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Abstract
Objectives: Platelets and low-density neutrophils (LDNs) are major players in the immunopathogenesis of SLE. Despite evidence showing the
importance of platelet–neutrophil complexes (PNCs) in inflammation, little is known about the relationship between LDNs and platelets in SLE.
We sought to characterize the role of LDNs and Toll-like receptor 7 (TLR7) in clinical disease.

Methods: Flow cytometry was used to immunophenotype LDNs from SLE patients and controls. The association of LDNs with organ damage
was investigated in a cohort of 290 SLE patients. TLR7 mRNA expression was assessed in LDNs and high-density neutrophils (HDNs) using
publicly available mRNA sequencing datasets and our own cohort using RT-PCR. The role of TLR7 in platelet binding was evaluated in
platelet–HDN mixing studies using TLR7-deficient mice and Klinefelter syndrome patients.

Results: SLE patients with active disease have more LDNs, which are heterogeneous and more immature in patients with evidence of kidney
dysfunction. LDNs are platelet bound, in contrast to HDNs. LDNs settle in the peripheral blood mononuclear cell (PBMC) layer due to the
increased buoyancy and neutrophil degranulation from platelet binding. Mixing studies demonstrated that this PNC formation was dependent on
platelet–TLR7 and that the association results in increased NETosis. The neutrophil:platelet ratio is a useful clinical correlate for LDNs, and a
higher NPR is associated with past and current flares of LN.

Conclusions: LDNs sediment in the upper PBMC fraction due to PNC formation, which is dependent on the expression of TLR7 in platelets.
Collectively, our results reveal a novel TLR7-dependent crosstalk between platelets and neutrophils that may be an important therapeutic
opportunity for LN.
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Introduction

SLE is a multisystem autoimmune disorder that is character-
ized by an initial loss of tolerance in B cells and T cells and
the production of ANAs. These associate as immune com-
plexes (ICs) with nuclear material such as RNA and DNA
and deposit in the tissues to activate leucocytes. This results in
the stimulation of multiple immune pathways, together with
disruption of regulatory processes, and a chronic cycle of in-
flammation leading to tissue destruction [1, 2].

Activation of platelets and thrombocytopenia are common
in SLE and are associated with greater disease activity and
worse prognosis [3–5]. Activation induces CD62P, enabling
binding to its ligand, P-selectin glycoprotein ligand-1
(PSGL-1), on neutrophils and the formation of platelet–neu-
trophil complexes (PNCs) [6]. Neutrophils (polymorphonu-
clear cells; PMNs) contribute to both ongoing autoimmune
responses and the dysregulation of mechanisms central to the
resolution of inflammation [7–9]. Low-density neutrophils
(LDNs) are a key feature of the disease and are identified
through density centrifugation cell separation [10]. They are
detected with lymphocytes and monocytes in the peripheral
blood mononuclear cell (PBMC) layer, whereas ‘high-den-
sity’ neutrophils (HDNs) and other granulocytes sediment
below. SLE LDNs demonstrate increased NETosis compared
with autologous HDNs. NETosis is a process in which nu-
clear material studded with antimicrobial proteins is released
into the extracellular environment as neutrophil extracellular
traps (NETs) [11]. In SLE, this results in more self-reactive
products, such as double-stranded DNA (dsDNA), RNA and
LL-37, and higher levels of type I IFNs and TNF-a following
activation [7, 8, 12, 13].

We have focused efforts on understanding the role of
TLR7, the receptor that recognizes single-stranded RNA
(ssRNA) in the development of SLE. Although essential for
host defence against viruses, TLR7 and its downstream
MyD88-dependent signalling pathway are critical for the ini-
tiation of systemic autoimmunity [14–16]. Genetic studies
have shown an association of TLR7 with clinical disease, and
a TLR7Y264H gain-of-function variant has been recently de-
scribed to cause human lupus [17, 18]. Therefore, in this
study we sought to characterize the role of LDNs and TLR7
in clinical disease.

Methods
Clinical samples

Studies were completed with written informed consent in ac-
cordance with the Declaration of Helsinki and approved by
the National Healthcare Group Domain Specific Review
Board (2013/00504 and 2014/01419). SLE diagnosis was
according to 1997 ACR and 2012 SLICC classification crite-
ria [3, 19]. Further details on patients are provided in the sup-
plementary information, including demographic and clinical

characteristics (Supplementary Tables S1–S4, available at
Rheumatology online).

Blood sample collection and stimulation

Blood was collected in EDTA or sodium citrate tubes where
indicated and PBMCs and HDNs were purified using
Histopaque-1077/1119 (Sigma-Aldrich, St. Louis, MO, USA).
Cells were washed in PBS (Gibco, Waltham, MA, USA) and
resuspended in 10% foetal bovine serum/Roswell Park
Memorial Institute (RPMI) 1640 medium. Blood, HDNs or
PBMCs (LDNs) were stimulated with 10mg/ml R837 or R848
(TLR7/8), 10 mM CpG-A (TLR9) (all from InvivoGen, San
Diego, CA, USA), adenosine diphosphate (ADP; 200mM;
Sigma-Aldrich), heat-aggregated IgG (50 mg/ml; Sigma-
Aldrich) or phorbol-12-myristate-13-acetate (PMA; 30 nM;
Sigma-Aldrich) for the times indicated. Heat-aggregated IgG
was used to induce reactive oxygen species generation via
FccRIIa and FccRIIIb crosslinking (FccRX) and NETosis [23].
PMA was used as a positive control [24]. NET formation was
quantified using flow cytometry, as described previously [25].

Platelet isolation

Blood was centrifuged (150 g for 10 min at room temperature
(RT)/break-off) and plasma was transferred to a new tube
containing an equal volume of 2mM prostaglandin E1/
Tyrodes (Cayman Chemical, Ann Arbor, MI, USA) and cen-
trifuged (50 g for 10 min at room temperature/break-off). The
supernatant was centrifuged (800 g for 10 min at room
temperature/break-off) and the platelet pellet was resus-
pended in complete RPMI before mixing with neutrophils at
the indicated ratios for 3 h before flow cytometry analysis.

Flow cytometry and cell sorting

Cells were resuspended in staining buffer consisting of PBS
with 1% foetal calf serum (FCS), blocked with FcR antibody
(Thermo Fisher Scientific, Waltham, MA, USA) and incu-
bated on ice for 30 min with the indicated antibodies
(Supplementary Table S5, available at Rheumatology online).
HDN and platelet purities after gradient centrifugation were
determined by flow cytometry. Contamination of platelets in
the HDN fractions was typically <0.5%, and <2% for neu-
trophils in mice and human preparations. Further details on
specific staining have been included in Supplementary Data
S1, available at Rheumatology online. Acquisition and sorting
were performed using a BD LSR II, BD FACSymphony-A5,
BD FACSAria II (BD, Franklin Lakes, NJ, USA) and Cytek
Aurora (Cytek Biosciences, Fremont, CA, USA). FlowJo ver-
sion 10.6 (BD) with Downsample (version 3.0), tSNE and
PhenoGraph (version 2.4) and ClusterExplorer (version
1.4.9) plugins was used for analysis with clustering and
heatmaps.
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Murine HDN and platelet preparation

All procedures conformed to National Institutes of Health
(NIH) guidelines and according to an Institutional Animal Care
and Use Committee approved protocol (161176). C57BL/6J
(B6) and TLR7 knockout (TLR7KO) mice were housed at
the Biological Resource Centre, A*STAR [26]. HDNs were
harvested from mouse femurs and tibias from 16- to 18-week-
old females and purified using Histopaque-1077/1119, as de-
scribed above [25]. Platelets were isolated as described above.

Microscopy and immunohistochemical analysis of

kidney tissue

Cells were incubated with 3% goat serum for 30 min at room
temperature, then stained with CD66b-APC and CD41-FITC
for 1 h at room temperature. DNA was counterstained with
Hoechst-33342 (Thermo Fisher Scientific) for 15 min at room
temperature. Images were acquired using the Opera Phenix
high-content confocal microscope screening system (Perkin
Elmer, Waltham, MA, USA) and analysed using ImageJ
(NIH, Bethesda, MD, USA). Immunohistochemistry was per-
formed on formalin-fixed, paraffin-embedded renal biopsy
sections from SLE patients and from disease control tissue us-
ing a Bond Max autostainer (Leica Biosystems, Wetzlar,
Germany) with the indicated antibodies (Supplementary
Table S5, available at Rheumatology online) and 40,6-diami-
dino-2-phenylindole (DAPI) as the nuclear counterstain.
Images were acquired using the Vectra 3 pathology imaging
system using inForm (version 2.6.0; Akoya Biosciences,
Marlborough, MA, USA) and HALO (version 3.5.3; Indica
Labs, Albuquerque, NM, USA) software. Further details
are available in Supplementary Data S1, available at
Rheumatology online.

Meta-analysis of microarray and RNA-seq gene

expression datasets

Queries of the GEO and PubMed databases for expression
studies of LDNs compared with HDNs identified two datasets
in addition to our previously published RNA-seq dataset
[8, 27, 28]. Microarray data (GSE26975 and GSE79404)
were processed using Bioconductor (R version 3.3.3; R
Foundation for Statistical Computing, Vienna, Austria)
using the Affy and Lumi packages [8, 27]. Logarithmically
transformed data were used to evaluate the standardized
mean difference. A meta-analysis was performed using a fixed
effects model via the rma.uni function and forest plots were
completed using the Metafor package in R.

TLR7 expression analysis using RNA-seq and

quantitative RT-PCR

Data were extracted from a published RNA-seq dataset to as-
sess comparative expression of TLR7 mRNA in healthy donor
HDNs [29]. Known expressors of TLR7 [B cells and plasma-
cytoid dendritic cells (pDCs)] were selected, as well as unsti-
mulated Th1, Th2 and Th17 that do not [30]. RNA was also
isolated from human LDNs, HDNs and platelets using TRIzol
chloroform precipitation (Invitrogen, Waltham, MA, USA) us-
ing the RNeasy Mini kit (Qiagen, Venlo, The Netherlands).
Expression of TLR7 mRNA was determined using TaqMan
Gene Expression Assays; TLR7 Hs00152971_m1 with refer-
ence gene, gapdh Hs99999905_m1 using TaqMan 1-Step kit
on a 7900HT Fast (Applied Biosystems, Waltham, MA, USA)

or CFX96 Touch (Bio-Rad Laboratories, Hercules, CA, USA)
Real-Time PCR System. Target gene expression was quantified
using mean normalized expression against gapdh as a house-
keeping gene. Gapdh is considered stable for human neutro-
phils with a M-value of 0.556 using geNorm analysis, which is
below the commonly accepted maximum of 1.5 [31, 32].

Assessment of endothelium-dependent

flow-mediated dilation (FMD)

Endothelium-dependent FMD and arterial stiffness were
assessed using the Prosound Alpha-10 ultrasound system
(Aloka, Wallingford, CT, USA). SLE patients and control
volunteers were asked to abstain from food and exercise,
caffeine and alcohol for 12, 24 and 48 h, respectively, before
scanning.

Statistical analysis

Data were assessed for Gaussian distribution and analysed us-
ing the appropriate statistical test using Prism 9.2 (GraphPad
Software, San Diego, CA, USA). Further details are described
in Supplementary Data S1, available at Rheumatology online.
A linear mixed model was used to assess the association of
neutrophil:platelet ratio (NPR) and renal disease activity in
290 patients from the National University Hospital (NUH)
for the follow-up period from 9 November 2013 to 4 June
2020 (SPSS version 25.0; IBM, Armonk, NY, USA).
Unsupervised Bayesian network analysis (maximum spanning
tree) was performed to determine the associated network with
NPR in SLE patients using BayesiaLab 8.0 (Bayesia, Changé,
France). Statistical significance was defined as a two-tailed
P-value <0.05.

Results
SLE patients with active disease have more LDNs

SLE patients demonstrate increased frequencies of LDNs,
however, how this relates to disease activity is not fully char-
acterized [7, 34]. Therefore, patients with SLE were recruited
and LDNs were examined with respect to other leucocyte
populations and clinical disease parameters (Supplementary
Tables S1 and S2; Supplementary Fig. S1A–E, available at
Rheumatology online). LDNs were identified in PBMCs as
SSChiCD14loCD16þ/hi and confirmed as CD66bþHLA-
DR�CD15þ, with polymorphonuclear morphology (Fig. 1A
and B). We observed an expected increase in SLE patients
compared with control donors (Fig. 1C). LDNs were higher
in active disease and correlated with the SLEDAI score
(Fig. 1D and E). However, the increase in LDNs in SLE
patients was irrespective of anti-dsDNA levels in the sera,
C3/C4 levels or prescribed doses of prednisolone or hydroxy-
chloroquine (Fig. 1F, and data not shown).

The SLE LDN population is heterogeneous

Studies characterizing SLE LDNs have assumed a homogeneous
population, despite several subsets being described [7, 8]. We
immunophenotyped PBMCs using flow cytometry where pre-
neutrophils (preNeus) are CD49dhighCD101low and immature
(ImmNeu) and mature (MatNeu) populations are both
CD49d�/low and CD16lowCD10� and CD16highCD10high,
respectively (Fig. 2A and Supplementary Fig. S2A and B,
available at Rheumatology online) [35]. LDNs were primarily
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mature in healthy donors and SLE patients (Fig. 2B). However,
patients with active disease had higher frequencies of preNeus
and ImmNeus compared with those with inactive disease
(Fig. 2C). This increase was associated with higher creatinine
levels and urine protein:creatinine ratios (UPCRs; Fig. 2D),
which suggest kidney dysfunction, and with the daily dose
of prednisolone (Supplementary Fig. S2C, available at
Rheumatology online).

UMAP and Phenograph analyses showed that preNeus and
immature and mature LDNs clustered into 11 distinct groups
(Supplementary Fig. S2D and E, available at Rheumatology
online). Expanding populations in SLE patients (clusters C3,
C7, C8 and C11) expressed reduced CD16, CD10 and
CD101, suggesting reduced maturity, in agreement with the
immature profile described above. Taken together, this sug-
gests that the immature LDNs subsets may play an important
part in immunopathogenesis.

LDNs are primarily platelet bound

PNCs are increased in several autoimmune diseases and acti-
vated platelets have been implicated in NET formation
[6, 36]. Given the differential expression of CD41 (itga2b), a
platelet marker [37], in our immunophenotyping studies
(Fig. 2E), we examined published transcriptome expression
profiles. A meta-analysis revealed higher levels of ITGA2B
mRNA in LDNs compared with HDNs (Fig. 3A), suggesting
that LDNs were preferentially bound to platelets as PNCs or
had internalized platelets (Fig. 3A) [8, 27, 28]. Flow cytome-
try and microscopy assessments in two separate cohorts dem-
onstrated that LDNs were primarily platelet bound, in

contrast to HDNs with no evidence of
internalization (Fig. 3B–D; Supplementary Fig. S3A–C,
available at Rheumatology online).

We then examined whether neutrophils settled in the upper
PBMC fraction due to increased buoyancy or neutrophil
degranulation from platelet binding and activation. The plate-
let activator, ADP, was added to whole blood from control
individuals and density centrifugation was performed. PNCs
in whole blood increased 30 min following the addition of
ADP and the frequency of LDNs in the PBMC fraction was
higher, suggesting that platelet binding contributed to buoy-
ancy (Fig. 3E and F). Immunophenotyping showed that LDNs
expressed higher surface levels of CD63, CD15, CD66b and
CD11b compared with HDNs, suggesting degranulation
(Fig. 3G, Supplementary Fig. S3D, available at Rheumatology
online) [38]. A comparison of CD41þ and CD41� LDNs
revealed no differences in expression of CD15, CD66b or
CD11b, eliminating platelets as the cause of this increase
(Supplementary Fig. S3E, available at Rheumatology online).
The CD63 expression increase was due to platelet binding
(CD41þ vs CD41� LDNs) and degranulation (CD41� LDNs
vs HDNs) (Fig. 3H and Supplementary Fig. S3F, available at
Rheumatology online).

The NPR correlates with LDN frequency and LN

Our immunological data showed associations of platelets
with neutrophils with LDNs and disease. This association
was then examined using routine diagnostic tests used in the
clinic and disease manifestations. Increased LDNs were
positively associated with NPR and LDN frequency, which

Figure 1. An increased prevalence of LDNs in SLE is associated with disease activity. PBMCs were isolated as described from SLE donors and healthy

donors and LDNs were assessed using flow cytometry and confocal microscopy. (A) Representative analysis of lineage negative (LIN�;
CD4�CD8�CD14�CD19�) PBMCs identifying SSChiCD14loCD16þ/hi LDNs in SLE patients and controls. (B) Representative confocal microscopic images

of CD66bþ cells with polymorphonuclear morphology within PBMCs in a patient with active SLE. (C) Cumulative data showing that LDNs are increased

SLE patients (n¼ 34) compared with healthy controls (n¼ 41). (D, E) Cumulative data from healthy donors and SLE patients according to disease severity,

as determined by SLEDAI score, showing that patients with severe disease have significantly higher frequencies of LDNs in their PBMC fraction.

(E) Correlation analysis of the LDN frequency with the SLEDAI score. (F) Assessment of LDN frequency according to serum anti-dsDNA levels.

Significance was determined using a Mann–Whitney U test, Kruskal–Wallis test or Spearman’s rank-order correlation, according to outcomes of

Gaussian distribution tests. *P< 0.05, **P< 0.01
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Figure 2. Immunophenotyping of LDNs reveals less mature phenotypes in active SLE. (A) Immunophenotyping of LIN�CD15þ LDN subsets using flow

cytometry in SLE patients and healthy donors. Pre-neutrophils (preNeu) were identified as CD101�CD49þ and the remaining neutrophils were divided into

mature (matNeu; CD10þCD16þ/hi) and immature (ImmNeu; CD10�CD16low) subsets. (B) Cumulative data showing the distribution of neutrophil subsets

in LDNs from SLE patients (n¼ 18) and healthy controls (n¼ 19). (C) Data from SLE patients were stratified according to disease activity. LDNs from

patients with active disease (SLEDAI >4; n¼ 9) were less mature than LDNs from inactive (SLEDAI �4) SLE patients (n¼ 9). (D) Correlation analysis of

renal disease with the frequency of immature LDNs. Left panel shows serum creatinine levels and right panel indicates the UPCR. (E) PhenoGraph
revealed 11 clusters (C1–11). SLE LDNs compared with control LDNs clustered predominantly in C3, C7, C8 and C11 and expressed lower levels of

CD16, CD10 and CD101. Significance was determined using two-way analysis of variance and Spearman’s rank-order correlation. *P< 0.05
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Figure 3. PNC formation is upregulated in LDNs. (A) LDNs expressed more CD41 in a meta-analysis of three microarray and RNA-Seq gene expression

datasets. (B) Representative flow cytometry plots illustrating PNCs in LDNs. (C) LDNs have more adherent platelets compared with HDNs on flow

cytometry, using EDTA as an anticoagulant. (D) LDNs from an active SLE patient were adherent to platelets. (E) ADP treatment leads to increased

PNC formation compared with untreated neutrophils in whole blood (n¼ 7 healthy donors). (F) ADP treatment leads to increased LDNs within the

PBMC fraction (n¼ 7 healthy donors). (G) LDNs expressed higher levels of degranulation markers such as CD63, CD15, CD66b and CD11b compared

with HDNs. (H) Overlay of histograms from CD41� neutrophils revealed that LDNs had increased expression of CD63, independent of platelet adhesion.

Significance was determined using paired t-test and two-way analysis of variance. *P< 0.05 and ****P< 0.0001
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Figure 4. The NPR precedes LN flares. (A, B) Correlation of LDN frequency measured using flow cytometry, with the NPR or neutrophil count obtained in

the clinic (n¼ 32). (C) SLE patients and age- and gender-matched healthy donors (n¼ 10) without known cardiovascular risk factors were analysed for

endothelial function using FMD at the brachial artery. (D–I) NPR values from SLE patients in the NUH database (n¼ 241) and associations (D) with or

without cardiovascular damage, (E) SLEDAI, (F) UPCR, (G) creatine (Cr), (H) albumin and (I) in SLE patients with or without renal activity (n¼ 108, left

panel) or renal damage (n¼ 247, right panel). (J) Representative multiplex immunofluorescent images on formalin-fixed, paraffin-embedded kidney

section from SLE class IV nephritis, with region of interest at the glomerulus, with cumulative data of neutrophil infiltration from SLE patients with class III

(n¼ 4), class IV (n¼ 10) and class V (n¼ 7) LN or renal cell carcinoma (n¼ 4). CD66b: green; CD41: white; neutrophil elastase: magenta; and DAPI: blue.

(K) NPR, and not anti-dsDNA, was associated with the onset of LN in an SLE patient. Significance was determined using two-way analysis of variance,

Spearman’s rank-order correlation and Mann–Whitney U test. ns: not significant, *P< 0.05 and ****P< 0.0001
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was due to increased neutrophils, not platelets (Fig. 4A and B,
Supplementary Fig. S4A and B, available at Rheumatology
online). This suggested that we could use the NPR as a predic-
tive factor of LDNs.

Cardiac assessments revealed that SLE patients had
significantly lower systolic and diastolic FMD compared with
controls, suggesting endothelial function impairment, but this
was not associated with LDNs (Supplementary Table S3,
available at Rheumatology online, Fig. 4C and D) [39].
However, increased LDNs were associated with reduced
arterial stiffness, as implicated by higher arterial compliance
and reduced pulse wave velocity b with pressure strain
elastic modulus (Supplementary Fig. S4E–G, available at
Rheumatology online).

We next extracted clinical data from 290 individuals from
the NUH database and used the NPR as a measure of LDNs.
We did not determine any association between NPR and
cardiovascular damage, measured as a composite of any
cerebrovascular accident and cardiovascular and peripheral
vascular disease (Fig. 4D), consistent with our small study
findings. Our analysis also showed no association of NPR
with active skin inflammation or prior damage from cutane-
ous lupus erythematosus (Supplementary Fig. S4H, available
at Rheumatology online). However, there was a correlation
between the NPR and SLEDAI (Fig. 4F). An evaluation of the
larger SLE cohort revealed a positive association of the NPR
with UPCR and serum creatinine and a negative association
with serum albumin, which are all indicators of renal disease
(Fig. 4F–H). Furthermore, the NPR was elevated in patients
with active LN and in patients with prior damage from LN
assessed using the SLEDAI-2K and SLICC/ACR Damage
Index (Fig. 4I).

We used immunohistochemistry to examine cellular infil-
trate in renal biopsies from SLE patients, comparing results to
normal adjacent tissue from renal cell carcinoma patients
(Supplementary Table S4, available at Rheumatology online,
Fig. 4J). We observed more CD66bþ neutrophils in samples
with class IV nephritis than in class III or V, suggesting that
they are recruited in the later stages of damage and their re-
cruitment is prevented with higher doses of immunosuppres-
sives. An unsupervised Bayesian network analysis assessing
all data variables revealed associations between the NPR
node and renal manifestations, neutrophils, platelets and daily
prednisolone dose (Supplementary Fig. S4I, available at
Rheumatology online). A prospective analysis of an individual
LN patient showed that the development of renal disease co-
incided with the peak of the NPR and was independent of
anti-dsDNA antibody titres (Fig. 4K). Therefore, 290 SLE
patients were prospectively followed up for a median duration
of 4.7 years to analyse renal activity (renal SLEDAI) over
time. NPR was positively associated with renal activity after
adjustment for immunosuppressive therapy (Supplementary
Table S6, available at Rheumatology online).

In summary, our data suggest that LDNs may play a critical
role in the development of nephritis and that the NPR could
be used to predict the development of renal disease.

LDNs express functional levels of TLR7

TLR7 plays a fundamental role in the initiation and progres-
sion of autoimmunity, yet data regarding neutrophil TLR7
expression and function is inconsistent. Earlier work showed
RNA-containing ICs stimulate NETosis in paediatric HDNs
in a TLR7-dependent manner [40]. Therefore, we stimulated

LDNs and HDNs from our adult cohort with a TLR7 ligand,
R848, and assessed NETosis using our single cell flow
cytometry assay (Supplementary Fig. S5A, available at
Rheumatology online, Fig. 5A and B) [25]. Activation resulted
in an increase in NET-appendant neutrophils, in contrast to
HDNs. SLE LDNs were less responsive than controls and the
reduced TLR7-dependent NETosis response was associated
with increasing SLEDAI disease activity (Fig. 5B and C,
Supplementary Fig. S5B, available at Rheumatology online).
Analogous observations were detected following stimulation
with FccR cross-linking, R837 and PMA (Supplementary
Fig. S5B, available at Rheumatology online), suggesting that
medication may play a role in the dampening of the functional
response. Analysis of hydroxychloroquine, a known TLR
inhibitor that is often used as the first-line therapy, was
not associated with R848-induced NETosis in SLE LDNs [41]
(Supplementary Fig. S5C, available at Rheumatology online).
In contrast, higher doses of prednisolone corresponded with
reduced NETosis, following R848, R837 and FcRX, and a
higher disease activity (SLEDAI), as expected (Fig. 5D,
Supplementary Fig. S5D and E, available at Rheumatology
online).

Given the conflicting reports on TLR7 and our NETosis
responses in LDNs and HDNs, we went on to assess TLR7
mRNA expression. We used RNA-seq data from previous
studies to assess levels in purified HDNs compared with other
peripheral blood leucocytes from healthy donors [29]. HDNs
did not express detectable levels of TLR7 mRNA, in contrast
to pDCs and B cells, which are known expressors (Fig. 5E). In
addition, a meta-analysis using the datasets described in
Fig. 3A, demonstrated that TLR7 mRNA expression was sig-
nificantly higher in LDNs compared with HDNs (Fig. 5F).
We confirmed these findings using RT-PCR and demon-
strated that isolated LDNs had detectable levels of TLR7 in
14 of 15 samples, in contrast to HDNs, where only 9 of 15
had significantly lower but detectable expression (Fig. 5G).
There were no differences due to the presence of SLE or dis-
ease activity (e.g. C3, CD4, SLEDAI; data not shown).
Consistent with previous reports, platelets expressed TLR7
mRNA, but the increase observed in SLE patients was not sig-
nificant with the number of samples tested (Supplementary
Fig. S5F, available at Rheumatology online) [42, 43].

R848, stimulates both TLR7 and TLR8, however, a meta-
analysis of mRNA expression using the previously described
datasets showed that TLR8 was significantly lower
(not higher) in LDNs compared with HDNs [SMD: �1.20
(95% CI �0.52, �1.87), P< 0.01] (Supplementary Fig. S5G,
available at Rheumatology online). TLR8 levels were also
higher in SLE HDNs compared with healthy donor HDNs
(Supplementary Fig. S5H, available at Rheumatology online),
yet R848 did not effectively induce NETosis, making it
unlikely that TLR8 was contributing to the differences in
LDNs (Fig. 5B).

Taken together, our findings demonstrate that LDNs from
adults express TLR7 mRNA and undergo NETosis in re-
sponse to TLR7 ligands, in contrast to HDNs.

Platelet binding and NETosis by LDNs is dependent

on platelet TLR7

The role of TLR7 in platelet formation was then examined
using mice, since platelets and neutrophils express TLR7 and
retrieving sufficient numbers of TLR7-expressing LDNs from
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healthy donors is not feasible [43, 44]. Platelets and HDNs
from TLR7KO mice and wild-type (WT) mice were mixed
and PNC formation was assessed using flow cytometry
(Supplementary Fig. S6A and B, available at Rheumatology
online). While WT platelets were efficient at PNC formation
with TLRKO or WT HDNs, TLR7KO platelets failed to

efficiently bind HDNs from either strain (Fig. 6A).
Furthermore, the addition of WT platelets resulted in in-
creased NET-appendant neutrophils, which was absent with
TLR7KO platelets (Fig. 6B).

TLR7 is on the X chromosome and expression in XX
individuals is controlled through X chromosome inactivation

Figure 5. LDNs express detectable levels of TLR7 and undergo TLR7-induced NETosis. (A) Gating strategy showing that NET-appendant neutrophils

detected by Sytox Orange and DAPI positivity were increased following R848 treatment in LDNs but not HDNs. (B) Cumulative data showing R848-

induced NETosis in LDNs and HDNs from 10 SLE patients and 16 healthy controls. (C, D) Correlative assessment of R848-induced LDN NETosis with SLE

disease activity and treatment. (E) RNA-seq analysis of TLR7 mRNA expression in circulating HDNs and T CD4þ Th1, CD4þ Th2 and CD4þ Th17 T cells

(green), naı̈ve and switched memory (SM) B cells (blue), and pDCs (red). (F) Meta-analysis of TLR7 mRNA expression in LDNs and HDNs from three

microarray and RNA-seq gene expression datasets. (G) Quantitative RT-PCR analysis of TLR7 mRNA expression in HDNs and LDNs in healthy controls

(n¼ 5) and SLE patients (n¼ 10). Significance was determined using two-way analysis of variance, Spearman’s rank-order correlation and Wilcoxon

signed-rank test (#). */#P< 0.05 and ***P< 0.001
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(XCI) [45]. Klinefelter syndrome (KS) is a chromosomal vari-
ation where XY individuals have one extra X chromosome.
We used RT-PCR and determined that TLR7 mRNA expres-
sion was higher in platelets from KS patients compared with
healthy donors, in contrast to HDNs, which did not differ
(Fig. 6C). Moreover, the addition of KS platelets to healthy
donor HDNs resulted in more PNCs (Fig. 6D, Supplementary
Fig. S6C and D, available at Rheumatology online). We also
detected increased NETosis after mixing control HDNs with
KS platelets, although this was not significant, which may be
due to sample size (Supplementary Fig. S6E, available at
Rheumatology online).

Discussion

The contribution of platelets and neutrophils to SLE immu-
nopathogenesis have been recognized through genetics,
transcriptomics and functional studies, however, little has
been done to assess their intersecting roles. In the current
study we show for the first time that LDNs are platelet
bound and that this is dependent on platelet TLR7 expres-
sion. This PNC formation enables NETosis, which has been
accredited with the ongoing generation of self-ligands and
increased inflammation in SLE. Supporting this, the NPR,
which correlates with the LDN frequency, was associated
with renal damage, and there were increased kidney-
infiltrating neutrophils in class IV LN. Through immuno-
phenotyping, we demonstrated that LDNs are a heteroge-
neous population with a higher frequency of immature
neutrophils, which are associated with disease activity and
kidney dysfunction.

Earlier reports have shown neutrophil gene expression signa-
tures in whole blood from SLE patients with active disease and
nephritis, and researchers have shown an immature neutrophil
RNA profile, in agreement with our studies [9, 46–48]. We pro-
pose that the inflammation in SLE patients increases circulating
immature neutrophils, which then fractionate with PBMCs
upon density centrifugation [35, 49]. Our binding studies and
analysis of public transcriptome data showed that LDNs were
preferentially platelet bound. Interestingly, this was due to the
presence of TLR7 within the platelets themselves. We demon-
strated this using TLR7-deficient murine systems and clinical
samples from KS patients who have one1 or more additional X
chromosome [22]. Our work indicates that the increased TLR7
expression that we detected in LDNs was due to platelets. Our
analysis of platelet TLR7 mRNA in SLE patients showed an in-
crease in expression; however, this was not significant. Further
studies are warranted that examine expression and disease in a
larger cohort.

There are differing reports regarding TLR7 expression and
function in neutrophils and this issue is confounded by non-
specificity of commercial anti-human TLR7 antibodies and
neutrophil purification methods that result in differential
LDN elution [49]. Lood et al. [50] showed that TLR7 activa-
tion cleaves the N-terminal of FccRIIa, resulting in reduced
RNP-IC-induced phagocytosis and increased NETosis.
However, it is unclear if the neutrophils, isolated using
Polymorphprep, were platelet bound. Other studies have
shown that HDN activation by RNA-containing ICs is TLR7
independent, suggesting a purely structural role for small
nuclear ribonucleoproteins [51]. In vivo, the net outcome
for neutrophils will arise from the complex inflammatory

Figure 6. PNC formation depends on platelet activation and TLR7 expression. (A, B) Murine platelets and HDNs (PMNs) were isolated from WT and

TLR7KO mice and mixed as indicated for 3 h. Cumulative data identifying (A) CD41þLy6Gþ PNCs and (B) neutrophil-appendant NET DNA, measured using

flow cytometry (n¼ 5–8 per group). (C) TLR7 mRNA levels in human platelets and HDNs from KS patients compared with healthy donor males (n¼ 4 per

group). (D) Platelets and HDNs were isolated from KS patients (n¼ 6) and healthy controls (n¼ 6) and mixed as indicated and CD41þCD66bþ PNCs

measured using flow cytometry. Significance was determined using paired t-test and two-way analysis of variance. ns: not significant, *P< 0.05,

**P< 0.01 and ***P< 0.001
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milieu of ICs inflammatory mediators and cellular compo-
nents, including activated platelets.

Platelet inhibitors, such as clopidogrel, reduce kidney dis-
ease and mortality in lupus-prone mice [52]. Furthermore,
clopidogrel has shown reduced platelet activation in SLE
patients with no safety concerns in recent phase 1/2 clinical
trials, suggesting that platelet inhibitors may be potential ther-
apeutics for SLE in the near future [53].

In summary, we have shown that TLR7-expressing platelets
bind to neutrophils forming PNCs, which settle with PBMCs
as LDNs. The increase of this LDN population, which
correlates with the NPR, is associated with nephritis in
lupus patients. We propose that these platelet-bound LDNs
infiltrate the kidneys and play a key role in inflammation and
tissue destruction, partly through their increased capacity
for NETosis. The improved understanding of platelet and
neutrophil interactions in SLE may potentially contribute to
developing new therapeutic pathways and strategies.

Supplementary data

Supplementary material is available at Rheumatology online.
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