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NADPH oxidase deficiency exacerbates lupus in murine models and patients, but the mechanisms remain unknown. It is
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phagocytosis (LAP). The absence of LAP reportedly causes an autoinflammatory syndrome in aged, nonautoimmune
mice. Prior work implicated cytochrome b-245, β polypeptide (CYBB), a component of the NADPH oxidase complex, and
the RUN and cysteine-rich domain-containing Beclin 1–interacting protein (RUBICON) as requisite for LAP. To test the
hypothesis that NADPH oxidase deficiency exacerbates lupus via a defect in LAP, we deleted Rubicon in the
B6.Sle1.Yaa and MRL.Faslpr lupus mouse models. Under this hypothesis, RUBICON deficiency should phenocopy
NADPH oxidase deficiency, as both work in the same pathway. However, we observed the opposite — RUBICON
deficiency resulted in reduced mortality, renal disease, and autoantibody titers to RNA-associated autoantigens. Given
that our data contradict the published role for LAP in autoimmunity, we assessed whether CYBB and RUBICON are
requisite for LAP. We found that LAP is not dependent on either of these 2 pathways. To our knowledge, our data reveal
RUBICON as a novel regulator of SLE, possibly by a B cell–intrinsic mechanism, but do not support a role for LAP in
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Introduction
Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease characterized by loss of  toler-
ance, rampant immune activation, and end-organ damage (1). Loss of  tolerance to nuclear antigens and 
the formation of  autoantibodies to nucleic acids and nucleoproteins are hallmarks of  SLE pathogenesis. 
While the sources of  autoantigens in lupus remain enigmatic, a failure to adequately dispose of  dead cells 
and resulting debris by macrophages is a leading possibility (2). Indeed, macrophages from a subset of  
lupus patients exhibit an impaired ability to phagocytose, a finding also observed in murine models (3–6). 
Moreover, there are several lines of  evidence that link dead cell clearance pathways to the development of  
systemic autoimmunity. Loss of  function of  complement component 1q (C1q), T cell immunoglobulin and 
mucin domain-containing 4 (TIM4), and milk fat globule-EGF factor 8 (MFG-E8) result in lupus-like syn-
dromes in humans and in mice (7–13). Taken together, these studies emphasize that inadequate clearance 
of  dead cells can result in an immune response to self  and subsequent end-organ damage.

The NADPH oxidase complex, a group of  transmembrane and cytosolic enzymes responsible for the 
respiratory burst critical for microbial killing (14–16), is important for the clearance and degradation of  dead 
cells by macrophages (17–22). Loss-of-function mutations in essential components of  the NADPH oxidase 
including cytochrome b-245, α polypeptide CYBA, cytochrome b-245, β polypeptide (CYBB), and neutro-
phil cytosolic factor (NCF) 1 and 2 result in chronic granulomatous disease (CGD). A link between CGD 
and systemic autoimmunity is well established. Male patients with X-linked CGD, characterized by loss-of-
function mutations in CYBB, are at greater risk of  developing a lupus-like disease (23, 24). Moreover, carrier 
mothers of  affected males are more likely to develop SLE, indicating that heterozygous dosing of  the CYBB 
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allele is sufficient to drive lupus (25, 26). Positional cloning of  the Pia4 quantitative trait locus identified a 
loss-of-function polymorphism in Ncf1 that was associated with increased arthritis severity in rat models, a 
finding that was also observed in mice with loss-of-function mutations in Ncf1 (27, 28). Subsequently, loss-of-
function polymorphisms in NCF1 and NCF2 were found to confer increased SLE susceptibility across mul-
tiple ethnicities (29–32). Over the past 2 decades, multiple mouse models of  CGD mirrored increased auto-
immunity susceptibility observed in humans (28, 33–38). Collectively, these studies show that the NADPH 
oxidase complex is critical for the regulation of  autoimmune pathology in mice and humans.

Although the mechanism by which NADPH oxidase regulates the anti–self-response is unknown, a 
compelling hypothesis is that it suppresses autoimmunity by promoting dead cell clearance by myeloid cells 
(17–20, 39). Recently, LC3-associated phagocytosis (LAP), a process that partially overlaps with autophagy 
(22, 40, 41), has been implicated in the noninflammatory degradation of  dead cell debris by macrophages 
(41). LAP occurs when certain types of  phagocytosed particles that can stimulate aspects of  innate immuni-
ty cause the recruitment of  autophagy machinery to the phagosome, facilitating maturation and the degra-
dation of  the engulfed contents (22, 40, 41). Genetic dissection of  LAP identified LAP-specific components, 
e.g., Cybb and the RUN and cysteine-rich domain-containing Beclin 1–interacting protein (Rubicon) as well 
as genes required for both LAP and autophagy, e.g., Beclin1, Autophagy-related gene 5 (Atg5) and Atg7 (22). 
Martinez and colleagues reported that genetic deletion of  components implicated in LAP only (Rubicon 
and Cybb) or in both LAP and canonical autophagy (Beclin1, Atg5, and Atg7) led to an autoinflammatory 
syndrome in aged, nonautoimmune C57BL/6 mice. These mice developed low-titer autoantibodies and 
mild renal disease (38). Strikingly, mice deficient in components implicated in canonical autophagy only, 
i.e., Unc-51–like kinase 1 (ULK1) and FAK family kinase-interacting protein of  200 kDa (FIP200), did not 
develop systemic autoimmunity with age, suggesting that LAP but not canonical autophagy is required to 
prevent autoimmunity (38). Interestingly, increased levels of  proinflammatory cytokines were present in the 
serum of  these LAP-deficient mice, but antiinflammatory cytokines, such as IL-10, were reduced (38). The 
authors postulated that in the absence of  LAP, dead cells are not cleared in an immunologically silent way 
and that the inability to generate IL-10 downstream of  LAP is a driver of  the disease phenotype (38).

While evidence suggests that blocking LAP can drive an anti–self-response in a nonautoimmune set-
ting, the role of  LAP and the genes that promote it remain unclear in the context of  clinical SLE. We pre-
viously showed that deletion of  Cybb in lupus-prone MRL.Faslpr mice led to markedly exacerbated disease 
(34). As NADPH oxidase is required for LAP, it is possible that the exacerbated disease observed in the 
context of  Cybb deficiency is due to inhibition of  LAP. If  Cybb deficiency exacerbates SLE by prevention 
of  dead cell clearance due to a defect in LAP and subsequent inhibition of  antiinflammatory cytokine pro-
duction, then deleting another LAP-specific gene should have a similar phenotype of  exacerbated disease 
in lupus-prone murine models.

We addressed this by genetically deleting another requisite component for LAP, Rubicon, in both 
the MRL.Faslpr and B6.Sle1.Yaa lupus models and studied the effects on disease in both Cybb-deficient 
and WT genetic backgrounds. We chose the MRL.Faslpr model as it is a leading spontaneous, polygenic 
system to study SLE, recapitulating nearly all features of  the human disease (42). Additionally, it has 
been used to study the role of  Cybb deficiency in SLE, allowing for a direct comparison of  results. 
Furthermore, studies in MRL.Faslpr mice have accurately predicted responses in human translational 
studies, validating the use of  this model in preclinical investigation (42–48). The Sle1 locus is on the 
C57BL/6 genetic background and includes lupus susceptibility polymorphisms involving Slam family 
members (49–52). Combining this locus with the Yaa locus in males confers an extra copy of  Tlr7 that 
drives additional autoreactivity to RNA antigens, resulting in a lupus-like disease characterized by 
nephritis and early mortality (53).

We found that Rubicon-deficient SLE-prone mice did not phenocopy exacerbated lupus observed in 
Cybb-KO mice. In fact, the absence of  RUBICON conferred a survival advantage in SLE-prone mice, 
including Cybb-deficient MRL.Faslpr mice, and protected them from renal disease. Since our results did not 
support the published role for LAP in autoimmunity, and in fact showed opposite roles for 2 proteins that 
are both thought to be critical for LAP, we reassessed whether CYBB and RUBICON are indeed requisite 
for LAP in macrophages. Surprisingly, we show that LAP is, in fact, dependent on neither of  these 2 pro-
teins. Taken together, our data do not support a role for LAP in lupus. Most importantly, to our knowledge, 
these data highlight RUBICON as a novel regulator of  SLE pathogenesis.
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Results
Rubicon deficiency does not reduce survival in murine SLE. To determine whether Cybb deficiency exacerbates 
SLE by prevention of  dead cell clearance due to a defect in LAP, we genetically deleted another requisite 
component of  LAP, Rubicon, in the B6.Sle1.Yaa and MRL.Faslpr lupus models. Rubicon was genetically 
deleted directly on the MRL.Faslpr background using CRISPR/Cas9 (Supplemental Figure 1, A and B; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.155537DS1). 
To determine whether CYBB and RUBICON act in the same pathway (i.e., LAP), we analyzed Cybb and 
Rubicon single and double KO mice in the setting of  lupus. SLE pathology was analyzed at 16–18 weeks 
of  age in MRL.Faslpr mice and at 8–21 months of  age in the B6.Sle1.Yaa model unless otherwise indicated.

Surprisingly, Rubicon deficiency actually protected from, rather than exacerbated, disease, as the 
absence of  RUBICON conferred a survival advantage in B6.Sle1.Yaa mice (Figure 1A). The complete dele-
tion of  Rubicon is required for this protection (Figure 1A). Rubicon+/– B6.Sle1.Yaa mice had no differences 
in mortality compared with WT B6.Sle1.Yaa controls (Supplemental Figure 2). Consistent with the prior 
literature (34), male and female Cybb-deficient MRL.Faslpr mice had a reduced life span compared with 
Cybb-sufficient controls (34, 35, 37) as 50% or more of  the experimental Cybb–/– cohort did not survive until 
the experimental endpoint of  16–18 weeks (Figure 1, B and C). Similar to the B6.Sle1.Yaa SLE model, no 
Rubicon-deficient MRL.Faslpr mice died in the analyzed cohorts (Figure 1, B and C). Strikingly, Rubicon 
deficiency increased survival in male Cybb–/y mice (Figure 1B). However, this protection was not observed 
in female Cybb–/– Rubicon–/– MRL.Faslpr mice (Figure 1C).

Rubicon deficiency reduces SLE renal disease. Both Rubicon-deficient B6.Sle1.Yaa and MRL.Faslpr mice had 
reduced urine protein compared with WT controls (Figure 2A). Rubicon-deficient B6.Sle1.Yaa mice were 
protected from glomerulonephritis (Figure 2B and Supplemental Figure 3); however, such protection was 
not observed in MRL.Faslpr mice (Figure 2B). Further, interstitial nephritis was ameliorated in Rubicon–/– 
male MRL.Faslpr and B6.Sle1.Yaa mice, with a trend toward reduction in MRL.Faslpr female mice (P = 
0.0844) (Figure 2C and Supplemental Figures 3–5). Strikingly, protection from nephritis was observed in an 
older cohort of  Rubicon-KO B6.Sle1.Yaa mice aged 19–21 months, nearly twice the age of  the WT counter-
parts used in this study (Figure 2, B and C).

Genetic deletion of Rubicon in Cybb-deficient MRL.Faslpr SLE-prone mice reduced proteinuria in male 
mice (Figure 2A). A similar reduction in female mice was observed, nearly reaching significance (P = 0.07) 
(Figure 2A). Concordant with the proteinuria data, Rubicon deficiency reduced glomerulonephritis in Cybb-KO 
mice (Figure 2B and Supplemental Figures 4 and 5). Interstitial nephritis was reduced in female but not male 
double KO mice (Figure 2C and Supplemental Figures 4 and 5). Rubicon–/–Cybb–/y male and Rubicon–/–Cybb–/– 
female SLE-prone mice had decreased composite disease scores compared with Cybb-KO counterparts (Sup-
plemental Figure 6A). Hence, despite differences not reaching significance in some cases, overall nephritis as 
assessed by proteinuria, glomerulonephritis, and interstitial nephritis were all reduced by Rubicon deficiency, in 
both murine lupus models and in the context of concomitant Cybb deficiency in MRL.Faslpr mice.

Rubicon deficiency reduces splenomegaly and lymphadenopathy. Spleen weights were decreased in Rubicon–/– 
male and female MRL.Faslpr mice (Supplemental Figure 6B). Concordant with these data, total spleen cell 
counts were reduced in Rubicon-deficient B6.Sle1.Yaa mice compared with WT controls (Supplemental 
Figure 6C). Axillary lymph node weights were decreased in male mice and trended toward lower weights in 
female MRL.Faslpr Rubicon–/– mice (P = 0.07; Supplemental Figure 6D). Rubicon deficiency reduced spleen 
weight in male Cybb–/y MRL.Faslpr mice but did not affect spleen weight in female mice or LN weight in 
either sex (Supplemental Figure 6, B and D).

Rubicon regulates the autoantibody response to RNA, ribonuclear proteins, and cardiolipin. Rubicon deficien-
cy reduced anti-RNA titers in both male B6.Sle1.Yaa (Figure 3A) and in both male and female MRL.
Faslpr mice (Figure 3A). A similar trend was observed in male Rubicon-deficient, Cybb-deficient MRL.
Faslpr mice (Figure 3A). Differences may have been more significant were it not for the early deaths of  
the presumably sickest Cybb-KO mice (Figure 1, B and C), as serum collection was only performed at 
the experimental endpoint.

Anti-Smith (anti-Sm) titers were reduced in B6.Sle1.Yaa male Rubicon–/– mice at 3, 6, and 9 months of age 
(Figure 3B) and in female B6.Sle1 Rubicon–/– mice at 9 months of age (Supplemental Figure 7A). Strikingly, anti-
Sm autoantibodies were absent from male Rubicon–/– MRL.Faslpr mice, and only 1 of 19 female Rubicon–/– MRL.
Faslpr mice had a positive anti-Sm titer (Figure 3B). Similarly, Rubicon deficiency abolishes the anti-Sm response 
in male Cybb-deficient lupus-prone mice, and only 1 of 7 female Rubicon–/–Cybb–/– female MRL.Faslpr mice had 
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positive anti-Sm titers (Figure 3B). Similarly, B6. Sle1.Yaa male and B6. Sle1 female Rubicon–/– mice had reduced 
anti-cardiolipin antibody titers at 3, 6, and 9 months of age compared with Rubicon-sufficient controls (Supple-
mental Figure 7B). Intriguingly, no differences in anti-chromatin (B6.Sle1.Yaa) or anti-nucleosome (MRL.Faslpr) 
titers were identified between any of the groups in MRL.Faslpr or B6.Sle1.Yaa mice (Figure 3C). By contrast, 
anti-chromatin titers were markedly attenuated in female B6.Sle Rubicon-KO mice (Supplemental Figure 7C).

Rubicon promotes autoreactive germinal center reactions. Germinal center (GC) formation is associated 
with lupus progression in B6.Sle1.Yaa mice, although it is challenging to determine if  GCs are auto-
reactive in this context. To address whether Rubicon affects autoreactive GC evolution, we generated 
conventional bone marrow chimeras using male CD45 congenic B6.Sle1.Yaa mice (Figure 4A) in which 
the dominant autoantibody specificity is anti-RNA. To further examine the anti-chromatin response 

Figure 1. The absence of RUBICON confers a survival advantage in SLE-prone mice. Kaplan-Meier survival curves for (A) B6.Sle1.Yaa, (B) male MRL.Faslpr, and (C) 
female MRL.Faslpr SLE mice of indicated genotypes. A log-rank test was used to determine statistical significance between Kaplan-Meier curves (**P < 0.01, ***P 
< 0.001, ****P < 0.0001; and B6.Sle1.Yaa WT males n = 8; B6.Sle1.Yaa Rubicon–/+ males n = 9; B6.Sle1.Yaa Rubicon–/– males n = 28; MRL.Faslpr WT males n = 28; 
MRL.Faslpr WT females n = 16; MRL.Faslpr Rubicon–/– males n = 29; MRL.Faslpr Rubicon–/– females n = 27; MRL.Faslpr Cybb–/y males n = 20; MRL.Faslpr Cybb–/– females 
n = 10; MRL.Faslpr Rubicon–/–Cybb–/y males n = 16; and MRL.Faslpr Rubicon–/–Cybb–/– females n = 11 mice per group).
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in female mice, we generated a bone marrow chimera system using the 3H9 transgenic locus (Figure 
4A). The 3H9 heavy chain pairs with specific light chains to confer affinity to ssDNA, dsDNA, and 
cardiolipin but not RNA antigens (54–59). In nonautoimmune mice, tolerance mechanisms prevent 
the enrichment of  these B cells (59–61). However, in autoimmune mouse strains, this is not the case, 
resulting in a population of  autoreactive B cells that can enter GCs (60–63). Here, we crossed 3H9.Sle1 

Figure 2. Rubicon deficiency protects MRL.Faslpr and B6.Sle1.Yaa SLE mice from renal disease. (A) Kaplan-Meier plot depicting onset of proteinuria in 
B6.Sle1.Yaa mice (top). Proteinuria scores in MRL.Faslpr mice (middle and bottom) (B6.Sle1.Yaa WT and Rubicon+/– males n = 17; B6.Sle1.Yaa Rubicon–/– males 
n = 28; MRL.Faslpr WT males n = 27; MRL.Faslpr WT females n = 16; MRL.Faslpr Rubicon–/– males n = 29; MRL.Faslpr Rubicon–/– females n = 27; MRL.Faslpr Cybb–/y 
males n = 11; MRL.Faslpr Cybb–/– females n = 5; MRL.Faslpr Rubicon–/–Cybb–/y males n = 18; and MRL.Faslpr Rubicon–/–Cybb–/– females n = 9 mice per group). (B) 
Glomerulonephritis (GN) scores. (C) Interstitial nephritis (IN) scores. Scores are represented as a function of Rubicon and Cybb genotype. Renal pathology was 
evaluated in B6.Sle1.Yaa WT and B6.Sle1.Yaa Rubicon–/– mice at 8–11 and 19–21 months of age respectively (x denotes mice > 19 months of age). Proteinuria, 
GN, and IN were evaluated at 16–18 weeks of age in MRL.Faslpr unless otherwise indicated. Bars represent the median ± IQR. A log-rank test was used to 
determine statistical significance between Kaplan-Meier curves. A Mann-Whitney U test was performed to determine statistical significance within each sex. 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; and B6.Sle1.Yaa WT and Rubicon+/– males n = 5; B6.Sle1.Yaa Rubicon–/– males n = 11; MRL.Faslpr WT males 
n = 21; MRL.Faslpr WT females n = 8; MRL.Faslpr Rubicon–/– males n = 19; MRL.Faslpr Rubicon–/– females n = 20; MRL.Faslpr Cybb–/y males n = 11; MRL.Faslpr Cybb–/– 
females n = 5; MRL.Faslpr Rubicon–/–Cybb–/y males n = 15; and MRL.Faslpr Rubicon–/–Cybb–/– females n = 9 mice per group unless otherwise indicated).

https://doi.org/10.1172/jci.insight.155537
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transgenic mice to either Rubicon-sufficient or -deficient B6.Sle1 SLE-prone mice, generating donors 
in which a large fraction of  B cells were autoreactive. Mixed bone marrow chimeras were made using 
the resulting 3H9+/–Sle1.CD45.2 Rubicon-sufficient or -deficient and B6.Sle1 CD45.1 mice (Figure 4A). 
At 6 months of  age, the B cell compartment in both chimera systems were assessed by FACS (Figure 
4B), revealing that Rubicon–/– B cells were less able to enter the GC compared with WT controls in both 
chimera systems (Figure 4C).

Figure 3. RUBICON regulates the autoantibody response to RNA-associated autoantigens. (A) Serum anti-RNA titers in B6.Sle1.Yaa (left; 3 months: 
Control (B6.Sle1.Yaa WT and Rubicon+/–) n = 10; B6.Sle1.Yaa Rubicon–/– n = 14; 6 months: Control n = 20; B6.Sle1.Yaa Rubicon–/– n = 20; 9 months: Control n 
= 8; B6.Sle1.Yaa Rubicon–/– n = 15; and 12 months: Control n = 7; B6.Sle1.Yaa Rubicon–/– n = 12) and MRL.Faslpr (middle and right ) mice. (B) Serum anti-Sm 
titers in B6.Sle1.Yaa (left; 3 months: Control n = 9; B6.Sle1.Yaa Rubicon–/– n = 18; 6 months: Control n = 25; B6.Sle1.Yaa Rubicon–/– n = 26; 9 months: Control 
n = 9; B6.Sle1.Yaa Rubicon–/– n = 10; and 12 months: Control n = 3; B6.Sle1.Yaa Rubicon–/– n = 10) and MRL.Faslpr (middle and right ) mice. (C) Anti-chroma-
tin (B6.Sle1.Yaa; 3 months: Control n=12; B6.Sle1.Yaa Rubicon–/– n = 18; anti-chromatin titers 6 months: Control n = 25; B6.Sle1.Yaa Rubicon–/– n = 26; 9 
months: Control n = 6; B6.Sle1.Yaa Rubicon–/– n = 10; and 12 months: Control n = 5; B6.Sle1.Yaa Rubicon–/– n = 12) or anti-nucleosome (MRL.Faslpr) titers in 
B6.Sle1.Yaa (left) and MRL.Faslpr (middle and right ) mice. MRL.Faslpr antibody titers are represented as a function of Rubicon and Cybb genotypes at 16–18 
weeks of age (MRL.Faslpr WT males n = 21; MRL.Faslpr WT females n = 8; MRL.Faslpr Rubicon–/– males n = 19; MRL.Faslpr Rubicon–/– females n = 20; MRL.
Faslpr Cybb–/y males n = 11; MRL.Faslpr Cybb–/– females n = 5; MRL.Faslpr Rubicon–/–Cybb–/y males n = 15; and MRL.Faslpr Rubicon–/–Cybb–/– females n = 9 mice 
per group). Bars represent the median ± IQR. A Mann-Whitney U test was performed to determine statistical significance within each sex unless otherwise 
indicated. Dashed lines represent the limit of detection of the anti-Sm ELISA. A Fisher’s exact test was performed to determine statistical significance for 
anti-Sm titers in MRL.Faslpr mice (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

https://doi.org/10.1172/jci.insight.155537
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Rubicon deficiency had no impact on the total CD4, CD8, or T follicular helper compartments in the 
conventional chimera system (Supplemental Figure 8, A and B). However, there was a statistically significant 
reduction in Rubicon-KO CD44+ CD4 T cells, although this was small in magnitude (Supplemental Figure 8A).

Rubicon deficiency alters the plasmablast response in SLE mice. Strikingly, CD19lo–int CD44+ CD138+ intra-
cellular κhi antibody forming cells (AFCs) were reduced in Rubicon-deficient male and female MRL.Faslpr 

Figure 4. RUBICON is necessary for the germinal center reaction. (A) (Top) Mixed bone marrow chimeras were generated with male B6.Sle1.Yaa CD45.2 
WT or Rubicon-KO and CD45.1 B6.Sle1.Yaa WT donors. CD45.1 B6.Sle1.Yaa irradiated recipients were reconstituted with the aforementioned donors 
at a 50:50 ratio. Mice were aged for more than 6 months until the presence of anti-chromatin antibodies were detected by ELISA, at which time the 
mice were euthanized. Reconstitution of the splenic B cell and GC compartments were analyzed by FACS. (Bottom) Mixed bone marrow chimeras were 
generated by reconstituting female irradiated CD45.1 B6.Sle1 recipients with CD45.2 3H9 B6.Sle1 Rubicon-sufficient or -deficient and CD45.1 B6.Sle1 
WT donors at a ratio of 1:2. Mice were analyzed as in A, top. (B) FACS gating strategy for total splenic B cell (CD19+) and GCs (CD19+CD95+GL7+). CD45.1 
and CD45.2 congenic markers were used to differentiate each donor. (C) Ratio of the fraction of CD45.2 GC B cells to the fraction of CD45.2 total B cells 
in the conventional (strategy I) and 3H9 (strategy II) mixed bone marrow chimeras (n = 6 per group). (D) Percentages of live cells that are TCRβ– CD44+ 
CD138+ intracellular κ+ AFCs in spleens of WT or Rubicon-KO MRL.Faslpr mice (MRL.Faslpr WT males n = 20; MRL.Faslpr WT females n = 8; MRL.Faslpr 
Rubicon–/– males n = 19; and MRL.Faslpr Rubicon–/– females n = 18 mice per groups). Bars represent the mean ± SEM. A Student’s t test was performed 
to determine statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001).
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cohorts compared with controls (Figure 4D). There was a trend toward decreased AFCs in double KO 
male mice (P = 0.056) but not in female mice (Supplemental Tables 1 and 2). Failure to reach statistical 
significance in these cohorts is likely due to premature death of  Cybb single KO mice, which had worse 
disease and, thus, would likely have had more plasmablasts. Rubicon deficiency did not alter the percentage 
of  CD19+ total B cells or CD19+CD93–CD23+CD21/35– follicular zone B cells (Supplemental Tables 1 and 
2). Rubicon-deficient female mice had an increased percentage of  or CD19+CD93–CD23lo–intCD21/35+ mar-
ginal zone B cells, but a similar difference was not observed in other groups (Supplemental Tables 1 and 2).

Rubicon effects myeloid expansion in female Cybb-deficient SLE-prone mice. Others and we have previously 
reported that global NADPH oxidase deficiency leads to an expansion of  the myeloid compartment in both 
autoimmune and nonautoimmune mouse strains (34, 37, 64). In line with previous data, we observed an 
increased percentage of  splenic macrophages in female Cybb–/– mice compared with controls (Supplemen-
tal Table 2). Interestingly, Rubicon deficiency reduced the percentage of  macrophages in female Rubicon–/–

Cybb–/– lupus mice (Supplemental Table 2). Rubicon deficiency did not substantially alter splenic neutrophil 
or DC percentages (Supplemental Tables 1 and 2).

Rubicon affects T cell activation in the B6.Sle1.Yaa but not MRL.Faslpr mice. While no differences in the 
T cell compartment, including activated CD4 and CD8 T cells, were observed among the groups in the 
MRL.Faslpr cohort (Supplemental Tables 1 and 2), the percentage of  CD44+ CD4 T cells was reduced in 
B6.Sle1.Yaa Rubicon–/– mice (Supplemental Table 3). Intriguingly, the percentages of  total T cells and CD8+ 
T cells were elevated in B6.Sle1.Yaa male Rubicon–/– mice (Supplemental Table 3). However, it should be 
noted that the total spleen count in Rubicon-KO B6.Sle1.Yaa was substantially reduced in B6.Sle1.Yaa 
Rubicon–/– mice by approximately 5-fold (median of  6.2 × 108 vs. 1.2 × 108) (Supplemental Figure 6C).

Myeloid IL-10 deficiency does not affect murine lupus. LAP is postulated to be immunoprotective via the 
induction of  the antiinflammatory cytokine IL-10. To directly test this in the context of  lupus, we generated 
and examined IL-10fl/fl LysM Cre+/– and control IL-10fl/fl mice on the MRL.Faslpr background. Such mice 
would specifically lack IL-10 in the macrophages that conduct LAP.

While the hypothesis that LAP induces IL-10 to suppress lupus would predict that IL-10fl/fl LysM Cre+/– 
mice would have worse disease, in fact, we did not observe this for any parameter measured. No differences 
in urine protein, glomerulonephritis, or interstitial nephritis were detected in SLE-prone mice with a myeloid 
IL-10 defect (Figure 5, A and B). The incidence of  dermatitis was not different across the groups (Figure 5A). 
No statistically significant differences in splenomegaly or lymphadenopathy were observed (Figure 5C).

IL-10 was efficiently deleted in splenic neutrophils of  IL-10flf/fl LysM-Cre+/– mice (77.67% ± 0.67%) 
(Supplemental Table 4). Paralleling our prior observation and that of  the literature (65), IL-10 deletion in 
IL-10flf/fl LysM-Cre+/– CD11b+F4-80+ splenic macrophages was 43.48% (± 2.62%) (Supplemental Table 4). 
As expected, IL-10 deletion in CD19+ B was below the limit of  detection (Supplemental Table 4). There 
was no correlation between neutrophil or macrophage IL-10 deletion efficiency and either proteinuria score, 
glomerulonephritis score, or interstitial nephritis score (Supplemental Figure 9).

Myeloid IL-10 genotype did not substantially alter the autoantibody response, with 1 exception (Figure 
5D): female IL-10fl/flLysM Cre+/–MRL.Faslpr mice had lower anti-Sm titers than IL-10–sufficient controls (Figure 
5D). Myeloid IL-10 deficiency did not impact immune composition in the setting of  SLE as no differences 
in splenic B cells, T cells, macrophages, neutrophils, or DC subsets were identified across all groups (Supple-
mental Table 5).

Neither Rubicon nor Cybb is required for LAP. The finding that RUBICON and CYBB have opposite 
effects on lupus-like disease was unexpected, since both proteins are thought to be required for LAP, 
and the absence of  LAP is thought to promote lupus (22, 38). This caused us to revisit the requirement 
of  each of  these proteins for LAP itself. We investigated these roles in both nonautoimmune (B6) and 
autoimmune (B6.Sle1.Yaa and MRL.Faslpr) genetic backgrounds. To this end, bone marrow–derived mac-
rophages (BMDMs) or peritoneal macrophages were produced from each of  the genetic backgrounds 
and incubated with zymosan-containing particles to stimulate LAP. We chose 60–90 minute time points 
as LAP is reported to peak in zymosan-stimulated macrophages within this period (40, 41). Cell lysates 
were then assayed by Western blot for the presence of  lipidated LC3β (LC3β-II), a key molecular event in 
LAP (22, 41). As expected, zymosan-containing particles caused robust LC3β-II accumulation in WT B6 
and B6.Sle1.Yaa mice (Figure 6, A and B; and Supplemental Figure 10). However, unexpectedly, it also 
caused similar accumulation in mice deficient in either RUBICON (Figure 6A and Supplemental Figure 
10) or CYBB (Figure 6B). Similar findings were obtained with BMDMs derived from MRL.Faslpr mice 
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lacking RUBICON or CYBB (Figure 6C and Supplemental Figure 11). Robust LC3β-II accumulation 
was sustained in RUBICON- and CYBB-deficient BMDMs in both autoimmune and nonautoimmune 
strains at 180 minutes after stimulation (Supplemental Figure 12). To address whether the SLE microen-
vironment affected whether RUBICON or CYBB were required to mediate LAP, we isolated peritoneal 
macrophages from 18-week-old, diseased MRL.Faslpr mice. Again, LC3β-II was induced in WT and both 
Cybb- and Rubicon-KO mice (Supplemental Figure 13). Hence, in contrast to prior reports, we could find 
no evidence that either CYBB or RUBICON was required for zymosan-induced LC3β-II accumulation in 
macrophages, a central assay for the detection of  LAP.

Discussion
NADPH oxidase–deficient SLE-prone mice develop more severe SLE than NADPH oxidase–sufficient 
counterparts and die prematurely (34, 35, 37). Here, we sought to determine whether exacerbated disease in 
the setting of  NADPH oxidase deficiency is due to a failure in LAP, which was reported to require NADPH 

Figure 5. Myeloid IL-10 deficiency does not impact clinical or immunological manifestations of SLE in MRL.Faslpr mice. (A) Proteinuria (top) and derma-
titis scores (bottom). (B) Glomerulonephritis (top) and interstitial nephritis (bottom) scores. (C) Spleen (top) and axillary lymph node (bottom) weights. 
(D) Anti-RNA (left), anti-SM (middle), and anti-nucleosome (right) antibody titers. Bars represent the median ± IQR. Data are represented as a function of 
IL-10fl/fl LysM Cre genotype at 16–18 weeks of age (IL-10fl/fl males n = 24 in A, n = 23 in B and C, and n = 25 in D; IL-10fl/fl LysMcre/– males n = 34; IL-10fl/fl females 
n = 26; and IL-10fl/fl LysMcre/– females n = 13). A Mann-Whitney U test was performed to determine statistical significance within each sex unless otherwise 
indicated. A Fisher’s exact test was performed to determine statistical significance for anti-Sm titers in MRL.Faslpr mice (*P < 0.05).
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oxidase (22) and is thought to normally protect from lupus via immunologically silent degradation of  dead 
cells (38). To address this question, we genetically deleted Rubicon, another gene that was reported as a 
required mediator of  LAP, in 2 SLE mouse models (22). If  the LAP hypothesis were correct, the genetic 
deletion of  Rubicon should phenocopy Cybb deficiency in SLE-prone mice and exacerbate the lupus pheno-
type. In addition, the deletion of  both genes in the same pathway should have given a similar phenotype to 
each of  the single phenotypes. Our actual findings stood in marked contrast to this model: Rubicon-deficient 
B6.Sle1.Yaa and MRL.Faslpr mice did not develop worsened clinical or immunological manifestations of  
SLE, as is the case for Cybb-deficient MRL.Faslpr mice. Rather, Rubicon deletion increased survival, reduced 
nephritis, and decreased autoantibody production in B6.Sle1.Yaa lupus mice. Moreover, Rubicon deficiency 
increased survival and ameliorated both glomerulonephritis and interstitial nephritis in Cybb–/– SLE-prone 
mice. Thus, we have established RUBICON as a regulatory molecule in SLE pathogenesis.

These unexpected results led us to probe whether RUBICON and CYBB are essential for LAP, as had 
been reported by Martinez and colleagues (22). To test if  Rubicon–/– and Cybb–/– MRL.Faslpr macrophages 
were deficient in LAP, we stimulated macrophages with the canonical LAP inducer, zymosan bioparti-
cles. To our surprise, zymosan bioparticles induced the lipidation of  LC3β-I to form LC3β-II, a molecular 
readout for the induction of  LAP, in macrophages from both young prediseased and aged Rubicon–/– and 
Cybb–/– MRL.Faslpr mice and in macrophages from Cybb–/– and Rubicon–/– C57BL/6 mice. Taken together, 
while we confirm the phenomenon of  LAP, our studies highlight a potential flaw with the current view 
of  the proteins required for this process. Importantly, our work indicates that RUBICON may be working 
through a LAP-independent mechanism to augment SLE pathogenesis.

As our data indicate that CYBB and RUBICON are not required for LAP, the role of  LAP in SLE 
remains ambiguous. Production of  IL-10 downstream of  dead cell engulfment is thought to be a primary 
mechanism by which LAP protects against the immune response to the self. In fact, our group identified 
macrophages and T cells, but not B cells, as major producers of  IL-10 in murine lupus (66). To deter-
mine the role of  myeloid IL-10, and by extension LAP, in the in vivo disease setting, we genetically delet-
ed IL-10 in neutrophils and macrophages in MRL.Faslpr mice by a Cre-lox approach, utilizing LysM-Cre. 
LysM-Cre–mediated IL-10 deletion did not alter SLE pathogenesis. Because LysM-Cre is not efficient in 
all macrophage populations (65), it is possible that partial deletion of  IL-10 in the myeloid compartment is 
not sufficient to modulate SLE. However, we believe this explanation to be less likely for 2 reasons. First, 
both IL10–/– and IL10+/– MRL.Faslpr mice developed more severe renal disease and dermatitis compared 
with their IL-10–intact counterparts, indicating that a 50% reduction in global IL-10 gene dose exacerbates 
SLE (67). Second, Martinez and colleagues (22, 38) used LysM-Cre to target multiple LAP genes in mac-
rophages, which was sufficient to demonstrate both reduced LAP and an autoinflammatory phenotype in 
these animals. Considering these points, we conclude that myeloid IL-10 production, downstream of  LAP 
or other processes, is not a major regulatory mechanism augmenting systemic autoimmunity in our IL-10–
sensitive model (67). Moreover, as our prior (66) and current work do not show a role for myeloid and B 
cell–derived IL-10 in mediating lupus pathogenesis, by elimination, it is likely that T cell–derived IL-10 is 
the source of  IL-10–regulating disease in MRL.Faslpr mice.

Strikingly, RUBICON deficiency regulates the formation of antibodies toward RNA, ribonucleoproteins, 
and cardiolipin autoantigens in the context of SLE. We have previously reported that Cybb-deficient MRL.
Faslpr mice develop elevated anti-RNA and anti-Sm titers (34). Further, Rubicon deletion abrogates the anti-Sm 
response in both Cybb-sufficient and -deficient SLE-prone mice. These findings may provide a clue as to how 
RUBICON deficiency constrains autoimmunity. The autoantibody profile in Rubicon-deficient SLE-prone mice 
resembles the autoantibody response observed in Tlr7–/– MRL.Faslpr mice, which lack anti-RNA and anti-ribo-
nucleoprotein but make antibodies to DNA and chromatin (68, 69). Similarly to Rubicon-deficient SLE-prone 
mice, Tlr7–/– MRL.Faslpr mice are protected from renal manifestations of SLE (68, 69). It is thus possible that 
RUBICON and TLR7 promote disease by similar or interrelated mechanisms. TLR7 and RUBICON both 
localize to the endosome and it is plausible that RUBICON could regulate TLR7 trafficking or signaling in B 
cells (22, 70–72). Furthermore, RNA must traffic to the endosome to be detected by endosomal TLR receptors, 
such as TLR7. One mechanism by which RUBICON could modulate SLE pathogenesis is through trafficking 
of RNA cargo. Indeed, ATG5, an E3 ligase required for both autophagy and LAP, has been implicated in RNA 
trafficking to TLR-containing endosomes in DCs (73). A similar mechanism could deliver RNA cargo to endo-
somal TLR7s in B cells, thus affecting the development of TLR7-dependent antibodies in SLE. Supporting this 
idea, B cell–specific deletion of Atg5 improves both survival and renal disease in the TLR7 transgenic model 
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(TLR7.1 Tg) of SLE (74). Interplay between RUBICON, RNA trafficking, and TLR7 signaling in lupus is, 
thus, an intriguing possibility suggested by our data.

B6.Sle1.Yaa Rubicon–/– mice transgenic for the 3H9 Vh region that encodes lupus-related autoantibody 
specificities show a defect in selection of  3H9 B cells into the GC compartment. These findings suggest that 
RUBICON enables activation of  at least some types of  self-reactive B cells. Raso et al. connected the loss of  
integrin αv in B cells with a loss of  RUBICON-dependent noncanonical autophagy in B cells (75); however, 
these studies did not look at global Rubicon–/– phenotypes in the setting of  autoimmunity and failed to con-
vincingly demonstrate that RUBICON was necessary for LC3β-II formation in B cells (Figure 5; ref. 60).

Figure 6. Rubicon- and Cybb-deficient macrophages can undergo LAP. (A) BMDMs generated from Rubicon-sufficient and -deficient B6.Sle1.Yaa or (B) 
BMDMs generated from Cybb-sufficient or -deficient C57BL/6 mice were left untreated, stimulated with inert polystyrene-BSA beads (8:1 beads/cell) or 
stimulated with zymosan bioparticles (8:1 particles/cell) for 90 minutes. LC3β-I (top band) and LC3β-II (bottom band) were analyzed by IB. LC3β-II bands 
were quantitated by densitometry and normalized to β-actin loading controls. These ratios were then normalized to the unstimulated condition within 
each genotype, given a value of 1. Bars represent the mean ± SEM. A 1-way ANOVA with post hoc Tukey’s test was performed to determine statistical 
significance (n = 3 per group). (C) BMDMs generated from 6–8 week old WT, Cybb–/–, and Rubicon–/– MRL.Faslpr mice were stimulated and analyzed as in A. 
Bars represent normalized densitometry measurements for an individual experiment. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Our chimera data suggest that RUBICON promotes autoimmunity, at least in part, via a B cell–intrinsic 
mechanism. However, in B6.Sle1.Yaa and MRL.Faslpr disease cohorts, it is not clear in which cell RUBICON 
is acting. It is plausible that Rubicon expression in other cell types, including the myeloid and T cell compart-
ments, contributes to disease pathogenesis. Indeed, the percent of  activated CD4+ CD44+ T cells is statistically 
reduced in Rubicon–/– B6.Sle1.Yaa mice, though to a very minor absolute degree. However, this was not the 
case in the MRL.Faslpr model. These findings, thus, do not provide strong support for Rubicon deficiency driv-
ing an intrinsic T cell defect. The cell specific role of  RUBICON in SLE still requires further investigation.

Importantly, to our knowledge, our data implicate RUBICON as a novel mediator of  systemic autoim-
munity, an intriguing finding that may have therapeutic implications for patients with SLE. RUBICON and 
CYBB instead function antagonistically to each other, with CYBB restraining and RUBICON promoting 
disease, contrary to the original hypothesis that the 2 molecules work in concert to mediate LAP (22). 
Finally, and of  substantial importance to the field, we find that LC3β-II formation, a lynchpin of  LAP, 
does not depend on either CYBB or RUBICON, which should lead to a reevaluation of  our fundamental 
understanding of  this process.

Methods
Mice. Rubicon-KO mice on the C57BL/6 background were a gift from Douglas Green (St. Jude Children’s 
Research Hospital, Memphis, Tennessee, USA). Rubicon–/– mice were crossed to the B6.Sle1.Yaa strain 
(The Jackson Laboratory) and genotyped for Dmit15, -17, and -47. Serum was obtained monthly for mea-
surement of  autoantibodies and urine was obtained monthly for measurement of  proteinuria by dipstick 
(Multistix, Thermo Fisher Scientific). Groups of  mice were euthanized at 8–11 or 19–21 months of  age to 
assess SLE pathology.

Rubicon-deficient MRL.Faslpr mice were generated by in vitro fertilization and CRISPR/Cas9 tech-
nology as previously described by replacing Asp188 with a premature stop codon (22). To generate mice 
for experimental cohorts, we intercrossed (a) Rubicon–/+Cybby/– × Rubicon–/+Cybb+/–, (b) Rubicon–/+Cybby/+ 
× Rubicon–/+Cybb+/–, and (c) Rubicon–/+ × Rubicon–/+. This breeding produced littermate controls for each 
group. SLE pathology was assessed at 16–18 weeks of  age.

IL-10fl/fl C57BL/6 mice (76) were backcrossed to the MRL.Faslpr strain for at least 9 generations (66). 
To generate mice for experimental cohorts, we intercrossed LysM-Cre+/–IL-10fl/fl to IL-10lfl/fl. This breeding 
allowed us to use littermate controls for each group. SLE pathology was assessed at 18 weeks of  age.

All mice were housed under specific pathogen–free conditions.
Evaluation of  SLE pathology. MRL.Faslpr and B6.Sle1.Yaa SLE cohorts were analyzed as previously 

described (34, 77–80).
Bone marrow chimeras. CD45.1 Sle1.Yaa male and female mice were irradiated and male recipients were 

reconstituted with mixed bone marrow from CD45.2 Sle1.Yaa. Rubicon–/– and CD45.1 Sle1.Yaa donors in 
a 1:1 ratio. Female recipients received mixed bone marrow from CD45.1 Sle1 and CD45.2 3H9.Sle1. Rubi-
con–/– donors in a 2:1 ratio. Recipients were monitored for more than 6 months and were euthanized once 
anti-chromatin antibodies appeared in the serum.

Induction of  LAP. To induce LAP, peritoneal macrophages or BMDMs were stimulated with zymo-
san bioparticles (Thermo Fisher Scientific) at a ratio of  8:1 (particles/cell) at indicated time points. Inert 
BSA-conjugated polystyrene beads or unstimulated conditions were used as negative controls.

IB. Lysates were analyzed by SDS PAGE. Immunodetection was achieved using the following anti-
bodies: LC3β (Cell Signaling, D11, 1:1000), RUBICON (Cell Signaling, D9F7, 1:1000), β-Actin HRP (Cell 
Signaling, 8H10D10, 1:10,000), and Anti-Rabbit IgG HRP (Cell Signaling, 1:10,000). Proteins were visual-
ized by an ECL chemiluminescence reagent and imaged by a Protein Simple imager.

Statistics. Statistical analysis was performed using Prism 8.0 (GraphPad). A log-rank test was used to 
determine statistical significance between Kaplan-Meier curves. Linear regression was used to determine 
correlation between disease parameter and deletion efficiency in indicated cell type. A 2-tailed Mann-Whit-
ney U test, 2-tailed Student’s t test, 2-tailed Welch’s t test, 1-way ANOVA with post hoc Tukey’s test, and 
a Fisher’s exact test were performed where indicated and appropriate. A P value of  less than 0.05 was con-
sidered statistically significant.

Study approval. Animal studies were approved by the University of  Pittsburgh and Feinstein Institutes 
for Medical Research Institutional Animal Care Use Committees.
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