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Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disease caused by environmental 

factors and loss of key proteins, including the endonuclease Dnase1L3. Dnase1L3 absence 

causes pediatric-onset lupus in humans, while reduced activity occurs in adult-onset SLE. 

The amount of Dnase1L3 that prevents lupus remains unknown. To genetically reduce 

Dnase1L3 levels, we developed a mouse model lacking Dnase1L3 in macrophages (conditional 

knockout [cKO]). Serum Dnase1L3 levels were reduced 67%, though Dnase1 activity remained 

constant. Homogeneous and peripheral antinuclear antibodies were detected in the sera by 

immunofluorescence, consistent with anti-double-stranded DNA (anti-dsDNA) antibodies. Total 

immunoglobulin M, total immunoglobulin G, and anti-dsDNA antibody levels increased in 

cKO mice with age. The cKO mice developed anti-Dnase1L3 antibodies. In contrast to global 

Dnase1L3−/− mice, anti-dsDNA antibodies were not elevated early in life. The cKO mice had 

minimal kidney pathology. Therefore, we conclude that an intermediate reduction in serum 

Dnase1L3 causes mild lupus phenotypes, and macrophage-derived DnaselL3 helps limit lupus.
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1. Introduction

Systemic lupus erythematosus (SLE) is a challenging autoimmune disease to treat due to the 

disease heterogeneity. One key to unraveling the genetic heterogeneity of SLE are mutations 

in single genes that cause monogenic SLE. One gene associated with monogenic SLE in 

both humans and mice is the serum endonuclease Dnase1L3.1,2 Dnase1L3 loss in humans 

causes familial, pediatric-onset lupus with 100% penetrance, average onset by age 6 yr, 

no gender bias, high (~64%) incidence of lupus nephritis, and high antinuclear antibodies 

(ANAs) and anti-double-stranded DNA (anti-dsDNA) antibodies.1 Partial loss of Dnase1L3 

via activity-reducing mutations causes the related, lethal disease hypocomplementemic 

urticarial vasculitis syndrome.3-5 Reduced Dnase1L3 serum activity occurs in human adult-

onset SLE,2,6,7 partly due to neutralizing autoantibodies targeting Dnase1L3.8,9 Dnase1L3 

is secreted primarily by macrophages and dendritic cells (DCs),2,10 with IL-4 polarized 

macrophages secreting more Dnase1L3.11 Dnase1L3 is upstream of T/B cell responses, 

inflammation, and complement. Thus, reduced Dnase1L3 activity contributes to SLE disease 

heterogeneity and to pathogenesis.

Understanding the pathogenesis caused by loss of Dnase1L3 activity is complicated by 

a second serum endonuclease, Dnase1. Both endonucleases belong to the Dnase1 family, 

and degrade cell-free DNA in the serum.12 While Dnase1 was implicated in lupus-like 

phenotypes in mice,13 recent work showed that B6 mice lacking Dnase1 do not develop 

lupus-like phenotypes, nor does loss of Dnase1 exacerbate lupus-like phenotypes in 

Dnase1L3−/− mice.14 One key difference between Dnase1 and Dnase1L3 is a disordered 

C-terminus that enables digestion of DNA complexed with proteins and lipids.2,15,16 Both 

nucleases can degrade plasmid DNA, termed Dnase1 family activity here. Dnase1L3 has a 

second, specific activity against complexed DNA that is essential for preventing SLE.

A mutant Dnase1L3 with reduced activity is expressed in both NZB/W F1 and MRL/lpr 
polygenic lupus mouse models.17 Lupus-like phenotypes arise in strains not prone to 

autoimmunity (i.e. pure C57Bl/6 background) when Dnase1L3 is globally eliminated.2,10 

Global Dnase1L3−/− mice produce anti-dsDNA antibodies starting in the first 2 months of 

life, and expand B cells and neutrophils expand in the first 8 to 14 wk.2,10,14 However, 

the full repertoire of autoantibodies does not develop until ~50 wk.2 By 50 wk of age, 

Dnase1L3−/− mice develop splenomegaly with spontaneous germinal center formation, 

glomerulonephritis, and kidney immunoglobulin G (IgG) deposition.2,18 Pathological 

changes in the kidney are considered mild.2 Thus, mice can model pathogenesis in the 

absence of Dnase1L3 and its impact on specific lupus phenotypes.

One unknown remaining is the amount of Dnase1L3 needed to prevent disease. 

Because partial reduction of Dnase1L3 activity contributes to sporadic lupus3,8 and 

hypocomplementemic urticarial vasculitis syndrome, we aimed to determine how partial 

reduction of Dnase1L3 impacts autoimmunity in B6 mice. To test how partial reduction of 
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Dnase1L3 impacts lupus-like phenotypes, we generated a Dnase1L3 cell-specific knockout 

mouse model. In this model, loss of Dnase1L3 from macrophages caused mild lupus-like 

phenotypes. Autoantibodies were generated, including anti-dsDNA antibodies, though onset 

was delayed compared with global Dnase1L3−/−. Kidney damage in these mice was mild. 

These data reveal the lupus-like phenotypes most affected by partial Dnase1L3 loss, and 

suggest maintaining healthy serum Dnase1L3 activity is crucial to preventing autoimmunity.

2. Methods

Reagents

All reagents were from Thermo Fisher Scientific unless otherwise specified. Gel red was 

from Biotium. Taq DNA polymerase was from Syd Labs. The anti-human Dnase1L3 

rabbit polyclonal antibodies were obtained from Abnova (Cat#H00001776-W01P) and 

Genetex (Cat#GTX114363). The anti-dsDNA monoclonal antibody clone autoanti-dsDNA 

was deposited to the Developmental Studies Hybridoma Bank by E.W. Voss. It was 

obtained from the Developmental Studies Hybridoma Bank created by the National 

Institute of Child Health and Human Development of the National Institutes of Health and 

maintained at the University of Iowa, Department of Biology (Iowa City, IA, USA). Rat 

anti-mouse complement protein 3 (C3) was from NOVUS Biologicals (Cat#NB200-540). 

Mouse IgG (Cat#015-000-002), anti-mouse IgG (Cat#115-005-003), and anti-mouse IgM 

(Cat#715-005-020) antibodies were obtained from Jackson ImmunoResearch. Mouse IgM 

(Cat#MGM00) was from Invitrogen. horseradish peroxidase (HRP)–conjugated anti-mouse 

IgG (Cat#115-035-146), HRP-conjugated anti-mouse IgM (Cat#115-035-075), and Cy3-

conjugated anti-mouse IgM (Cat#115-165-075) were from Jackson ImmunoResearch. Anti-

rat IgG conjugated to Alexa Fluor 647 and anti-mouse IgG conjugated to Alexa Fluor 488 

were from Invitrogen. Commercial HEp-2 cells and ANA staining reagents were from MBL 

Bion. GFP-Lamp1 cloned in pCS2 + was used for Dnase1 assays, as previously described.15 

Mouse Dnase1L3 lacking the signal sequence was cloned into p202 using BamHI and 

XhoI restriction sites. Recombinant human Dnase1L3 in p202 was previously described.15 

Recombinant proteins were purified as previously described.15

Animals

B6.129P2-Lyz2tm1(cre)Ifo/J (LysM-Cre) mice (Strain #004781) were obtained from the 

Jackson Laboratory and housed at Texas Tech University under the oversight of the 

Texas Tech University Institutional Animal Care and Use Committee. C57BL/6NCrl-

Dnase1l3em1(IMPC)Mbp/Mmucd (Dnase1L3−/−) (MMRRC: 067429-UCD) were obtained 

from the Mutant Mouse Resource and Research Centers at the University of California, 

Davis. Dnase1L3fl/fl mice were generated by inGenious Targeting Laboratory. A loxP site 

was introduced upstream of exon 3, which encodes the active site of the Dnase1L3 gene, 

while a neomycin resistance cassette flanked by FRT sites and a second loxP site was 

inserted downstream of exon 4 (Supplementary Fig. S1). After removal of the neomycin 

cassette by breeding to FLP deleter mice, heterozygotes were crossed to generate mice 

with 2 floxxed alleles (Dnase1L3fl/fl). The breeding scheme to generate macrophage-specific 

Dnase1L3 knockouts involved crossing the Dnase1L3fl/fl mice with LysM-Cre transgenic 

mice that express Cre recombinase specifically in myeloid cells including macrophages. 
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This caused deletion of Dnase1L3 in macrophages in the offspring. Mice were born 

with the expected Mendelian ratio, 25% Dnase1L3fl/fl×LysM-Cre+/− (conditional knockout 

[cKO]), 25% Dnase1L3fl/+×LysM-Cre+/− (heterozygous), and 50% Dnase1L3fl/fl×LysM-

Cre−/− (wild-type [WT]). The cKO mice were genotyped by polymerase chain reaction 

(PCR) using primers specific to the Cre and Dnase1L3. The sample size for each experiment 

was determined based on a power analysis using estimated effect sizes. No randomization 

was necessary, so this method was not employed in the study. For blinding, mice were 

numbered and the experimentalist was blinded to the mouse genotype during the assay. 

Kidney pathology was read in a blinded fashion by a board-certified pathologist (T.L.).

Genotyping

Genomic DNA from tissue biopsies (tail snips or ear punches) was isolated using a Chelex 

method,19 or an optimized Proteinase K method.20 For the Chelex method, tissue samples 

were ground into a uniform suspension in nuclease-free water and mixed with autoclaved 

1% saponin (Sigma-Aldrich) in 1 × phosphate-buffered saline (PBS). After a 20 min room 

temperature incubation, samples were centrifuged at 17,000 g for 2 min. The pellet was 

washed once in 1 × PBS and vortexed in sterile nuclease-free water. Chelex 100 sodium 

resin (Bio-Rad) was added to 4% (w/v) final concentration. Samples were heated at 95 °C 

for 12 min and then centrifuged at 17,000 g for 2 min. The supernatant containing genomic 

DNA was used for downstream analysis. For the optimized Proteinase K method, tissue 

samples were incubated overnight in lysis buffer containing Proteinase K (100 mM Tris, 5 

mM EDTA, 0.2% SDS, 200 mM NaCl, 0.4 mg/mL Proteinase K [Sigma-Aldrich], pH 8.5) 

at 55 °C. The next day, ethanol was added to 70% final volume and samples centrifuged at 

16,000 g for 30 min. The pellet was washed 3 times with 70% ethanol and centrifuged at 

16,000 g for 20 min each time. After the final wash, the genomic DNA was resuspended in 1 

× TE buffer (100 mM Tris, pH 5.0, 1 mM EDTA, 10 mM NaCl) and stored at −20 °C.

PCR genotyping was performed using primers from IDT. Primers used for Dnase1L3fl/fl 

mice were WT1 (5′-GGG CTG GCA TAG AGC ATC AT-3′) and SC1 (5′-CAA CTT GAT 

GTG AAA GGT GGT AGT G-3′). Primers used for LysM-Cre were oIMR3066 (5′-CCC 

AGA AAT GCC AGA TTA CG-3′), oIMR3067 (5′-CTT GGG CTG CCA GAA TTT 

CTC-3’), and oIMR3068 (5′-TTA CAG TCG GCC AGG CTG AC-3′). PCR was performed 

using the following algorithm: an initial denaturation step at 94 °C for 5 min, followed by 

34 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s, and extension at 

72 °C for 30 s, followed by a final extension step at 72 °C for 5 min. PCR products were 

analyzed on a 2% agarose gel. The LysM-Cre band was 700 bp, with 350 bp band for WT. 

The floxxed Dnase1L3 allele was detected at 525 bp, while the wild type allele was detected 

at 476 bp.

Dnase1L3 antibody

Mouse Dnase1L3 was purified as previously described15 and concentrated to 5 mg/mL 

at 95% purity. Two New Zealand White rabbits were immunized and bled by Pacific 

Immunology, as overseen by their Institutional Animal Care and Use Committee. After 

bleeding to collect preimmune serum, rabbits were immunized once in complete Freund’s 

adjuvant, a second time on day 21 in incomplete Freund’s adjuvant, a third time on day 42 in 
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incomplete Freund’s adjuvant, and a fourth time on day 70 in incomplete Freund’s adjuvant. 

Antisera were collected on days 49, 63, 77, and 91, with final exsanguination bleeds on days 

98 and 101. Antibody validation is summarized in Supplementary Fig. S2.

Enzyme-linked immunosorbent assay

Total IgG and IgM levels from mouse sera were determined as described.21 A 96-well 

enzyme-linked immunosorbent assay (ELISA) plate was coated with goat anti-mouse IgG or 

goat anti-mouse IgM capture antibody overnight at 4 °C. Wells were washed 3 times in 1 

× PBS with 0.05% Tween 20 (PBST), and blocked with 1% bovine serum albumin (BSA) 

in PBST for 2 h at room temperature. Mouse IgG or mouse IgM was used as standards, 

while mouse sera samples were diluted 1:5,000 in 1% BSA in PBST. After 2 h, plates were 

washed 3 × in PBST, incubated with HRP-conjugated goat anti-mouse IgG or IgM antibody 

at 1:20,000 and 1:10,000 respectively, and developed using 0.2 mg/mL TMB (Sigma-

Aldrich), 0.015% H2O2 in 100 mM sodium acetate, pH 5.5. The reaction was stopped with 

0.5 M H2SO4. A450 was measured on a Powerwave Microplate Spectrophotometer running 

Gen5 Data Analysis Software (BioTek) and antibody concentration determined.

Anti-dsDNA antibodies were measured as described.21 The 96 well ELISA plates were 

precoated with 0.05 mg/mL poly-L-lysine at room temperature for 20 min, washed with 1 × 

nuclease-free water, and coated with 5 μg/mL calf thymus DNA (Sigma-Aldrich) overnight 

at 4 °C. After washing 3 × in PBST, plates were blocked for 1 h at room temperature with 

1% BSA in PBST. Anti-dsDNA (clone autoanti-dsDNA) antibody was used as a standard, 

starting at 500 pg/mL. Mouse sera were diluted 1:500 in 1% BSA in PBST at RT for 2 h. 

After 2 h, plates were washed 3 × in PBST, incubated with HRP-conjugated goat anti-mouse 

IgG antibody at 1:10,000, and developed using 0.2 mg/mL TMB, 0.015% H2O2 in 100 mM 

sodium acetate, pH 5.5. The reaction was stopped with 0.5 M H2SO4. A450 was measured 

and antibody concentration determined.

Anti-histone and anti-Smith (anti-Sm) antibodies were measured using commercially 

available kits according to the manufacturer’s instruction (Alpha Diagnostics).

To measure the Dnase1L3 levels from mouse serum, 96-well plates were coated with 

1:500 of serum diluted in 1 × PBS, or with a standard curve starting at 25 ng/mL of 

recombinant mouse Dnase1L3, overnight at 4 °C. After overnight incubation and washing 

3× in PBST, plates were blocked for 1 h at room temperature with 1% BSA in PBST. Then 

anti-mouse Dnase1L3 immune serum was added at 1:5,000 for 2 h at room temperature. 

Plates were washed 3 × in PBST, incubated with HRP-conjugated goat anti-rabbit IgG 

antibody (1:10,000), and developed using 0.2 mg/mL TMB, 0.015% H2O2 (Walmart) in 

100 mM sodium acetate, pH 5.5. The reaction was stopped with 0.5 M H2SO4. A450 was 

measured and the Dnase1L3 concentration determined.

To measure the anti-Dnase1L3 antibody titer, 96-well ELISA plates were coated with 5 

μg/mL recombinant murine Dnase1L3 overnight at 4 °C. Plates were then washed 3 × in 

PBST, and blocked for 1 h at room temperature using 1% BSA in PBST. Mouse serum 

was added at 1:50 for 2 h at 37 °C. Plates were washed 3 × in PBST, incubated with 

HRP-conjugated goat anti-mouse IgG antibody (1:10,000), and developed using 0.2 mg/mL 
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TMB, 0.015% H2O2 in 100 mM sodium acetate, pH 5.5. The reaction was stopped with 0.5 

M H2SO4. A450 was measured and the anti-Dnase1L3 titer was determined to be positive if 

the A450 was greater than 0.1.

Serum DNA assay

To measure DNA from the mouse serum, DNA was first isolated from the serum using 

the E.Z.N.A. DNA extraction kit. This DNA was quantified using the QuantiFluor dsDNA 

System (Promega). A standard curve was generated by linear regression of 2-fold serial 

plasmid DNA dilutions starting from 100 ng/mL.

Dnase1 assay

Dnase1 family assays were performed as described.15,22 Briefly, 200 ng of plasmid DNA 

was incubated with varying concentrations of mice sera alone in Dnase assay buffer (20 

mM Tris, pH 7.4, 5 mM MgCl2, 2 mM CaCl2) for 30 min at 37 °C. The extent of DNA 

degradation was quantitated by measuring the integrated intensity of degraded and intact 

plasmid DNA from gel red–stained agarose gels using Photoshop Creative Suite (Adobe) 

and determining the percent degradation. The EC50 for plasmid degradation was calculated 

from the dose-response curve using regression on the linear portion of the curve.

Immune Complex Assay

Immune complex degradation was assayed as described.15 ELISA plates were precoated 

with 0.05 mg/mL poly-L-lysine at room temperature for 20 min, washed with 1 × nuclease-

free water, and coated with 5 μg/mL calf thymus DNA overnight at 4 °C. After washing 3 

× in PBST and blocking for 1 h at room temperature using 1% BSA in PBST, 250 pg/mL 

anti-dsDNA antibody was added to all wells except the standard curve. The standard curve 

received 2-fold dilutions of anti-dsDNA antibody starting at 500 pg/mL. After 1 h, the 

plates were washed 3 × in PBST, then mouse serum or recombinant Dnase1L3 (diluted into 

Dnase assay buffer) was added, and plates incubated at 37 °C for 2 h. Plates were washed 

3 × in PBST, incubated with HRP conjugated goat anti-mouse IgG antibody (1:20,000), 

and developed using 0.2 mg/mL TMB, 0.015% H2O2 in 100 mM sodium acetate, pH 

5.5. The reaction was stopped with 0.5 M H2SO4. The A450 was measured and antibody 

concentration in each well calculated. The amount of anti-dsDNA antibody remaining in the 

well was measured by linear regression from the standard curve.

Three variations to this assay were used. To deplete any murine antibodies potentially 

interfering with the assay, protein G beads were incubated with 2 μl mouse serum at 4 °C for 

30 min. The serum and beads were centrifuged at 10,000 g for 10 min at 4 °C to pellet the 

beads. Then, the serum was used in the assay. In a second variation, a 50% matrix diluent 

(Surmodics) and 50% Dnase assay buffer was used to dilute the serum instead of 1 × Dnase 

assay buffer. Finally, the method of standard additions was used. A known amount of murine 

Dnase1L3 was added to each dilution of mouse serum to a final concentration of 0.125 

μg/mL to ensure activity would fall along the standard curve.
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Histopathology

Kidneys were fixed with 4% paraformaldehyde, dehydrated in 30% sucrose, and embedded 

in Tissue-Plus O.C.T. Compound (Scigen), and flash frozen in isopentane followed 

by liquid nitrogen. Tissues were cut into 5-μm cryosections using a Leica CM1950. 

Sections were stained with hematoxylin and eosin. Kidney inflammation was evaluated 

as previously described.23 Hypercellularity, mesangial proliferation, necrosis, sclerosis, and 

tubulointerstitial and perivascular inflammation were scored separately on a scale ranging 

from 0 (none) to 4 (highest), and the cumulative score was calculated. Images were captured 

using an Olympus BX41 microscope equipped with a 60 × (1.40 NA) objective running 

QCapture Pro 7 (QImaging) and processed by ImageJ software version 1.54f (National 

Institutes of Health).

Immunofluorescence

Immunofluorescence was performed on 5-μm kidney cryosections. The sections were fixed 

for 15 min in 2% paraformaldehyde, permeabilized and blocked for 15 min in 10% 

goat serum and 0.05% saponin. The sections were then stained with rat anti-mouse C3 

monoclonal antibody for 1 h, followed by goat anti-mouse IgG conjugated to Alexa Fluor 

488, goat anti-mouse IgM conjugated to Cy3, and goat anti-rat IgG conjugated to Alexa 

Fluor 647 for 1 h, and finally DAPI stained. The sections were imaged using a Fluoview 

3000 confocal microscope (Olympus) equipped with a 60 ×, 1.42 NA oil immersion 

objective. The deposition of IgG, IgM immune complexes, and C3 was determined by 

measuring the integrated intensities using ImageJ software. The images were analyzed by 

splitting each image into RGB channels. All fluorescence-integrated density values were 

normalized based on the area and respective backgrounds. Mean density values of each 

image were calculated, and data were recorded and graphed using GraphPad Prism 8.1 

(GraphPad Software). The brightness and contrast of all confocal images were adjusted 

equally for qualitative purposes.

ANA staining

ANAs were detected using fixed HEp-2 cells (MBL Bion) as a substrate. Mouse serum 

was incubated with HEp-2 cells at different dilutions (1:40, 1:160, 1:640), the slides were 

washed, and then the slides were stained with a goat anti-mouse IgG conjugated to Alexa 

Fluor 488, followed by staining in DAPI. The stained cells were imaged using a Fluoview 

3000 confocal microscope equipped with a 60 ×, 1.42 NA oil immersion objective. The 

images were processed using ImageJ. For qualitative purposes, the brightness and contrast 

were adjusted equally for all confocal images. At least 30 cells were evaluated per sample. 

Fields of cells with fluorescence >2 SD over the negative control were considered positive.

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and immunoblotting

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis and immunoblotting were 

performed as described.24 Briefly, samples were resolved on 10% polyacrylamide gels at 

160 V for ~60 min and transferred to nitrocellulose in an ice bath with transfer buffer (15.6 

mM Tris and 120 mM glycine) at 300 mA for 90 min. The blots were blocked using 5% 

skim milk in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.1% Tween 20. Portions of the 
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blot were incubated with 1 of the following primary antibodies for 2 h at room temperature 

or overnight: anti-human Dnase1L3 (1:1000) (Abnova and Genetex), preimmune rabbit 

serum (1:5000), or rabbit anti-mouse Dnase1L3 immune serum. Next, the blots were washed 

3 × in TBST, incubated with HRP-conjugated anti-rabbit IgG antibodies (1:10,000), washed 

3 × in TBST, and developed with enhanced chemiluminescence: 0.01% H2O2, 0.2 mM 

p-Coumaric acid (Sigma-Aldrich), 1.25 mM luminol (Sigma-Aldrich) in 0.1 M Tris (pH 

8.4).

Statistics

Prism 8.1 or Excel were used for statistical analysis. Data are represented as mean ± 

SEM as indicated. The EC50 for Dnase1 family activity was calculated in Excel as 

previously described.25 Exclusion criteria for data was failure of positive or negative 

controls. Statistical significance for normally distributed data was determined by 1- or 2-way 

analysis of variance with Tukey posttesting as specified; P < 0.05 was considered to be 

statistically significant. Graphs were generated in Excel, Prism, and Photoshop (Adobe).

3. Results

3.1 Macrophages supply most serum Dnase1L3

To develop a mouse model with partially reduced Dnase1L3, we eliminated Dnase1L3 from 

macrophages. Macrophages were chosen instead of DCs because Dnase1L3 secretion and 

activity is better characterized in macrophages.11,17,22 To generate cell specific Dnase1L3 

cKO mice, loxP sites were introduced flanking exons 3 and exon 4 in B6 embryonic 

stem cells (Supplementary Fig. S1A). Mice homozygous for loxP sites flanking Dnase1L3 

(Dnase1L3fl/fl) were crossed twice to LysM-Cre transgenic mice. Genotyping was confirmed 

by PCR (Supplementary Fig. S1B). We note that neutrophils and some DC subsets also 

express LysM, Dnase1L3 expression is expected to be decreased in them. Overall, we 

generated mice lacking Dnase1L3 in macrophages.

We assessed these mice for Dnase1L3 levels and Dnase1 family activity. Serum was 

collected weekly from WT and cKO mice. To measure mouse Dnase1L3 from mouse serum, 

we generated polyclonal antibodies to murine Dnase1L3. Immune serum recognized both 

murine and human Dnase1L3 by Western blot and ELISA (Supplementary Fig. S2). By 

ELISA, serum Dnase1L3 levels were 67% reduced in cKO sera compared with WT (Fig. 

1A). These results are consistent with previous results2 using chlodronate liposomes to 

transiently deplete macrophages. Thus, depletion of Dnase1L3 from macrophages reduces 

serum Dnase1L3 levels.

We next measured serum Dnase1 family activity, which is the ability of nucleases to 

degrade naked DNA at neutral pH. Dnase1 family activity was measured by plasmid 

degradation, which both Dnase1 and Dnase1L3 can do.2,15,16 We observed no difference 

in Dnase1 family activity between WT and cKO mouse sera (Fig. 1B). We failed to 

measure Dnase1L3-specific activity with either our immune complex degradation assay or 

barrier to transfection assay15 because confounders in the serum interfered with these assays 
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(Supplementary Fig. S3). Overall, these data indicate that total serum Dnase1 family activity 

was not altered by partial Dnase1L3 loss.

3.2 Loss of Dnase1L3 from macrophages elevates total IgG and IgM antibody levels

We next compared serologic lupus-like phenotypes between WT and cKO mice. To monitor 

disease progression, we collected serum weekly over each mouse’s lifespan. To measure 

overall autoantibody induction, we measured total IgG and IgM levels. Neither antibody 

subtype was elevated in the first 30 wk. At 31 to 40 wk, total IgM levels increased (Fig. 

2A-B), but total IgG did not (Fig. 2C-D). By 41 to 50 wk of age, both total IgG and IgM 

levels were elevated 2-fold in cKO mice compared with WT mice (Fig. 2). Comparing 

antibody levels over time revealed a steady increase in both IgM and IgG (Fig. 2B, D) for 

cKO mice. We did not observe any sex-specific differences in elevation of total IgM or total 

IgG (Fig. 2). These data suggest that reduced levels of Dnase1L3 cause late elevation of 

autoantibodies.

3.3 Partial loss of Dnase1L3 delays onset of anti-dsDNA antibodies

Because total antibody levels were increased in cKO mice, we tested autoantibody 

production. We found that neither anti-Smith nor anti-histone antibodies were produced 

by cKO mice (Supplementary Fig. S4A-C). We measured ANA titers using commercial 

Hep-2 cell preparations. In contrast to WT mice, cKO mice had positive ANA titers at 

the highest dilution tested, 1:640 (Fig. 3A-B). In cKO mice, the ANA staining pattern 

was homogeneous and perinuclear (Fig. 3A). These staining patterns are characteristic of 

SLE, typically associated with anti-DNA autoantibodies. We compared anti-DNA antibodies 

between WT and cKO mice. Anti-dsDNA antibodies were elevated at 31 to 40 wk (Fig. 

3C). Female mice showed a greater difference in anti-dsDNA levels compared with male 

mice (Fig. 3C). When examined longitudinally, both sexes showed significant increases in 

anti-dsDNA antibody levels with age (Fig. 3D). These results contrast with a prior analysis 

of global Dnase1L3−/− mice,2 which had elevated anti-dsDNA antibodies starting at 4 wk 

of age. We compared cKO mice to a different global Dnase1L3−/− mouse (FKO) and to 

MRL/lpr. The MRL/lpr mouse had 4 to 5 × anti-dsDNA antibodies compared with cKO, 

while FKO had slightly more (Supplementary Fig. S4D). Overall, partial loss of Dnase1L3 

was sufficient to generate anti-dsDNA antibodies.

We next explored the mechanism of anti-dsDNA antibody elevation in these mice. We 

measured serum cell-free DNA levels, to determine if partial loss of Dnase1L3 elevated 

circulating DNA. While we observed a significant difference in DNA levels between wild 

type and FKO mice, cKO appeared intermediate (Fig. 3E). We next used recombinant 

mouse Dnase1L3 to measure anti-Dnase1L3 antibodies in WT or cKO mice. In contrast 

to WT mice, where 2 of 6 mice had anti-Dnase1L3 antibodies, all cKO mice had elevated 

anti-Dnase1L3 antibodies (Fig. 3F). These data suggest partial loss of Dnase1L3 enables the 

generation of anti-Dnase1L3 antibodies, which could account for the pathology observed 

when Dnase1L3 is reduced.
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3.4 Dnase1L3 cKO mice have mild kidney phenotypes

We compared kidney pathology between cKO and WT littermate control mice. We 

euthanized the mice at 50 wk of age and analyzed their kidneys. Glomeruli had an increased 

diameter, due to increased thickness of the Bowman’s space in both male and female mice 

(Fig. 4A-C). Kidney pathology scores were elevated, especially in female cKO mice (Fig. 

4D). Phenotypes associated with lupus nephritis, including mesangiopathy, hypercellularity, 

and segmental glomerulonephritis were observed in a subset of the cKO mice, with a greater 

proportion of female cKO mice showing phenotypes compared with male cKO mice (Fig. 

4D). However, the overall score based on these phenotypes was lower than usually observed 

in polygenic lupus models. This suggests that partial Dnase1L3 loss does not drive robust 

kidney pathology.

We measured immune complex deposition in the kidneys by immunofluorescence. IgG, 

IgM, and C3 deposited in the glomeruli of cKO but not in the WT mice (Fig. 4E). We 

observed fine granular immune complexes and complement deposition in and around the 

glomeruli (Fig. 4E). We quantitated immune complex deposition in the glomeruli. IgG, 

IgM, and C3 were elevated in cKO mice (Fig. 4F). These data suggest that partial loss of 

Dnase1L3 contributes to mild kidney lupus-like phenotypes.

Finally, we compared the lupus-like phenotypes we measured across mice to determine any 

trends in these phenotypes. We scaled each phenotype to a 5 point scale, with 5 representing 

the maximal phenotype and 0 representing the minimum phenotype. Using this scale, we 

observed an inverse relationship between Dnase1F3 levels and the serology and kidney 

phenotypes (Fig. 5). Due to the mildness of the kidney phenotypes, smaller differences were 

observed between cKO and WT mice. Overall, we conclude that partial Dnase1L3 loss 

triggers mild lupus-like phenotypes in mice.

4. Discussion

In this study, we developed a genetic model of partial Dnase1L3 deficiency by eliminating 

Dnase1L3 from macrophages. We used these mice to evaluate the impact of partial 

Dnase1L3 deficiency on the development of lupus-like phenotypes in mice. While deletion 

of Dnase1L3 from macrophages reduced serum Dnase1L3, it did not reduce Dnase1 

family activity. We found that partial loss of Dnase1L3 increased total IgM, total IgG 

and autoantibody levels. It caused a delayed increase in anti-dsDNA antibody production 

relative to full Dnase1L3−/− mice. We detected anti-Dnase1L3 antibodies in these mice. In 

contrast, kidney damage was minimal. These results suggest that a partial loss of Dnase1L3 

is sufficient to initiate lupus-like phenotypes in mice. Thus, restoring Dnase1L3 may be one 

promising approach to treat SLE.

While LysM-specific depletion of Dnase1L3 reduced serum Dnase1L3 67%, it did not 

alter serum Dnase1 family activity. Serum Dnase1 family activity is provided by Dnase1 

and Dnase1L3. This lack of impact on activity could be due to a lower abundance of 

serum Dnase1L3. In our system, Dnase1L3 production by unaffected cell types failed to 

compensate for reduced myeloid expression. Alternatively, compensatory Dnase1 expression 

could correct reduced Dnase1L3 activity at the level of bulk DNA degradation. Dnase1 

Engavale et al. Page 10

J Leukoc Biol. Author manuscript; available in PMC 2024 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may compensate for Dnase1L3 activity under certain circumstances.26 Polygenic lupus 

mouse models attempt to compensate for decreased Dnase1L3 activity by elevating 

Dnase1L3 expression.17 While Dnase1 can compensate for Dnase1 family activity, Dnase1 

cannot rescue many Dnase1L3-specific activities, like generating extracellular circular 

chromosomal DNA,27 clearing multinucleosome cell-free DNA,28,29 and preventing lupus 

onset.2,14 Overall, this suggests that compensatory feedback mechanisms are inadequate to 

prevent onset of autoimmunity.

Our work provides new insight into lupus heterogeneity and disease onset. Global 

Dnase1L3−/− mice produce anti-dsDNA antibodies early in life.2,10,14 In contrast, partial 

loss of Dnase1L3 delayed onset of anti-dsDNA antibodies until 40 to 50 wk. Interestingly, 

anti-dsDNA IgG was elevated along with IgM levels, prior to the global increase in 

IgG. This suggests a gradual accumulation of antigenic extracellular DNA underlies the 

trigger for lupus-like phenotypes. The delayed onset of autoantibodies in our model of 

partial Dnase1L3 loss is similar to human lupus, where onset often occurs in early 

adulthood.30 Importantly, neutralization of Dnase1L3 by autoantibodies occurs in ~50% 

of sporadic lupus.8 Similar to humans, our mice developed anti-Dnase1L3 antibodies when 

Dnase1L3 was partially reduced. The potential for cross-reactivity between anti-DNA and 

anti-Dnase1L39 autoantibodies suggests a negative feedback loop that accelerates disease. 

Future work is needed to determine if these antibodies are anti-DNA antibodies that also 

target Dnase1L3, if they are anti-Dnase1L3 antibodies that also target DNA, or if a DNA/

Dnase1L3 complex generates antibodies simultaneously.

There are several mechanisms by which partial Dnase1L3 loss could drive disease. One 

mechanism is accumulation of cell-free DNA. While we did not observe a statistically 

significant elevation in total cell-free DNA, the cell-free DNA profile is altered when 

Dnase1L3 is absent.28 This DNA could be more antigenic, driving anti-DNA antibodies 

that cross-react with Dnase1L3, creating the negative feedback loop. Alternatively, when 

Dnase1L3 is reduced, the amount of antigenic, complexed DNA could increase, causing 

an increase in microparticles. However, we were unable to measure microparticles. Our 

myeloid-specific Dnase1L3 knockout represents a genetic system to further explore how 

partial loss of Dnase1L3 affects the development of autoantibodies.

Along with insight into autoantibody onset, we provide evidence on organ-system specific 

lupus defects. Kidney phenotypes from mice with loss of macrophage Dnase1L3 were mild. 

kidney pathologies more typically associated with lupus were mild and present only in 

a subset of mice. This mild kidney phenotype suggests that loss of macrophage-derived 

Dnase1L3 is not a major driver of kidney pathology. While the late onset of autoantibodies 

may have delayed the kidney pathology, similar results from the global knockouts2 suggest 

that Dnase1L3 is not uniquely necessary to prevent lupus nephritis in mice. Dnase1 might 

rescue kidney phenotypes. For example, Dnase1 rescues renal pathology in Staphylococcus 
aureus infection of Dnase1−/−/Dnase1L3−/− mice.14 Overall, these results provide new 

insight into our understanding of lupus disease heterogeneity.

Our work opens new avenues of research in the field of lupus and nucleases. One avenue 

is determining if the impact of DC-specific deficiency of Dnase1L3 phenocopies our mice. 
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Our findings suggest that restoration of Dnase1L3 is a viable therapeutic strategy for SLE. 

Further research is needed to establish the therapeutic potential of Dnase1L3 in SLE.

While we generated and characterized a mouse model with partial Dnase1L3 loss, our 

work had limitations. Our assessment of lupus-like phenotypes was restricted to serology 

and kidney pathology. We did not evaluate T cell or B cell subsets nor behavior. Besides 

anti-dsDNA autoantibodies, we characterized limited autoantibody subsets. While Dnase1L3 

is elevated in M2a macrophages,11 we did not measure macrophage polarization in 

Dnase1L3 deficient macrophages in vivo. Finally, we did not test the intracellular roles 

for Dnase1L3.22,27

Overall, our study highlights the importance of optimal levels of Dnase1L3 in preventing 

SLE. Our Dnase1L3 cKO mouse provides a model where partial loss of Dnase1L3 can 

be modeled. This model expands the repertoire and physiology of lupus mouse models, 

providing insights into the impact of variable levels of Dnase1L3 on lupus-like disease 

heterogeneity in mice.
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Fig. 1. 
Dnase1L3 loss from macrophages reduces serum Dnase1L3. (A) Serum Dnase1L3 was 

measured in 41 to 50 wk old Dnase1L3fl/fl×Cre−/− (WT) or Dnase1L3fl/fl×Cre +/− (cKO) 

mice by ELISA. (B) Serum Dnase1 activity for 41 to 50 wk old WT or cKO mice was 

measured using 200 ng plasmid DNA for 30 min. The extent of plasmid degradation was 

quantified and EC50 calculated as described in the Methods. Data points represent individual 

mice and median. Six mice per group were used. *P < 0.05 by 1-way analysis of variance 

and Tukey’s multiple comparison test.
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Fig. 2. 
Loss of Dnase1L3 from macrophages causes late elevation of serum IgM and IgG titers. 

ELISA for IgM or IgG was performed on serially sampled sera from Dnase1L3fl/fl×Cre−/− 

(WT) or Dnase1L3fl/fl×Cre+/− (cKO) mice between 21 to 30 wk, 31 to 40 wk, and 41 to 

50 wk. (A) Serum IgM levels at each time point are shown. (B) Progression of serum IgM 

levels with age for each mouse is shown. (C) Serum IgG levels at each time point are 

shown. (D) Progression of serum IgG levels with age for each mouse is shown. Graphs 

show individual mice and median. Six mice per group were used. ****P < 0.0001, ***P < 

0.001, **P < 0.01, and *P < 0.05 by 1-way analysis of variance, mixed-effects models, and 

multiple comparisons using Tukey.
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Fig. 3. 
Mice lacking macrophage Dnase1L3 produce anti-nuclear antibodies, anti-dsDNA 

antibodies, and anti-Dnase1L3 antibodies. Fixed HEp2 cells were incubated with sera from 

41- to 50-wk-old mice at 1:40, 1:160, or 1:640 dilutions and stained with anti-mouse IgG 

(green). (A) Micrographs show a representative field at the indicated dilution. Scale bar = 50 

μM (B) Quantitation of ANA titer. (C, D) ELISA for anti-dsDNA was performed on serially 

sampled sera from Dnase1L3fl/fl×Cre−/− (WT) or Dnase1L3fl/fl×Cre+/− (cKO) mice between 

21 to 30 wk, 31 to 40 wk, and 41 to 50 wk. (C) Anti-dsDNA levels at each time point are 

shown. (D) Progression of anti-dsDNA levels with age for each mouse is shown. (E) Serum 

DNA was measured in WT, cKO, or Dnase1L−/− (FKO) mice. (F) Anti-Dnase1L3 antibodies 

were measured at a 1:50 serum dilution and considered positive if the A450 was >0.1. The 

dashed line represents the limit of detection. Data points represent individual mice. Graphs 

show individual mice and median. (A-D) Six, (E) 4, or (F) 3 mice per group were used. 

****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05 by 1-way analysis of variance, 

mixed-effects models, and multiple comparisons using Tukey.

Engavale et al. Page 17

J Leukoc Biol. Author manuscript; available in PMC 2024 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Dnase1L3 loss from macrophages causes mild kidney phenotypes. (A) Kidney sections from 

50-wk-old Dnase1L3fl/fl×Cre−/− (WT) or Dnase1L3fl/fl×Cre+/− (cKO) mice were stained 

with hematoxylin and eosin. A representative glomerulus in the inset is shown. (B, C) 

Glomerular diameter and Bowman’s capsule space were quantitated. (D) The degree of 

kidney pathology was measured for each mouse. (E) Kidney sections from 50-wk-old 

Dnase1L3fl/fl×Cre−/− (WT) or Dnase1L3fl/fl×Cre+/− (cKO) mice were stained with anti-

mouse IgG Alexa Fluor 488 (green), DAPI (cyan), anti-mouse IgM Cy3 (red), and anti-C3 

Alexa 647 (blue), and imaged by confocal microscopy. (F) Quantitation of the fluorescence 

intensity for each antibody. (A, E) Representative micrographs from 6 animals per group 

are shown. (B-D, F) Graphs show 6 individual mice per group plus the median for each 
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phenotype. Scale bar = 50 μm ***P < 0.005 and **P < 0.01 by 1-way analysis of variance 

and Tukey’s multiple comparison test.
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Fig. 5. 
Reduction in Dnase1L3 levels associates with lupus-like phenotypes in mice. Dnase1L3 

levels and lupus-like phenotypes were each normalized to a 5-point linear scale, in 

which 5 represents the phenotype of the most affected mouse and 0 represents the 

least affected mouse. Each row represents an individual Dnase1L3fl/fl×Cre−/− (WT) or 

Dnase1L3fl/fl×Cre+/− (cKO) mouse.
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