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Neutrophil dysregulation is implicated in the pathogenesis of
systemic lupus erythematosus (SLE). SLE is characterized by elevated
levels of a pathogenic neutrophil subset known as low-density
granulocytes (LDGs). The origin and phenotypic, functional, and
pathogenic heterogeneity of LDGs remain to be systematically de-
termined. Transcriptomics and epigenetic assessment of lupus LDGs,
autologous normal-density neutrophils, and healthy control neutro-
phils was performed by bulk and single-cell RNA sequencing and
assay for transposase-accessible chromatin sequencing. Functional
readouts were compared among neutrophil subsets. SLE LDGs dis-
play significant transcriptional and epigenetic heterogeneity and
comprise 2 subpopulations of intermediate-mature and immature
neutrophils, with different degrees of chromatin accessibility and
differences in transcription factor motif analysis. Differences in neu-
trophil extracellular trap (NET) formation, oxidized mitochondrial
DNA release, chemotaxis, phagocytosis, degranulation, ability to
harm the endothelium, and responses to type I interferon (IFN)
stimulation are evident among LDG subsets. Compared with other
immune cell subsets, LDGs display the highest expression of IFN-
inducible genes. Distinct LDG subsets correlate with specific clinical
features of lupus and with the presence and severity of coronary
artery disease. Phenotypic, functional, and pathogenic neutrophil
heterogeneity are prevalent in SLE and may promote immune
dysregulation and prominent vascular damage characteristic of
this disease.
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Neutrophil dysregulation may play crucial and distinct path-
ogenic roles in systemic lupus erythematosus (SLE). We

previously identified a proinflammatory neutrophil subset known
as low-density granulocytes (LDGs) that differs functionally
from autologous lupus normal density neutrophils (NDNs) and
from healthy control (HC) neutrophils. LDGs induce increased
endothelial damage and vascular dysfunction in vitro, through
their enhanced ability to synthesize and extrude neutrophil ex-
tracellular traps (NETs). NETs are chromatin fibers decorated
with immunostimulatory nuclear and granule proteins and oxi-
dized nucleic acids. In SLE, NETs stimulate the production of
proinflammatory cytokines and type I interferons (IFNs), pro-
mote immune cell maturation, and contribute to tissue damage
(1–8). SLE LDG numbers are associated with in vivo vascular
inflammation and coronary atherosclerosis, independent of
other cardiovascular (CV) risk factors (1, 5, 9, 10), and also with
promotion of T cell activation (11). These observations suggest
that specifically targeting LDGs could abrogate certain aspects
of immune dysregulation, organ damage, and premature ath-
erosclerosis characteristic of SLE.
The origin of lupus LDGs remains unclear, and whether they

represent primarily immature neutrophils prematurely released

from the bone marrow or a distinct mature neutrophil subset
with enhanced proinflammatory capabilities remains to be sys-
tematically characterized (1, 2, 6, 12–14). In a previous study in
individuals exposed to granulocyte colony-stimulating factor, 2
groups of LDGs were characterized based on the expression
level of CD10. These 2 subsets exerted opposing effects on
T cells and were found in a variety of conditions, including SLE
(15); however, other phenotypic and functional heterogeneity
has not been evaluated.
In this study, we examined in detail the transcriptional, epi-

genetic, and functional profiles of lupus LDGs. We found evi-
dence of phenotypic and functional heterogeneity within LDG
subpopulations in SLE, their association with features of clinical
disease and CVD, and their contribution to the type I IFN sig-
nature characteristic of this disease.

Methods
More details on the methodology of this study are provided in SI Appendix.

Patient Selection. Peripheral blood was collected by venipuncture from SLE
and HC subjects recruited at the NIH Clinical Center in Bethesda, MD. Subjects
signed informed consent; all experiments involving human subjects were
approved by the National Institute of Arthritis and Musculoskeletal and Skin
Diseases/National Institute of Diabetes and Digestive and Kidney Diseases
Institutional Review Board (NIH 94-AR-0066).

Significance

The field of neutrophil biology has lagged behind in terms of
the understanding of heterogeneity and versatility of cellular
functions, limiting the development of therapeutic approaches
that target aberrant neutrophil phenotypes. Using bulk and
single-cell transcriptomic, epigenetic, and functional analyses,
this study highlights aspects of neutrophil heterogeneity and
their putative role in the pathogenesis of systemic lupus
erythematosus and its associated vascular damage.
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Comparisons of neutrophil subsets were performed by flow cytometry,
single-cell and bulk RNA sequencing and pathway mapping, transposase-
accessible chromatin sequencing (ATAC-seq), motif enrichment analysis,
endothelium-dependent vasorelaxation assay, mitochondrial (mit) and ge-
nomic DNA quantification, chemotaxis and phagocytosis assays, and corre-
lation with demographic and clinical characteristics.

Data Access. All sequencing data have been deposited in the in the Gene
Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (ac-
cession no. GSE139360). All other data are available from the authors
on request.

Results
SLE LDGs Have a Distinct Transcriptional Profile. Demographic and
clinical characteristics of subjects studied are presented in SI
Appendix, Table S1. Gene expression analysis from RNA-seq was
compared in SLE LDGs from 11 patients with active disease and
on minimal immunosuppressive medications, autologous SLE
NDNs, and matched HC NDNs. Principal component analysis
(PCA) indicated that LDGs have a transcriptional profile dis-
tinct from autologous SLE and HC NDNs (SI Appendix, Fig.
S1A). Indeed, 946 genes were up-regulated and 3,635 genes were
down-regulated at the transcriptional level in lupus LDGs
compared with HC NDNs, while 991 genes were up-regulated
and 2,893 genes were down-regulated in LDGs compared with
autologous NDNs (SI Appendix, Figs. S1B and S2). In contrast,
lupus and HC NDNs displayed a very similar transcriptional
profile, with only 212 genes up-regulated and 168 genes down-
regulated in SLE NDNs compared with HC NDNs (SI Appendix,
Fig. S1 A and B). Pathways up-regulated in SLE LDGs included
those related to neutrophil activation (neutrophil degranulation
and antimicrobial peptides) (SI Appendix, Fig. S1C).
SLE patients display elevated levels of type I IFN-stimulated

genes (ISGs) in peripheral blood mononuclear cells (PBMCs)
(16) and various organs, in association with disease severity (17).
To determine whether purified SLE neutrophil subsets also
display increased ISG expression, an IFN score based on a panel
of 21 ISGs was determined in lupus NDNs and LDGs, as de-
scribed previously (18, 19). SLE NDNs and LDGs had higher
IFN scores compared with HC NDNs (SI Appendix, Fig. S1 D
and E). Collectively, SLE LDGs had distinct transcriptional
profiles and evidence of enhanced exposure and/or response to
type I IFNs.

SLE LDGs Represent a Heterogeneous Neutrophil Population. Hier-
archical clustering of RNA-seq samples (n = 33) revealed that
SLE LDGs represent a transcriptionally heterogeneous neutro-
phil subset (SI Appendix, Fig. S3). Within the 11 SLE subjects
studied by RNA-seq, a gene signature displaying a subset of
highly up-regulated genes compared with the other samples was
observed in 3 of the SLE LDG preparations, while a gene sig-
nature composed of predominantly down-regulated genes was
observed in the remaining 8 LDG samples (SI Appendix, Fig. S3).
One of the mRNA clusters that was increased in LDGs encoded
for neutrophil granule proteins, consistent with an immature
neutrophil phenotype (6, 13, 14) (SI Appendix, Fig. S4A). An
immature neutrophil z-score using 8 of the highest expressing
neutrophil granule genes (9) revealed a higher immature neu-
trophil score in SLE LDGs compared with autologous and HC
NDNs (SI Appendix, Fig. S4B). The 3 lupus LDG samples with
the most transcriptionally active gene signature showed the
highest levels of mRNAs encoding for neutrophil granule pro-
teins compared with the other LDG and NDN samples; there-
fore, they may represent SLE subjects with higher levels of
immature LDGs (LDGimm) (SI Appendix, Figs. S3 and S4 A and B).
In contrast, at the transcriptional level, the remaining 8 SLE
LDG samples were more consistent with a mature neutrophil
phenotype (LDGmat) (SI Appendix, Figs. S3 and S4 A and B).
Confirming these findings, LDGimm samples expressed lower

levels of the cell surface maturation marker CD10 compared
with LDGmat samples on flow cytometry (SI Appendix, Fig. S4C).
There were no clinical differences between the patients with the
LDGmat and LDGimm signatures (SI Appendix, Table S2). These
results suggest that lupus LDGs represent a heterogeneous
subset composed of immature and mature neutrophils based on
CD10 surface expression and transcriptional analysis.

LDGimm and LDGmat Have Distinct Transcriptional Profiles and Epigenetic
Landscapes.A closer examination of the PCA plot in SI Appendix,
Fig. S4A reveals that samples characterized as lupus LDGimm

and LDGmat separated into transcriptionally distinct groups (SI
Appendix, Fig. S5). LDGimm represent a more transcriptionally
active subset compared with LDGmat and HC NDNs, with 4,833
and 2,312 genes up-regulated, respectively (SI Appendix, Fig. S4
D and E). LDGmat represent the bulk of the LDGs and overall
are more transcriptionally repressed compared with HC NDNs,
with 4,572 genes down-regulated (SI Appendix, Fig. S4F).
Pathway analysis of genes up-regulated in LDGimm compared
with LDGmat revealed that genes related to chromatin modi-
fication, histone acetylation, transcription initiation, and cell
cycle progression were increased in LDGimm (SI Appendix, Fig.
S4G). In contrast, LDGmat had transcriptional up-regulation
of pathways associated with immune responses, including
type I IFN signaling and neutrophil activation (SI Appendix,
Fig. S4G).
Given that LDGimm had a more transcriptionally active profile

and up-regulated expression of genes involved in histone acety-
lation compared with LDGmat, we carried out ATAC-seq to
characterize their chromatin accessibility. Lupus LDGmat, au-
tologous NDNs, and HC NDNs displayed similar numbers of
peaks in the promoter regions (SI Appendix, Fig. S4H). In con-
trast, LDGimm had more peaks in promoter regions than LDGmat

(SI Appendix, Fig. S4 H and I). Overall, LDGimm had “open”
peaks in 784 unique genes, compared with “open” peaks in 43
genes for LDGmat. Collectively, these results indicate that LDGimm

represent a transcriptionally active subset of neutrophils with
enhanced chromatin accessibility.
To gain further molecular insight into LDG subgrouping, we

performed transcription factor (TF) motif enrichment analysis
using both ATAC-seq and RNA-seq data. Enriched motifs that
are group-specific were identified, with 20 for LDGimm and 7 for
LDGmat, that were enriched in neither SLE NDNs nor in Ctrl
NDNs (SI Appendix, Fig. S4J). LDGimm also shared fewer
enriched motifs with Ctrl NDNs (9 out of 33; 27.3%) compared
with LDGmat (10 out of 21; 47.6%). Together with the obser-
vation that LDGimm had the highest number of uniquely
enriched TF motifs, these results are consistent with the RNA-
seq results, in which more up-regulated genes were identified for
LDGimm. In addition, of the 20 genes with motifs uniquely
enriched in LDGimm, 13 were expressed with reads per kilobase
per million mapped reads values > 0.1, and their expressions
were different between LDGimm and LDGmat (P = 0.0426,
paired t test).
We next performed a bootstrap analysis to assess the non-

randomness and robustness of the number of enriched motifs
that are LDG-subgroup specific, against 1,000 sets of boot-
strapped motif analysis samples. This analysis, in which the same
motif analysis approach was applied to the random datasets,
generated a P value of 4.405E-27, indicating a strong statistical
significance associated with LDG subgrouping. Altogether, the
motif analysis results revealed distinct molecular characteristics
of LDGimm and LDGmat, providing additional evidence for LDG
subgrouping, with a high level of statistical significance. These
results further support LDG heterogeneity, as suggested by the
RNA-seq and ATAC-seq analyses.
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Sorted CD10− LDGs Have a Similar Transcriptional Profile to LDGimm.
LDGimm and LDGmat were purified by cell sorting into
CD10− and CD10+ LDGs and autologous CD10+ NDNs (n =
6/each). RNA-seq analysis was performed, and PCA analysis
revealed that CD10− and CD10+ LDGs were transcriptionally
distinct compared with autologous CD10+ NDN (Fig. 1A). When
this dataset was compared with the previous bulk LDG RNA-seq
dataset, purified CD10− LDGs and CD10+ LDGs grouped to-
gether with LDGimm and LDGmat, respectively, suggesting that
LDGs have transcriptional profiles composed of both CD10−LDGs
and CD10+ LDGs (SI Appendix, Fig. S7). Compared with autolo-
gous lupus CD10+ NDNs, both CD10− LDGs and CD10+ LDGs
displayed profiles of transcriptional activity (SI Appendix, Fig. S7).
CD10− LDGs were more transcriptionally active compared with
CD10+ LDGs, with 2,413 genes up-regulated and 1,760 genes
down-regulated (Fig. 1B). Pathway analysis revealed that
CD10− LDGs up-regulated genes involved in cell cycle progression
compared with CD10+ LDGs (Fig. 1C). In contrast, CD10+ LDGs
displayed elevated transcripts of genes involved in type I IFN sig-
naling compared with CD10− LDGs (Fig. 1C). Compared with
CD10− LDGs, autologous lupus NDNs and CD10+ LDGs had
enhanced ISG expression (Fig. 1 D–F). CD10− LDGs displayed the
highest expression of genes involved in cell cycle progression, fol-
lowed by CD10+ LDGs, which displayed intermediate expression of
cell cycle genes compared with autologous NDNs (Fig. 1G). In
summary, the transcriptional profiles of CD10− LDGs and
CD10+ LDGs resemble those of LDGimm and LDGmat, respectively,
and CD10+ LDGs and autologous NDNs have an enhanced type I
IFN gene signature compared with CD10- LDGs.

Phenotypic, Functional, and Pathogenic Heterogeneity of Lupus LDGs.
Having characterized the transcriptional profiles of CD10− and
CD10+ LDGs, we further determined the stage of neutrophil
differentiation for the isolated neutrophil subsets. Previous
studies reported that LDGs represent a mixed population based
on their nuclear morphology (1, 20). We confirmed this in pu-
rified subsets, as CD10+ NDNs and CD10+ LDGs displayed
multilobulated nuclei characteristic of mature neutrophils (Fig.
2A). In contrast, CD10− LDGs displayed less segmented and
more rounded nuclei, consistent with a more immature stage of
neutrophil differentiation (Fig. 2A). TF analysis related to my-
eloid cell development (21) was performed in these cells.
CD10− LDGs displayed elevated transcripts for CEBPA and
IRF8 compared with CD10+ LDGs and NDNs, suggestive of
multipotent granulocyte-macrophage progenitor (GMP) cells
(Fig. 2B) (21–23). CD10+ LDGs also displayed enhanced ex-
pression of CEBPA and IRF8 compared with CD10+ NDNs but
to a lesser degree than CD10− LDGs, supporting their classifi-
cation as an intermediate-mature subset of neutrophils (Fig. 2B).
GFI1 and CEBPE expression in proliferative neutrophil pre-
cursors has been reported (21, 24, 25), and CD10− LDGs dis-
played increased expression of these TFs compared with
CD10+ LDGs and CD10+ NDNs (Fig. 2B). CD10+ NDNs and
CD10+ LDGs displayed higher expression of the TFs SPI1 and
CEBPD, typically associated with mature neutrophils, compared
with CD10− LDGs (Fig. 2B). These results suggest that lupus
CD10− LDGs express TFs that are representative of GMP and
neutrophil precursors, while lupus CD10+ LDGs represent an
intermediate stage of neutrophil differentiation that is somewhat
more immature than NDNs.

Fig. 1. Sorted CD10− LDGs have a similar transcriptional profile to LDGimm. (A) RNA-seq was performed on sorted lupus CD10+ NDNs (green), autologous
CD10− LDGs (blue), and CD10+ LDGs (red) (n = 6). (B) Volcano plot of differential gene expression between CD10− and CD10+ LDGs. Up-regulated genes with
fold change ≥2 and P < 0.05 are in red, and down-regulated genes with fold change ≤2 and P < 0.05 are in blue. (C) Gene set enrichment analysis of cell cycle
genes and ISGs in CD10− and CD10+ LDGs. (D–G) IFN score (D); ISG RNA-seq analysis (E); ISG expression by qRT-PCR, normalized to GAPDH expression and
reported as relative message (F ); and RNA-seq analysis for cell cycle genes (G) in CD10+ NDN, CD10+ and CD10− LDGs (n = 6/group for D, E, and G and n =
4/group for F ). Results represent mean ± SEM from four independent experiments. *P ≤ 0.05; **P < 0.01.
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We assessed whether the maturation stage of lupus neutro-
phil subsets associates with their ability to perform canonical
neutrophil functions. CD10− SLE LDGs were impaired in their
ability to spontaneously form NETs compared with CD10+ SLE
LDGs (Fig. 2 C and D), supporting previous observations that
immature neutrophils are less effective at netting (26).
CD10− LDGs displayed higher spontaneous myeloperoxidase
(MPO) release compared with CD10+ NDNs and CD10+ LDGs
(Fig. 2E), suggesting an enhanced ability to degranulate. RNA-
seq analysis indicated that CD10− LDGs have lower expression
of chemotaxis-related genes, including FPR1 (27), NINJ1 (28),
CXCR1, and CXC2 (29), and this was recapitulated by observing
that their chemotactic activity was decreased compared with that
in lupus CD10+ LDGs and NDNs (Fig. 2 F and G).
CD10+ LDGs displayed an intermediate capacity to undergo
chemotaxis compared with CD10+ NDNs and CD10− LDGs
(Fig. 2G), further supporting their intermediate state of matu-
ration. CD10+ LDGs and CD10+ NDNs displayed enhanced
expression of genes involved in phagocytosis and an enhanced
ability to phagocytose S. aureus particles compared with
CD10− LDGs (Fig. 2 H and I). These results suggest that the
maturation status of lupus neutrophil subsets affects their ability
to perform critical functions including NET formation, chemo-
taxis, and phagocytosis, while degranulation may be enhanced in
the more immature forms.
Single-cell (sc)-RNA-seq was performed in SLE PBMCs (n = 3),

with a primary focus on uncovering LDG subclusters. We
successfully sequenced 26,925 individual cells after combining
the samples and found 12 distinct clusters after t-stochastic
neighbor embedding (t-SNE) dimension reduction (Fig. 3A):
CD4+ and CD8+ T cells, B cells, CD14+ monocytes (3 subclus-
ters), CD16+ monocytes, LDGs, natural killer cells, dendritic
cells, and megakaryocytes (Fig. 3A). LDGs were identified by
genes highly specific for neutrophils, including FCGR3B
(CD16b) (30) and CMTM2 (31) (SI Appendix, Fig. S8). A type I

IFN score was calculated for each cluster; LDGs, along with
CD14+ and CD16+ monocytes, had the highest IFN score (Fig.
3B). Differential gene analysis revealed multiple up-regulated
ISGs in the LDG cluster compared with other cell clusters, in-
cluding IFITM2, IFITM3, LY6E, and ISG15 (Fig. 3 C and D).
These results suggest that LDGs significantly drive the type I
IFN signature characteristic of SLE PBMCs.
To further explore neutrophil heterogeneity, we analyzed

single cells expressing the neutrophil-specific genes ELANE and
FCGR3B. Applying t-SNE to these cells revealed 2 distinct
clusters, one with transcriptional characteristics of mature neu-
trophils (based on CD16b and CD10 gene expression) and the
other expressing ELANE, a primary granule gene that identifies
immature granulocytes (Fig. 3 E and F). Confirming the bulk
RNA-seq data, the mature LDG cluster up-regulated neutrophil
activation and type I IFN signaling pathways (Fig. 3G). This
analysis confirms and refines the assessment of lupus LDG
heterogeneity and identifies mature LDGs as one of the subsets
with the highest up-regulation of ISGs compared with other
immune cell subsets.

LDG Subsets Associate with Distinct Lupus Clinical Features and CVD.
Confirming that bulk LDGs are increased in SLE, both CD10−

(P = 0.003) and CD10+ LDGs (P = 0.04) were higher in circu-
lation in a larger SLE cohort used for data validation (SI Ap-
pendix, Table S3) compared with HC (SI Appendix, Fig. S9 A and B).
CD10+, but not CD10− or total LDGs, correlated with the
Systemic Lupus Collaborating Clinics–American College of
Rheumatology damage index, a measure of irreversible organ
damage (r = 0.2917, P = 0.019). In the subgroup of Caucasian
SLE subjects, percentages of CD10+ LDGs negatively correlated
with renal function, as assessed by glomerular filtration rate
(r = −0.49, P = 0.015), while CD10− LDG percentage correlated
with proteinuria, as assessed by protein:creatinine ratio (r =
0.573, P = 0.01). CD10+ or CD10− LDG percentage did not
correlate with disease activity as measured by the SLE Disease

Fig. 2. Lupus neutrophil subsets differ phenotypically and functionally. (A) Representative images of Giemsa-stained sorted lupus CD10+ NDNs, CD10+ LDGs,
and CD10− LDGs (n = 4); original magnification 60×. (B) RNA-seq analysis of CD10+ NDNs, CD10+ LDGs, and CD10− LDGs (n = 6/group) for TFs involved in
myeloid development. (C and D) Representative images of cells undergoing NET formation in unstimulated sorted CD10+ LDGs and CD10− LDGs after a 2-h
incubation (n = 5/group). MPO is in red and DNA is in blue; original magnification 40×. (E) MPO ELISA of culture supernatants of unstimulated CD10+ NDNs,
CD10+ LDGs, and CD10− LDGs (n = 4/group) after a 2-h incubation. (F) RNA-seq analysis for genes involved in chemotaxis in lupus neutrophil subsets. (G) fMLP-
induced chemotactic index in lupus neutrophil subsets after a 2-h incubation (n = 4 for CD10+ NDNs; n = 8 for CD10+ and CD10− LDGs). (H) Expression of
phagocytosis genes by RNA-seq analysis. (I) Phagocytosis of S. aureus bioparticles for lupus neutrophil subsets (n = 5). Results for all measurements are mean ±
SEM. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Activity Index (SLEDAI; P = 0.45), serum complement C3 or C4
level (P = 0.94 and 0.67, respectively), or anti-dsDNA level (P =
0.56; n = 54). Similarly, percentages of these subsets did not
correlate with prednisone dose (P = 0.09). CD10+ LDG per-
centage negatively correlated and CD10− LDG percentage
positively corelated with receipt of prednisone (P = 0.0025).
We next assessed the stability of the proportion of LDG

subsets over time. We obtained longitudinal samples separated
by 152 d (5 mo) from 13 SLE patients. By paired analysis, we
found no differences in the percentage of CD10+ and
CD10− LDGs between day 1 and day 152, suggesting that these
populations are stable over time (SI Appendix, Fig. S10). In this
additional analysis, we confirmed that there was no correlation
between the SLEDAI and the percentage of CD10− LDGs and
no difference in the percentage of CD10− LDGs between sub-
jects with active lupus (SLEDAI ≥ 4) and those with inactive
lupus (P > 0.05)
We previously reported that SLE LDGs associate with arterial

wall inflammation and noncalcified coronary plaque burden
(NCB; SI Appendix, Table S3) (9). Reanalysis after separating
LDGs into CD10+ and CD10− subsets showed that CD10+ LDG
levels positively correlated with NCB severity (r = 0.343, P =
0.04, SI Appendix, Fig. S9C) and negatively correlated with high-
density lipoprotein function, as assessed by cholesterol efflux
capacity (SI Appendix, Fig. S9D), a variable associated with lower
CV risk in the general population. These findings support our
previous observations that NETs synthesized by lupus LDGs
oxidize high-density lipoprotein and impair its antiatherogenic
ability (32).
Supporting that LDGs are vasculopathic, supernatants from

lupus CD10+, but not CD10−, LDGs impaired murine aortic
endothelium-dependent vasorelaxation (SI Appendix, Fig. S9E).
Furthermore, CD10+ LDGs displayed an enhanced ability to

externalize oxidized mit-DNA compared with CD10− LDGs (SI
Appendix, Fig. S9 F and G), supporting previous observations
that lupus LDGs externalize NETs enriched in oxidized mit-
DNA with interferogenic properties (8). These results suggest
that the intermediate-mature LDG subset promotes vascular
damage and is associated with coronary plaque formation.

Discussion
Despite several reports suggesting that LDGs are pathogenic in
various inflammatory conditions (2, 9, 33–35), their origin,
functionality, and heterogeneity remain to be determined. In the
context of SLE, these cells have been linked to enhanced
proinflammatory responses and do not appear to have myeloid
suppressor cell capabilities (11). Here we report the transcrip-
tional, epigenetic, and functional heterogeneity of SLE LDGs.
Hierarchical clustering of bulk mRNA-seq identified 2 subpop-
ulations of lupus LDGs: a small subset that up-regulates genes
associated with neutrophil precursors and a more abundant
subset characterized by transcriptional repression. The tran-
scriptionally active LDG subset is composed of CD10− immature
neutrophils that up-regulate genes related to cell cycle progres-
sion and down-regulate immune response genes and is similar to
an LDG subset recently described in rheumatoid arthritis (12).
SLE CD10− LDGs have nuclear morphology and TF analysis
suggestive of a GMP or preNeu development stage (21, 24, 25,
36, 37). Given the immature phenotype, this LDG subtype is
impaired in a number of canonical neutrophil functions. In
contrast, the majority of lupus LDGs comprises an intermediate-
mature, CD10+ subset (38) endowed with several pathogenic
features, including NET formation, oxidized nucleic acid release,
and promotion of endothelial dysfunction.
The use of sc-RNA-seq allowed us to confirm and refine the

analysis of LDG heterogeneity. The immature LDGs were

Fig. 3. Immature and mature LDGs are identified in lupus PBMCs using single-cell RNA-seq and differ in ISG expression. (A) a t-SNE plot representing gene
expression in single cells from SLE PBMCs (n = 3) identifying 12 unique cell clusters. (B) IFN score in each cell cluster. (C) ISGs are highly expressed in LDGs. (D)
ISG heatmap showing a high IFN response in LDGs relative to other cell clusters. (E and F) Neutrophils were filtered from PBMCs based on their expression of
FCGR3B and ELANE. The t-SNE plot shows 2 transcriptionally distinct clusters based on FCGR3B or ELANE expression, identified as immature (Imm) and mature
(Mat), respectively. (G) Pathway analysis indicating that mature neutrophils are activated and respond to type I IFNs.
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identified based on ELANE expression, while the intermediate-
mature LDGs up-regulated FCGR3B. Compared with other
myeloid subsets in the lupus mononuclear cell fraction,
intermediate-mature LDGs displayed the highest expression of
ISGs, suggesting that they contribute to the lupus type I IFN
signature. Type I IFNs can activate and prime HC neutrophils to
undergo NET formation (3, 39). The enhanced response to type
I IFNs by lupus NDNs and intermediate-mature LDGs supports
previous findings showing demethylation of ISGs in lupus NDNs
and LDGs compared with HC neutrophils (40) and indicating
that only more mature forms of neutrophils respond to type I
IFNs (26). A limitation of the ATAC-seq analysis was the epi-
genetic profile diversity in SLE samples, which prevented more
in-depth analyses at the individual gene level for each neu-
trophil subset. Future studies should examine whether ISG
promoter regions are more accessible in lupus neutrophils and
intermediate-mature LDGs compared with immature LDGs and
HC neutrophils.
We previously reported that LDG NETs cause endothelial cell

death and dysfunction that may contribute to premature ath-
erosclerosis in SLE (1, 5, 6, 9). Indeed, released products from
CD10+ LDGs, but not CD10− LDGs, impair endothelium-
dependent vasorelaxation and are enriched for oxidized mit-
DNA. It is likely that NETs are the cytotoxic components
released by the CD10+ LDGs, because lupus LDG NETs are
enriched in oxidized mit-DNA, which induces type I IFN pro-
duction in a STING-dependent manner (8). This is consistent
with a proposed model in which LDGs may further amplify type I
IFN responses in the plaque, promoting vascular and myocardial
damage (41, 42). Indeed, CD10+ LDGs positively correlate with
NCB and negatively correlate with antiatherogenic cholesterol
efflux capacity. Given their enhanced ability to degranulate, it is
possible that CD10− immature LDGs have other distinct vas-
culopathic roles through promotion of inflammatory cell re-
cruitment to the arterial wall (43, 44), matrix metalloproteinase
release, and plaque instability (43–46). Future studies should
investigate how immature LDG subsets contribute to organ
damage and immune dysregulation through the mechanisms that
we have identified in the intermediate-mature LDG subset.
A recent study using previously acquired gene expression da-

tabases suggested that LDGs reflect increased granulopoiesis
and not peripheral neutrophil activation and that this is associated

with corticosteroid use (47). In the present study and our pre-
vious investigations (6, 9), we found no correlation with corti-
costeroid use and LDG signature, although the percentages of
the 2 LDG subsets correlated with current use of corticosteroids,
but not with the dose used. It is possible that the release of the
subset of the immature LDGs may be exacerbated by steroid use,
while the presence of the mature, pathogenic LDG subset was
negatively associated with the current use of steroids. Our data
assessing purified LDG subsets do not support the hypothesis
that the bulk of LDGs are immature neutrophil forms pre-
maturely released from the bone marrow, but rather indicate
that most LDGs represent mature proinflammatory neutrophils
endowed with pathogenic features. The interpretation of
Kegerreis et al. (47) could have relied on the observation that
immature LDGs drive granulocyte mRNA expression in the
global analysis but do not represent most of the LDGs in SLE.
Of note, Kegerreis et al. based their analysis on publicly available
databases from different research sources. As such, isolation
technique and neutrophil purity may have varied widely among
the various samples analyzed and contributed to the differences
observed with our analysis, where samples were obtained in a
systematic manner and purity and clinical information was
obtained following similar parameters.
Overall, our results suggest that a distinct subset of intermediate-

mature neutrophils has the highest proinflammatory phenotype
within SLE and accounts for the most significant associations
with organ damage. This study adds to our understanding of neu-
trophil heterogeneity in disease states, an area that has lagged
behind compared with other immune cell subsets. Future studies
should determine whether CD10+ and CD10− LDGs could serve
as biomarkers of therapeutic efficacy in type I IFN pathway
modulation. Furthermore, this study suggests that specifically
targeting intermediate-mature LDG subsets may play important
roles in the treatment and/or prevention of lupus vasculopathy
and premature CVD.
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