32]. The expres-
sion of TLR-9 in naive B cells is generally low, but it can
be induced by BCR triggering, whereas TLR-9 is expressed
constitutively at high levels in memory B cells [64]. Hence,
differences in B cell activity and differentiation between
groups may, in part, explain the differences observed in
MV release and composition. In our data set, the titers
of anti-dsDNA antibodies measured in patients associated
positively with the in-vitro-provoked expression of microve-
sicular G3BP. Potentially, pre-exposure of cells to ICs rich
in dsDNA may accentuate subsequent TLR-9-induced
MV-responses, perhaps partly by up-regulating TLR-9.
However, an increased expression of TLR-9 does not nec-
essarily correlate with higher responsiveness to TLR-9
ligands, at least with regard to cytokine production [56].

Another relevant aspect to consider is the potential
influence of the high-mobility group box 1 protein
(HMGBI1) on the TLR-9-induced MV response. HMGB1
facilitates the interaction between TLR-9 and its ligands
and is elevated in serum from SLE patients [65,66], which
may contribute to the higher concentration of MV's express-
ing G3BP in the circulation of these individuals [14].

Approximately one-third of MVs expressed dsDNA on
their surface in all three groups of subjects, irrespective
of whether or not the cell cultures were stimulated. Thus,
generation of dsDNA-expressing MVs is not subject to
control by TLR-9 and is not limited to SLE patients. It
appears from our data that the dsDNA-bearing part of
the MVs is largely the same part that acquires G3BP
after stimulation of the originator cells with TLR-9 ligands.

The TLR-9 agonist, ODN2395, used as stimulus in this
study, is primarily a stimulus for B cells and pDCs [53,54].
Concomitantly with the release of G3BP-bearing MVs,
ODN2395 induced up-regulation of the activation markers
CD69 and CD80 on B cells from patients with active LN
and on healthy donor B cells. However, the ODN2395-
induced MV-release from patients without active LN was
not accompanied by such a co-increase. These data suggest
that B cells from patients without active LN were gener-
ally less responsive to TLR-9 stimulation, which was

paralleled by lower G3BP expression in the corresponding
MV-fraction compared to the two other groups.

We also addressed the interplay between TLR-9 and
TLR-7 in the induction of MV release. TLR-7 ligands
have been reported to suppress TLR-9 signalling and
thereby reduce production of chemokines and cytokines,
including IFN-a [60,61]. Although co-stimulation with the
TLR-7 agonist gardiquimod down-regulated the expression
of CD69 and CD80 on healthy donor B cells, it did not
counteract the TLR-9-mediated release of G3BP-expressing
MVs, confirming that this release was not a reflection of
cell activation per se. The weaker inhibitory effect on CD69
and CD80, seen for the patient-derived PBMCs relative
to healthy donors, probably results from a markedly lower
inductional-capacity of these activation markers in response
to ODN2395. Regrettably, we did not select PBMCs for
this specific experiment based on their responsiveness. In
fact, cells from four of the six subjects in the SLE group
were among the low responders also observed in Fig. 3b,c.

Supplementation of ODN2395-stimulated PBMCs from
SLE patients with IN-1, which neutralizes secreted IFN-a,
did not affect the release of MVs expressing G3BP from
these cells, thus contrasting with our previous findings
for healthy donor PBMCs [20]. The patient cells may have
already been primed by IFN-a prior to isolation due to
the excess IFN-a often found in SLE [21-25]. However,
it could also suggest that paracrine or autocrine secretion
of IFN-a is not responsible for release of these MVs,
although ODN2395 is a strong IFN-a inducer [50].

The cellular origin of G3BP-expressing MVs was not
specifically addressed in this study, although the specificity
of ODN2395 suggests that B cells may be involved. Efforts
should be made to identify general cell surface markers
on these vesicles. Moreover, both depletion and enrich-
ment of B cells could further assist to disclose their
potential B cell dependency or origin. Other major limita-
tions to our study include the relatively small sample sizes
which may cause type II errors and the exclusive use of
frozen material. Moreover, it cannot be ruled out that the
observed intergroup differences in cell and MV responses,
at least in part, relate to treatment or variations in non-
lymphocytic cell distributions. For instance, even though
administration of hydroxychloroquine did not seem to
affect the cellular responsiveness to ODN2395, we did
not consider the individual doses which may have been
higher among patients without ongoing LN. Furthermore,
as monocytes are pivotal for the clearance of MVs, dif-
ferential frequencies of these cells between patients and
controls and/or between patients with and without active
LN may affect the final recovery of G3BP-expressing MVs
in the culture supernatants. Besides, in-vitro findings may
not readily be translated into more complex in-vivo
conditions.
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In vivo, release of MV's expressing G3BP may be induced
by circulating dsDNA-rich ICs through TLR-9, in accord-
ance with the higher concentration of G3BP-expressing
MVs in the circulation of SLE patients than in healthy
individuals [14]. The expression of G3BP is likely to facili-
tate glomerular deposition of the MVs in galectin-3-ex-
pressing glomeruli, while their content of dsDNA makes
the MVs accessible for anti-dsDNA antibody binding and
subsequent complement activation. Thus, the propensity
to generate and deposit MVs expressing G3BP as well as
dsDNA may mediate potentiated tissue damage that may
manifest as LN.

In conclusion, our study shows that stimulation of
PBMCs by the class C TLR-9 agonist ODN2395 induces
release of G3BP-expressing MVs, particularly in SLE
patients with active LN. The glomerulophilic and patho-
genic potential of MVs co-expressing G3BP and dsDNA
in LN deserves further investigation.
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