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TREM2 Drives Neutrophil Extracellular Traps-Induced
Dendritic Cell Maturation and Contributes to Lupus
Progression

Jingxian Shu, Jiabi Liang, Linda Zeng, Shuping Zhong, Xueling Fang, Yating Xu,
Yongjian Wu,* and Xi Huang*

Systemic lupus erythematosus (SLE) is a severe autoimmune disease
characterized by hyperactive immune cells and excessive autoantigen
accumulation. Dendritic cells (DC) can recognize multiple autoantigens and
then leading to an inflammatory response, thereby playing a key role in the
immunopathogenesis of SLE. However, the regulatory factors underlying DC
function remain inadequately clarified. This study identifies that triggering
receptor expressed on myeloid cells 2 (TREM2) is upregulated on DCs and is
associated with SLE disease severity. Furthermore, TREM2 deficiency in DCs
alleviates kidney damage and reduces serum anti-dsDNA antibody levels,
proteinuria, splenomegaly, and lymphadenopathy in lupus mice.
Mechanistically, this study demonstrates that TREM2 recognizes neutrophil
extracellular traps (NETs) to promote DC maturation and antigen
presentation, thereby exacerbating the autoimmune response. More
importantly, NETs-derived myeloperoxidase (MPO) acts as a nonclassical
ligand and interacts with TREM2 to activate DAP12/SYK/ERK. Subsequently,
TREM2 facilitates NETs uptake by DCs, thereby activating the cGAS/STING
signaling pathway. Inhibition of NETs formation or MPO effectively alleviates
TREM2-mediated lupus progression. Collectively, these findings reveal a novel
modulatory role of TREM2 and NETs-derived MPO in the pathogenesis of
SLE, which may provide potential options for the treatment of SLE.
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1. Introduction

Systemic lupus erythematosus (SLE) is a
complex, multifactorial autoimmune dis-
ease with severe clinical manifestations.[1]

The global prevalence of SLE is estimated
at 43.7 per 100 000, corresponding to ≈3.41
million affected individuals worldwide.[2]

SLE is characterized by the accumula-
tion of autoantigens, hyperactive immune
cells, aberrant antibody responses, and ulti-
mately, inflammatory organ damage.[3] Tra-
ditional regimens based on chronic steroids
and high-dose chemotherapeutic agents
can alleviate disease progression but often
cause severe adverse reactions.[4] Thus, it is
urgent to develop novel therapeutic targets
for SLE.
In SLE pathogenesis, autoantigens derived
from apoptotic cells or neutrophil extra-
cellular traps (NETs) are the triggering
signals of autoimmunity.[5] The impaired
clearance increases autoantigen exposure
and immune cell activation.[3,6] NETs
are web-like DNA structures decorated
with nuclear and granule proteins.[7] Key
molecules externalized in NETs, including
myeloperoxidase (MPO), DNA, and LL37
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protein, act as autoantigens and immunostimulatory molecules
that activate immune responses via the TLR-dependent
pathway.[8,9]

Subsequently, innate sensing of autoantigens is considered to
be the triggering event leading to self-reactive immunity. Den-
dritic cells (DCs), as the key antigen-presenting cells, link innate
and adaptive immunity.[10] DCs can recognize multiple autoanti-
gens via pattern recognition receptors (PRRs), leading to cellmat-
uration and sustained secretion of inflammatory cytokines.[11,12]

Mature DCs can further activate the adaptive immune response,
promoting the differentiation of T and B cells and the produc-
tion of pathogenic autoantibodies, which ultimately leads to or-
gan damage.[13] Therefore, identifying the autoantigens and crit-
ical molecules that regulate DC maturation is essential for devel-
oping novel SLE therapies.
A series of cytoplasmic PRRs in myeloid cells, such as TLRs,

NLRPs, and cGAS, are responsible for detecting pathogenic anti-
gens, promoting cell maturation.[14–16] Several regulators have
been reported to modulate TLR signaling pathways, such as trig-
gering receptors expressed on myeloid cells (TREMs). TREMs
belong to a family of cell surface receptors that are broadly
expressed on myeloid cells, including DCs, macrophages, and
monocytes.[17,18] For instance, TREM1 expressed on DCs sup-
presses TLR9-induced inflammation response in lupus mice.[19]

TREM2 has been reported to be involved in the regulation of in-
flammation, cell survival, proliferation, and phagocytosis.[20] It
binds to diverse ligands, including phospholipids, lipoproteins,
proteins, and apoptotic cells, transducing intracellular signals via
the adaptor protein DAP12.[20] In recent years, the regulatory
functions of TREM2 in DCs have gained increasing attention.
In vitro studies indicate that TREM2 can promote DC matura-
tion and survival,[21] and it exacerbates mucosal inflammation
in murine colitis by enhancing the inflammatory response of
DCs.[22] However, the role of TREM2 in DC regulation appears
context-dependent. For example, in a model of liver ischemia-
reperfusion injury, TREM2 negatively regulates DCs’ maturation
and immunostimulatory functions.[23] These conflicting findings
highlight the complexity of TREM2 in DC biology. Nevertheless,
how the autoantigen–TREM2–DC axis operates in SLE remains
incompletely understood.
In this study, we demonstrated that TREM2 expressed on DCs

plays a key role in aggravating lupus progression. The knock-
out of TREM2 in DCs alleviated the symptoms and organ dam-
age in lupus mice. Mechanistically, we clarified that TREM2 pro-
motesDCmaturation and phagocytosis by interactingwithNETs-
derived MPO. Taken together, our study provides molecular and
cellular insights into the manipulation of lupus progression,
and proposes that combined TREM2 blockade and inhibition of
NETs-derived MPO represents a promising therapeutic strategy
for lupus.

2. Results

2.1. TREM2 Expression on DCs is Upregulated and Correlated
with Disease Severity in SLE

SLE patients who met the 2019 EULAR/ACR classification cri-
teria were enrolled in this study. SLE patients with active in-
fection, malignancy, and other autoimmune diseases were ex-

cluded from this study. To explore critical regulatory genes in
SLE, RNA sequencing was performed on whole blood cells of
SLE patients and healthy controls (HCs). According to the SLE
Disease Activity Index 2000 (SLEDAI-2K) scores, SLE patients
were classified into the SLE-low group (scores < 10) and the SLE-
high group (scores ≥ 10). Cluster analysis showed an upregu-
lation of inflammation-related genes in the SLE-high group, in-
cluding genes encoding inflammatory cytokines (Interferon, Tnf𝛼,
Il1𝛽, Il6, Il10, Il17) and immune receptors (Trem1, Trem2, Tlr7,
Nlrp3, Nlrp12, Fcgr1a), genes related to NETs formation (Mpo,
Ctsg, Azu1, Camp), while genes encoding anti-inflammatory fac-
tors such as Il13, Tgf𝛽 were down-regulated (Figure 1A). In
addition, we performed the KEGG pathway enrichment anal-
ysis using the differentially expressed genes (DEGs) between
SLE patients and healthy controls. The results revealed that
DEGs were mainly enriched in SLE, immune system (NOD-
like receptor, IL-17), NETs formation, antigen processing and
presentation signaling-related pathways (Figure 1B). In the im-
munopathogenesis of SLE, the triggering event is that myeloid
cells recognize antigens via surface or intracellular receptors.[10]

Among these immune receptors, we observed a 2.5 fold upreg-
ulation in the mRNA level of TREM2, a receptor constitutively
expressed on myeloid cells, in peripheral blood mononuclear
cells (PBMCs) of SLE patients compared with HCs (Figure 1C;
Table S1, Supporting Information). In addition, we also ob-
served elevated sTREM2 levels in the plasma of SLE patients
(Figure 1D).
Flow cytometry further analyzed TREM2 expression on the

surface of the indicated PBMCs subsets from healthy con-
trols and SLE patients. In HCs, TREM2 was mainly expressed
on CD14+ monocytes and DCs, but not on plasmacytoid DCs
(pDCs), CD4+ T cells, CD8+ T cells, and B cells (Figures S1
and S2, Supporting Information). TREM2 expression was in-
creased exclusively on DCs from SLE patients, while remain-
ing unchanged on other immune cell subtypes (Figure 1E). The
conventional DCs can be further divided into CD141+ cDC1
and CD1c+ cDC2 subpopulations.[11] Further analysis of the ex-
pression profile across DC subsets revealed a 1.9 fold upreg-
ulation of TREM2 expression in the cDC2 subpopulation of
SLE patients compared to healthy controls, whereas its expres-
sion in the CD141+ cDC1 subset showed no significant change
(Figure 1F). Subsequently, we analyzed the correlations between
TREM2 expression and clinical markers related to disease activ-
ity or severity among SLE patients. The percentage of peripheral
TREM2+ DCs was positively correlated with SLEDAI-2K scores
(R2═0.536), the levels of serum anti-dsDNA Abs(R2═0.389),
sTREM2 (R2═0.504), and proteinuria (R2═0.292) (Figure 1G).
Similarly, sTREM2 levels, which were elevated in SLE and asso-
ciated with TREM2+ DC frequency, also showed positive corre-
lations with SLEDAI-2K scores (R2═0.551) and anti-dsDNA anti-
body levels (R2═0.3) (Figure 1G). Therefore, the percentage of pe-
ripheral TREM2+ DCs and sTREM2 levels represents promising
surrogate biomarkers for SLE disease severity. To validate these
observations in vivo murine model, we detected the TREM2 ex-
pression in lupus mice. Consistent with the above results in SLE
patients, DCs from blood, spleen, and lymph node in lupus mice
all exhibited elevated TREM2 expression compared with control
mice (Figure S3, Supporting Information). Taken together, we ob-
served an increased expression of TREM2 onDCs in both SLE pa-
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Figure 1. TREM2 expression is upregulated on DCs and correlated with disease severity in SLE patients. A,B) RNA sequencing of healthy controls (HCs,
n=3), SLE patients with SLEDAI-2K scores < 10 (n=3) and SLE patients with SLEDAI-2K scores ≥ 10 (n=3) were performed. (A) Heatmap of altered
genes related to immune system was shown. (B) KEGG pathway analysis was conducted to enrich the differentially expressed genes between HCs and
SLE patients. C) The mRNA levels of TREM2 in PBMCs from HCs (n=30) or SLE patients (n=46) were detected by RT-PCR (unpaired 2-tailed Student’s
t-test). D) The plasma sTREM2 levels in HCs (n=30) and SLE patients (n=46) were detected by ELISA (unpaired 2-tailed Student’s t-test). E) The
expression levels of TREM2 in CD19+ B cells, CD4+ T cells, CD8+ T cells, CD14+ monocytes (Mo), and CD11c+ DC from HCs (n=30) and SLE patients
(n=46) were analyzed by flow cytometry (unpaired 2-tailed Student’s t-test). F) Flow cytometry was used to detect the expression levels of TREM2 in
cDC1 (CD11c+ CD141+ CD1c−) and cDC2 (CD11c+ CD141− CD1c+) from HCs (n=15) and SLE patients (n=15). The unpaired, 2-tailed Student’s t-test
was used to analyze the data. G) Pearson’s correlation analysis in SLE patients assessed the relationship of peripheral TREM2+ DC percentage with
SLEDAI-2K scores (n=46), serum anti-dsDNA Abs (n=46), sTREM2 (n=46), proteinuria levels (n=38); and of sTREM2 with SLEDAI-2K scores (n=46)
and serum anti-dsDNA (n=46). Data are represented as mean ± SEM from at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

tients and mice, which is positively correlated with disease sever-
ity.

2.2. TREM2 Deficiency in DCs Alleviates Lupus-related
Manifestations

To explore the role of TREM2 in lupus, we employed a nucleic
acid antigen-driven model using activated lymphocyte-derived

DNA (ALD-DNA)[24] to immunize Trem2 knockout (Trem2−/−)
and wild type (WT) mice. Within 1–2 months, mice with ALD-
DNA immunization produced high levels of anti-dsDNA Abs
and developed SLE-like syndrome.[25] Results showed that Trem2
knockout led to 49% and 21% reductions in proteinuria and anti-
dsDNA Abs levels, respectively, in the lupus model at 12 weeks
(Figure 2A). B-cell activating factor (BAFF), secreted by myeloid
cells, could promote B-cell survival and differentiation, which
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Figure 2. Trem2 deficiency in DCs alleviates lupus-related syndrome and organ damage. A–E) ALD-DNA induced lupus model were established in WT
and Trem2−/− mice. The mice were subcutaneously immunized with ALD-DNA at 0, 2, 4 weeks. (A) Urine samples were collected from 0 to 12 week and
proteinuria at each indicated timepoints were detected by ELISA. The serum from each mouse was collected at week 12, and then serum anti-dsDNA
Abs and B-cell activating factor (BAFF) were detected by ELISA (n=5, unpaired 2-tailed Student’s t-test). (B,C) The paraffin-embedded kidney sections
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results in the production of autoantibodies and contributes to
SLE progression.[26] The serum BAFF levels were also decreased
in Trem2−/− mice compared with WT mice, with a reduction of
≈48% (Figure 2A). Since glomerulonephritis (GN) and kidney
deposition of IgG and complement C3 are the critical features
of lupus, histological staining and immunofluorescence assays
were used to evaluate the renal damage. H&E and Masson stain-
ing showed thatTrem2−/− lupusmice displayedmarked ameliora-
tion in renal damage for the GN scores (Figure 2B, C). Similarly,
the deposition of IgG and C3 in kidneys was less pronounced
in Trem2−/− lupus mice than in WT lupus mice (Figure 2D).
In addition, Trem2−/− lupus mice exhibited significant reduc-
tions in the weight of their lymphatic organs, with spleen and
lymph node weights ≈48% and 65% lower, respectively, than
those of control WT lupus mice (Figure 2E). Together, these re-
sults demonstrate that TREM2 deficiency protects against lu-
pus pathogenesis in an antigen-driven model. To validate the
pathogenic role of TREM2 in a distinct, chronic inflammation-
driven context, we employed a pristane-induced lupus model [27].
Consistent with our findings in the ALD-DNA model, Trem2−/−

mice in the pristane model showed significant mitigation of dis-
ease severity, as reflected by reduced proteinuria, anti-dsDNA
Abs, and BAFF levels, as well as improved renal and lym-
phoid organ pathology (Figure S4A–C, Supporting Information).
This replication across two mechanistically distinct induced
models underscores a fundamental role for TREM2 in lupus
pathogenesis.
Subsequently, to assess the therapeutic relevance of TREM2

in a spontaneous and genetically determined setting that
closely mirrors human SLE, we utilized lupus-prone MRL/Lpr
mice [28]. The MRL/Lpr mice were divided into three groups,
which were respectively treated with TREM2 blocking Abs
(anti-TREM2), cyclophosphamide (CTX), and control IgG Abs
(Figure S5A, Supporting Information). Notably, pharmacologi-
cal blockade of TREM2 significantly ameliorated disease pro-
gression. The treatment reduced serum anti-dsDNA antibod-
ies, proteinuria, lupus-like facial skin lesions, renal damage,
and lymphoid organ pathology compared to the control IgG
group (Figure S5B–F, Supporting Information). This confirms
TREM2 as a promising therapeutic target for intervention in
lupus.
Having established TREM2 as a key aggravating factor in lu-

pus through multiple lupus models, we next explore the key cel-
lular mediator. Since we observed upregulated TREM2 expres-
sion on DCs during lupus (Figure 1), we generated Trem2 con-
ditional knockout mice (Trem2fl/fl CD11c-cre), in which Trem2
was specifically deleted in DCs (Figure 2F), to explore whether
TREM2 exerts a function in lupus via DCs. Trem2fl/fl CD11c-
cre lupus mice displayed reduced levels of proteinuria, anti-

dsDNA Abs, and BAFF compared with control Trem2fl/fl lu-
pus mice (Figure 2G). Simultaneously, Trem2fl/fl CD11c-cre mice
showed alleviated renal damage and less deposition of IgG and
C3 (Figure 2H–J). Moreover, the specific deletion of Trem2 in
DCs reduced spleen and lymph node weight by ≈55% and 66%,
respectively (Figure 2K). These data indicate that TREM2 ex-
pressed on DCs plays a critical role in driving lupus progres-
sion. To further elucidate how TREM2 modulates DC function,
we performed flow cytometric analysis. While the overall propor-
tion of splenic DCs was unaltered (Figure S6A, Supporting In-
formation), DCs from Trem2fl/fl CD11c-cre lupus mice displayed
significantly reduced expression of maturation markers, includ-
ing MHC II, CD86, and CCR7 (Figure S6B, Supporting Infor-
mation). Furthermore, DC-specific Trem2 deletion led to a de-
crease in splenic neutrophils but did not affect the macrophage
population (Figure S6C, Supporting Information), indicating a
selective impact on myeloid subsets. We subsequently investi-
gated the downstream effects of DC-specific Trem2 deletion on
the adaptive immune response. B cells, CD4+ T cells, follicular T
helper cells (TFH cells), Th2 cells, Th17 cells, plasma cells, ger-
minal center B cells (GCB cells), and memory B cells were all
decreased in Trem2fl/fl CD11c-cre lupus mice compared to those
in Trem2fl/fl lupusmice (Figure S7A–C, Supporting Information).
Conversely, the inactivation marker CD62L of TFH, the percent-
ages of Treg cells, and naïve B cells were higher in Trem2fl/fl

CD11c-cre lupusmice compared with control lupusmice (Figure
S7A–C, Supporting Information). The ratios of CD8+ T and
Th1 cells showed no significant differences between Trem2fl/fl

CD11c-cre and Trem2fl/fl groups (Figure S7A, B, Supporting In-
formation). Collectively, these data indicated that Trem2 defi-
ciency in DCs restrained their maturation and subsequently
dampened the inflammatory response acrossmultiple innate and
adaptive immune cell populations, ultimately alleviating lupus
pathogenesis.
To further confirm the DC-mediated role of TREM2 in

lupus, we transferred ALD-DNA-pretreated WT or Trem2−/−

BMDCs (CD45.2+) into CD45.1+ mice (Figure S8A, Supporting
Information).[29,30] Two weeks post-transfer, WT and Trem2−/−

BMDCs can also be detected in recipient spleens and lymph
nodes (Figure S8B,C, Supporting Information). By week 20, mice
receiving Trem2−/− BMDCs exhibited lower anti-dsDNA antibody
levels, reduced proteinuria, milder lupus nephritis, decreased re-
nal IgG and C3 deposition, along with reduced spleen and lymph
node weights compared to those receiving WT BMDCs (Figure
S8D,J, Supporting Information). These data demonstrated that
DCs with Trem2 deficiency alleviated lupus-related manifesta-
tions. Taken together, we explored the in vivo role of TREM2 in
lupus by multiple approaches and revealed that TREM2 aggra-
vated lupus progression via DCs.

were stained with H&E and Masson. Scale bar, 20 μm. Kidney pathology was evaluated with glomerulonephritis (GN) scores (n=30, unpaired 2-tailed
Student’s t-test). (D) Immunofluorescence assays were used to analyze the deposition of IgG and C3 in renal sections. Scale bar, 100 μm. (E) The gross
appearance and the weight of spleens or lymph nodes were recorded at week 12 (n=5, unpaired 2-tailed Student’s t-test). F) Trem2fl/fl mice and Trem2fl/fl

CD11c-cre mice were constructed, and identified by PCR. G–K) ALD-DNA induced lupus model were established in Trem2fl/fl and Trem2fl/fl CD11c-cre
mice. (G) The levels of proteinuria at each indicated timepoints, serum anti-dsDNA Ab and BAFF at week 12 were detected by ELISA (n=5, unpaired 2-
tailed Student’s t-test). (H,I) Renal damage was evaluated by H&E andMasson staining at week 12. Scale bars, 50 μm (n=30, unpaired 2-tailed Student’s
t-test). (J) The deposition of IgG and C3 in renal sections from indicated genotype mice was analyzed by immunofluorescence assays. Scale bar, 100 μm.
(K) The appearance and the weight of spleens or lymph nodes were recorded (n=5, unpaired 2-tailed Student’s t-test). The results are presented as the
mean ± SEM from at least three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. NETs are upregulated and positively correlated with TREM2 expression in SLE. A) The differentially expressed genes between SLE patients
with TREM2 high and low expression were conducted to the KEGG enrichment analysis. B) Representative immunostaining fluorescence images for
DNA (DAPI, blue), MPO (green) and CitH3 (red) in HC neutrophils, SLE neutrophils after stimulation with anti-RNP IgG for 4 h. Scale bar, 50 μm. C)
ELISA was used to detect the levels of plasmaMPO-DNA complex, CitH3 and NE protein in healthy controls (n=30), SLE patients (n=46). The unpaired,
2-tailed Student’s t-test was used to analyze the data. D) Pearson’s correlation analysis in SLE patients assessed the relationship of peripheral TREM2+

DC percentage with plasmaMPO-DNA complex, CitH3 protein, NE protein levels (n=46); and of sTREM2 levels with plasmaMPO-DNA complex, CitH3
protein, NE protein levels (n=46). E) TREM2 expression in BMDC (marked in CD11b+ CD11c+) stimulated with PBS, NETs or DNA+IgG (ICs) were
detected by flow cytometry (n=7, One-way ANOVA). The results are presented as the mean ± SEM from at least three separate experiments. ns, no
significance; *P < 0.05; **P < 0.01; ***P < 0.001.

2.3. NETs are Upregulated and Positively Correlated with TREM2
expression in SLE

In the immunopathological process of SLE, autoantigens derived
from apoptotic cells or NETs are considered the triggering signals
of autoimmunity.[5] Thus, the KEGG analysis was conducted to
explore the specific autoantigen associated with TREM2 expres-
sion. Based on the RNA-seq data, we found that the DEGs be-
tween SLE patients with TREM2 high and low expression were

enriched in NETs formation (Figure 3A). NETs mainly originate
from dead neutrophils via NETosis in pathological conditions.[8]

First, to elucidate the involvement of NETs in SLE, we isolated
neutrophils from HCs and SLE patients, and then cultured neu-
trophils with anti-RNP IgG for 4 h. The neutrophils from SLE
patients, but not healthy controls, underwent NETosis, releasing
NETs with the typical web-like structure (Figure 3B). Next, we de-
tected the plasma levels of MPO-DNA, citrullinated histone H3
(CitH3), and neutrophil elastase (NE), which are representative
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indicators of NETs. Comparedwith healthy controls, SLE patients
showed increased MPO-DNA, CitH3, and NE levels (Figure 3C).
Furthermore, we conducted a linear regression analysis to reveal
the relationship between TREM2 expression and NETs. The per-
centage of peripheral TREM2+ DC was positively correlated with
the plasma MPO-DNA (R2═0.481), CitH3 (R2═0.369), and NE
(R2═0.496) levels in SLE patients (Figure 3D). Moreover, positive
correlations were also observed between plasma sTREM2 levels
and markers of NETs (Figure 3D). To further investigate the as-
sociation between NETs and TREM2 expression on DCs, we co-
cultured BMDCs with NETs or immune complexes (ICs). The re-
sults showed that TREM2 expression was upregulated in BMDCs
treated with NETs or ICs compared with those treated with PBS
(Figure 3E). Together, these data suggested that the NETs showed
a positive correlation with TREM2 expressed on DCs.

2.4. TREM2 is Essential for NETs-induced DCs Maturation and
Antigen Presentation

Since autoantigen NETs were identified to be associated with
TREM2 expressed onDCs, we next exploredwhether TREM2me-
diates the effect of NETs on DCs. Given that TREM2 is known
to promote the phagocytosis of various ligands, including apop-
totic cells and lipoproteins,[20] we speculated that TREM2 also
facilitates NETs uptake by DCs. To assess the effect on phago-
cytosis, we treated WT or Trem2−/− BMDCs with NETs for 3 h.
Immunofluorescence analysis showed that Trem2 deficiency im-
paired phagocytosis of NETs in BMDCs (Figure 4A). Next, we
used the actin polymerization inhibitor cytochalasin D (Cyto D)
to confirm that NETs uptake was mediated by active phagocyto-
sis. Cyto D pretreatment completely abolished NETs internaliza-
tion in both WT and Trem2−/− BMDCs, whereas vehicle DMSO-
pretreated WT BMDCs exhibited significantly greater phagocytic
capacity than their Trem2−/− BMDCs (Figure 4B). These results
indicated that TREM2 promoted the phagocytosis of NETs by
DCs. Subsequently, we investigated the maturation and inflam-
matory phenotype of DCs following NETs internalization. The
flow cytometry analysis showed that Trem2 deficiency impaired
thematuration phenotype (MHC II, CD86) in BMDCs compared
to theWT group (Figure 4C; Figure S9, Supporting Information).
The mRNA levels of inflammatory cytokines were also detected
in DCs. Cytokines such as Ifn𝛼, Ifn𝛽, Baff, Il6, Il10, and Il12 were
more highly expressed in BMDCs with NETs stimulation com-
pared to those with PBS treatment. Trem2 deficiency reduced the
expression of proinflammatory cytokines Ifn𝛼, Ifn𝛽, Baff, Il6, and
Il12, while the anti-inflammatory cytokine Il10 showed the op-
posite changes and expressed more in Trem2−/− BMDCs treated
with NETs than WT BMDCs treated with NETs (Figure 4D).
The mature DCs present antigens to T cells and secrete cy-

tokines to B cells, which can further activate self-reactive T
and B cells underlying SLE pathogenesis.[11] To explore whether
TREM2 affects antigen-presentation ability of DCs, we analyzed
the proliferation and activation of T cells and B cells in the co-
culture system. WT and Trem2−/− BMDCs were pretreated with
NETs, followed by in vitro co-cultured with CFSE-stained spleen
cells (Figure 4E). After 3 days of coculture, we observed that WT
BMDCs induced greater proliferation of T cells and B cells than
Trem2−/− BMDCs (Figure 4E). Furthermore, we detected the ex-

pression of activation markers on T cells (CD25 and CD69) and
B cells (MHC II and CD69) following coculture, which showed
significantly higher levels after co-culture with WT BMDCs com-
pared to Trem2−/− BMDCs (Figure 4F). In addition, we verified
the observation in DCs isolated from the peripheral blood of SLE
patients. These DCs were pretreated with either anti-hTREM2
blocking antibody (anti-hTREM2) or control IgG, followed by
NETs stimulation. As expected, anti-hTREM2 treatment reduced
the expression of MHC II and CD86 on DCs (Figure S10A, Sup-
porting Information). And then, these pretreated DCs were co-
culturedwith PBMCs for 3 days. Flow cytometry analysis revealed
that, upon NETs stimulation, DCs blocked with anti-hTREM2
induced significantly lower proliferation and activation levels in
both T and B cells compared to those treated with the IgG control
(Figure S10B–D, Supporting Information). Taken together, these
data indicated that TREM2 drives NETs-induced DCsmaturation
and antigen presentation via promoting NETs phagocytosis.

2.5. TREM2 Interacts with MPO to Promote DCs Maturation and
Phagocytosis

NETs are a complex composed of DNA, histones, and granule
protein.[31] To explore the specific component of NETs bind-
ing to TREM2, we applied mass spectrometry (MS) and Co-
immunoprecipitation (Co-IP) to identify the potential ligand for
TREM2. The MS results identified MPO, azurocidin (AZU1),
and cathepsin G (CTSG) in NETs as the top three non-histones
interacting with TREM2 (Table S2, Supporting Information).
Moreover, we transfected 293T cells with HA-tagged TREM2
and FLAG-tagged MPO, or FLAG-tagged AZU1, or FLAG-tagged
CTSG plasmids, and then assessed for protein interaction. Co-
IP data revealed that TREM2 interacted with the MPO, but not
AZU1 or CTSG (Figure 5A). Immunofluorescence staining also
exhibited that TREM2 andMPOcould colocalization in 293T cells
transfected withHA-tagged TREM2 and FLAG-taggedMPOplas-
mids (Figure 5B). The surface plasmon resonance (SPR) assay
showed a dose-dependent binding of MPO to the TREM2 re-
combinant protein (Figure 5C). Furthermore, the specificity of
this interaction was confirmed by blocking experiments using
an anti-TREM2 antibody, which effectively inhibited the binding
(Figure 5D).
As a transmembrane receptor, TREM2 contains an extracellu-

lar Ig-like domain, a transmembrane domain, and a short cyto-
plasmic tail.[32] To explore the critical domains of TREM2 that
interacted with MPO, we constructed plasmids encoding full-
length (FL) TREM2, truncated forms of TREM2 lacking the trans-
membrane (ΔTM), the cytosolic domain (ΔCD), and the extracel-
lular Ig domain (ΔIg), respectively (Figure 5E). Results showed
that the interaction between TREM2 andMPOdisappeared when
the Ig domain was deleted (Figure 5F), suggesting that TREM2
bound to MPO through the extracellular Ig domain. In addition,
we investigated the specific domain ofMPO involved in the inter-
action with TREM2. MPO mainly consists of pro-peptide (Pro),
light chain (L), and heavy chain (H).[33] We constructed plas-
mids encoding each of these domains (Figure 5E) and evaluated
their binding capacity with TREM2. Co-IP assay data demon-
strated that the heavy chain of MPO was able to interact with
TREM2, but the pro-peptide and light chain failed (Figure 5G).
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Figure 4. TREM2drivesNETs-inducedDCmaturation and antigen presentation via phagocytosis. A) Representative fluorescence images showed thatWT
and Trem2−/− BMDCs (labeled with green phalloidin) internalizedMPO fromNETs at 3 h after coculture. MPOwas labeled with anti-MPO rabbit antibody
and AF594 conjugated goat anti-rabbit IgG. The phagocytosis was recorded by confocal microscopy. Scale bar, 10 μm. B) WT and Trem2−/− BMDCs were
pretreated with Cytochalasin D (Cyto D) or DMSO for 30 mins. And then BMDCs were co-cultured with PI-labeled NETs for 3 h. The phagocytosis was
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The molecular docking analysis also revealed a potential binding
interface between the Ig domain of TREM2 (19–118 aa) and the
heavy chain of MPO (279–745aa), and the residues encompass-
ing 279–290 of the MPO peptide chain were predicted to mediate
the binding of MPO to the TREM2 through hydrogen bonding
(Figure S11, Supporting Information). The competitive binding
assay confirmed that a peptide containing MPO residues 279–
290 significantly blocked full-length MPO binding to TREM2,
indicating that the 279–290 region of MPO is required for MPO-
TREM2 interaction (Figure 5H). Previous studies reported that
TREM2 variants alter the binding of TREM2 to its ligands [34].
Thus, we constructed TREM2 plasmids with the mutations of
various conserved residues, including R47H, R62H, T96K, and
H157Y (Figure 5I), which are crucial for ligand binding and sig-
nal transduction.[34] The results showed that the T96K mutation
enhanced the binding between TREM2 and MPO (Figure 5J).
Similarly, the solid-phase binding assay showed that the T96K
mutation bound to MPO with a 1.3 fold higher affinity than the
WT or R47H TREM2 protein (Figure 5K). Consistent with this,
structural analysis also indicated that the T96K mutation signif-
icantly increased the binding ability of TREM2 to MPO (Figures
S12 and S13, Supporting Information).
After identifying the NETs-derived MPO as a novel ligand of

TREM2 in structure, we then explored its function. Previous
study demonstrated that NETs containing neutrophil proteins
such as LL37 and HNP are required for the ability of ICs to ac-
tivate immune cells in SLE [35]. Thus, we first investigated the
role of MPO in facilitating the ICs to activate DCs. The results
showed that BMDCs with ICs stimulation expressed higher lev-
els of activation markers (MHC II, CD80, and CD86) compared
to free DNA stimulation (Figure 5L). When MPO protein was
added to ICs, the complexes further increased the levels of ac-
tivation markers in BMDCs (Figure 5L), suggesting that MPO
promoted the ICs to activate DCs. Next, we explored whether
the function of MPO was mediated by TREM2. The Trem2 de-
ficiency in BMDCs abolished the increase in levels of activation
markers after stimulation with the complexes of ICs and MPO
(Figure 5M). Similarly, we found thatMPO could facilitate the up-
take of DNA-containing ICs by BMDCs (Figure S14A, Support-
ing Information). However, the effect of MPO was abrogated in
Trem2-deficient BMDCs (Figure S14B, Supporting Information).
Taken together, these data indicated that TREM2 interacted with
MPO and promoted ICs to enter and activate DCs.

2.6. NETs-Induced DAP12/SYK and cGAS/STING Signaling
Activation is Dependent on TREM2 Receptor

The above data indicate that NETs-derived MPO is a new lig-
and for TREM2. Next, we applied Co-IP and western blot to
explore the downstream signaling molecules of TREM2 after

NETs/MPO stimulation. It has been reported that upon ligand
binding, TREM2 recruits SYK via DAP12, leading to SYK and
ERK1/2 phosphorylation, thereby promoting DCmaturation and
phagocytosis.[20,21] To investigate whether TREM2 regulates a
similar signaling pathway in response to NETs stimulation, anti-
TREM2 IP was performed. NETs treatment enhanced the inter-
action between TREM2 and DAP12/p-SYK in BMDCs compared
to the PBS-treated group (Figure 6A). The immunoblot analysis
showed that Trem2−/− BMDC with NETs stimulation exhibited
lower levels of p-SYK and p-ERK1/2 compared to the WT group
withNETs stimulation (Figure S15A,B, Supporting Information),
suggesting that TREM2 mediates DAP12/SYK/ERK1/2 signal-
ing activation. Furthermore, the KEGGpathway analysis revealed
that NF-𝜅B, MAPK, and cGAS/STING pathways were the top
three enriched pathways in SLE patients with high TREM2 ex-
pression compared to those with low expression (Figure 6B), in-
dicating that other pathways also participate in the downstream
signaling of TREM2.
Previous studies reported that NETs activate the intracellular

cGAS/STING pathway after being endocytosed.[36] cGAS is a cru-
cial intracellular PRR that functions to detect cytosolic DNA.[37]

First, we detected the expression levels of cytoplasmic PRRs
involved in lupus immunopathology.[38] The results showed
that mRNA levels of cGAS/STING were significantly lower in
Trem2−/− BMDCs than in WT BMDCs (Figure S15C, Support-
ing Information), indicating that Trem2 deficiency impairs the
cGAS/STING signaling pathway. Next, we assessed the relation-
ship between DAP12/SYK and cGAS/STING. We analyzed the
activation kinetics of these two pathways at multiple time points
(15, 30, and 60 min, 3, 6, and 12 h) in NETs-stimulated WT
and Trem2−/− BMDC. The results showed that p-SYK and p-
ERK1/2 were detected at early time points (15–60 min). Com-
pared to WT BMDC, Trem2 deficiency reduced the activation lev-
els of p-SYK and p-ERK1/2 at 60 min, respectively. Analysis of
the cGAS/STING pathway showed that its key components, p-
TBK1 and p-IRF3, were detected at ≈3 h post-stimulation. Simi-
larly, Trem2 deficiencymarkedly reduced the levels of p-TBK1 and
p-IRF3 at 12 h, indicating impaired activation of TBK1 and IRF3
(Figure 6C, D). Taken together, these results revealed a sequential
activation. TREM2-dependent SYK/ERK1/2 signaling axis was
rapidly activated at early time points upon NETs treatment, fol-
lowed by activation of the intracellular cGAS/STING/TBK1/IRF3
pathway at ≈3 h post-stimulation. Notably, NF-𝜅B activation also
appeared. The phosphorylated NF-𝜅B was initially detected at
early time points, and its signal was subsequently enhanced after
TBK1 activation (Figure 6C, D), indicating that it is synergistically
regulated by both pathways.
AsNETs-derivedMPO is a ligand that directly binds to TREM2,

we also explored its function in regulating TREM2-mediated sig-
naling. Following stimulation with ICs+MPO, Trem2-deficient

determined by flow cytometry (n=5, one-way ANOVA). C) WT and Trem2−/− BMDCs were stimulated with NETs for 24 h. The maturation markers (MHC
II, CD86) of BMDCs were analyzed by flow cytometry (n=5, unpaired 2-tailed Student’s t-test). D) The cytokines, Ifn𝛼, Ifn𝛽, Baff, Il6, Il10 and Il12, were
measured by RT-PCR (n=5, one-way ANOVA). E) WT or Trem2−/− BMDCs were pretreated with NETs for 24 h and then were collected for coculture with
CFSE-labeled spleen cells for 3 days. Proliferation of CD4+ T cells (CD3+ CD4+) and B cells (CD3− CD19+) was assessed by flow cytometry based on
CFSE dilution (n=5, unpaired 2-tailed Student’s t-test). F) The expression of activation markers on CD4+ T cells (CD25 and CD69) and B cells (MHC II
and CD69) was analyzed by flow cytometry after coculture (n=5, unpaired 2-tailed Student’s t-test). The results are presented as the mean ± SEM from
at least three independent experiments. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001.

Adv. Sci. 2026, 13, e08938 e08938 (9 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 5. TREM2 interacts with MPO to promote DCs maturation. A) 293T cells were transfected with PcDNA3.1 vector containing HA-tagged TREM2
and FLAG-tagged MPO, or FLAG-tagged AZU1, or FLAG-tagged CTSG. Blots of cell lysates (Input) or anti-HA IP were analyzed by Western blotting for
HA, FLAG. B) 293T cells were transfected with a PcDNA3.1 vector containing HA-tagged TREM2 and FLAG-tagged MPO or AZU1. Immunofluorescence
staining of HA, FLAG and DAPI in 293T cells to analyze colocalization of TREM2 and MPO or AZU1. Scale bar, 5 μm. C) The binding profile of TREM2
to different concentrations of MPO was measured by surface plasmon resonance (SPR) assay. D) Blocking binding experiments were performed to
measure the binding of TREM2 to MPO in the presence of TREM2 antibody (n=5, one-way ANOVA). E–J) The PcDNA3.1 plasmid encoding HA-tagged
WT (full length, FL), or truncated forms of TREM2, respectively, deleting the transmembrane (ΔTM), the cytosolic domain (ΔCD), or Ig (ΔIg), as well as
4 mutant forms of TREM2 (R47H, R62H, T96K, and H157Y) were constructed. The PcDNA3.1 plasmid encoding FLAG-tagged FL, or pro-peptide (Pro),
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BMDCs showed attenuated activation of key molecules in both
the DAP12/SYK and cGAS/STING signaling pathways, includ-
ing p-SYK, p-ERK1/2, p-NF-𝜅B, p-TBK1, and p-IRF3, com-
pared to WT BMDCs (Figure 6E, F). Since our data showed
that the T96K mutation in TREM2 enhanced its binding to
MPO (Figure 5I–K), we further investigated whether the mu-
tations influenced the activation of these signaling pathways.
Human DCs were transfected with plasmids encoding HA-
tagged TREM2 (WT, or R47H, R62H, T96K, H157Y) and FLAG-
tagged MPO, and then stimulated with ICs. Consistent with
the enhanced interaction between the TREM2 mutation (T96K)
and MPO (Figure 5I–K), the phosphorylation levels of SYK,
ERK1/2, NF-𝜅B, TBK1, and IRF3 were also increased in DCs
transfected with a plasmid encoding the T96K TREM2 muta-
tion compared to those transfected with a WT TREM2 plasmid
(Figure 6G, H). Furthermore, to verify the causal relationship
between DAP12/SYK and cGAS/STING signaling pathways, we
used the specific STING inhibitor H151. Inhibition of STING
significantly blocked downstream TBK1 and IRF3 activation but
had no effect on the SYK and ERK1/2 activation (Figure 6I,
J), indicating that the activation of cGAS/STING is later than
the classical DAP12/SYK signaling. Overall, these data demon-
strated that TREM2 mediates NETs/MPO-induced DAP12/SYK
and cGAS/STING signaling activation (Figure 6K). In sequence,
TREM2/DAP12/SYK signaling is an early event triggered by ex-
ternal NETs binding, which promotes phagocytosis and subse-
quent intracellular cGAS/STING pathway activation.

2.7. Inhibition of NETs or MPO Protects Against TREM2-Driven
Lupus Progression

NETs play a critical role as autoantigens in the immunopathol-
ogy of SLE, and evidence suggests that NETosis is significantly
upregulated, leading to the accumulation of substantial amounts
of NETs in SLE patients.[8] To further explore whether NETs are
required for TREM2-driven lupus pathogenesis, we treated both
WT and Trem2−/− lupus mice with GSK484, a PAD4 inhibitor
that blocks NET formation (Figure 7A). Upon GSK484 treat-
ment, both mouse strains exhibited decreased levels of serum
anti-dsDNA Abs and proteinuria compared to their respective
PBS-treated control group (Figure 7B). Moreover, those markers
showed no significant differences between the GSK484-treated
WT and Trem2−/− lupus mice (Figure 7B). Similarly, administra-
tion ofGSK484 also led to amarked amelioration of lupus nephri-
tis pathology in bothmouse strains (Figure 7C, D). GSK484 treat-
ment significantly reduced the size and weight of the spleen and
lymph nodes in both WT and Trem2−/− lupus mice compared
to their respective PBS-treated controls, and there was no sig-

nificant difference between the two groups with GSK484 treat-
ment (Figure 7E). To investigate the underlying mechanism, we
assessed the activity of the TREM2 signaling pathway. Flow cyto-
metric analysis revealed that GSK484 suppressed the phospho-
rylation of SYK, ERK1/2, and TBK1 compared to the PBS con-
trol (Figure 7F), indicating that NET inhibition blocks TREM2-
mediated DAP12/SYK and cGAS/STING signaling activation.
These data demonstrate that NETs are essential for TREM2-
driven lupus manifestations and signaling activation. As SLE pa-
tients have an impaired ability to degrade NETs,[3] the accumu-
lated NETs-derived DNA acts as an autoantigen that is internal-
ized via TREM2-mediated phagocytosis. To further validate the
role of NETs, we also administered DNase I (degradation agent
of DNA) to WT and Trem2−/− lupus mice (Figure S16A, Support-
ing Information). Administration of DNase I significantly ame-
liorated key disease manifestations in both WT and Trem2−/−

lupus mice, including serum anti-dsDNA Abs, proteinuria, lu-
pus nephritis pathology, and lymphoid organ enlargement, com-
pared to PBS-treated controls (Figure S16B–D, Supporting Infor-
mation). Notably, the therapeutic effect of DNase I did not differ
significantly between the two genotypes (Figure S16B–D, Sup-
porting Information). Taken together, these results from two ex-
perimental approaches demonstrate that NETs are essential for
TREM2-driven lupus pathogenesis.
Having identified NETs-derived MPO as a TREM2 lig-

and, we further assessed its functional role in TREM2-driven
lupus progression by administering the MPO inhibitor 4-
Aminobenzohydrazide (ABAH) to WT and Trem2−/− lupus
mice (Figure 7G). ABAH treatment significantly rescued
lupus-related manifestations—including proteinuria, serum
anti-dsDNA Abs levels, kidney pathology, splenomegaly, and
lymphadenopathy—in both genotypes compared to PBS-treated
controls (Figure 7H–J). Crucially, the therapeutic efficacy of
ABAH was comparable between WT and Trem2−/− lupus
mice (Figure 7H–J). Collectively, these results demonstrated
that NETs-derived MPO is required for TREM2-driven lupus
progression.

3. Discussion

SLE is an autoimmune disease characterized by hyperactive
immune cells, aberrant production of proinflammatory cy-
tokines and autoantibodies, and consequent inflammatory organ
damage.[3] While B-cell overactivation and autoantibody produc-
tion are central to lupus immunopathogenesis [39], the partial ef-
ficacy of the B-cell-regulating drug Belimumab[40] implies con-
tributions from other immune mechanisms. A growing body
of evidence indicates that DCs are essential in autoimmune re-

or light chain L), or heavy chain H) of MPO was constructed. (F,G) 293T cells were transfected with FL or truncated forms of TREM2 plasmids and FL or
the critical domain of MPO plasmids. Co-IP assay was performed to identify the key domains mediating the interaction between TREM2 and MPO. H)
Competitive binding experiment was performed to measure the binding of TREM2 to MPO in the presence of peptide encompassing residues 279-290
of MPO (n=5, one-way ANOVA). I,J) 293T cells were transfected with WT or mutant TREM2 plasmids and MPO domain plasmids. The Co-IP assay was
performed to analyze the interaction between mutant TREM2 and MPO. K) Binding of MPO to immobilized WT, R47H, T96K TREM2 was determined
by solid-phase binding (SPB) assay (n=5, one-way ANOVA). (L) WT BMDCs were stimulated with DNA, or ICs (DNA+IgG), or ICs+MPO for 24 h. The
maturation markers (MHC II, CD80, and CD86) of BMDCs were analyzed by flow cytometry (n=5, one-way ANOVA). (M) WT or Trem2−/− BMDCs were
stimulated with ICs (DNA+IgG), or ICs+MPO for 24 h. The maturation markers of BMDCs from four groups were analyzed by flow cytometry (n=5,
one-way ANOVA). The results are presented as the mean ± SEM from at least three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns,
no significance difference.
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Figure 6. NETs activate DAP12/SYK and cGAS/STING signaling pathway via TREM2. A) BMDCs were stimulated with PBS or NETs for 12h and then
were lysed. Anti-TREM2 IP were analyzed for DAP12 and p-SYK. B) KEGG pathway enrichment analysis was performed on the differentially expressed
genes relating to signal transduction that were identified between SLE patients with high and low TREM2 expression. C) WT and Trem2−/− BMDCs were
stimulated with NETs at multiple time points (15 min, 30 min, 60 min, 3 h, 6 h, and 12 h). The protein levels of total SYK, ERK1/2, NF-𝜅B, TBK1, IRF3,
along with their phosphorylated forms were determined byWB. D) The band intensities of p-SYK, p-ERK1/2, p-NF-𝜅B, p-TBK1, and p-IRF3 were quantified
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sponses, and DC dysfunction contributes to autoimmune dis-
eases, including SLE and autoimmune encephalomyelitis.[41,42]

In SLE patients, DCs exhibit abnormal activation andmaturation
after being exposed to autoantigen.[43] Activated DCs present au-
toantigens to T cells and directly promote B cell survival through
cytokine secretion, thereby further amplifying the inflammatory
response.[11] Notably, conventional DCs (cDCs), including cDC1
and cDC2 subsets, play distinct roles in SLE.[41] cDC1s are partic-
ularly efficient at cross-presenting antigens and activating CD8+

T cells. Meanwhile, cDC2s are specialized in presenting autoanti-
gens via MHC II to prime CD4+ T cells and drive T helper cell re-
sponses, thereby further promoting B cell activation and autoan-
tibody production.[44] Therefore, therapeutic strategies targeting
DC function represent a promising avenue for SLE treatment.
Previous in vitro studies indicated that TREM2 promotes

DC maturation and activation.[21,45] Another in vivo study
showed that TREM2 enhances the function of DCs in trig-
gering an inflammatory response and then exacerbates colonic
inflammation.[22] In this study, we identified that TREM2 expres-
sion is elevated on DCs from SLE patients, particularly within
the cDC2 subset. Using the murine lupus model, BMDCs and
patient samples, we confirmed that TREM2 potentiates DC mat-
uration and activation. Furthermore, we investigated its impact
on antigen presentation and found that TREM2 enhances the ca-
pacity of DCs to drive CD4+ T cell proliferation. Consistent with
its expression profile, TREM2 signaling favored the differentia-
tion of T cells into Th2 and Th17 subsets and promoted B cell ac-
tivation. Consequently, we demonstrated that TREM2 aggravates
lupus-like symptoms in mice by enhancing DC maturation and
antigen presentation.
TREM2, a transmembrane receptor, can undergo alternative

splicing or proteolytic processing to produce sTREM2, which
serves as a predictive factor for the development of Alzheimer’s
disease (AD) and dementia.[46] Moreover, it has been shown to
possess biological activity, such as binding to amyloid aggregates
and exerting a beneficial effect on A𝛽 pathology[47]. Evidence
from autoimmune diseases of the central nervous system also
suggests a potential functional role. For instance, elevated cere-
brospinal fluid (CSF) sTREM2 levels have been reported in mul-
tiple sclerosis[48] and are associated with microglial dysfunction
in neuromyelitis optica spectrum disorders.[49] Notably, in neu-
ropsychiatric SLE, increased CSF sTREM2 levels were observed
in patients with an acute confusional state.[50] In the present
study, we revealed that serum sTREM2 levels were increased in
SLE patients and were positively correlated with clinical markers
of disease activity and severity. However, based solely on our cor-
relative data, we cannot conclude whether sTREM2 is merely a
surrogate biomarker reflecting systemic immune activation or if

it plays an active pathogenic or protective role in SLE. Therefore,
future mechanistic studies are essential to determine its specific
biological functions and its role in SLE pathogenesis.
TREM2 is a pivotal modulator of innate immunity, with

its diverse roles influencing the progression of multiple dis-
eases. In the nervous system, it critically regulates microglial
functions—such as proliferation, activation, and phagocytosis—
promoting a protective phenotype essential for clearing cel-
lular debris and amyloid-beta plaques and maintaining neu-
ral homeostasis.[34,51,52] Similarly, in macrophages, TREM2 en-
hances phagocytosis by recognizing lipids, apoptotic cells, and
pathogens, thereby playing a role in atherosclerosis and infec-
tious diseases.[53,54] In autoimmune disease, TREM2 has been
reported to drive the development of multiple sclerosis and
arthritis.[55,56] Regarding its role in DCs, in vitro and in vivo
studies demonstrated that TREM2 promotes DCmaturation and
survival,[21,22] a role our current study confirms in the context
of lupus progression. However, the role of TREM2 in regulat-
ing immune cell inflammation remains controversial. For in-
stance, it negatively regulates DC maturation in liver ischemia-
reperfusion injury[23] and suppressesmacrophage responses dur-
ing mycobacterial infection to promote bacterial evasion.[57] The
observations suggested that the TREM2 functions depend on the
specific cell type, ligands, and the pathogenesis of diseases.
As a surface receptor, TREM2 exerts multiple functions by

binding to a range of ligands, including bacterial products, phos-
pholipids, lipoproteins, and proteins [20], but the highly specific
TREM2 ligand is largely unknown in the immunopathogenesis
of SLE. Given that autoantigens are the triggering signals of au-
toimmunity, we aimed to identify specific autoantigens relevant
to TREM2 signaling in SLE. Our results demonstrated that NETs
acted as key autoantigens associated with TREM2. Mechanisti-
cally, using a combination of murine models and human sam-
ples, we demonstrated that TREM2 mediates NETs-induced DC
maturation and antigen presentation by facilitating the phagocy-
tosis of NETs. Accumulating evidence supports the implication of
NETs in the pathogenesis of SLE.[35,58] The prevailing model sug-
gests that NETs-derived nucleic acids activate intracellular sen-
sors. NETs can activate pDCs to produce type I interferons in
a DNA- and TLR9-dependent manner,[9] while NETs-associated
RNA can trigger TLR7 signaling in endothelial cells.[59] Further-
more, oxidized mitochondrial DNA from NETs may engage the
cytosolic DNA sensor cGAS.[60] Observations from other autoim-
mune contexts, such as ANCA-associated vasculitis, also indicate
that NETs can activate myeloid DCs [61], yet the specific receptor
mediating this effect remained unknown. Here, our study un-
covers a previously unrecognized pathway centered on TREM2,
which directly binds to NETs and facilitates their phagocytosis by

using ImageJ software and normalized to their corresponding total protein levels (n=5, unpaired 2-tailed Student’s t-test). E,F) WT and Trem2−/− BMDCs
were stimulated with PBS or IC+MPO for 12 h. The protein levels of total and phosphorylated SYK, ERK1/2, NF-𝜅B, TBK1, and IRF3 were determined
by WB. The band intensities were quantified and normalized to their corresponding total protein levels (n=5, one-way ANOVA). G,H) Human DCs were
transfected with HA-taggedmutant TREM2 plasmids (WT, R47H, R62H, T96K, H157Y) and FLAG-taggedMPO plasmid, and then stimulated with ICs for
12 h. The protein levels of total and phosphorylated SYK, ERK1/2, NF-𝜅B, TBK1, and IRF3 were determined by WB. The band intensities were quantified
and normalized to their corresponding total protein levels (n=3, One-way ANOVA). I,J) WT and Trem2−/− BMDCs were pretreated with STING inhibitor
(H151) or DMSO, and then the four groups were stimulated with IC+MPO for 12 h. The protein levels of total and phosphorylated SYK, ERK1/2, NF-𝜅B,
TBK1, and IRF3 were determined by WB. The band intensities were quantified and normalized to their corresponding total protein levels (n=5, One-way
ANOVA). K) The schematic diagram of TREM2-mediated downstream signaling induced by NETs/MPO. The results are presented as the mean ± SEM
from at least three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance difference.
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Figure 7. Inhibition of NETs and MPO protects against TREM2-driven lupus progression. A) WT or Trem2−/− lupus mice were administered with NETs
inhibitor (GSK484) or PBS by intraperitoneal injection (i.p.) every day for one month. B) The serum and urine samples from each mouse of the indicated
groups were collected after DNase I or PBS treatment. The anti-dsDNA Abs and proteinuria levels were detected by ELISA (n=5, one-way ANOVA).
C,D) The paraffin-embedded kidney sections were stained with H&E and Masson. The Kidney pathology was evaluated by GN scores (n=30, one-way
ANOVA). Scale bar, 20 μm. E) The gross appearance and the weight of spleens or lymph nodes from mice of the indicated groups were recorded (n=5,
one-way ANOVA). F) The phosphorylation levels of SYK (Tyr352), ERK1/2 (Thr202/Tyr204), and TBK1(Ser172) in splenic DCs were quantified by flow
cytometry (n=5, one-way ANOVA). G) WT or Trem2−/− lupus mice were administered with MPO inhibitor (ABAH) or PBS by i.p. every day for one month.
H) The anti-dsDNA Abs and proteinuria levels were detected by ELISA (n=5, one-way ANOVA). I) The Kidney pathology was evaluated by GN scores
(n=30, one-way ANOVA). J) The gross appearance and the weight of spleens or lymph nodes were recorded (n=5, one-way ANOVA). The results are
presented as the mean ± SEM from three separate experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance difference.
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DCs. This process is distinct from TLR-driven innate interferon
responses and instead directly bridgesNETs recognition to the ac-
tivation of adaptive immunity through DC antigen presentation.
Thus, our discovery not only provides a mechanistic explanation
for earlier observations of NETs-mediated DC activation but also
positions the TREM2 pathway as a key contributor to SLE patho-
genesis.
NETs are complexes composed of nucleic acids and proteins.[7]

To investigate the specific component of NETs binding to
TREM2, we applied MS analysis, Co-IP, and immunofluores-
cence assays to demonstrate that MPO can directly interact with
TREM2. A previous study reported that the T96K TREM2 vari-
ant increases the binding to phospholipids.[62] Furthermore, we
found that the T96K TREM2 variant enhanced the interaction
with MPO. Taken together, these data elucidate that MPO is a
new ligand for TREM2 in SLE. MPO is an important peroxidase
primarily expressed in neutrophils, which is involved in multi-
ple inflammatory diseases by inducing oxidative stress and ac-
tivating immune cells.[63–65] In SLE patients, MPO levels posi-
tively correlate with disease severity.[66] However, the function of
the binding between MPO and TREM2 remains unclear. Several
studies reported that the neutrophil proteins (LL37 and HNP)
are required for the ability of DNA contained in NETs to acti-
vate pDCs. These proteins promote the uptake and recognition
of DNA by pDCs.[9,35,67] Herein, we revealed that MPO facilitates
the DNA to enter and activate DCs by directly binding to TREM2.
In addition, studies have reported that MPO promotes NETs for-
mation, and MPO inhibition reduces both NETs formation and
kidney damage in patients with ANCA-associated vasculitis.[68]

To verify the role of NETs and MPO in TREM2-aggravated lupus
progression, Trem2−/− and WT lupus mice were administered
withGSK484 (inhibition theNETs formation) or ABAH (MPO in-
hibitor). The GSK484 or ABAH totally abrogated the differences
in lupus manifestations between the two genotype lupus mice,
implying that NETs and MPO are required for TREM2-mediated
lupus. Collectively, we reveal the function of NETs-derived MPO
as a ligand for TREM2, and provide a new therapeutic target for
lupus.
TREM2 is known to transmit signals through the cytoplasmic

adapter protein DAP12, which is primarily expressed on DCs
and macrophages.[20] DAP12 mediates the functions of TREM2,
such as phagocytosis andmicroglial activation, by recruiting SYK
tyrosine kinases and activating downstream signaling pathways
such as ERK and PI3K.[69,70] In our study, we demonstrated that
TREM2-mediated DC maturation and phagocytosis of NETs de-
pend on the DAP12/SYK/ERK1/2 signaling pathway. Following
the engulfment of NETs by DCs, the cytosolic DNA sensor cGAS
recognizes NETs-derived DNA. This recognition activates the
STING signaling pathway, which in turn activates TBK1, IRF3,
andNF-𝜅B. Previous studies also reported that NETs can be taken
up by various cells through endocytosis and then activate the
cGAS/STING pathway.[36,37,71] However, what’s important and
distinctive is that our study emphasizes the role of membrane re-
ceptor TREM2 in NETs-induced cGAS-STING pathway, in which
TREM2 enhances the uptake of NETs by DCs. Taking these data
together, we demonstrated that TREM2 mediates the sequential
activation of two signaling pathways in response to NETs. First, it
directly activates TREM2-mediated DAP12/SYK/ERK1/2 signal-
ing. Subsequently, TREM2 facilitates the engulfment of NETs,

leading to activation of the cGAS/STING signaling pathway in
DCs.
In terms of the regulatory role of TREM2 in disease, we em-

ployed multiple murine lupus models—including ALD-DNA-
induced, pristane-induced, and DC transfusion models—to
demonstrate that TREM2 exacerbated lupus progression by pro-
moting DC maturation. This finding was further validated by
administering a TREM2 inhibitory antibody in spontaneous
MRL/lpr lupus mice. To further validate the role of TREM2 in a
human-relevant context, we utilized the humanized anti-TREM2
antibody PY314.[72] Experiments on DC from SLE patients re-
vealed that TREM2 blockade significantly impaired their mat-
uration and antigen-presenting capacity in response to NETs.
These findings from patient-derived samples not only confirm
the pathophysiological role of TREM2 in human SLE but also
highlight the translational value of TREM2 blockade, as it effec-
tively modulates DC-driven adaptive immune responses in a hu-
man disease context. In summary, our study provides mechanis-
tic insights into lupus pathogenesis and proposes a promising
therapeutic strategy combining TREM2 blockade with NET elim-
ination.

4. Experimental Section
Human Participants and PBMCs Isolation: SLE patients (n═46) and

age-matched healthy controls (n═30) were recruited from The Fifth Af-
filiated Hospital of Sun Yat-sen University (Zhuhai, China). All partici-
pants provided written informed consent prior to enrollment in the study.
The consent process was conducted by the attending physicians, who ex-
plained the purpose of the research, the procedures involved, potential
risks and benefits, and the confidentiality of their personal data. Partici-
pants were informed that their participation was entirely voluntary and that
they could withdraw at any time without affecting their medical care. The
study was conducted in accordance with the Declaration of Helsinki and
under protocols approved by the Ethics Committee of The Fifth Affiliated
Hospital of Sun Yat-Sen University (approval number: 2024-K93-1). Dis-
ease activity was assessed by the SLEDAI-2K on the day of blood collection.
The diagnosis of SLE was based on the 2019 EULAR/ACR classification cri-
teria. The exclusion criteria included SLE patients complicated with recent
or active infection, malignancy, and other autoimmune diseases. Clinical
and laboratory characteristics of SLE patients and healthy controls are pro-
vided in Table S1 (Supporting Information). Blood from SLE patients and
healthy controls was collected using lithium heparin tubes, centrifuged at
3000 rpm for 10 min, and plasma aliquots were stored at −80 °C. PBMCs
were isolated by a lymphocyte separation solution (TBD Sciences).

Human Neutrophils Stimulation and Isolation of NETs: Heparinized
blood from SLE patients and healthy controls was centrifuged by Polymor-
phprep (Axis-Shield) for 35min at 500 g to obtain neutrophils. Neutrophils
from two groups were respectively seeded on coverslips coated with Poly-
L-lysine, and cultured in complete RPMI 1640medium supplemented with
2% autologous serum at a density of 2 × 106 cells mL−1. Anti-RNP IgG (10
μg mL−1) purified from SLE patients with a high titer of anti-RNP antibod-
ies was added to the culture, and neutrophils were stimulated for 4 h. In
some experiments, the stimulated cells were fixed and permeabilized for
immunofluorescence staining. The cells were stained with the following
antibodies: rabbit anti-human citrullinated histone H3 (citH3) antibody
(Abcam), mouse anti-human MPO (Abcam), followed by AF594-labeled
goat anti-rabbit IgG (Invitrogen), AF488-labeled goat anti-mouse IgG (In-
vitrogen), and DAPI (Beyotime). Images were captured with a Zeiss 880
confocal microscope.

To isolate NETs from the activated neutrophils, the cell culture medium
was gently aspirated and discarded so that the NETs and neutrophil lay-
ers stuck to the bottom. Cells were washed twice with ice-cold PBS to re-
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move all adhesions from the bottom of the petri dish. The PBS containing
NETs and neutrophils was centrifuged at 450 g for 10 min at 4 °C to obtain
cell-free supernatants. Then the supernatant was centrifuged at 18 000 g
for 15 min at 4 °C. The supernatant was discarded, and the remaining
product was resuspended with ice-cold PBS. The DNA concentration of
supernatants containing NETs was measured using a NanoDrop (Thermo
Fisher Scientific). Use immediately or store frozen at −80 °C.

Mice: WT C57BL/6 mice were purchased from the Laboratory Ani-
mal Center of Guangdong Province. CD45.1 C57BL/6 mice were procured
from Nanjing GemPharmatech. The lupus-prone MRL/Lpr mice were pur-
chased from Changzhou Cavens Model Animal Center. Trem2−/− C57BL/6
mice were provided by Marco Colonna (Washington University School of
Medicine). Themice with loxP-flanked alleles of Trem2 exon 2/3 (Trem2fl/fl)
were generated in the Model Animal Research Center (MARC) of Nanjing
University. Mice were backcrossed to the C57BL/6J background for more
than 6 generations. To generate mice with a CD11c-specific knockout of
the Trem2 alleles (Trem2fl/fl CD11c-Cre), Trem2fl/fl mice were crossed with
mice expressing Cre recombinase under the control of a CD11c promoter
(Jackson Laboratory). All mice were housed in the experimental animal
center of the Fifth Affiliated Hospital of Sun Yat-sen University. The use of
animals was approved by the Animal Ethics Committee of the Fifth Affili-
ated Hospital of Sun Yat-sen University (approval number: 00443).

ALD-DNA Immunization Induced Murine Lupus Models: The activated
lymphocyte-derived DNA (ALD-DNA) was extracted from excessively ac-
tivated lymphocytes and was characterized by immunogenicity. It can
be recognized by the immune system, thereby triggering an immune
response.[73] The preparation of ALD-DNA refers to the methods pro-
posed by Xiong et al.[24] Splenocytes were stimulated with Con A (5
μg mL−1) for 6 days to reach an apoptotic status. According to the in-
structions of the HiPure tissue DNA kit (Megan), genomic DNA was ex-
tracted from apoptotic splenocytes to obtain ALD-DNA. The concentration
of DNA was determined by the NanoDrop (Thermo Fisher Scientific).

Female 6–8 weeks old mice were subcutaneously injected under the
dorsal skin with 0.1 ml of an emulsion containing 50 μg of ALD-DNA
plus complete Freund’s adjuvant (CFA, Sigma–Aldrich), followed by two
booster immunizations consisting of 50 μg DNA emulsified with incom-
plete Freund’s adjuvant (IFA) at week 2 and 4. Blood and urine samples
were collected every 2 weeks. All mice were sacrificed at week 12 after the
first immunization. The spleen, lymph nodes, and kidneys were collected
for further analysis.

Drug Treatment in the Lupus Mice: According to the above method,
the ALD-DNA-induced lupus model was established in WT and Trem2−/∐

mice. After confirming the successful establishment of the murine lupus
model,WT and Trem2−/− lupusmice were randomly assigned to receive ei-
ther GSK484 hydrochloride (5 mg Kg−1/day), DNase I (2.5 mg Kg−1/day),
ABAH (40 mg Kg−1/day), or an equal volume of PBS (control) via daily
intraperitoneal injection for one month. The investigators performing the
outcome assessments (sample collection and data analysis) were blinded
to the group allocation. After one month of treatment, all mice were eu-
thanized, and the blood, spleens, lymph nodes, and kidneys were isolated
for further analysis.

Isolation and Stimulation of Human DCs: Human CD11c+ DCs were
isolated from peripheral PBMCs bymagnetic bead separation (STEMCELL
Technologies). The DCs (2 × 106 cells mL−1) were incubated in complete
RPMI 1640 medium with anti-hTREM2 (MCE, PY314), or control IgG Abs
(MCE) at 10 μg mL−1 for 1 h, and then activated with NETs from SLE pa-
tients overnight. The activation markers MHC II and CD86 of DCs were
detected by flow cytometry.

The Generation of DNA Immune Complexes: The total IgG from 5ml
serum of lupus mice with a high titer of anti-dsDNA Abs was isolated with
a HiTrap Protein G affinity column (Cytiva). The concentration of IgG was
detected by the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific). Purified mouse ALD-DNA (300μg mL−1) was mixed with IgG
(1mg mL−1), and MPO (1mg mL−1, MCE) in 10μL of PBS. For BMDCs
stimulation, complexes were diluted into 1mL of complete medium.

Stimulation of BMDCs: The BMDCs were generated according to the
above methods. WT and Trem2−/− BMDCs were respectively seeded in 6-
well plates and cultured in RPMI-1640 supplemented with 10% FBS, 100

IU mL−1 penicillin, 100 μg mL−1 streptomycin. For stimulation, the WT
and Trem2−/− BMDCs were treated with NETs or ICs for 15, 30, 60 min, 3,
6, and 12 h. And the control groups were treated with PBS.

Phagocytosis Assays: To visualize the internalized NETs-derived MPO,
BMDCs were co-cultured with NETs for 3 h. After washing with PBS, the
BMDCs were fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100. The cells were incubated with anti-MPO rabbit an-
tibody (EPR20257, Abcam) overnight. The following day, the cells were
stained with an AF594 conjugated goat anti-rabbit IgG (Abcam) to visual-
ize the internalizedMPO. Finally, cells were stained with green-fluorescent
phalloidin (MesGen) to visualize F-actin and with Hoechst 33342 (Sigma-
Aldrich) to label nuclei. The BMDCs were observed under confocal mi-
croscopy.

In the flow cytometry-detected phagocytosis experiments, WT and
Trem2−/− BMDCs were pretreated with 5 μM Cytochalasin D (Cyto D) or
vehicle DMSO for 30 mins. And then BMDCs were co-cultured with 5μM
PI (Thermo Fisher Scientific)-labeled NETs for 3 h. At the end of the phago-
cytic phase, all cells in the wells were collected and washed, and then an-
alyzed by flow cytometry.

To visualize the uptake of ALD-DNA by BMDCs, ALD-DNA was labeled
with MFP488 using the Label IT® Nucleic Acid Labeling Kit (Mirus), ac-
cording to the standard protocol provided by the manufacturer. BMDCs
were stimulated with DNA MFP488-containing ICs for 4 h, washed, and
analyzed by flow cytometry.

Mass Spectrometry for the Analysis of NETs Proteins: The NETs from
SLE patients were treated with DNase I (50 U mL−1, Roche) to detach
DNA. NETs proteins were precipitated using 80% v/v acetone overnight
at −20 °C. NETs protein (precipitated pellet) was obtained via centrifuga-
tion at 10 000 g for 30 min. Then, NETs protein was dissolved in the cell
lysis buffer with protease inhibitor PMSF. NETs proteins were incubated
with hTREM2-Fc (R&D System) or control IgG1 (R&D System) and Pro-
tein A/G agarose beads (EMD Millipore) for a night at 4 °C with constant
rotation. Beads were then washed five times using the cell lysis buffer.
The beads bound to the antibody and the corresponding proteins were
collected for analysis. Then, the mass spectrometry was performed on an
Orbitrap Fusion Lumos using the parameters consistent with the previous
protocol.[74]

Surface Plasmon Resonance: Surface plasmon resonance (SPR) anal-
ysis was performed at 25 °C using a Biacore (Cytiva). Purified human
TREM2 protein was immobilized onto a Biacore CM5 chip using the amine
coupling kit (Cytiva) following the manufacturer’s instructions. Purified
human MPO was tested with a gradient concentration of 31.25, 62.5, 125,
250, 500, and 1000nm, respectively, and the response was measured in
resonance units.

Co-IP Assays: For exogenous Co-IP assays, the indicated plasmids
were transfected into HEK293T cells (ATCC, CRL-3216) using lipo2000
(Thermo Fisher Scientific) for 24 h, and cell lysates were immunoprecip-
itated with anti-HA beads (Sigma–Aldrich) or anti-FLAG beads (Sigma–
Aldrich) and then assessed by Western blotting. For endogenous Co-IP
assays, the BMDC were stimulated with NETs or PBS for 24 h and then
lysed to obtain cellular lysates. Protein from cell lysates was respectively in-
cubated with anti-mouse TREM2 Ab (clone EPR26210, Abcam) or isotype-
matched IgG and Protein A/G agarose beads (EMD Millipore) for a night
at 4 °C with constant rotation. Beads were then washed five times us-
ing the cell lysis buffer, followed by Western blotting for TREM2 (clone
EPR26210, Abcam), DAP12 (clone EPR24244-76, Abcam), and SYK (clone
D3Z1E, CST).

RNA Sequencing: RNA sequencing was performed as previously
described.[75] Total RNA from whole blood cells of healthy controls and
SLE patients was extracted using TRIzol reagent (Thermo Fisher) and was
assessed for quantity and quality using a NanoDrop UV spectrophotome-
ter and a Bioanalyser. ThemRNA fragments were used for library construc-
tion. After passing the library check, the different libraries were sequenced
in Illumina after pooling them according to the effective concentration
and the target sequencing output data volume, yielding 150 bp paired-
end reads. Sequences were aligned to the reference human genome ver-
sion GRCh38 using STAR. Gene expressions were obtained both as read
counts directly from STAR as well as computed using RSEM in order to ob-
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tain gene and transcript level expression, FPKM values, for these stranded
RNA libraries.

Sample clustering based on normalized log-transformed FPKM values
produces the hierarchy of samples. DESeq2 was used for differential gene
expression analysis between two groups. P-values lower than 0.05 and ab-
solute log2 fold change greater than 1 were used as thresholds for sig-
nificant differential expression. KEGG pathway enrichment analysis was
performed based on the results of the rich factor calculation and hyperge-
ometric test.

Statistical Analyses: Data analyses were performed using GraphPad
Prism 9.0 (GraphPad Software). The unpaired two-tailed Student’s t-test
was used for comparisons between two independent groups, while the
paired two-tailed Student’s t-test was used for matched samples. One-
way ANOVA with Tukey’s post hoc test was used to analyze the differences
among multiple groups. Pearson’s correlation analysis was used for cor-
relation analysis. Data are shown as the mean ± SEM. The P value of less
than 0.05 was regarded as statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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