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Low capacity to produce ROS because of mutations in neutrophil cytosolic factor 1 (NCF1/
p47phox), a component of NADPH oxidase 2 (NOX2) complex, is strongly associated with
systemic lupus erythematosus in both humans and mouse models. Here, we aimed to
identify the key immune cell type(s) and cellular mechanisms driving lupus pathogenesis
under the condition of NCF1-dependent ROS deficiency. Using cell-specific Cre-deleter,
human NCF1-339 variant knockin, and transgenic mouse strains, we show that low ROS
production in plasmacytoid dendritic cells (pDCs) exacerbated both pristane-induced lupus
and a potentially new Y-linked autoimmune accelerating locus-related spontaneous model
by promoting pDC accumulation in multiple organs during lupus development, accompanied
by elevated IFN-a levels and expression of IFN-stimulated genes. Mechanistic studies
revealed that ROS deficiency enhanced pDC generation through the AKT/mTOR pathway
and CCR2-mediated migration to tissues, which together with hyperactivation of the redox-
sensitive stimulator of interferon genes/IFN-a/JAK1/STAT1 cascade further augmented
type | IFN responses. More importantly, by suppressing these pathways, restoration of
NOX2-derived ROS specifically in pDCs protected against lupus. These discoveries explain
the causative effect of dysfunctional NCF1in lupus and demonstrate the protective role of
pDC-derived ROS in disease development driven by NCF1-dependent ROS deficiency.

Introduction

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease with a global incidence
of around 0.1%, predominantly observed in women of child-bearing age (1). Patients with SLE present
a broad range of clinical manifestations, including skin rash, arthritis, glomerulonephritis, neurological
symptoms, hemolytic anemia, and vasculitis (2). The disease is characterized by loss of tolerance to ubig-
uitous self-antigens, high titers of autoantibodies directed against nuclear components such as dsDNA and
nucleosomes, immune complex (IC) deposition, as well as involvement of multiple organs. Organ damage
occurs as a consequence of the chronic, uncontrolled autoimmune responses, or secondarily because of
vasculitis- and thrombosis-induced ischemia. The majority of patients with SLE display overactivation of
the type I IFN system, a so-called type I IFN signature, indicated by increased serum level of IFN-a and
expression of type I IFN-stimulated genes (ISGs), which correlates with SLE activity and severity (1). [FNs
act as an immune adjuvant for diverse immune responses, including production of proinflammatory cyto-
kines and autoantibodies by stimulating monocytes, T cells, and B cells (3). The exact cause of SLE has not
been fully understood, yet it is believed that genetic predisposition together with exogenous factors such as
viral infections, smoking, UV irradiation, and certain drugs lead to dysregulation of innate and adaptive
immune systems, subsequently driving the clinical disease (4).
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The regulatory role of ROS has been recently considered key to development of inflammatory and
autoimmune diseases such as SLE (1, 5). Mutations of genes determining NADPH oxidase 2 (NOX2)
complex, a membrane enzyme complex in endothelial and phagocytic cells with primary function of
generating ROS in response to innate immune stimuli, lead to chronic granulomatous disease (CGD),
which is accompanied by various autoimmune manifestations, including inflammatory bowel disease,
lupus, antiphospholipid syndrome, and polyarthritis (5). Of importance, an SNP in the neutrophil cyto-
solic factor 1 (NCFI) gene, which encodes the NCF1 protein (also known as p47phox), a key subunit
of NOX2, has been identified (denoted NCF1-339) (6). The dysfunctional NCFI-339 allele, leading to
impaired function of NOX2 complex, represents the strongest genetic association for SLE, regarding
both odds ratio and allelic frequency (1, 7, 8).

Previous studies have confirmed a role of NCF1-dependent ROS in mouse models of SLE (9-12).
Mice with low ROS production due to the NefI™/ mutation spontaneously develop elevated levels of lupus-
associated autoantibodies, significant deposits of IgG and complement C3 in glomeruli, as well as high
expression of ISGs and inflammation-related genes (5, 13). Similar lupus-like manifestations are observed
in naive mice carrying the human SNP NCF/-339, which can be exacerbated by pristane injection (9). Sev-
eral mechanisms have been proposed for the association between NCF1-derived ROS deficiency and lupus
development. Impaired formation of neutrophil extracellular traps (NETs) and insufficient efferocytosis by
macrophages/monocytes because of reduced endosomal acidification are suggested to contribute to aggra-
vation of pristane-induced lupus (PIL) in ROS-deficient mice (9, 11, 14). In addition, acidic pH in endo-
somes caused by defective localization of NCF1 activates TLR signaling in plasmacytoid dendritic cells
(pDCs), the principal producer of type I IFNs, leading to increased IFN secretion and thereafter more severe
disease in the imiquimod-induced lupus model (12, 15-17). Nevertheless, the key immune cell type(s) medi-
ating NCF1-dependent lupus exacerbation and underlying mechanisms require elucidation.

In this study, using cell-specific Cre-deleter, knockin, and transgenic mouse strains, we systematically
investigated which immune cell type(s) are responsible for ROS-dependent lupus exacerbation. We identi-
fied pDCs as the pathogenic cells in PIL and a potentially new spontaneous lupus model. ROS deficiency
due to the N¢fl mutation or the NCFI-339 SNP enhanced pDC generation through the AKT/mTOR
pathway and CCR2-dependent pDC accumulation in multiple organs during disease development.
Increased numbers of pDCs, together with their hyperactivation via stimulator of interferon genes
(STING)/IFN-a/JAK1/STAT1 signaling, resulted in higher IFN-a levels and ISG expression, explain-
ing the impact of NCF1-derived ROS on lupus severity.

Results

Deficiency in NOX2-derived ROS leads to PIL exacerbation in Ncfl-mutant mice. N¢fI"7"7 mice carry a loss-of-
function mutation in the N¢fI gene, which encodes an essential subunit of the NOX2 complex, leading to
complete inhibition of ROS production (13). It has been reported that Nc¢fI”//"% on Balb/c background
develop exacerbated PIL compared with Balb/c WT, as represented by more severe IC glomerulonephritis
and higher levels of lupus-associated autoantibodies (11, 18). In agreement with the previous studies, here
we show that Balb/c.N¢fI™7/"J produced higher levels of autoantibodies against dSDNA and nucleosomes
(Figure 1A). An increase in anti-cardiolipin antibody production was also observed at 2 months post pris-
tane injection (MPT) (Figure 1A). Moreover, Balb/c.NefI"%/"% mice displayed more severe and accelerated
kidney disease, reflected by higher and earlier appearing urinary protein excretion (Figure 1B) and more
frequent glomerular IgG deposits in the kidneys (Figure 1C). PIL on Balb/c background presents lupus
arthritis similar to the manifestations in patients with SLE (18). We found that the pristane-treated Bal-
b/c.NefI™'V mice developed earlier and more severe lupus arthritis with higher incidence compared with
WT, as evidenced by clinical and histopathological assessments (Figure 1, D and E). Taken together, defi-
ciency of NOX2-derived ROS causes more severe lupus-like disease.

ROS deficiency in Mrp8* cells, mainly neutrophils, does not affect PIL development. Neutrophils express a high
level of NOX2 complex, leading to strong respiratory burst upon stimulation, and they have been suggested
to be important in lupus development (11). To investigate the role of NOX2-derived ROS from neutrophils
in lupus, we used a mouse strain expressing NCF1 under the control of the human S100A8 promoter,
Mrp8-Cre.TN3. Oxidative burst was detected only in neutrophils but not in macrophages/monocytes or
DCs from B6N.Q.Mrp8-Cre*. TN3 (Mrp8-Cre*.TN3) mice (Figure 2A). The capacity of extracellular ROS
production in neutrophils was partially restored (Figure 2B). Considering that SI00AS8 can be upregulated
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Figure 1. Deficiency in NOX2-derived ROS leads to PIL exacerbation in Ncf1-mutant mice. (A) Serum levels of autoantibodies against dsDNA, nucleo-
somes, and cardiolipin; (B) urinary protein concentrations; and (D) clinical scores and incidence of PIL in Balb/c.Ncf1™™% (n = 15) and Balb/c WT littermates
(n =10) at different time points after pristane injection. (C) The fluorescence intensity of IgG within glomeruli from Balb/c.Ncf1™%m (n = ) and Balb/c WT
littermates (n = 5) at 5 MPI. Representative images of IgG deposits are taken at original magnification 10x (scale bar = 50 pm) and 20x (scale bar = 20 pm).
(E) Histopathological scoring of joints from Balb/c.Ncf1™¥™% (n = 7) and Balb/c WT littermates (n = 14) at 5 MPI. Representative sections of joints are taken
at original magnification 2.5x (scale bar = 500 um) and 10x (scale bar = 100 um) (Ti, tibia; Ta, talus). Pannus and bone erosion are indicated by the arrow
and triangles, respectively. Statistical significance is determined by 2-way ANOVA with Holm-Sidak multiple-comparison test (A, B, and D) and 2-tailed
Mann-Whitney U test (C and E). Significance is presented as asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

during infection and cytokine stimulation in cells other than neutrophils, we measured oxidative burst in
various peripheral blood cell types from Mrp8-Cre. TN3 strains before and after pristane injection (19).
Only neutrophils displayed ROS burst, confirming the specificity of this strain (Supplemental Figure 1;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.164875DS1).

We injected Mrp8-Cre. TN 3 mice with pristane and followed the development of lupus. Mrp8-Cre*. TN3
and Mrp8-Cre" . TN3 mice developed comparable levels of autoantibodies against dsSDNA and nucleo-
somes during the disease (Figure 2C). Similar levels of urinary protein and renal infiltration of CD45*
immune cells were observed at 6 MPI between Mrp8-Cre*. TN3 mice and their Cre" littermates (Figure
2, D and E), indicating comparable kidney disease severity. The results suggest that NOX2-derived ROS
from neutrophils are dispensable in PIL.
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Figure 2. ROS deficiency in Mrp8-* cells, mainly neutrophils, does not affect PIL development. (A) Oxidative burst in neutrophils and monocytes within
peripheral blood from naive BEN.Q (n = 4), BEN.Q.Ncf1™¥/m% (n = 5), Mrp8-Cre"TN3 (n = 5), and Mrp8-Cre* TN3 mice (n = 4). Oxidative burst in macrophages
and DCs within spleen from naive BEN.Q, B6N.Q.Ncf1™%/m, Mrp8-Cre~.TN3, and Mrp8-Cre*.TN3 (of each n = 3). (B) Extracellular ROS in BM neutrophils from
naive B6N.Q, BEN.Q.Ncf1™¥/m%, Mrp8-Cre"TN3, and Mrp8-Cre*TN3 mice (of each n = 3). AUCs are calculated and plotted. (C) Serum levels of autoantibodies
against dsDNA and nucleosomes in Mrp8-Cre* TN3 (n = 10) and Mrp8-Cre”.TN3 mice (n = 8) at different time points after pristane injection. (D) Urinary
protein concentrations and (E) frequency and numbers of CD45* cells within kidneys from Mrp8-Cre*TN3 (n = 10) and Mrp8-Cre"TN3 mice (n = 8) at 6 MPI.
Statistical analysis is done by 1-way ANOVA with Tukey’s multiple-comparison test (A and B), 2-way ANOVA with Holm-Sidak multiple-comparison test

(C), and 2-tailed Mann-Whitney U test (D and E). ****P < 0.0001. DHR, dihydrorhodamine 123.
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NOX2-derived ROS in CD68* cells, representing monocytes/macrophages and pDCs, protect against PIL. Having
excluded the role of neutrophil-specific NOX2-derived ROS in PIL, we investigated the effect of ROS
produced by myeloid and dendritic cells, which express levels of NOX2 second only to neutrophils (20).
We used the B10.Q.N¢f1"7/"i MIN™¢ (Nc¢fl"?/" MN™8) mouse strain, which expresses functional NCF1
protein under the control of human CD68 promoter. In humans and mice, CD68 is highly expressed on
monocytes/macrophages and pDCs (20) (Supplemental Figure 2A). Oxidative burst assays verified ROS
restoration in these cells but not neutrophils from N¢f7"7/5 MN™¢ mice (Figure 3A).
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With restored NOX2-derived ROS in monocytes/macrophages and pDCs, Nc¢fI"V/"V MN"® mice
developed milder lupus-like disease after pristane injection than Ngf1™//"¥ mice. Comparable levels of
autoantibodies against dsDNA and nucleosomes were found in the sera from N¢f7"7" MN" and WT
mice during PIL (Figure 3B). In addition, similar levels of urinary protein and numbers of CD45" cells in
kidneys were observed between NcfI™7/m MINT¢ and WT mice at 7 MPI (Figure 3, C and D).

Since type I IFNs are central and reflective of lupus severity and activity, we wondered if NOX2-
derived ROS ameliorate kidney damage in NcfI"%/"% MIN™ mice by dampening IFN responses. We
measured expression and phosphorylation of STAT1 (p-STAT1), one of the key transcriptional factors
activating ISG expression. Higher STAT1 and p-STAT1 were found in the kidneys of Nc¢fI™//"i mice
compared with WT mice (Figure 3, E and F). Of importance, we observed comparable levels of STAT1
and p-STATI in the kidneys of N¢f1”¥/" MN"¢ and WT mice (Figure 3, E and F). Consistent with IFN
signaling, we found more pDCs, the main producer of type I IFNs, infiltrating kidneys of NcfI”/"% mice
compared with WT mice and a similar number between N¢fI"7/ MIN™ and WT mice (Figure 3G). In
addition to kidneys, we observed the same pattern in the spleen at 7 MPI (Supplemental Figure 2B).
These results suggest that ROS produced by monocytes/macrophages and pDCs protect against PIL
by controlling pDC accumulation at inflammatory sites and in lymphoid organs, thereby limiting IFN
responses during disease development.

Restoration of ROS in CD11c* cells, predominantly DCs, alleviates PIL. Since restoration of ROS specifi-
cally in CD68" cells limits pDC accumulation and IFN signature, fully protecting N¢fI™7/% MIN"® mice
from PIL exacerbation, we hypothesized that the protection is, at least partially, because of intrinsic
ROS in pDCs. To further verify the role of NOX2-derived ROS produced by pDCs in lupus, we used
the B6N.Q. CD11¢-Cre*.TN3 (CD11c¢-Cre*.TN3) strain, which expresses functional NCF1 protein only
in CD11c* cells. Unlike human pDCs, which are CD11c", mouse pDCs express CD11c at a low level
(21). As expected, the capacity to make an ROS response was partially restored in conventional DCs
(cDCs) and pDCs of the CD11c-Cre*. TN3 strain. Neither CD11c-Cre*.TN3 nor CD11c-Cre.TN3 mice
displayed oxidative burst in neutrophils or macrophages/monocytes (Figure 4A).

We then injected pristane to induce experimental lupus in CD11c-Cre*. TN3 mice. Mice with restored
ROS in DCs developed lower levels of autoantibodies against nucleosomes and Smith/ribonucleoprotein
(Sm/RNP) during the development of the disease, while there was no difference in the levels of anti-dssSDNA
IgG (Figure 4B). Kidney injury was less severe in CD11c-Cre*.TN3 mice compared with CD11c-Cre”.TN3
mice, as indicated by lower urinary protein levels at 6 MPI (Figure 4C). Furthermore, lower expression of
STAT1 and other ISGs was found in kidneys from CD11c-Cre*. TN3 mice (Figure 4, D and E). Consistently,
we observed milder renal infiltration of pDCs in CD11c-Cre*. TN3 male mice than in their sex-matched Cre-
littermates, which correlated with Statl expression (Figure 4, F and G). In contrast, kidney-infiltrating cDCs
exhibited neither difference in cell counts nor a correlation with Stazl, further indicating that ROS-sufficient
pDCs are the major regulatory cells ameliorating the disease (Figure 4, H and I).

In conclusion, our results show ROS produced by DCs ameliorate lupus and lupus nephritis through
regulation of pDC accumulation and IFN responses.

ROS produced by DCs prevent spontaneous development of Iupus in Nefl-mutant mice with Yaa. Having found
that ROS produced by DCs ameliorate PIL, we next asked if DC-derived ROS protect mice from ROS
deficiency—induced disease exacerbation as seen in N¢fI"//. MIN™e. For this purpose, we established a
mouse strain carrying both the N¢fI™/ mutation and the Y-linked autoimmune accelerating locus (Yaa).
Yaa is a region translocated from the X chromosome onto the Y chromosome, resulting in spontaneous
lupus in the male mice with lupus-prone backgrounds (18). The duplicated 7/r7 gene in the Yaa and the
resultant overexpression of TLR7 lead to lupus-like disease phenotypes, demonstrating the important role
of TLR7-induced type I IFNs as the causative pathway for lupus (18). It is known that pDCs potently
produce type I IFNs in response to ligation of TLR7, which can be activated by RNA-containing ICs and
are associated with B cell activation and lupus development (22). Therefore, we considered Yaa mice as a
useful tool to investigate the protective role of ROS in pDCs in lupus.

We earlier observed spontaneous development of signs of lupus in Balb/c.NefI" mice; however, in mice
with C57.black backgrounds such as B10.Q or C57BL/6, neither N¢fI"¥ mutation nor Yaa alone spontaneously
induces lupus-like disease (5, 23). We introduced Yaa into the CD11c-Cre.TN3 mouse line and observed
the male mice over 5 months. BQ.CD11c-Cre”.TN3.Yaa males developed higher levels of autoantibodies
against dsDNA and nucleosomes, as compared with BQ. Yaa (Figure 5A). Comparable levels of anti-dsDNA
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Figure 3. NOX2-derived ROS in CD68" cells, representing monocytes/macrophages and pDCs, protect against PIL. (A) Oxidative burst in monocytes,
pDCs, and neutrophils within peripheral blood from naive B10.Q, B10.Q. Ncf1™¥/m% and Ncf1™¥m.MN (n = 4) and peritoneal macrophages from naive B10.Q,
B10.Q.Ncf1mi/mi, and Ncf1m™"m5,MNT (i = 3). (B) Serum levels of autoantibodies against dsDNA and nucleosomes in B10.Q (n = 18), B10.Q.Ncf1™/m (n = 22),
and Ncf1m"mi MN'™ (n = 18) at different time points after pristane injection. (C) Urinary protein concentrations in B10.Q (n = 8), B10.Q.Ncf1™" (n = 8), and
Ncf1mi/mi MN™ (n = 7) at 5 MPI. (D) Frequency and numbers of CD45* cells within kidneys from B10.Q (n = 16), B10.Q.Ncf1™¥/m (n = 12), and Ncf1™¥/mi, MN™ (n
=15) at 7 MPI. (E) mRNA level of STAT1 within kidneys from B10.Q (n = 9), B10.Q.Ncf1™%™ (n = 4), and Ncf1™™".MN (n = 10) at 7 MPI. (F) Protein level of
STAT1 and pSTATTY* within kidneys from B10.Q (n = 5), B10.Q.Ncf1™"™% (n = 4), and Ncf1™%™.MN (n = 5) at 7 MPI. Quantification of bands normalized to
cyclophilin A is presented. (G) Numbers of pDCs within kidneys from B10.Q (n = 16), B10.Q.Ncf1™¥/m% (n = 12), and Ncf1™%m,MN™ (n = 15) at 7 MPI. Represen-
tative flow cytometry plots are presented. Statistical significance is determined by 1-way ANOVA with Tukey's multiple-comparison test (A and C-G) and
2-way ANOVA with Tukey's multiple-comparison test (B). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

antibodies but not anti-nucleosome antibodies were found in the sera from BQ.CD11c-Cre*. TN3.Yaa and
BQ. Yaa mice, suggesting that DC-specific ROS at least partially regulate autoantibody production (Figure
5A). In addition, we found similar urinary protein levels in the 5-month-old BQ.CD11c-Cre*.TN3.Yaa and
BQ. Yaa male mice, significantly lower than in BQ.CD11c¢-Cre”. TN3. Yaa mice (Figure 5B). Consistently, we
observed more total CD45" cells, CD4* T cells, and B cells in the kidneys of BQ.CD11c-Cre . TN3. Yaa mice,
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Figure 4. Restoration of ROS in CD11c* cells, predominantly DCs, alleviates PIL. (A) Oxidative burst in cDCs, pDCs, macrophages, monocytes, and neutro-
phils within spleen from naive BEN.Q, BEN.Q.Ncf1™"/m, CD11c-Cre"TN3, and CD11c-Cre*.TN3 mice (of each n = 3). (B) Serum levels of autoantibodies against
dsDNA, nucleosomes, and Sm/RNP in CD11c-Cre*TN3 (n = 21) and CD11c-Cre”.TN3 mice (n = 11) at time points after pristane injection. (C) Urinary protein
concentrations in CD11c-Cre*TN3 (n = 19) and CD11c-Cre"TN3 mice (n = 10) at 6 MPI. (D) mRNA level of STAT1 and (E) ISGs within kidneys from CD11c-Cre*.
TN3 (n = 12) and CD11c-Cre.TN3 mice (n = 9) at 7 MPI. (F) Numbers of pDCs within kidneys from CD11c-Cre*TN3 (n = 5) and CD11c-Cre".TN3 (n = 4) male mice
at 7 MPI. Representative flow cytometry plots are presented. (G) Correlation between numbers of pDCs and mRNA level of STAT1 within kidneys from
CD11c-Cre*TN3 and CD11c-Cre~TN3 males. (H) Numbers of cDCs within kidneys from CD11c-Cre*.TN3 (n = 5) and CD11c-Cre~TN3 (n = 4) males at 7 MPI. (1)
Correlation between numbers of cDCs and mRNA level of STAT1 within kidneys from CD11c-Cre*TN3 and CD11c-Cre"TN3 males. Statistical analysis is done
by 1-way ANOVA with Tukey’s multiple-comparison test (A), 2-way ANOVA with Holm-Sidak multiple-comparison test (B), 2-tailed Mann-Whitney U test
(C-F and H), and Spearman’s correlation (G and I). *P < 0.05, **P < 0.01.

while comparable numbers were found in BQ.CD11c-Cre*. TN3. Yaa and BQ. Yaa (Figure 5C). Although there
was only a trend in total CD4" T cells, the percentage of Foxp3* Tregs was significantly higher in Cre* mice
than their Cre- littermates (Supplemental Figure 3). These results indicate that DC-specific ROS protect ROS-
deficient Yaa mice from kidney injuries and immune cell infiltration during lupus development.
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Restoration of ROS in DCs limited pDC accumulation in kidneys and spleens in BQ.CD11¢c-Cre*. TN3. Yaa
mice, to the same level as in BQ. Yaa (Figure 5, D and E). PDCs are also suggested to be involved in Sjogren’s
syndrome (SS), another chronic autoimmune disorder closely related to SLE. SLE and SS share possible under-
lying pathogenic pathways, such as TLR activation and type I IFN signaling (24). Since lymphocytic infiltration
in salivary glands is characteristic of SS and usually concomitantly occurs with lupus activity in other organs,
we immunophenotyped the infiltrates within salivary glands from the 3 strains. We found more CD45* cells
and predominantly B cells in the salivary glands in BQ.CD11c-Cre™.TN3. Yaa mice, as compared with BQ. Yaa
(Figure 5F). More importantly, comparable frequency of immune cells was found in BQ.CD11c-Cre*. TN3. Yaa
and BQ. Yaa mice, indicating that DC-derived ROS fully prevent inflammation in salivary glands during lupus
development in ROS-deficient Yaa mice.

Since lung involvement is common in SLE and has been reported in lupus-prone Yaa mice (25), we
characterized leukocytes from bronchoalveolar lavage (BAL) fluids from BQ.Yaa and BQ.CD11c-Cre.
TN3.Yaa males. Higher frequencies of B cells, CD4* T cells, and neutrophils were found in BAL fluids
from 5-month-old BQ.CD11c-Cre".TN3. Yaa mice, as compared with the other 2 strains, while comparable
frequency was seen between BQ.CD11c-Cre*. TN3.Yaa and BQ. Yaa mice (Figure 5G). This indicates that
ROS produced by DCs prevent lupus-associated lung inflammation.

In conclusion, NCF1-dependent ROS deficiency drives spontaneous lupus development in mice carrying
Yaa, reflected by autoantibodies against dSDNA and nucleosomes, kidney damage, and involvement of lungs
and salivary glands. More importantly, ROS restoration specifically in DCs protect against lupus by controlling
autoantibody production and preventing immune infiltration, especially pDC accumulation, in multiple organs.

ROS regulate accumulation of pDCs and upregulation of ISGs at the initial stage of PIL. Using Nc¢fI""/™,
Nefrv/=5 MIN™8, CD11c-Cre*.TN3, and CD11c-Cre*. TN3.Yaa mice, we demonstrated accumulation of
pDCs in various target organs during PIL and spontaneous lupus development, which is regulated by NOX2-
derived ROS. Next, to investigate when the regulatory effects occur, we immunophenotyped the cells in the
peritoneum, where initial activation of the immune system starts in the PIL. model. By analyzing the pristane-
induced peritoneal pathology at the early stage (day 3 after pristane injection), we found that Balb/c. N¢fI™4/m1
mice exhibited dramatic accumulation of various immune cells, such as B cells, NK cells, macrophages, and
most strikingly, pDCs within peritoneal exudates (Figure 6A and Supplemental Figure 4A). In concert with
the number of pDCs, higher expression of ISGs was found in the peritoneum of Balb/c. N¢f1"//"% mice than
WT mice, suggesting a stronger ISG and inflammatory response (Figure 6B). However, N¢fI"7/" MIN"® and
B10.Q mice displayed comparable frequency and numbers of pDCs in the peritoneum at day 3 after pristane
injection (Figure 6C), and CD11c-Cre*.TN3 mice showed significantly lower Stat! expression than their
Cre littermates (Figure 6D). These results showed that CD68*CD11c* cell-derived ROS regulation of pDC
accumulation and type I IFN responses occur at the initial stage of lupus.

Insufficient ROS production in NefI®*"** mice carrying the human NCF1-339 SNP potentiates pDC responses.
To verify that the alteration in pDCs and ISGs observed in N¢fI”7"/ mice is relevant to humans with
NCF1-339, we phenotyped the peritoneal cells from B10.Q. N¢fI**/** mice at day 3 after pristane injection.
This strain carries the human NCF1-339 SNP on an allele of N¢fI, leading to an amino acid exchange from
arginine to histidine (from R90 to 90H), which results in reduced NOX2-derived ROS production (Supple-
mental Figure 4B). We found higher frequency and numbers of pDCs in the peritoneum of Nef7%**# mice
compared with WT mice (Figure 6E). Unlike in N¢fI"¥/"% mice, no difference in any other immune cell
type was found in N¢fI®*# which further indicates the importance of pDCs (Supplemental Figure 4C).
Moreover, NefI®**" mice displayed higher levels of IFN-a in the peritoneal fluids, which was consistent
with our observation in CD11¢-Cre. TN3 strains (Supplemental Figure 5). Furthermore, we found higher
expression of STAT1 in the peritoneal cells of N¢fI%*”“* mice than their WT littermates (Figure 6, F and
G). Our results demonstrate that moderate decrease in ROS production in N¢fI?*”** mice specifically pro-
motes pDC accumulation and resultant type I IFN activation at an early stage of lupus.

Generation of pDCs is enhanced via AKT/mTOR pathway in ROS-deficient mice. Since ROS regulation of pDC
accumulation occurs already at the initial stage of PIL, we hypothesized that ROS deficiency promotes gener-
ation of pDCs in BM. It is known that pDCs originate from common DC progenitors (CDPs) and common
lymphoid progenitors (26, 27). We found more CDP-derived pre-pDCs in N¢fI**/* BM at day 3 after pristane
injection, suggesting that the higher number of pDCs in ROS-deficient mice is at least partially due to enhanced
pDC production (Figure 7A). However, at naive status, the number of pre-pDCs was comparable between WT
and NefI**" mice, indicating that the difference in pDC progenitors is regulated (Supplemental Figure 6).

JCl Insight 2023;8(7):e164875 https://doi.org/10.1172/jci.insight.164875 8



RESEARCH ARTICLE

A ) ) B
20 Anti-dsDNA ,5_ Anti-nucleosome o4e NS
) NS ’ * - *k * o BQ.Yaa
* 2.0 ro 2034 o
alb o '_E_' g : 0d . S0 ? & g BQ.CD11c-Cre TN3.Yaa
o c
° o 0!8 0s 0o § o2+ & BQ.CD11c-Cre".TN3.Yaa
2 1090 o 2 8 o p
L JPPPRLT PR E B H fo . T
12 14 o
os{§ 84 o883 8B4 €8 M
o 2 00w B--am
0.0 T T T 0.0 T T T ::)
mo1 mo3 mo5 mo1 mo3 mo5 -0.1
o BQ.Yaa O BQCD11cCre’'TN3.Yaa & BQ.CD11c-Cre*.TN3.Yaa
c + + opat + + D CD11c° LysCM E CD11c LysCM
CD45 CD3" CD4 CD19" B220 At At
2.0+ NS 0.20 NS 0.4 NS PDCA1™ B220 PDCA1" B220
r % o * * 005 —NS__ 044 —NS__
g5 TE_ X &o15d &« P0083%03{ — O — —~ ** NS — - o=
8 E 8 — — E o goud —g— % 031 &
2 2 2 034 o Lol o
€ 1.0 % € 0.10 @ £ 0.2+ 2 0.03 -?— P 2 02 °
8 4 8 8 3 ° 3 N
8 a 8 :IL 8 a 2 0.02- oy 3 0.1
3 0.5- ﬁ T 0.05- A To1d o g o B 2 ]
S % S o Zooi{ ek o A 3 @g.. 00
gRE g g Sorl o Fory R
0.0 0.00 0.0 oool 2 0.1
. O BQ.CD11c-Cre”.TN3.Yaa
0 BQYaa O BQ.CD11c-Cre’'TN3.Yaa & BQ.CD11c-Cre".TN3.Yaa © BQYaa oo CD11c-Cre’ TN, Yaa
F G i
cb4s* B220* B220* CD3* cD4* CD11b* LysC™
100 NS 40+ o 40 25 NS 15+ NS
* * i o
80 —o0— o 20 Sa 2 50 o © 20- o P ol kel
2 o 8 4 N 3 3 *  P=0.096 8 104 o
‘c 40 iL 3 ] o 3] a 5 10 3
£ T o (u] N 7 a i
& go 7 a % 10 B % % @ gﬂ
20- % G & = 3 o X o * R 54 ag ES 0 %
a m 0o % i
0 ol°o o oL 9B W0 g, 0 *® 0 2
0 BQyas D BQCD11c-Cre"TN3.Yaa 0 BQYaa O BQCD11c-Cre.TN3.Yaa & BQ.CD11c-Cre*.TN3.Yaa

& BQ.CD11c-Cre*.TN3.Yaa

Figure 5. ROS produced by DCs prevent spontaneous development of lupus in Ncf1-mutant mice with Yaa. (A) Serum levels of autoantibodies against
dsDNA and nucleosomes in BQ.Yaa (n = 8), BQ.CD11c-Cre"TN3.Yaa (n = 12), and BQ.CD11c-Cre*.TN3.Yaa mice (n = 11) at different ages. (B) Urinary protein
concentrations in 5-month-old BQ.Yaa (n = 7), BQ.CD11c-Cre~TN3.Yaa (n = 10), and BQ.CD11c-Cre*.TN3.Yaa (n = 10); (C) numbers of CD45* cells, CD4* T cells,
and B cells within kidneys; (D) numbers of pDCs within kidneys, and (E) Numbers of pDCs within spleen from 5-month-old BQ.Yaa (n = 7), BQ.CD11c-Cre".
TN3.Yaa (n =9), and BQ.CD11c-Cre*.TN3.Yaa mice (n = 10). (F) Frequency of CD45* cells and B cells within salivary glands from 5-month-old BQ.Yaa (n =

5), BQ.CD11c-Cre~TN3.Yaa (n = 9), and BQ.CD11c-Cre* TN3.Yaa mice (n = 9). (G) Frequency of B cells, CD4* T cells, and neutrophils within BAL fluids from
5-month-old BQ.Yaa (n = 7), BQ.CD11c-Cre"TN3.Yaa (n = 8), and BQ.CD11c-Cre*.TN3.Yaa mice (n = 8). Statistical analysis is done by 2-way ANOVA with
Tukey's multiple-comparison test (A) and 1-way ANOVA with Tukey’s multiple-comparison test (B-G). *P < 0.05, **P < 0.01, ***P < 0.001.

To further characterize how ROS affects pDC generation, we compared the proteomic landscape of WT
and NefI"¥/m BM-derived pDCs after in vitro stimulation by IFN-a, which autocrinally supports a broad range
of pDC activities, including development, differentiation, maturation, and survival (28, 29). BM cells were
sorted by magnetic beads with anti-B220 mAb, and the resultant population was a mixture of mature pDCs
and CCR9 pDC precursors, making it suitable for studying pDC development (30). Besides deep expression
profiling, to capture the differences in other aspects such as protein-protein interactions and posttranslational
modifications, we also assessed the protein solubility and/or thermal stability with the Proteome Integral Sol-
ubility Alteration (PISA) assay (31). In fact, differentially expressed proteins in N¢fI”//"% pDCs were mainly
enriched in processes related to hematopoiesis/myelopoiesis, immune responses, and redox activity (Figure
7B). The PISA assay also revealed protein enrichment in hematopoietic development (Figure 7C). To identify
the underlying pathways, we analyzed the protein-protein interactions among the proteins clustered in the
hematopoiesis process in the PISA assay with STRING database and found the PI3K/AKT/mTOR signaling
pathway to be the major one involved in ROS-regulated pDC development (Figure 7D). To validate the find-
ings, we isolated BM SiglecH" cells, which consist of 50% pDC precursors and 20% mature pDCs (Supple-
mental Figure 7), and stimulated them with imiquimod, a TLR7 agonist, since TLR7 ligation has been shown
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Figure 6. ROS regulate accumulation of pDCs and type | IFN responses at the initial stage of PIL. (A) Frequency and numbers of pDCs within peritoneal
exudates (PECs) from naive and pristane-treated Balb/c and Balb/c.Ncf1™/m mice (n = 4-5) at day 3 after pristane injection. Representative flow cytometry
plots from pristane-treated Balb/c and Balb/c.Ncf1™"/" are presented. (B) Expression of ISGs within PECs from Balb/c and Balb/c.Ncf1™/™ (n = 4-5) at day 3
after pristane injection. (C) Frequency and numbers of pDCs within PECs from naive and pristane-treated B10.Q, B10.Q.Ncf1™"/™, and Ncf1™%™.MN™ (n = 3-4)
at day 3 after pristane injection. Representative flow cytometry plots from pristane-treated B10.Q, B10.Q.Ncf1™%™% and Ncf1™"™.MN™ mice are presented. (D)
Expression of Stat1within PECs from CD11c-Cre* TN3 (n = 14) and CD11c-Cre" TN3 mice (n = 9) at day 3 after pristane injection. (E) Frequency and numbers of
pDCs within PECs from B10.Q (n = 7) and B10.Q.Ncf1?%/%%" (n = 7) at day 3 after pristane injection. Representative flow cytometry plots are presented. (F) Level
of IFN-a in peritoneal fluids from B10.Q (n = 4) and B10.Q.Ncf1?%?% (n = 5) at day 3 after pristane injection. (G) Protein level of STAT1 within PECs from B10.Q (n
=7) and B10.Q.Ncf1”%%% (n = 7) at day 3 after pristane injection. Statistical significance is determined by 2-way ANOVA with Holm-Sidak multiple-comparison
test (A), 2-tailed Mann-Whitney U test (B and D-G), and 1-way ANOVA with Tukey’s multiple comparison test (C). *P < 0.05, **P < 0.01, ***P < 0.001.

to promote mTOR-dependent emergency myelopoiesis, leading to massive myeloid cell and DC expansion
(32). We observed higher phosphorylation of mTOR and its upstream signal AKT in NefI"//"¥ cells, as com-
pared with ROS-sufficient WT cells (Figure 7E). To confirm that upregulation of AKT/mTOR pathway is
ROS dependent, we abolished NOX2-derived ROS production in imiquimod-treated B10.Q splenocytes by a
specific NOX2 inhibitor, GSK2795039 (GSK), and supplied NcfI #** splenocytes with H,0, (33). At 20 uM
GSK increased mTOR pathway in WT cells to a similar level as in NgfI**** cells, while 20 uM H, O, reduced
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Figure 7. Generation of pDCs is enhanced via AKT/mTOR pathway in ROS-deficient mice. (A) Frequency and numbers of pre-pDCs within BM from
B10.Q and B10.Q.Ncf1?%%/%%" (n = 6) at day 3 after pristane injection. (B and C) Monarch mammalian phenotype enrichment analysis of (B) proteomic
expression profile and (C) PISA of BM-derived pDCs from B10.Q and B10.Q.Ncf1™¥™% mice upon 20-hour stimulation by IFN-o.. (D) Protein-protein
interaction networks (STRING) of the matching proteins in the PISA data set that are relevant to “abnormal hematopoietic system morphology/

development” in Mammalian Phenotype Ontology. The proteins related to “PI3K-Akt-mTOR signaling pathway” in WikiPathways are illustrated in red.
(E) Expression of p-AKT™3% and p-mTOR®?%¢ in BM SiglecH* cells from B10.Q and B10.Q.Ncf1™™% mice upon 15-minute stimulation by imiquimod.
The densitometric ratio of the phosphorylated protein to the total protein is calculated. (F) Expression of p-AKT™3% and p-mTOR®?**¢ in splenocytes
from B10.Q and B10.Q.Ncf7?**?* with or without GSK2795039 or H,0, upon 15-minute stimulation by imiquimod. Quantification of bands normalized
to cyclophilin A is presented. (G) Expression of CCR2 in BM pDCs from naive B10.Q (n = 5), naive B10.Q.Ncf1?°/*%" (n = 6), pristane-treated B10.Q (n = 4),
and pristane-treated B10.Q.Ncf1R%?%% (n = 5) mice at day 3 after pristane injection. Statistical analysis is done by 2-tailed Mann-Whitney U test (A, E,
and G) and 2-tailed Student’s t test (B and C). *P < 0.05.
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the signaling in Nef/**/*" (Figure 7F). Similar results were found in BM cells (Supplemental Figure 8A). These
findings demonstrate that NCF1-dependent ROS control pDC generation through AKT/mTOR pathway.

Apart from myelopoiesis, enhanced cellular migration may also contribute to pDC accumulation during
lupus. It is known that TLR7 activation induces pDC migration to the inflammatory sites via the CCL2/
CCR2 axis (34). CCR2 is an inducible inflammatory chemokine receptor involved in leukocyte traffic in both
humans and murine lupus nephritis (35, 36). It also promotes pDCs’ egress from BM at steady state (37).
We observed significantly higher CCR2 expression on mature pDCs in BM from N¢f/®** naive mice, as
compared with WT mice, and a similar trend at day 3 after pristane injection (Figure 7G). Decreased CCR2
expression after rapamycin treatment indicated its association with the mTOR pathway (Supplemental Figure
8B). We also measured other molecules known to be involved in pDC migration under certain conditions,
including CXCR3, CXCR4, CCR5, CCR6, CCR7, B,/B, integrins, CD62L, and endothelial adhesion mole-
cules ICAM-1 and VCAM-1 (38), on BM and peritoneal pDCs from naive and pristane-treated mice. None of
these molecules showed different expression levels between WT and N¢f7%%”* pDCs (Supplemental Figure 9).

Taken together, low ROS production due to NCF1 deficiency enhances AKT/mTOR-dependent pDC gen-
eration and promotes pDC migration via CCR2, which may explain the accumulation of pDCs during lupus.

Hyperactive ROS-deficient pDCs exacerbate PIL. We next investigated whether intrinsic ROS regulate
the functionality of pDCs. Since pDCs are rare cells, for subsequent experiments, we mostly used
pDCs derived from BM.

It is known that pDCs potently produce type I IFNs in response to ligation of nucleic acid—sensing pattern
recognition receptors (PRRs), such as TLR7 and TLR9, which have been implicated in lupus development (22).
We stimulated BM-derived pDCs from WT and N¢fI"/'" mice with the TLR7 agonist imiquimod and TLR9
agonist CpG ODN2395. Both induced comparable level of IFN-o production by ROS-sufficient and -deficient
pDCs (Figure 8A). In addition, activation of the STING pathway has recently been shown to trigger IFN-a.
production in pDCs from SLE patients (39), although its involvement in experimental lupus models is under
debate (40). We treated WT and NI/ pDCs with the STING agonist 2'3"-cyclic guanosine monophosphate
(2'3'-cGAMP) and found higher secretion of IFN-o, by Nefi™?/m/ cells (Figure 8B). The autocrine/paracrine sig-
naling where IFN-a further induces production of itself revealed no difference between the strains (Figure 8C).

Next, we assessed the STAT1 pathway, which is downstream of IFN-a stimulation. As a member of
ISGs, STAT1 has been reported to be upregulated at mRNA and protein levels in whole blood from N¢f1"4/m4
mice and NCF1-339—carrying patients (5, 7), yet its activity has not been clearly addressed in NCF1-deficient
cells. We found higher phosphorylation of STAT1 in N¢fI"¥'% pDCs than WT pDCs (Figure 8D), and
consequently, higher transcription of ISGs (Figure 8E). These results indicate that ROS-deficient pDCs are
hyperresponsive to IFN-a through STAT1 signaling, which forms a vicious cycle of type I IFN responses.

To verify that activation of STAT1 is regulated by ROS, we stimulated pDCs with or without H,0,
supplement. NcfI""/"% pDCs, in the presence of H,0,, displayed a comparable level of p-STATI to WT
pDCs after IFN-a stimulation, while p-STAT1 in ROS-deficient pDCs cultured without H,O, was higher
than in WT pDCs (Figure 8F). We therefore conclude that ROS-deficient pDCs display hyperactivation
of IFN-a/STAT1 signaling, which can be limited by ROS.

JAK1, one of the tyrosine kinases giving upstream signals to STAT1, is known to be sensitive to ROS
(41). We hypothesized that ROS regulate STAT1 by modifying JAK1 activity. To test the hypothesis, we
measured JAK1 phosphorylation in pDCs upon stimulation with IFN-o and observed higher p-JAK1 in
ROS-deficient N¢fI"#/m% pDCs, as compared with WT pDCs (Figure 8G). Blocking JAK1 activity with a JAK
inhibitor, baricitinib, decreased the levels of p-STAT1 in ROS-deficient pDCs in vitro (Supplemental Figure
10A). Moreover, oral administration of baricitinib ameliorated spontaneous lupus in NefI"¥"%, Yaa mice (Sup-
plemental Figure 10, B-D). These results suggest that insufficient ROS regulation of JAK1 is at least partially
responsible for stronger STAT1 activation in pDCs and exacerbation of lupus in NefI/”//"/ mice.

Having found that ROS-deficient pDCs displayed increased IFN-a production and type I IFN responses
via the STING and JAK1/STAT1 pathways, we further investigated if these hyperreactive cells exacerbate
lupus. We transferred Balb/c WT and Balb/c.N¢f1"%"% pDCs to pristane-treated Balb/c WT mice and fol-
lowed them for 5 months. We found higher levels of autoantibodies against dsSDNA, nucleosomes, Sm/RNP,
and cardiolipin in the mice receiving ROS-deficient pDCs, as compared with those receiving ROS-sufficient
pDCs (Figure 8H). They also developed more severe lupus nephritis, as indicated by higher urinary protein
concentration (Figure 8I). Consistently, the mice receiving NefI"#"% pDCs exhibited more inflammatory cell
infiltration, predominantly macrophages and B cells, in the kidneys (Figure 8J and Supplemental Figure 11).
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Figure 8. ROS-deficient pDCs with hyperactivated STING/IFN-0/JAK1/STAT1 cascade exacerbate PIL. (A and B) IFN-o production by BM-derived
pDCs from B10.Q and B10.Q.Ncf1™™ mice upon 24-hour stimulation by (A) TLR7/9 agonists and (B) cGAMP. (C) IFN-o. production by BM-derived
pDCs from B10.Q and B10.Q.Ncf1™/m mice upon 20-hour stimulation by IFN-o. (D) P-STAT1in BM-derived pDCs from B10.Q and B10.Q.Ncf1m/mi
mice upon 30-minute stimulation by IFN-o. Representative histograms are presented. (E) Expression of ISGs in BM-derived pDCs from B10.Q and
B10.Q.Ncf1™¥™ mice upon 4-hour stimulation by IFN-a. (F) P-STAT1 in BM-derived pDCs from B10.Q and B10.Q.Ncf7™™ mice with or without H,0,
upon 30-minute stimulation by IFN-a. (G) P-JAK1in BM-derived pDCs from B10.Q and B10.Q.Ncf1™"™% mice upon stimulation by IFN-a for indicated
times. (H) Serum levels of autoantibodies against dsDNA, nucleosomes, Sm/RNP, and cardiolipin and (1) urinary protein concentrations in Balb/c
mice receiving Balb/c pDCs and Balb/c mice receiving Balb/c.Ncf1™"/m% pDCs (n = 7) at different time points after pristane injection. (J) Frequency
and numbers of CD45* cells within kidneys from Balb/c mice receiving Balb/c pDCs and Balb/c mice receiving Balb/c.Ncf1™/™ pDCs (n = 7) at 5 MPI.
Representative plots are presented. Two-way ANOVA with Holm-Sidak multiple-comparison test (A-E and G-1), 1-way ANOVA with Tukey’s
multiple-comparison test (F), and 2-tailed Mann-Whitney U test (J). *P < 0.05, **P < 0.01, ****P < 0.0001.
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Taken together, our results show that ROS-deficient pDCs are functionally hyperactive and promote
lupus development.

Discussion

The association between NOX2-derived ROS deficiency and autoimmunity was first observed in CGD
patients who developed a chronic granulomatous disease with symptoms of colitis, lupus, and arthritis
(42). Originally based on positional cloning of a gene polymorphism underlying arthritis in animals (43),
genetic studies later identified mutations in NOX2 subunits to be linked to various human autoimmune
diseases, including SLE (4). The sequence of the human NCF locus is not yet fully clarified due to a large
number of variable copies; however, exon sequencing revealed several SNPs (6). Recently, one of the
amino acid-replacing SNPs, NCF1-339, leading to an NCFI allele with lower ROS generation capacity,
was discovered in 2 independent studies based on multi-ancestry cohorts to be strongly associated with
SLE (7, 8). To investigate the role of NOX2-derived ROS in lupus, N¢fI"//"/ mice carrying a sponta-
neous mutation in the Ncfl gene served as a scientific tool. Reduced formation of NETs was observed in
pristane-injected N¢fI"¥" mice, which indicates that NOX2-derived ROS protect against lupus through
NETs (11). Similar results have been obtained using samples from patients with SLE and NCF1-339 SNP
carriers (14, 44). Another mechanism was suggested by Hahn et al. that impaired phagocytosis of apop-
totic cells by NefI™%/™% monocytes and neutrophils may activate the immune system with undigested apop-
totic materials in N¢fI™%/% mice (14). Consistent with this hypothesis, Geng and colleagues showed in
NCF1-339 knockin mice that lower ROS production leads to reduced phagosomal acidification, thereby
impairing proteolysis and efferocytosis of macrophages, which promotes follicular T helper 2 responses
(9). Similarly, Meng et al. showed that ROS deficiency in mice carrying NCF1-339 leads to lower endoso-
mal pH and enhanced TLR signaling in pDCs, which in turn results in increased type I IFN secretion and
exacerbation of imiquimod-induced lupus (12).

In the current study, by using a set of cell-specific Cre-deleter and transgenic mouse strains, we systemat-
ically screened and were able to identify pDCs as the major immune cell type responsible for lupus exacerba-
tion due to NCF1 deficiency. NCF1-dependent ROS specifically restored in these cells protected mice from
lupus in both PIL and a Yaa-accelerating spontaneous model. Apart from previously proposed mechanisms
contributing to lupus susceptibility in NCF1-deficient mice, we suggest another mechanism that intrinsic ROS
produced by pDCs limit AKT/mTOR-dependent pDC generation, CCR2-mediated tissue accumulation, and
pDC hyperactivation through type I IFN signaling, thereby protecting against lupus development.

Abnormally high serum level of IFN-a has long been documented in studies of SLE (45). Its correla-
tion to lupus severity and activity makes it a marker of immune activation in the disease. PDCs, identified
as major IFN-o—producing cells, were therefore carefully investigated in SLE patients (46). Increased fre-
quency of pDCs was reported in PBMCs from lupus patients after stimulation by virus or combination of
GM-CSF and IFN-a/y in vitro (46). However, the number of circulating pDCs was lower in SLE patients
(47). The finding of pDCs in tissues, such as skin and lymph nodes, from patients with SLE may explain
the decreased number in PBMCs (48). Similarly, more pDCs were found in lymphoid tissues from lupus-
prone mice (49). Although ablation of pDCs in various models has proved their critical role in lupus
development, few studies addressed mechanisms behind their accumulation in the disease (50-54).

In this study, by comparing the frequency and numbers of pDCs in ROS-deficient and -sufficient mice
at different stages of lupus, we found that pDCs accumulated in multiple organs and correlated with local
type I IFN signature as well as disease severity. This is regulated by pDC-intrinsic ROS and starts already
at the initial stage of PIL, concomitant with enhanced pDC-poiesis. A recent study revealed transcrip-
tional reprogramming in hematopoietic cells skewing toward the myeloid lineage in lupus mice and SLE
patients (55). In line with this, we showed more pDCs developed from myeloid progenitors than those
from lymphoid progenitors, which was, more importantly, promoted by ROS deficiency due to the N¢fl-
339 SNP. Redox regulation of hematopoiesis is complex. A low level of ROS is required for the main-
tenance of quiescence status and the differentiation potential of hematopoietic cells, while an increase
in intrinsic ROS production is necessary for activation of differentiation-related pathways, including
AKT/mTOR (56). ROS have been reported to exert inhibitory or stimulatory effects in both hematopoi-
etic process and the AKT pathway, depending on the sources of ROS, types of cells, and disease contexts
(57-59). Here, we show that NCF1-dependent ROS at a physiological level limit development of pDCs
in lupus through inhibition of the AKT/mTOR signaling. Consistently, the RNA-Seq analysis by Meng
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et al. identified the PI3K/AKT pathway when comparing ROS-deficient NCFI-339 SNP—carrying pDCs
with ROS-sufficient WT pDCs after TLR7 stimulation.

Furthermore, we observed CCR2 upregulation on NCF1-deficient pDCs, which may favor their migra-
tion and accumulation during lupus. Although the underlying mechanism is unclear, this may be mediated
by the AKT pathway since it has been suggested that an AKT-dependent positive feedback loop between
B-catenin and CCR2 sustains high expression of CCR2 (60). Nevertheless, very little is known regarding
the role of ROS in expression of CCR2 and other chemokine receptors. On the other hand, the involvement
of ROS in chemokine production has been demonstrated (61). RNA profiling data based on pDCs from
mice carrying the human NCFI-339 SNP revealed upregulation of various chemokines including CCL3,
CCL4, CXCL9, CXCL10, and CXCL11 via the NF-«B signaling pathway (12).

It is well established that pDCs produce IFN-o upon stimulation by nucleic acid—containing mate-
rials from various sources, including apoptotic/necrotic cells, pathogens, and NETs (62), effects most
likely triggered through Fc-y receptors (FcyRs) and PRRs. Apoptotic cell-derived materials, in the
form of ICs with autoantibodies, have been shown to trigger IFN-a production in pDCs via FcyRIIa
and contribute to lupus development (63). Upon FcyR-mediated uptake, nucleic acids are sensed by
the endosomal PRRs, TLR7 and TLRY, leading to type I IFN production through IRF7 signal cascade
(64). The pathogenic role of TLR7 and the regulatory role of TLR9 in pDCs have been demonstrat-
ed in spontaneous murine models of lupus and PIL (65, 66). Recently, stimulation of another PRR,
cyclic GMP-AMP synthase, by cytosolic DNA, was found to trigger IFN-o0 production in pDCs from
patients with SLE and differentiation of pDCs in PIL, through activation of the STING pathway
(39, 67). Moreover, pDCs can produce IFN-a through an autocrine/paracrine loop (68). In the pres-
ent study, the difference between IFN-o secretion in ROS-sufficient and -deficient pDCs was seen
after treatment with STING agonists, not TLR7/9 agonists or IFN-a. On the contrary, Meng et al.
found that pDCs from NCFI-339—carrying mice secreted higher levels of IFN-a upon TLR7/9 acti-
vation (12). As Meng’s study demonstrated, NCFI-339 enhanced TLR signaling by lowering the pH
values in late endosomes/lysosomes where TLRs locate. Since NOX2-derived ROS are known to be
important in lysosome biogenesis (69), we suggest that the inconsistency between our and Meng’s
data can be due to molecular differences between N¢fI™¥ mutation and NCF1-339 SNP. NcfI™¥ entirely
blocks NOX2-derived ROS production because of aberrant NCF1 protein expression, which results
in reduced lysosome formation, thereby counterbalancing the effects of endosomal acidification on
TLR-dependent IFN-a secretion. In contrast, NCF1-339 only slightly impairs NCF1 translocation to
endosomes, leading to low endosomal pH, which affects TLR cleavage and the TLR signaling (12).
Nevertheless, both studies demonstrate high IFN-a production in ROS-deficient pDCs, consistent with
the observation that pDCs with oxidative stress—related gene signatures were too exhausted to produce
IFN-a in patients with SLE (47).

In the current study, we demonstrated that ROS deficiency enhances the IFN-0/JAK1/STAT1
pathway in Nc¢fI"¥/% pDCs. This is in agreement with the previous finding that the genes related to
the JAK/STAT pathway were enriched in the RNA-Seq analysis comparing R848-stimulated pDCs
with and without the NCFI-339 SNP (12). Of importance, here we showed that hyperactivated IFN-o/
JAK1/STATI signaling, in concert with increased STING-dependent IFN-a production in N¢fI"4/m4
pDCs, acting as a positive feedback loop, augments type I IFN responses, which may be crucial to lupus
exacerbation driven by ROS deficiency. This notion is strongly supported by the experiment showing
that transfer of Nc¢fI"%/"% pDCs aggravates PIL.

Taken together, in this study, for the first time to our knowledge, we demonstrated that NOX2-derived
ROS in pDCs protect against lupus development. This opens possibilities for treatment of SLE at least in
patients carrying relevant genetic variants.

Methods

Animals. Balb/cByJ and C57BL/6NJ were originally from The Jackson Laboratory. B6N.Q (C57/
B6N.Q/rhd) and B10.Q (C57/B10N.Q/rhd) have been fully backcrossed into B6N and B10 genomes
but with an MHC region from DBA/1, and maintained in our lab (Medical Inflammation Research). A
mutation in the Ncf7 gene (m1j) leads to a truncated NCF1 protein and thereby a nonfunctional NOX2
complex (13). The derived Nc¢fl-mutant mouse strains on different backgrounds were designated as
Balb/c.Nef1%/mi, B6N.Q.N¢fI™7/"% and B10.Q.NcfI"/mi respectively. Nc¢fI**" was established with a
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knockin R90H variant in the N¢fl gene by CRISPR/Cas9 in B6N embryonic stem cells (Shanghai Model
Organisms Center) and backcrossed to B10.Q. We denote R90H variant expressed heterozygously as
B10.Q.N¢fi®"*H_ The transgenic strain B10.Q.Ncf1"7// MNT™¢ (denoted as NcfI"7/" MINT¢) express
functional NCF1 predominantly in macrophages/monocytes using the human CD68 promoter (70). The
transgenic strains CD11c-Cre™ (stock 018967) and Mrp8-Cre™® (stock 021614) from The Jackson Labo-
ratory were crossed with a targeted NefI knockin strain lacking NOX2-derived ROS (B6N.Q. N¢f1™3/TN3)
(71). In vivo allelic conversion of N¢fl by Cre recombinase led to functional NCF1 expression in DCs
(B6N.Q.CD11c-Cre*.TN3, denoted as CD11c-Cre*.TN3) and neutrophils (B6N.Q.Mrp8-Cre*. TN3,
denoted as Mrp8-Cre*.TN3). These 2 transgenes were used when expressed heterozygously. Cre*.
TN3 were compared with Cre.TN3 as littermate controls in the experiments. B6.SB-Yaa/J (stock
000483) from The Jackson Laboratory has been fully backcrossed onto B10.Q, denoted as B10.Q. Yaa.
The Yaa-carrying strain with fully functional NCF1 (BQ. Yaa), with NCF1 restored only in DCs (BQ.
CD11c-Cre*.TN3. Yaa), or without NCF1 restored (BQ.CD11c-Cre".TN3. Yaa) was obtained by crossing
B6N.Q.CD11c-Cre*.TN3 with B10.Q.Yaa. Mice were housed under specific pathogen—free (FELASA
II) conditions in individual ventilated cages with wood shaving bedding in a climate-controlled envi-
ronment with a 12-hour light/12-hour dark cycle. Animal experiments were performed in a controlled
way balanced for age and sex; the genotype of the mice was hidden from the investigators, following the
Animal Research: Reporting of In Vivo Experiments guidelines.

PIL. Mice were injected intraperitoneally with a single dose of 500 pL pristane (MilliporeSigma,
P2870) and followed up for 5-7 months. PIL arthritis was monitored using a macroscopic scoring system
as described before (10). Briefly, 5 points were given to each visibly inflamed (erythema and swelling)
ankle or wrist and 1 point to each inflamed toe. Histopathological evaluation on the ankle joints collected
at the endpoint (5 MPI) by H&E staining was also performed (72).

Detection of autoantibodies and cytokines. For detection of murine autoantibodies by ELISA, microtiter
plates were coated with 10 pg/mL nucleosomes isolated from apoptotic cells as described previously (73), 50
pg/mL cardiolipin (MilliporeSigma, C1649), and 10 U/mL Sm/RNP (GenWay Biotech, GWB-A1CECE)
or precoated with 20 pg/mL poly-L-lysine (MilliporeSigma, P2658) before adding 20 pg/mL calf thymus
DNA (MilliporeSigma, D3664). Sera were 1:50 or 1:25 diluted in PBS/2% FBS (Thermo Fisher Scientific,
26140079). Bound IgG was detected with HRP-conjugated goat anti-mouse IgG(H+L) (Southern Biotech,
1031-05) at 1:4,000 dilution, followed by substrate solution (Roche, 11112422001). Results were expressed
as fold-changes relative to a designated positive sample. IFN-a, level in peritoneal lavages and cell culture
supernatants was quantified by cytometric bead array (BioLegend, 740633).

Analysis of renal injury. Proteinuria was determined with semiquantitative urine testing strips (Uris-
tix, 2857) using midstream urine. For immunofluorescence, cryosections of kidneys were examined by
a Zeiss LSM800 Microscope or an Olympus IX73 Inverted Microscope after being stained with Alexa
Fluor 488—conjugated goat anti-mouse IgG specific for Fcy fragment (Jackson ImmunoResearch,
115-545-071). Deposits were semiquantitatively graded on a scale of 0-3 (0 = none; 1 = weak; 2 =
moderate; 3 = strong) according to the intensity by 2 individual scorers in a masked manner. At least
10 glomeruli/section were analyzed.

Flow cytometry. To prepare single-cell suspensions, the perfused kidneys were digested with 1 mg/mL
collagenase (Roche, 11088866001) and 0.1 mg/mL DNase I (Roche, 10104159001) in a 37°C water bath
for 45 minutes. Cells from kidney tissues, salivary glands, BAL fluids, PECs, peripheral blood, spleen, BM,
or BM-derived cells were counted using Sysmex KX-21 Hematology Analyzer.

After a homemade anti-mouse CD16/CD32 FcR block (clone: 2.4G2), the cells were incubated
with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific, L10119) and labeled
with the following antibodies: anti-CD11c (clone: HL3, PE or PE-Cyanine7; BD Biosciences); anti-Ly6C
(clone: HK1.4, FITC or BV605 or APC; BioLegend); anti-PDCA1 (clone: 927, Alexa Fluor 647 or FITC;
BioLegend); anti-B220 (clone: RA3-6B2, BV605 or FITC or Pacific Blue or PE-Cyanine7 or PE; BD Biosci-
ences); anti-CD11b (clone: M1/70, Pacific Blue or FITC; BioLegend); anti-CD45 (clone: 30-F11, AF700;
BioLegend); anti-CD68 (clone: FA-11, Alexa Fluor 647; BioLegend); anti-IFN-a (clone: RMMA-1, FITC;
pbl assay science); anti-STAT1 (clone: 1/Statl, PE; BD Biosciences); anti—p-STAT 177! (clone: 4a, BV421
or PerCP/Cy5.5; BD Biosciences); anti—-p-STAT1577 (clone: K51-856, Alexa Fluor 488; BD Bioscienc-
es); anti-JAK1 (clone: 413104, Alexa Fluor 488; R&D Systems); anti—p-JAK1™122 (polyclonal, Alexa
Fluor 647; Bioss Antibodies); anti-F4/80 (clone: BM8, APC or PerCP/Cy5.5; BioLegend); anti-H-2,
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I-A/I-E (clone: M5/114.15.2, Pacific Blue; BioLegend); anti-H-2, I-Aq (clone: KH116, Alexa Fluor 647,
BioLegend); anti-SiglecH (clone: 551, APC or PE or PerCP/Cy5.5; BioLegend); anti-Ly6G (clone: 1AS,
PE; BioLegend); anti-CD19 (clone: 6D5, PE-Cyanine7; BioLegend); anti-CD3¢ (clone: 500A2, PerCP/
Cy5.5; BioLegend); anti-CD115 (clone: AFS98, PE; BioLegend); anti-CD127 (clone: A7R34, BV605; Bio-
Legend); biotinylated anti-CD135 (clone: A2F10; BioLegend); anti-CCR9 (clone: 9B1, PE; BioLegend);
anti-CCR2 (clone: 475301, APC; R&D Systems); and anti—c-Kit (clone: 2B8, APC-R700; BD Biosciences).
Flow cytometric analysis was performed as previously described (5).

Analysis of gene and protein expression. Frozen kidneys were homogenized in TRIzol Reagent (Thermo
Fisher Scientific, 15596026). According to manufacturer’s instructions, RNA from kidney homogenates
and PECs was extracted with PureLink RNA Mini Kit (Thermo Fisher Scientific, 12183018A), and
the concentration was determined by Thermo Fisher Scientific NanoDrop 2000 Spectrophotometers.
CDNA was synthesized with iScript cDNA Synthesis Kit (Bio-Rad, 1708891). Gene expression was
detected by Bio-Rad CFX96 Touch Real-Time PCR Detection System with iQ SYBR Green Supermix
(Bio-Rad, 1708882). Results were expressed as Ct values normalized to B-Actin or Gapdh. Protein from
kidney homogenates and cells was extracted and quantified by Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, 23225). Samples were subjected to electrophoresis and transferred to nitrocellulose
membranes (Thermo Fisher Scientific, LC2001). Membranes were incubated with antibodies against
STAT]1 (clone: D1K9Y, Cell Signaling Technology), p-STAT1™7! (clone: D4A7, Cell Signaling Technol-
ogy), p-AKT™3% (clone: 244F9, Cell Signaling Technology), p-mTORS?48 (polyclonal, Cell Signaling
Technology), and cyclophilin A (Thermo Fisher Scientific, PA1-025) at 1:1,000 dilution, followed by
incubation with HRP-conjugated goat anti—rabbit IgG (Thermo Fisher Scientific, 31460) at 1:20,000
dilution. The Bio-Rad ChemiDoc XRS+ Gel imaging system was used for chemiluminescence detection.
All the full Western blots are shown in the online supplemental material.

ROS measurement. Intracellular and extracellular oxidative burst were measured according to the
protocols described before (7). Briefly, for intracellular ROS detection, cells were incubated with 3 uM
DHR (Thermo Fisher Scientific, D23806) for 10 minutes after staining of cell surface markers, followed
by stimulation with 200 ng/mL PMA (MilliporeSigma, P8139) for 20 minutes at 37°C. Fluorescence
emitted from DHR after oxidation by ROS was detected by flow cytometry, and data were presented as
relative geometric MFI of DHR in comparison with solvent control. For extracellular ROS measure-
ment, neutrophils were magnetically isolated from BM with biotinylated anti-Ly6G mADb (BioLegend,
clone: 1A8) according to manufacturer’s instructions from Miltenyi Biotec. The isolated cells were then
diluted in Hanks’ balanced salt solution (HBSS; Thermo Fisher Scientific, 14025050) at a concentration
of 10 x 10° cells/mL, and 50 uL/well was added to a white 96-well plate (Thermo Fisher Scientific,
136101). Cells were mixed with 50 uL/well of HBSS with 350 pg/mL isoluminol (MilliporeSigma,
A8264), 3.5 U/mL HRP (MilliporeSigma, P8250), and 200 ng/mL PMA. Luminescence signal was
detected immediately and followed at 37°C using BioTek Synergy 2.

In vitro pDC development. BM cells were flushed from 2 femurs and 2 tibias per mouse. After lysis of red
blood cells with ammonium-chloride-potassium buffer for 1 minute at room temperature, cells were plated
at 2 X 10 cells/mL in RPMI complete media containing 200 ng/mL FLT3L (BioLegend, 550704) for pDC
differentiation. Cells were collected on day 7-9.

Enrichment of pDCs and pDC precursors. PDCs derived from BM were magnetically isolated (purity
70%-80%) with biotinylated anti-Ly6C mAb (BioLegend, clone: HK1.4). PDCs’ precursors were
enriched (purity 50%) from Flt3L-cultured BM cells with biotinylated anti-B220 mAb (BD Biosciences,
clone: RA3-6B2) or from primary BM cells with biotinylated anti-SiglecH mAb (Miltenyi Biotec, clone:
551.3D3) followed by magnetic separation.

Stimulation of pDCs and pDC precursors. Sorted pDCs as described above were cultured at a density
of 1 x 10° cells/well in RPMI complete medium in a 96-well, round-bottom plate (Falcon, Corning,
353077). For measurement of IFN-a production, pDCs were stimulated with 1 uM CpG ODN2395
(InvivoGen, tlr]l-2395), 1 pg/mL imiquimod (InvivoGen, tlrl-imgs), 4 pg/mL 2'3'-cGAMP (InvivoGen,
tlrl-nacga23-02) with Lipofectamine 3000 Transfection Reagent (LP3000, Thermo Fisher Scientific,
L3000001), or 500 U/mL IFN-a (BioLegend, 752804) for 20 hours or 24 hours. A total of 3 ug/mL
Brefeldin A (MilliporeSigma, B7651) was added for the last 3 hours of incubation with IFN-a. For
detection of p-STAT1, p-JAKI, and ISG expression, pDCs were stimulated with 1,000 U/mL IFN-a
for indicated times. To supply NcfI"" pDCs with H,0,, 10 uM H,O, was added to the wells prior to
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IFN-a stimulation. Phosphorylation of JAK1 and STAT1 was shown as the relative MFI of p-JAK1 and
p-STATT1 to the untreated controls. For detection of p-mTOR and -AKT, enriched pDC precursors were
stimulated with 2 pg/mL imiquimod for 15 minutes.

Stimulation of splenocytes. A total of 6 X 10° cells/well splenocytes from B10.Q and B10.Q. N¢f1**0/%0%
naive mice were stimulated with 2 ug/mL imiquimod for 15 minutes in 24-well cell culture plates
(Sarstedt, 83.3922). To inhibit NOX2-dependent ROS production in WT splenocytes, 20 pM or 40 uM
GSK was added before imiquimod stimulation, while 10 pM or 20 uM H,O, was added to NefI®*/*"
splenocytes for ROS supplementation.

Transfer of pDCs. PDCs were derived from BM from Balb/c or Balb/c.NefI™//¥ mice as described
above. Balb/c mice were administrated intraperitoneally with the first injection of 5 X 10° pDCs at 24 hours
after pristane injection. Afterward, 5 X 10° pDCs were injected every week intraperitoneally another 3
times. At 10 weeks after pristane injection, the mice were boosted with 5 x 10° pDCs intravenously.

PISA assay. PDCs were derived from BM and isolated with biotinylated anti-B220 mAb as described
above. A total of 5 x 10° pDCs were plated in 6-well cell culture plates (Sarstedt, 83.3920) and stimulated
with 500 U/mL IFN-a for 20 hours. For PISA assay, we followed our previously published protocol (31).
After treatment, pDCs were collected by centrifugation at 350g and 4°C for 5 minutes, washed twice with
PBS, and then resuspended in approximately 300 pL PBS. The cell suspension from each replicate was ali-
quoted into 10 in 96-well plates and heated in an Eppendorf gradient thermocycler (Mastercycler X50) in
the temperature range of 48°C—59°C for 3 minutes. Samples were cooled for 3 minutes at room tempera-
ture and afterward snap-frozen with liquid nitrogen. The aliquots from each replicate were pooled and
subjected to 4 more freeze-thaw cycles. The samples were then transferred into polycarbonate thick-wall
tubes and centrifuged at 100,000g and 4°C for 20 minutes. The soluble protein fraction was then collected,
protein concentration was measured using BCA assay, and 25 pg of each sample was taken. Dithiothreitol
(DTT) was added to a final concentration of 10 mM, and samples were incubated for 45 minutes at room
temperature. Subsequently, iodoacetamide was added to a final concentration of 50 mM, and samples
were incubated at room temperature for 1 hour in the dark. The reaction was quenched by adding an
additional 10 mM of DTT. Proteins were precipitated by methanol/chloroform and resuspended in 20
mM 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) buffer pH 8.5 with 8 M urea. Urea was
diluted to 4 M by adding 20 mM EPPS. Lysyl endopeptidase (LysC; Wako) was added at a 1:75 w/w ratio
at room temperature overnight. Samples were diluted with 20 mM EPPS to a final urea concentration
of 1 M, and trypsin was added at a 1:75 w/w ratio, followed by 6-hour incubation at room temperature.

For profiling expression, we followed our previously published protocol (74). Cells were lysed with
1% SDS, 8 M urea, and Tris buffer pH 8.0 plus protease inhibitor. The cell lysates were subjected to 1
minute of sonication using Branson probe sonicator with 3-second on/off pulses and 30% amplitude.
The concentration of proteins was measured using BCA assay, and the volume corresponding to 25 pg
of protein was transferred from each sample to new tubes. The rest of the protocol is similar to above.

Acetonitrile was added to a final concentration of 20% and 200 pg Tandem Mass Tag (TMT)
reagents was added to each PISA or expression sample, followed by incubation for 2 hours at room
temperature. The reaction was quenched by addition of 0.5% hydroxylamine. PISA and expression
samples were pooled, acidified by trifluoroacetic acid, cleaned using Sep-Pak cartridges (Waters), and
dried using DNA 120 SpeedVac Concentrator (Thermo Fisher Scientific). The TMT multiplexing
scheme is shown in Table 1.

The pooled samples were resuspended in 20 mM ammonium hydroxide and separated into 96 fractions
on an XBrigde BEH C18 2.1 x 150 mm column (Waters; catalog 186003023), using a Dionex UltiMate
3000 2DLC system (Thermo Fisher Scientific) over a 48-minute gradient of 1%-63% B (B = 20 mM ammo-
nium hydroxide in acetonitrile) in 3 steps (1-23.5% B in 42 minutes, 23.5%-54% B in 4 minutes, and then
54%—-63% B in 2 minutes) at 200 pL/min flow. Fractions were then concatenated into 24 samples in sequen-
tial order (e.g., Al, C1, E1, and G1 on the 96-well plate were combined).

Liquid chromatography-tandem mass spectrometry. After drying, samples were dissolved in buffer A
(0.1% formic acid and 2% acetonitrile in water). The samples were loaded onto a 50 cm EASY-Spray
column (75 um internal diameter, packed with PepMap C18, 2 um beads, 100 A pore size) connected to
a nanoflow Dionex UltiMate 3000 UHPLC system (Thermo Fisher Scientific) and eluted in an organic
solvent gradient increasing from 3 to 26% (B: 98% acetonitrile, 0.1% formic acid, 2% H,0) at a flow rate
of 300 nL/min over 95 minutes. The eluent was ionized by electrospray, with molecular ions entering an
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Table 1. Experimental design for the PISA assay and expression

TMT channel Sample

1 PISA
WT

2 PISA
WT

3 PISA
ch1m1/‘/m1i

4 PISA
Ncf1mi/mi

5 Expression
WT

6 Expression
WT

7 Expression
WT

8 Expression
Ncﬂmﬁ/mﬂ

9 Expression
Ncf1mi/mi

10 Expression
ch—lmn‘/mﬁ

The columns correspond to the TMT labels 1-10.

Orbitrap Exploris mass spectrometers (Thermo Fisher Scientific) with the following settings: scan range
of 375-1500, orbitrap resolution 120,000, MS automatic gain control target of 3 x 10°, MS maximum
injection time 50 ms, higher energy collisional dissociation 33, MS2 resolution 45,000, MS2 AGC target

of 2 x 105, MS2 maximum injection time 120 ms, and isolation window 1.6.

Data processing. The raw liquid chromatography-tandem mass spectrometry data were analyzed by Pro-

teomeDiscoverer 2.4. The Mascot search engine matched MS/MS data against the UniProt complete pro-
teome database (human, version UP000005640_9606, 92,957 entries), unless otherwise specified. N¢fI""
encoding sequence was also added to the above fasta file. Trypsin/P was selected as enzyme specificity. No
more than 2 missed cleavages were allowed. A 1% false discovery rate was used as a filter at both protein
and peptide levels. For all other parameters, the default settings were used. TMTprol6 (channels 1-10

were used in the current study) was used for peptide quantification. Cysteine carbamidomethylation was
set as a fixed modification, while methionine oxidation was selected as a variable modification. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE

partner repository with the data set identifier PXD(035964.

Statistics. For proteomics data, PISA experiments were performed in 2 replicates and expression

experiments in 3 replicates. After removing the contaminants, protein intensities were normalized to

the total protein intensity in each TMT channel. Subsequently, PISA data for each protein were normal-

ized by corresponding expression channels (N¢fI™//m% or WT littermates), and 6 ratios were obtained

for N¢fI™/mi and WT PISA samples. P values for the potential target proteins were calculated by ¢
test based on fully normalized intensities between Ncfi"%/"/ and WT littermates. Two-sided Student’s
t test was applied to calculate P values. No peptides from the mutation site were quantified; therefore,

for unbiased comparison, we removed the 2 peptides mapping to the sequence around this site in WT
samples and recalculated the protein abundances in PISA and expression samples based on the other 12

peptides (there was only negligible change).

Statistical analysis was performed with GraphPad Prism version 8.0.1 by 2-tailed Mann-Whitney non-

parametric test, Spearman’s correlation, or 1-way or 2-way ANOVA as specified in figure legends. P < 0.05

was considered significant. Data points represent measurement values of biological replicates. All results

are shown as mean + SEM.

Study approval. Stockholm Animal Ethics Committee, Stockholm, Sweden, 4516-2017, approved

all the animal experiments.

JCl Insight 2023;8(7):e164875 https://doi.org/10.1172/jci.insight.164875

19



. RESEARCH ARTICLE

Author contributions

H Luo, VU, and RH conceived and designed the experiments. H Luo and VU performed most of the
experiments and analyzed the data. AAS, H Lyu, MG, AV, and RAZ contributed to proteomic analysis.
YL characterized the N¢f7**7 knockin strain. H Luo wrote the paper. VU and RH critically reviewed the
manuscript. RH and VU jointly supervised the research.

Acknowledgments

We thank Emma Mondoc (Karolinska Institutet, Stockholm, Sweden) and Chang He (The First Affiliated
Hospital of Xi’an Jiaotong University, Xi’an, China) for technical assistance. We thank Harald Burkhardt
(University Hospital Frankfurt am Main, Goethe-University, Frankfurt, Germany) for providing baricitinib.
This work was supported by the Swedish Science Research Council (Vetenskapsradet) (2019-01209), the
China Scholarship Council, the Cancer Foundation (22 2350 Pj 01 H), and the KA Wallenberg Foundation
(KAW 2019.0059).

Address correspondence to: Rikard Holmdahl, Solnaviagen 9, 9D, 17177 Stockholm, Sweden. Phone:
46.0.8.524.846.07; Email: rikard.holmdahl@ki.se.

—_

. Urbonaviciute V, et al. Low production of reactive oxygen species drives systemic lupus erythematosus. Trends Mol Med.
2019;25(10):826-835.

Burmester G-R, et al, eds. Color Atlas of Immunology. Thieme; 2003.

Bengtsson AA, Ronnblom L. Role of interferons in SLE. Best Pract Res Clin Rheumatol. 2017;31(3):415-428.

Zhong J, et al. Association of NOX2 subunits genetic variants with autoimmune diseases. Free Radic Biol Med. 2018;125:72-80.

Dok W

Kelkka T, et al. Reactive oxygen species deficiency induces autoimmunity with type 1 interferon signature. Antioxid Redox Signal.
2014;21(16):2231-2245.
Olsson LM, et al. Copy number variation of the gene NCF1 is associated with rheumatoid arthritis. Antioxid Redox Signal.
2012;16(1):71-78.
Olsson LM, et al. A single nucleotide polymorphism in the NCF1 gene leading to reduced oxidative burst is associated with
systemic lupus erythematosus. Ann Rheum Dis. 2017;76(9):1607-1613.
. Zhao J, et al. A missense variant in NCF1 is associated with susceptibility to multiple autoimmune diseases. Nat Genet.
2017;49(3):433-437.
.Geng L, et al. Human SLE variant NCF1-R90H promotes kidney damage and murine lupus through enhanced Tfh2 responses
induced by defective efferocytosis of macrophages. Ann Rheum Dis. 2021;81(2):255-267.
. Hultqvist M, et al. Enhanced autoimmunity, arthritis, and encephalomyelitis in mice with a reduced oxidative burst due to a
mutation in the Ncf1 gene. Proc Natl Acad Sci U S A. 2004;101(34):12646-12651.
. Kienhofer D, et al. Experimental lupus is aggravated in mouse strains with impaired induction of neutrophil extracellular traps.
JCI Insight. 2017;2(10):€92920.
12. Meng Y, et al. The NCF1 variant p.R90H aggravates autoimmunity by facilitating the activation of plasmacytoid dendritic cells.
J Clin Invest. 2022;132(16):e153619.
13. Sareila O, et al. Identification of a region in p47phox/NCF1 crucial for phagocytic NADPH oxidase (NOX2) activation. J Leukoc
Biol. 2013;93(3):427-435.
14. Hahn J, et al. NOX2 mediates quiescent handling of dead cell remnants in phagocytes. Redox Biol. 2019;26:101279.
15. Eloranta M-L, et al. Regulation of the interferon-alpha production induced by RNA-containing immune complexes in plasmacytoid
dendritic cells. Arthritis Rheum. 2009;60(8):2418-2427.
16.Ito T. Specialization, kinetics, and repertoire of type 1 interferon responses by human plasmacytoid predendritic cells. Blood.
2006;107(6):2423-2431.
17. Rénnblom L, Alm GV. A pivotal role for the natural interferon alpha-producing cells (plasmacytoid dendritic cells) in the
pathogenesis of lupus. J Exp Med. 2001;194(12):F59-F63.
18. Richard ML, Gilkeson G. Mouse models of lupus: what they tell us and what they don’t. Lupus Sci Med. 2018;5(1):e000199.
19. Abtin A, et al. The antimicrobial heterodimer SI00A8/S100A9 (calprotectin) is upregulated by bacterial flagellin in human
epidermal keratinocytes. J Invest Dermatol. 2010;130(10):2423-2430.
20. Monaco G, et al. RNA-seq signatures normalized by mRNA abundance allow absolute deconvolution of human immune cell
types. Cell Rep. 2019;26(6):1627-1640.
. Reizis B, et al. Plasmacytoid dendritic cells: recent progress and open questions. Annu Rev Immunol. 2011;29(1):163-183.

o

~

o]

el

1

f=}

1

—_

2
22. Christensen SR, et al. Toll-like receptor 7 and TLR9 dictate autoantibody specificity and have opposing inflammatory and
regulatory roles in a murine model of lupus. Immunity. 2006;25(3):417-428.
.Izui §, et al. The Y chromosome from autoimmune BXSB/MpJ mice induces a lupus-like syndrome in (NZW X C57BL/6)F1
male mice, but not in C57BL/6 male mice. Eur J Immunol. 1988;18(6):911-915.
24. Gofinet Pasoto S, et al. Sjogren’s syndrome and systemic lupus erythematosus: links and risks. Open Access Rheumatol Res Rev.
2019;11:33-45.
25. Maier-Moore JS, et al. Interleukin-6 deficiency corrects nephritis, lymphocyte abnormalities, and secondary Sjogren’s syndrome
features in lupus-prone Slel.Yaa mice. Arthritis Rheumatol. 2014;66(9):2521-2531.

—

2

w

JCl Insight 2023;8(7):e164875 https://doi.org/10.1172/jci.insight.164875 20



26.

217.

2

o]

29.

30.

3

—

3

I

33.

34.

35.

36.

37.

38.
39.

40.

4

—

4

w

45.

46.

47.

4

oo

49.
50.

5

—

5

N

53.
54.
. Grigoriou M, et al. Transcriptome reprogramming and myeloid skewing in haematopoietic stem and progenitor cells in systemic

5

(%

56.

5

~

58.
59.

60.

6

—

6

@

RESEARCH ARTICLE

Onai N, et al. A clonogenic progenitor with prominent plasmacytoid dendritic cell developmental potential. Immunity.
2013;38(5):943-957.

Rodrigues PF, et al. Distinct progenitor lineages contribute to the heterogeneity of plasmacytoid dendritic cells. Nat Immunol.
2018;19(7):711-722.

. Fitzgeraldbocarsly P, et al. Plasmacytoid dendritic cells and type I IFN: 50 years of convergent history. Cytokine Growth Factor

Rev. 2008;19(1):3-19.

Chen Y-L, et al. A type I IFN-FIt3 ligand axis augments plasmacytoid dendritic cell development from common lymphoid pro-
genitors. J Exp Med. 2013;210(12):2515-2522.

Schlitzer A, et al. Identification of CCR9- murine plasmacytoid DC precursors with plasticity to differentiate into conventional
DCs. Blood. 2011;117(24):6562-6570.

. Gaetani M, et al. Proteome integral solubility alteration: a high-throughput proteomics assay for target deconvolution. J Pro-

teome Res. 2019;18(11):4027-4037.

. Buechler MB, et al. Cutting edge: direct sensing of TLR?7 ligands and type I IFN by the common myeloid progenitor promotes

mTOR/PI3K-dependent emergency myelopoiesis. J Immunol. 2016;197(7):2577-2582.

Hirano K, et al. Discovery of GSK2795039, a novel small molecule NADPH oxidase 2 Inhibitor. Antioxid Redox Signal.
2015;23(5):358-374.

Drobits B, et al. Imiquimod clears tumors in mice independent of adaptive immunity by converting pDCs into tumor-killing
effector cells. J Clin Invest. 2012;122(2):575-585.

Amoura Z, et al. Roles of CCR2 and CXCR3 in the T cell-mediated response occurring during lupus flares. Arthritis Rheum.
2003;48(12):3487-3496.

De Lema GP, et al. Chemokine receptor Ccr2 deficiency reduces renal disease and prolongs survival in MRL/Ipr lupus-prone
mice. J Am Soc Nephrol. 2005;16(12):3592-3601.

Sawai CM, et al. Transcription factor Runx2 controls the development and migration of plasmacytoid dendritic cells. J Exp Med.
2013;210(11):2151-2159.

Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic cells. Nat Rev Immunol. 2015;15(8):471-485.
Murayama G, et al. Inhibition of mTOR suppresses IFNa production and the STING pathway in monocytes from systemic
lupus erythematosus patients. Rheumatology (Oxford). 2020;59(10):2992-3002.

Motwani M, et al. cGAS-STING pathway does not promote autoimmunity in murine models of SLE. Front Immunol.
2021;12:605930.

. Duhé RJ. Redox regulation of Janus kinase: the elephant in the room. JAKSTAT. 2013;2(4):e26141.
42.

Foster CB, et al. Host defense molecule polymorphisms influence the risk for immune-mediated complications in chronic
granulomatous disease. J Clin Invest. 1998;102(12):2146-2155.

. Olofsson P, et al. Positional identification of Ncf1 as a gene that regulates arthritis severity in rats. Nat Genet. 2003;33(1):25-32.
44.

Linge P, et al. NCF1-339 polymorphism is associated with altered formation of neutrophil extracellular traps, high serum
interferon activity and antiphospholipid syndrome in systemic lupus erythematosus. Ann Rheum Dis. 2020;79(2):254-261.
Bengtsson AA, et al. Activation of type I interferon system in systemic lupus erythematosus correlates with disease activity but
not with antiretroviral antibodies. Lupus. 2000;9(9):664—671.

Cederblad B, et al. Patients with systemic lupus erythematosus have reduced numbers of circulating natural interferon-alpha-
producing cells. J Autoimmun. 1998;11(5):465-470.

Psarras A, et al. Functionally impaired plasmacytoid dendritic cells and non-haematopoietic sources of type I interferon
characterize human autoimmunity. Nat Commun. 2020;11(1):6149.

. Blomberg S, et al. Presence of cutaneous interferon-alpha producing cells in patients with systemic lupus erythematosus.

Lupus. 2001;10(7):484-490.

Zhou Z, et al. Phenotypic and functional alterations of pDCs in lupus-prone mice. Sci Rep. 2016;6(1):20373.

Davison LM, Jergensen TN. Sialic acid-binding immunoglobulin-type lectin H-positive plasmacytoid dendritic cells drive
spontaneous lupus-like disease development in B6.Nba2 mice. Arthritis Rheumatol. 2015;67(4):1012-1022.

. Sisirak V, et al. Genetic evidence for the role of plasmacytoid dendritic cells in systemic lupus erythematosus. J Exp Med.

2014;211(10):1969-1976.

.Rowland SL, et al. Early, transient depletion of plasmacytoid dendritic cells ameliorates autoimmunity in a lupus model. J Exp Med.

2014;211(10):1977-1991.
Furie RA, et al. Trial of anti-BDCA2 antibody litifilimab for systemic lupus erythematosus. N Engl J Med. 2022;387(10):894-904.
Werth VP, et al. Trial of anti-BDCA?2 antibody litifilimab for cutaneous lupus erythematosus. N Engl J Med. 2022;387(4):321-331.

lupus erythematosus. Ann Rheum Dis. 2020;79(2):242-253.
Prieto-Bermejo R, et al. Reactive oxygen species in haematopoiesis: leukaemic cells take a walk on the wild side. J Exp Clin
Cancer Res. 2018;37(1):125.

. Sardina JL, et al. p22phox-dependent NADPH oxidase activity is required for megakaryocytic differentiation. Cell Death Differ.

2010;17(12):1842-1854.

Adane B, et al. The hematopoietic oxidase NOX2 regulates self-renewal of leukemic stem cells. Cell Rep. 2019;27(1):238-254.
Kim K-Y, et al. Inhibition of autophagy promotes salinomycin-induced apoptosis via reactive oxygen species-mediated PI3K/
AKT/mTOR and ERK/p38 MAPK-dependent signaling in human prostate cancer cells. Int J Mol Sci. 2017;18(5):1088.

Ou B, et al. A positive feedback loop of B-catenin/ CCR2 axis promotes regorafenib resistance in colorectal cancer. Cell Death
Dis. 2019;10(9):643.

. Forrester SJ, et al. Reactive oxygen species in metabolic and inflammatory signaling. Circ Res. 2018;122(6):877-902.
62.

Ronnblom L, Leonard D. Interferon pathway in SLE: one key to unlocking the mystery of the disease. Lupus Sci Med.
2019;6(1):000270.

.Béve U, et al. Fc gamma RlIa is expressed on natural IFN-alpha-producing cells (plasmacytoid dendritic cells) and is required

for the IFN-alpha production induced by apoptotic cells combined with lupus IgG. J Immunol. 2003;171(6):3296-3302.

JCl Insight 2023;8(7):e164875 https://doi.org/10.1172/jci.insight.164875 21



64.

6

9]

66.

67

68.

69.
70.

7

—_

72

73.

74.

RESEARCH ARTICLE

Bao M, Liu Y-J. Regulation of TLR7/9 signaling in plasmacytoid dendritic cells. Protein Cell. 2013;4(1):40-52.

. Savarese E, et al. Requirement of Toll-like receptor 7 for pristane-induced production of autoantibodies and development of

murine lupus nephritis. Arthritis Rheum. 2008;58(4):1107-1115.
Santiago-Raber M-L, et al. Critical role of TLR7 in the acceleration of systemic lupus erythematosus in TLR9-deficient mice.
J Autoimmun. 2010;34(4):339-348.

. Thim-Uam A, et al. STING mediates lupus via the activation of conventional dendritic cell maturation and plasmacytoid

dendritic cell differentiation. iScience. 2020;23(9):101530.

Honda K, et al. Type I inteferon gene induction by the interferon regulatory factor family of transcription factors. Immunity.
2006;25(3):349-360.

Paik S, et al. Autophagy: a new strategy for host-directed therapy of tuberculosis. Virulence. 2019;10(1):448-459.

Gelderman KA, et al. Macrophages suppress T cell responses and arthritis development in mice by producing reactive oxygen
species. J Clin Invest. 2007;117(10):3020-3028.

. Sareila O, et al. Reactive oxygen species regulate both priming and established arthritis, but with different mechanisms. Antioxid

Redox Signal. 2017;27(18):1473-1490.

.Liu Y, et al. Endogenous collagen peptide activation of CD1d-restricted NKT cells ameliorates tissue-specific inflammation in

mice. J Clin Invest. 2011;121(1):249-264.

Urbonaviciute V, et al. Induction of inflammatory and immune responses by HMGB1-nucleosome complexes: implications for
the pathogenesis of SLE. J Exp Med. 2008;205(13):3007-3018.

Saei AA, et al. ProTargetMiner as a proteome signature library of anticancer molecules for functional discovery. Nat Commun.
2019;10(1):5715.

JCl Insight 2023;8(7):e164875 https://doi.org/10.1172/jci.insight.164875 22



