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Secreted mammalian DNases protect against
systemic bacterial infection by digesting biofilms
Keenan A. Lacey1*, Lee Serpas2*, Sohei Makita2*, Yueyang Wang2, Ali Rashidfarrokhi2, Chetna Soni2, Sandra Gonzalez1,
Andre Moreira2, Victor J. Torres1,3, and Boris Reizis2

Extracellular DNase DNASE1L3 maintains tolerance to self-DNA in humans and mice, whereas the role of its homolog DNASE1
remains controversial, and the overall function of secreted DNases in immunity is unclear. We report that deletion of murine
DNASE1 neither caused autoreactivity in isolation nor exacerbated lupus-like disease in DNASE1L3-deficient mice. However,
combined deficiency of DNASE1 and DNASE1L3 rendered mice susceptible to bloodstream infection with Staphylococcus
aureus. DNASE1/DNASE1L3 double-deficient mice mounted a normal innate response to S. aureus and did not accumulate
neutrophil extracellular traps (NETs). However, their kidneys manifested severe pathology, increased bacterial burden, and
biofilm-like bacterial lesions that contained bacterial DNA and excluded neutrophils. Furthermore, systemic administration of
recombinant DNASE1 protein during S. aureus infection rescued the mortality of DNase-deficient mice and ameliorated the
disease in wild-type mice. Thus, DNASE1 and DNASE1L3 jointly facilitate the control of bacterial infection by digesting
extracellular microbial DNA in biofilms, suggesting the original evolutionary function of secreted DNases as antimicrobial
agents.

Introduction
Themajority of DNA in themammalian organism is sealed in the
nuclei and mitochondria of living cells and is rapidly cleared
during cell death. The accumulation of host- or pathogen-derived
DNA in inappropriate cellular compartments or extracellularly is
a major danger signal that triggers immune activation through
multiple sensing pathways (Barrat et al., 2016). Accordingly, the
levels and location of DNA are controlled by several specialized
mammalian DNases that prevent aberrant immune activation
by self-DNA. Thus, DNA in the endolysosomes and cytosol is
digested by DNase II and DNase III (TREX1), respectively, and
their absence causes Aicardi-Goutières syndrome, a severe au-
toinflammatory disease (interferonopathy) driven by DNA-
induced type I IFN production (Crow and Manel, 2015; Crowl
et al., 2017). At the same time, DNases may facilitate process-
ing of foreign DNA to ensure optimal immune responses. Thus,
TREX1 digests DNA of reactivated endogenous retroelements as
well as exogenous retroviruses such as HIV-1 (Volkman and
Stetson, 2014). Furthermore, DNase II is required for antibacte-
rial immunity in Drosophila (Seong et al., 2006) and for the
processing of microbial DNA for recognition by its endosomal
receptor TLR9 in mice (Chan et al., 2015).

Themammalian DNase I family of secreted DNases comprises
DNASE1 and its three homologs (DNASE1L1–DNASE1L3), which
are thought to digest extracellular DNA (eDNA; Keyel, 2017).
Among the four family members, DNASE1L3 plays an essential
role in maintaining immune tolerance to self-DNA. Null muta-
tions in DNASE1L3 in human patients cause monogenic systemic
lupus erythematosus (SLE) characterized by early onset and
antibody response to self-DNA (Al-Mayouf et al., 2011; Belot
et al., 2020; Ozçakar et al., 2013). Moreover, many patients
with severe sporadic SLE were recently found to develop
blocking anti-DNASE1L3 antibodies that reduce the enzyme’s
activity in circulation (Hartl et al., 2021). Similar to humans,
Dnase1l3-deficient mice on pure genetic backgrounds (both
C57BL/6 and 129) develop anti–double-stranded DNA (dsDNA)
and anti-nucleosome antibodies, progressive immune activa-
tion, and immune complex deposition in the kidneys (Sisirak
et al., 2016; Weisenburger et al., 2018). This unique role of
DNASE1L3 reflects its ability to digest DNA within the chro-
matin of apoptotic cells (Napirei et al., 2005; Sisirak et al.,
2016; McCord et al., 2022), which enables the clearance of
polynucleosomal DNA fragments associated with apoptotic
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cell-derived microparticles (Hartl et al., 2021; Serpas et al.,
2019).

Whereas DNASE1L3 and DNASE1 comprise the majority of
DNase activity in circulation (Napirei et al., 2009), the role of
DNASE1 is poorly understood. Although a null mutation in
DNASE1 was found in two SLE patients (Yasutomo et al., 2001),
subsequent studies failed to identify this or any other deleteri-
ous DNASE1 mutations in human SLE. Similarly, it remains
controversial whether Dnase1-deficient mice develop SLE-like
disease (Kenny et al., 2019; Napirei et al., 2006; Napirei et al.,
2000). It was proposed that DNASE1 may serve to digest neu-
trophil extracellular traps (NETs; Hakkim et al., 2010), the ge-
nomic DNA fragments that are released by activated neutrophils
during infections and inflammatory conditions (Brinkmann
et al., 2004). Mice deficient in DNASE1 and DNASE1L3, but not
in either enzyme alone, were shown to succumb to experimental
conditions with high neutrophil numbers due to increased
NET formation and NET-induced microvascular thrombosis
(Jiménez-Alcázar et al., 2017). However, neither the ability of
these mice to control live pathogens nor their autoimmune
phenotype were examined, leaving the specific and cooperative
functions of DNASE1 and DNASE1L3 unclear. Notably, both
proteins are highly conserved in evolution (Mori et al., 2022;
Zervou et al., 2020), suggesting a yet unknown ancestral
function.

Apart from self-DNA, DNA derived from microbes promotes
their infection of themammalian hosts and thusmay represent a
potential target of secreted DNases. In particular, many bacterial
pathogens rely on eDNA-rich biofilms to establish and maintain
active infections (Flemming et al., 2016). Biofilms are commonly
described as sessile microbial communities in which cells are
attached to other cells or a surface and embedded in a protective
polymeric matrix (Sauer et al., 2022). Staphylococcus aureus is
one such bacterium that employs biofilms to support its patho-
genic lifestyle (Lister and Horswill, 2014). S. aureus is a Gram-
positive opportunistic pathogen that asymptomatically colonizes
∼30% of the population (Wertheim et al., 2005). However, the
spread of bacteria from innocuous locations in the skin and
nares to peripheral tissues and organs can result in a wide array
of pathologies including skin and soft tissue infections, endo-
carditis, pneumonia, and bloodstream infections (Thomer et al.,
2016). The emergence of antibiotic-resistant forms, such as
methicillin-resistant S. aureus (MRSA), has made the treatment
of S. aureus infection difficult and created the need for new
targeted therapies against this pathogen (Thomsen and Liu,
2018). As S. aureus biofilms develop, they produce an extracel-
lular polymericmatrix composed of eDNA, polysaccharide, lysis-
derived proteins, and host factors (Cue et al., 2012; Foster et al.,
2014; Montanaro et al., 2011). The eDNA is thought to be derived

Figure 1. DNASE1 deficiency does not cause or exacerbate autor-
eactivity to DNA. (A) Serum titers of auto-Abs to dsDNA as determined by
ELISA. Symbols represent individual mice; bars represent mean ± SEM.
Groups of WT, D1−/−, D1L3−/−, and D1−/−D1L3−/− mice were assessed at 3–4
mo (n = 33; 8; 36; 14), 6–7 mo (n = 33; 17; 19; 11), 9–10 mo (n = 17; 14; 20; 11),
and >12 mo (n = 13; 7; 17; 5). (B and C)WT (n = 23), D1−/− (n = 19), D1L3−/− (n =
19), and D1−/−D1L3−/− (n = 12) mice were assessed at 1 yr of age by ELISpot for
the frequency of splenic antibody-secreting cells (ASC) reactive to dsDNA (B)
and nucleosomes (C). Symbols represent individual mice; bars represent
mean ± SEM. (D) CD4+ T cells from the spleens of 1-yr-old WT (n = 17), D1−/−

(n = 14), D1L3−/− (n = 21), and D1−/−D1L3−/− (n = 9) mice were assessed for the
expression of Sca-1 by flow cytometry. Symbols represent individual mice;
bars represent mean ± SEM. (E) The sizes of glomeruli in the kidneys of mice
of indicated genotypes at 1 yr of age. Shown are violin plots with median
(thick lines) and quartiles (thin lines). At least 50 glomeruli from a single

kidney section from WT (n = 6), D1−/− (n = 6), D1L3−/− (n = 6), and
D1−/−D1L3−/− (n = 6) mice were measured. Statistical significance was
determined by Kruskal–Wallis test followed by Dunn’s multiple-
comparison test except for E, where one-way ANOVA followed by Tu-
key’s multiple comparison was used; two-tailed P values < 0.05 (*),
<0.01 (**), 0.001 (***), and <0.0001 (****). Only statistically significant
differences are indicated in all panels.
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primarily from bacteria (Rice et al., 2007), although the con-
tribution of host DNA has been described (Walker et al., 2005).
Due to its negative charge, eDNA acts as an electrostatic polymer
that can anchor bacteria to other bacteria and host factors (Lister
and Horswill, 2014). Whereas recombinant DNASE1 was shown
to disrupt S. aureus biofilm formation in vitro (Dakheel et al.,
2016; Tetz et al., 2009), its impact on preformed biofilms has
shown conflicting results (Houston et al., 2011; Kaplan et al.,
2012), and the role of endogenous DNASE1 or other secreted
DNases in bacterial infections has not been investigated in vivo.

Here, we investigated the roles of murine DNASE1 and
DNASE1L3 in autoimmunity and the immune response to
biofilm-forming S. aureus. We found that DNASE1 does not
contribute to the tolerance to self-DNA yet cooperates with
DNASE1L3 to control systemic infection with S. aureus. The two
DNases were required to restrict bacterial growth and biofilm
formation in the kidneys, whereas the administration of re-
combinant DNASE1 facilitated the clearance of biofilms and
animal survival. These studies elucidate the evolutionary role of
mammalian-secreted DNases in the digestion of pathogen-
derived DNA and resistance to infection.

Results
DNASE1 is dispensable for immunological tolerance to
self-DNA
To test the potential role of DNASE1 in immunological tolerance,
we assessed the autoimmune phenotype in Dnase1-deficient
(D1−/−) mice and compared it with the SLE-like disease that
develops in Dnase1l3-deficient (D1L3−/−) mice (Sisirak et al.,
2016). All mice were on the pure C57BL/6 (B6) genetic back-
ground. To test the potential redundancy between the two
DNases, we also generated and analyzed Dnase1/Dnase1l3-double-
deficient (D1−/−D1L3−/−) mice. We first assessed autoantibodies
(auto-Abs) to dsDNA and nucleosomes by ELISA in these mice.
D1L3−/− mice on C57BL/6 background progressively develop
anti-dsDNA and anti-nucleosome auto-Abs starting at ∼3 mo of
age (Sisirak et al., 2016). We observed the same pattern in our
current cohort of D1L3−/− mice as well as in D1−/−D1L3−/− mice
(Fig. 1 A). In contrast, D1−/− mice did not develop any detectable
auto-Abs at any age (Fig. 1 A). Comparing D1L3−/− mice to
D1−/−D1L3−/−mice, we did not observe any significant increase in
autoantibody titers or acceleration of their development. Simi-
larly, only D1L3−/− but not D1−/− mice accumulated splenic
antibody-secreting cells reactive to dsDNA and nucleosomes by
1 yr of age, and their frequency was not increased in D1−/−D1L3−/−

compared with D1L3−/− mice (Fig. 1, B and C).
Sca-1 is a GPI-anchored cell surface protein of unknown

function, the expression of which is upregulated on lymphocytes
by type I IFN and thus represents a sensitive flow cytometry–
based readout of the aberrant IFN signaling in SLE models (Lee
et al., 2008). Indeed, Dnase1l3-deficient mice show progressive
upregulation of Sca-1 that reflects the ongoing pathogenic type I
IFN response (Soni et al., 2020). Splenic CD4+ T cells from
D1L3−/− mice showed significantly higher levels of Sca-1 com-
pared with WT and D1−/− mice at 1 yr of age, and no further
increase was detected in D1−/−D1L3−/− mice (Fig. 1 D). Finally,

D1L3−/− but not D1−/− mice at 1 yr showed swelling of kidney
glomeruli (indicative of antibody-mediated kidney damage), and
no further increase was observed in D1−/−D1L3−/− mice (Fig. 1 E).
Collectively, these data suggest that the loss of DNASE1 does not
cause autoreactivity to DNA by itself and does not amplify the
loss of DNASE1L3. Thus, only DNASE1L3 is uniquely and non-
redundantly required for tolerance to self-DNA, leaving open the
question of the biological role of DNASE1.

DNASE1 and DNASE1L3 are required for the control of
systemic S. aureus infection
Given that many nucleases are directly involved in antimicrobial
responses and that DNASE1-like nucleases are conserved in
vertebrate evolution, we hypothesized that DNASE1 and/or
DNASE1L3 might facilitate immunity to infection. We therefore
examined their role in the control of bloodstream infection with
S. aureus, a common cause of bacteremia and sepsis. D1−/−,
D1L3−/−, and D1−/−D1L3−/− mice were infected i.v. (1 × 107 CFU/
mouse) with USA300 strain LAC, a prototypic community-
acquired MRSA strain (Thurlow et al., 2012). Almost all the
D1−/−D1L3−/− mice succumbed to infection within 72 h (as de-
fined by weight loss >20%), a significant decrease compared to
only 44% of WT mice at that point (Fig. 2 A). The survival of
D1L3−/− mice was comparable with WT mice, while D1−/− mice
showed an intermediate survival that was not significantly re-
duced compared with WT mice (Fig. 2 A). A reduction of the
bacterial inoculum by 30% or less can improve the survival rate
in this model (Tam et al., 2020). We, therefore, infected mice
with a lower dose of MRSA (7.5 × 106 CFU/mouse), which re-
sulted in a complete survival of WT mice (Fig. 2 B). In contrast,
>50% D1−/−D1L3−/− succumbed to infection, confirming their
increased susceptibility. Accordingly, at 72 h after infection, the
bacterial burden was significantly increased in the lung, liver,
spleen, heart, and kidneys of D1−/−D1L3−/− mice compared with
WT mice (Fig. 2 C). Notably, the bacterial burden in kidneys
exceeded 106 CFU/mg compared with <103 CFU/mg in other
tissues, highlighting the kidney as the major site of tissue in-
flammation in this model as described previously (Cheng et al.,
2011; Kim et al., 2014; Thomer et al., 2016). D1−/− mice showed
elevated bacterial burden only in the liver, while D1L3−/− mice
were similar to WT mice (Fig. 2 C). Thus, in the context of
systemic S. aureus infection, the loss of DNASE1L3 had no effect
and the loss of DNASE1 partially impaired resistance, whereas
the combined loss of both DNASE1 and DNASE1L3 renderedmice
highly susceptible, suggesting that both DNases facilitate anti-
bacterial immunity in a synergistic manner.

To understand why D1−/−D1L3−/− mice succumbed to infec-
tion, we analyzed lungs, livers, hearts, and kidneys of infected
mice by histology. At 18 h after infection, no overt pathology was
observed in any organ of D1−/−D1L3−/− mice when compared
with uninfected WT mice (Fig. S1, A and B). As animal survival
was defined by weight loss and clinical symptoms, the majority
of mice (including those designated as non-surviving) at 72 h
after infectionwere available for tissue harvesting. At this point,
no significant pathology was observed in the liver, lungs, or
heart of mice of any genotype (Fig. S1, C–H). In contrast, sig-
nificant renal pathology was observed in all groups at the 72-h
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Figure 2. Deficiency of DNASE1 and DNASE1L3 impairs control of systemic S. aureus infection. (A) Survival of mice of indicated genotypes that were
infected i.v. with 1 × 107 CFU of S. aureus (n = 17–25 mice per group, pooled from three separate experiments). (B) Survival of mice of indicated genotypes that
were infected i.v. with 7.5 × 106 CFU of S. aureus (n = 7–8 mice per group). (C) Bacterial burden in the indicated organs of mice infected as in A and sacrificed
72 h later. Symbols represent individual mice; bars represent the median ± interquartile range of 16–19 mice per group; data are shown on a log scale. (D and
E) Kidney pathology in the infected mice 72 h after infection. (D) H&E-stained sections of kidneys (representative of at least 12 mice per group). Scale bars,
1 mm (whole kidney) and 100 μm (magnified image). Arrows indicate areas of immune cell infiltration (yellow) and tissue necrosis (black). (E) Pathological
scoring for the kidneys from indicated genotypes. Symbols represent individual mice; bars represent mean ± SD of 12–19 mice per group. (F) Blood urea
nitrogen (BUN) in the blood of infected mice 72 h after infection. Symbols represent individual mice, bars represent mean ± SD of 7–10 mice per group.
Statistical significance between groups was determined by log-rank (Mantel–Cox) test (A and B) using Bonferroni correction for multiple comparisons where
appropriate (A), Kruskal–Wallis test followed by the Dunn’s multiple-comparison test (C and E), or Student’s t test (F). Two-tailed P values <0.01 (**), <0.001
(***), and <0.0001 (****); Bonferroni corrected two-tailed P value <0.017 (**). Only significant differences are indicated in all panels.
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time point, including abscesses, immune infiltrates, and tissue
necrosis (Fig. 2 D), consistent with the kidney being a preferred
target of S. aureus in this model. Notably, the pathology was
significantly more severe in D1−/−D1L3−/− mice compared with
WT, D1−/−, or D1L3−/− mice (Fig. 2, D and E). The pathology could
be observed throughout all kidney areas and coincided with the
presence of Gram-positive staphylococci (Fig. S2). Accordingly,
biochemical analysis of serum showed elevated levels of blood
urea nitrogen in infected D1−/−D1L3−/− compared with WT mice,
which is indicative of renal dysfunction (Fig. 2 F). Although the
contribution of other organ pathology cannot be ruled out, the
observed high bacterial burdens, severe tissue inflammation,
and impaired function suggest kidney pathology as the main
driver of the increased susceptibility of D1−/−D1L3−/− mice to S.
aureus–mediated bloodstream infection.

DNASE1 and DNASE1L3 do not control NET formation or
cytokine response to S. aureus infection
To investigate the mechanism behind the enhanced kidney pa-
thology and bacterial growth in D1−/−D1L3−/− mice, we focused
on the innate immune system that is essential for the control of
S. aureus infection. We assessed 13 inflammatory mediators in
the plasma of WT, D1−/−, D1L3−/−, and D1−/−D1L3−/− mice 18 and
72 h following S. aureus infection. The majority of cytokines
including IL-1α, IL-1β, IL-12p70, IL-17A, IL-23, IL-27, IFN-β, IFN-
γ, and GM-CSF showed no differences between experimental
groups (data not shown). The only observed differences in
D1−/−D1L3−/− mice included modest increases in IL-6 (at 18 h;
Fig. 3 A) and TNF-α and IL-10 (at 72 h; Fig. 3, B and C). Impor-
tantly, no cytokine was significantly decreased in D1−/−D1L3−/−

mice, although there was a trend toward lower CCL2 at 18 h
(Fig. 3 D).We also assessed immune populations in the blood and
kidneys 72 h after infection. As expected, all infected mice
showed a dramatic increase in neutrophil frequencies (Fig. 3, E
and F) and absolute numbers (Fig. 3 G) compared with unin-
fected mice. Notably, the influx of neutrophils in both blood and
kidneys was significantly higher in D1−/−D1L3−/− mice compared
with WT controls (Fig. 3, E–G). In contrast, Ly-6Chi inflamma-
tory monocytes (Kratofil et al., 2017) were increased in all in-
fected mice but showed no significant differences between the
groups (data not shown). The observed increase in cytokine
response and neutrophil recruitment in D1−/−D1L3−/− mice likely
reflects their elevated bacterial burden and argues against a
defect in the innate immune response to infection.

It has been reported that D1−/−D1L3−/− mice exhibit uniform
mortality following cytokine- or bacterial product-induced
neutrophilia due to defective clearance of NETs and the result-
ing NET-mediated blood clotting in the lungs (Jiménez-Alcázar
et al., 2017). Given the increased neutrophil numbers in
S. aureus–infected D1−/−D1L3−/− mice, we tested if excessive
NETosis might contribute to the resulting pathology. NETs were
quantified in the plasma of infected mice using ELISA, which
detects myeloperoxidase-DNA complexes characteristic of NETs.
In contrast to the robust detection of myeloperoxidase-DNA in
the bronchoalveolar lavage fluid from neutrophil-infiltrated
mouse lungs (positive control), no NETs were detected in the
plasma of infected mice at 18 or 72 h (Fig. 3 H). To further rule

out the role of NETs, we treated mice according to Jiménez-
Alcázar et al. (2017) with three consecutive i.p. injections of
LPS every 24 h followed by a single i.v. injection of heat-killed
Escherichia coli. In both WT and D1−/−D1L3−/− mice, this treat-
ment caused a major influx of neutrophils in the blood (Fig. S3
A) and broad induction of ICAM-1 and Sca-1 expression (Basit
et al., 2006; Shi et al., 2013) 24 h later (Fig. S3, B and C). The
induced neutrophilia was comparable with that observed af-
ter S. aureus infection (Fig. S3 D); furthermore, the LPS/E. coli
treatment caused additional pathology including splenomeg-
aly, anemia, and thrombocytopenia (Fig. S3, E–H). Notwith-
standing these severe effects, D1−/−D1L3−/− mice showed no
increased weight loss (Fig. 3 I), a non-significant decrease in
survival (Fig. 3 J), and no blood clots or other abnormalities in
the lungs at either 24 or 40 h following E. coli injection
(Fig. 3 K). These results do not support the proposed excessive
NETosis in D1−/−D1L3−/− mice and argue against the latter as a
mechanism for increased susceptibility to S. aureus infection.

DNASE1 and DNASE1L3 prevent the formation of bacterial
biofilm in the kidney
Biofilms provide a protective niche that shields bacteria from the
immune system and facilitates bacterial outgrowth and patho-
genicity (Flemming et al., 2016). Bacterial biofilms are composed
of a mixture of bacterial proteins, bacterial cell components, and
DNA (Zapotoczna et al., 2016) and therefore can be thought of as
a type of eDNA substrate. As such, we hypothesized that the
increased susceptibility of D1−/−D1L3−/− mice to S. aureus might
be due to their inability to digest bacterial DNA and disperse
biofilms.

To test this notion, we first analyzed the kidneys of S.
aureus–infected mice by electron microscopy (EM). Transmis-
sion EM revealed the presence of characteristic bacterial
cell structures within the kidney inflammatory lesions of
D1−/−D1L3−/− mice at 72 h after infection (Fig. S4), as confirmed
through the depth of the lesion by serial block-face scanning EM
(Video 1). Scanning EM revealed very few bacterial aggregates in
the kidneys of infected WT mice compared with uninfected
controls (Fig. 4, A and B). In contrast, the kidneys of D1−/−D1L3−/−

mice harbored extensive bacterial aggregates (Fig. 4 C), in which
tight clusters of planktonic S. aureus (colorized in purple) were
surrounded by biofilm-like structures comprising bacteria and
extracellular matrix (colorized in yellow). To detect and quan-
tify DNA-containing bacterial lesions, we stained kidneys of
infected mice by immunohistochemistry with an antibody
against S. aureus and with DAPI to visualize DNA by immuno-
fluorescence. We found that the rare bacterial lesions in the
kidneys of WT mice at 72 h after infection showed dense DAPI
staining (Fig. 4 D). The lesions were similarly DAPI-positive in
the kidneys of D1−/−D1L3−/− mice (Fig. 4 E) but were more fre-
quent and occupied a significantly larger area (Fig. 4 F). Similar
results were obtained at an earlier time point of 48 h after in-
fection, when the majority of WT mice had no bacterial lesions
in the kidneys (Fig. S5, A–C).

We tested whether the DNA-rich bacterial foci in the kidney
contain bacterial eDNA and thus represent a biofilm. Staining
with DAPI was insufficient for this purpose because it equally
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Figure 3. Deficiency of DNASE1 and DNASE1L3 does not affect NETosis or cytokine response to bacteria.Mice of the indicated genotypes were infected
i.v. with 1 × 107 CFU of S. aureus and sacrificed 18 or 72 h later. (A–D) Levels of the indicated cytokines in the plasma. Bars represent mean ± SEM of n = 5–9
mice per group; dotted lines represent levels in uninfected WT mice. (E–G) Frequency of neutrophils among total single cells in the blood (E) and kidneys (F),
and absolute numbers of neutrophils in the kidneys (G) 72 h after infection. Symbols represent individual mice; bars represent mean ± SEM of 9–11 mice per
group; dotted lines represent levels in uninfected WT mice. (H) Detection of NETs in the plasma of infected mice using ELISA for myeloperoxidase-DNA
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stains both bacterial and host DNA. To distinguish between
bacteria-derived DNA and mouse-derived DNA, we stained for
5-methylcytosine (5-mC), which is very common in mammalian
DNA as part of the methylated CpG motif. In contrast, 5-mC in
bacteria is present only in certain restriction enzyme sites
modified by the Dcm methylase (Sánchez-Romero et al., 2015),
which is absent in S. aureus (Dreiseikelmann and Wackernagel,
1981). InWTmice, the majority of the S. aureus–containing areas
that were positive for DAPI were also positive for 5-mC (Fig. 5, A
and B), suggesting the abundance of host DNA. Some DAPI-
positive areas with low or negative 5-mC staining were also
observed, likely reflecting the occasional formation of biofilms
with high bacterial DNA content. In contrast, nearly all S.
aureus–containing DAPI-positive lesions in D1−/−D1L3−/− kidneys
were low or negative for 5-mC (Fig. 5, C and D). To quantify the
eDNA area while normalizing for the number of bacterial le-
sions, we calculated the area of strong DAPI staining as DNA
from both bacteria and host and subtracted the 5-mC–positive
area as DNA from the host. This analysis indicated that only
three out of eight WT mice harbored small (<1 mm2) detectable
areas of microbial eDNA, whereas all eight D1−/−D1L3−/− mice
contained larger (>1 mm2) areas (Fig. 5 E). Similar results were
also observed at the earlier 48 h time point (Fig. S5, D–F). The
specificity of 5-mC staining was confirmed by the absence of
signal in S. aureus biofilms formed in vitro, in contrast to the
positive staining of mammalian cell nuclei (Fig. 5 F).

We sought to further confirm that the observed lesions en-
riched in bacterial eDNA represent biofilms. Biofilm formation
bymethicillin-resistant staphylococci requires wall teichoic acid
(WTA; Mann et al., 2016), which is detected by a recently de-
veloped anti-WTA mAb (de Vor et al., 2022). While this mAb is
not completely specific for the biofilm vs. planktonic forms, it
allows faithful detection of S. aureus biofilm in vivo. This mAb
weakly stained small S. aureus lesions in the kidneys ofWTmice,
likely reflecting the expected low-level biofilm formation in
these lesions (data not shown). Importantly, it showed strong
staining of S. aureus lesions in the kidneys of D1−/−D1L3−/− mice
(Fig. 6, A–D), consistent with large-scale biofilm formation.
Next, we tested the hallmark effect of biofilm formation,
i.e., increased resistance to antibiotics. We found that the
treatment of S. aureus–infected animals with vancomycin res-
cued the survival of WT mice (Fig. 6 E) but not of D1−/−D1L3−/−

mice (Fig. 6 F). Note that the slightly improved survival of
D1−/−D1L3−/− mice in these experiments compared with Fig. 2 A
may reflect experimental variables such as the injection of PBS
(as a vehicle or containing vancomycin) at 24 h after infection.
Collectively, these results suggest that the absence of secreted
DNases facilitates the formation of eDNA-rich drug-resistant
biofilms in the kidneys of S. aureus–infected mice.

S. aureus is known to form abscesses in the kidneys of i.v.
infected animals, in which the staphylococci are surrounded by
layers of phagocytes (Cheng et al., 2011; Thammavongsa et al.,
2013). Amongst phagocytes, the recruitment of neutrophils is
critical for the containment of S. aureus infection (Robertson
et al., 2008). Indeed, staining of kidney sections for the neu-
trophil marker Ly-6G revealed extensive neutrophil infiltration
into the DAPI-positive bacterial lesions in WT mice at 72 h after
infection (Fig. 7, A and B). In contrast, many DAPI-positive le-
sions in D1−/−D1L3−/− kidneys were surrounded but not in-
filtrated by neutrophils (Fig. 7, C and D), as also observed 48 h
after infection (Fig. S5, G and H). The total Ly-6G+ area was
increased in D1−/−D1L3−/− kidneys due to more extensive bac-
terial lesions (Fig. 7 E). However, the fraction of Ly-6G–negative
areas within DAPI+ lesions (i.e., bacterial lesions not infiltrated
by neutrophils) was also significantly increased (Fig. 7 F).
Collectively, these results suggest that the susceptibility of
D1−/−D1L3−/− mice to infection is due to increased biofilm for-
mation and the resulting inability of neutrophils to eliminate S.
aureus in the kidney.

Treatment with DNASE1 ameliorates S. aureus infection in vivo
by disrupting biofilms
Given that DNASE-deficient mice are unable to control biofilm
formation by S. aureus, we tested whether therapeutic delivery
of a secreted DNASE would improve biofilm dispersal and
infection control. First, we confirmed previous data (Kaplan
et al., 2012; Tetz et al., 2009) that DNASE1 was able to disperse
in vitro–generated biofilms over a wide range of concentrations
(Fig. 8 A). Similarly, we found that DNASE1L3 was also able to
disperse in vitro–generated biofilms, with no additive effect
observed between the two enzymes (Fig. 8 A). To extend these
studies in vivo, we took advantage of Dornase alfa (Pulmozyme,
hereafter Dornase), a therapeutic formulation of human DNASE1
used as an inhalant to loosen the mucus of patients with cystic
fibrosis (Yang and Montgomery, 2021). First, we tested the
ability of Dornase to rescue the phenotype of D1−/−D1L3−/− mice
by infecting them with S. aureus and administering Dornase i.v.
4 h after infection and then daily for 4 d. Whereas all buffer-
treated mice succumbed to the infection as expected, the ma-
jority of Dornase-treated mice survived (Fig. 8 B). Next, we
tested whether similar systemic treatment with Dornase could
improve the survival of WT mice. Indeed, WT mice treated with
Dornase exhibited improved survival (Fig. 8 C) and reduced
bacterial burdens in the kidney (Fig. 8 D) and liver (Fig. 8 E) at
96 h after infection. Staining of kidneys revealed that Dornase
treatment also reduced the area of S. aureus lesions (Fig. 8 F), the
area of DAPI+ 5-mC− bacterial biofilm (Fig. 8 G), and the area of
DAPI+ lesions not infiltrated by Ly-6G+ neutrophils (Fig. 8 H).

complexes. Symbols represent individual mice; bars represent the median of two to eight mice per group; bronchoalveolar lavage fluid from mice with lung
neutrophilia was used as a positive control (Pos ctrl). (I–K)Mice of indicated genotypes were given two daily doses of LPS (LPS-1, LPS-2) and one dose of LPS
with heat-killed E. coli (LPS-3+E. coli). (I) Animal weights during the experiment. Data represent mean ± SD of 7–10 mice per group; dotted line indicates the
20%weight loss cutoff used for endpoint criteria. (J) Animals were monitored for survival after the last injection based on >20%weight loss or signs of distress.
(K)H&E-stained sections of lungs at 24 h or 40 h following LPS + E. coli injection. Images are representative of at least seven mice per group. Scale bars, 50 μm.
Statistical significance was determined by Kruskal–Wallis test followed by Dunn’s multiple-comparison test for comparisons between genotypes at the same
time point (A–G). Two-tailed P values <0.05 (*), <0.01 (**), <0.0001 (****); ns, not significant. Only significant differences are indicated in A–G.
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Figure 4. Deficiency of DNASE1 and DNASE1L3 promotes DNA-containing bacterial lesions in the kidney. WT or D1−/−D1L3−/− double-knockout (DKO)
mice were infected i.v. with 1 × 107 CFU of S. aureus, and their kidneys were examined 72 h later. (A–C) Scanning EM of kidney tissue from uninfected (UI) WT
mice (A), infected WT mice (B), and infected DKO mice (C). Shown are low-magnification images of the kidney and magnified images of areas in white boxes
(scale bars, 10 μm). An additional magnified image of the bacterial lesion in DKOmice (yellow box) is shownwith pseudocolored clusters of planctonic S. aureus
(purple) and biofilm-like structures comprised of bacteria and extracellular matrix (yellow). Representative of 10–12 magnified areas per kidney from two mice
per condition/genotype. (D and E) Immunohistochemistry of kidney sections from infected WT (D) and DKO (E) mice stained with anti–S. aureus antibody and
DAPI. Shown are low magnification (4×) images of the entire kidney (scale bar, 1 mm) and magnified images of areas in white boxes (scale bars, 50 μm). The
images are representative of eight mice per genotype analyzed in two independent experiments. (F) Quantification of S. aureus–positive area in kidney
sections. Symbols represent individual mice; bars represent median. Dotted line represents the mean value of uninfected WT mice. Statistical significance was
determined by Mann–Whitney test; two-tailed P value < 0.001 (***).
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Figure 5. Deficiency of DNASE1 and DNASE1L3 promotes bacterial biofilm formation in the kidney. WT or D1−/−D1L3−/− DKO mice were infected i.v.
with 1 × 107 CFU of S. aureus, and their kidneys were examined by immunohistochemistry 72 h later. (A–D) Shown are serial sections of WT (A and B) and DKO
(C and D) kidneys stained with DAPI and antibodies to S. aureus (A and C) or 5-mC (B and D). Each panel includes low-magnification images of the entire kidney
(scale bar, 1 mm) and magnified images of areas in white boxes (scale bars, 50 μm). Representative of eight mice per genotype. (E) Quantification of DAPI-
positive 5-mC–negative biofilm area in kidney sections. Symbols represent individual mice; bars represent the median. (F) S. aureus biofilms or cultured
mammalian 293T cells were stained with DAPI and antibodies to 5-mC (scale bar, 10 μm). Representative of two experiments. Statistical significance was
determined by Mann–Whitney test; two-tailed P value < 0.001 (***).
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These differences were statistically significant, except for the
reduction of Ly-6G+ area (Fig. 8, I–L). Altogether, these findings
confirm the ability of secreted DNases to control S. aureus in-
fection by digesting biofilms and implicate them as potential
therapeutic agents.

Discussion
Our study aimed to define the physiological roles of secreted
mammalian DNase proteins of the DNase I family. Among its

four members, DNASE1L1 is a glycosylphosphatidyl inositol–
anchored cell surface protein of unknown function (Shiokawa
et al., 2007), whereas DNASE1L2 is expressed primarily in the
skin and facilitates DNA removal from skin appendages (Fischer
et al., 2011). DNASE1 and DNASE1L3 are homologous secreted
DNases, yet only DNASE1L3 has been firmly established to
prevent autoreactivity to DNA, whereas the role of DNASE1
remains controversial. We found that the deficiency of DNASE1
on pure C57BL/6 background neither caused anti-nucleosome or
anti-DNA antibody reactivity nor enhanced the autoimmune

Figure 6. Bacterial lesions in the kidneys of DNase-
deficient mice are positive for biofilm staining and
confer resistance to antibiotics. D1−/−D1L3−/− DKO
mice were infected i.v. with 1 × 107 CFU of S. aureus, and
their kidneys were examined by immunohistochemistry
72 h later. (A–D) Sections of DKO mice were stained
with DAPI, antibodies to S. aureus, and anti-WTA anti-
body that detects biofilms in vivo. Shown are low-
magnification images of the entire kidney (A and B;
scale bar, 1 mm) and magnified images of boxed areas (C
and D; scale bars, 250 μm). Representative of four
samples; no staining was observed with an isotype
control for anti-WTA (data not shown). (E and F) Sur-
vival of mice that were infected i.v. with 1 × 107 CFU of S.
aureus and injected s.c. with vancomycin or PBS 24 h
later. (E) WT mice, n = 5 per treatment group. (F) DKO
mice, n = 10 per treatment group. Statistical significance
between groups was determined by log-rank (Mantel–
Cox) test. Two-tailed P values <0.05 (*).
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manifestations in DNASE1L3-deficient mice. This is in contrast
to the original report of SLE-like disease in DNASE1-deficient
mice (Napirei et al., 2000); however, these mice were on
a mixed B6/129 background, which may generate SLE-like
symptoms on its own (Bygrave et al., 2004). Indeed, the SLE
phenotype was no longer observed on a pure B6 background
(Napirei et al., 2006). Anti-nucleosome and anti-DNA reactivity
was recently reported in another Dnase1-deficient strain (Kenny
et al., 2019); however, this study did not use DNASE1L3-deficient

mice or other common SLE models as positive controls, thus
the magnitude and physiological significance of the observed
phenotypes are difficult to assess. Some autoreactivity to yet
unknown self-antigens could not be ruled out in our DNASE1-
deficient mice; thus, DNASE1 could still mitigate local kidney
inflammation in SLE patients as proposed (Seredkina and
Rekvig, 2011; Zykova et al., 2010). Nevertheless, our results ar-
gue against the proposed role of DNASE1 in maintaining im-
mune tolerance to DNA (Hakkim et al., 2010; Kenny et al., 2019;

Figure 7. Biofilm prevents the infiltration of neu-
trophils into bacterial lesions. WT or D1−/−D1L3−/−

DKO mice were infected i.v. with 1 × 107 CFU of S. au-
reus, and their kidneys were examined by immunohis-
tochemistry 72 h later. (A–D) Sections of WT (A and B)
and DKO (C and D) mice were stained with DAPI and
antibodies to S. aureus and Ly-6G. Shown are low-
magnification images of the entire kidney (A and C;
scale bar, 1 mm) and magnified images of areas in white
boxes (B and D; scale bars, 50 μm). (E and F) Quantifi-
cation of total Ly-6G–positive area (neutrophil infiltra-
tion; E) and Ly-6G–negative area within DAPI-positive
lesions (neutrophil exclusion from lesions; F) in kidney
sections. Symbols represent individual mice; bars rep-
resent the median. Statistical significance was deter-
mined by Mann–Whitney test; two-tailed P value <
0.001 (***).
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Figure 8. Treatment with DNASE1 ameliorates S. aureus infection in vivo. (A) Dispersal of biofilms by recombinant DNases. S. aureus biofilms were grown
and digested in vitro with a concentration range of recombinant DNASE1 and DNASE1L3, and the remaining biofilm was quantified. The OD values from each
experiment were normalized to the undigested OD value from that experiment and plotted as a fraction of the undigested signal; bars represent mean ± SEM.
(B–E)Mice were infected i.v. with 1 × 107 CFU S. aureus and treated with Dornase or with buffer only (control) at 4, 24, 48, 72, and 96 h after infection. Mice
were sacrificed at 30% weight loss for humane endpoint. (B) Survival of D1−/−D1L3−/− DKO mice (n = 8–9 per group). (C) Survival of WT mice (n = 16–18 per
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Yasutomo et al., 2001) and highlight a unique role of DNASE1L3
in the clearance of immunogenic self-DNA and prevention of
systemic autoimmunity.

DNASE1 and DNASE1L3 are highly conserved in evolution,
suggesting that they have an ancestral function that predates
protection from autoantibody responses. Moreover, DNASE1L3
is expressed primarily in innate immune cells such as dendritic
cells and macrophages (Sisirak et al., 2016; Wilber et al., 2002),
suggesting that its ancestral function may be related to innate
immunity. We therefore tested separate and combined roles of
DNASE1 and DNASE1L3 in a prototypic bacterial infection that is
normally controlled by innate immunity. We found that the
combined loss of both DNases made mice significantly more
susceptible to systemic infection with S. aureus, whereas sys-
temic administration of DNASE1 protected them from it. One
possible explanation of this effect could be the proposed role of
DNASE1 and DNASE1L3 in the digestion of NETs (Jiménez-
Alcázar et al., 2017). NETs were shown to promote tissue in-
jury in certain infectionmodels, and this effect was counteracted
by DNASE1: thus, local treatment with DNASE1 ameliorated lung
injury in S. aureus–induced pneumonia (Lefrançais et al., 2018),
whereas DNASE1-deficient mice were protected from liver in-
flammation in a malaria infection model (Knackstedt et al.,
2019). However, NETs play a protective role in bacterial sep-
sis, in which DNASE1 administration was shown to impair
NETosis and control infection (Meng et al., 2012). We did not
observe increased NETosis or NET-driven coagulation in DNase-
deficient mice during S. aureus infection, despite extensive
neutrophilia. Moreover, we did not observe the reported NET-
induced pathology in DNASE1/DNASE1L3-deficient mice during
LPS/E. coli–induced sepsis (Jiménez-Alcázar et al., 2017). Whereas
this may have been caused by different reagents such as the
E. coli strain, our treatment regimen produced the intended effect,
i.e., massive neutrophilia along with other systemic changes. On
the other hand, the discrepancy may in part reflect different
phenotype readouts; in particular, Jiménez-Alcázar et al. used a
poorly defined “distress” as the sole criterion for non-survival,
whereas we used an objective primary criterion of weight loss.
Overall, our data do not support the role of secreted DNases in
NET processing during systemic S. aureus infection and suggest
their NET-independent role in innate infection control.

Our results suggest that DNases help control S. aureus in-
fection through their ability to digest bacterial biofilms. S. au-
reus, like many other bacterial species, relies on eDNA-rich
biofilms to evade host immune responses (Bhattacharya et al.,
2018), establish active infection, and increase resistance to an-
tibiotics (Paharik and Horswill, 2016). S. aureus biofilms have
previously been associated with multiple diseases such as

osteomyelitis (Brady et al., 2006), endocarditis (Xiong et al.,
2005), and implant-associated infections (Cassat et al., 2007;
Gries et al., 2020; Heim et al., 2020). Consistent with the well-
established pathogenesis of bloodborne S. aureus infection
(Cheng et al., 2011; Kim et al., 2014; Thomer et al., 2016), kidneys
represented the major site of infection in our studies as evi-
denced by high bacterial burdens and organ pathology. Using 5-
mC detection as a novel approach to differentiate between host
and bacterial eDNA, we found that DNASE1/DNASE1L3 double-
deficient mice formed larger biofilm structures containing
bacterial eDNA in the kidneys. The formation of biofilm in the
kidneys was further supported by staining with anti-WTA an-
tibody and by the inability of antibiotic treatment to rescue the
survival in DNase-deficient animals. Although no single method
can detect biofilm formation in tissues with complete specificity,
the combination of these approaches documents increased bio-
film formation in the kidneys of DNase-deficient mice. Taken
together with elevated bacterial burdens, tissue pathology, and
impairment of kidney function, these results suggest defective
biofilm control as the likely basis of increased susceptibility of
these mice to infection.

The ability of DNASE1 and its homolog DNASE1L2 to disperse
bacterial biofilms in vitro has been demonstrated previously
(Conover et al., 2011; Eckhart et al., 2007; Sharma and Pagedar
Singh, 2018). However, the role of these and other mammalian
DNases in biofilm formation during bacterial infection in vivo
has not been examined by genetic approaches. Our data dem-
onstrate the requirement for (rather than the mere ability of)
extracellular DNases for biofilm dispersal and reveal the unex-
pected synergy between DNASE1 and a newly implicated
homologous DNase, DNASE1L3. Notably, the deletion of the
staphylococcal nuclease (Nuc1) did not rescue the phenotype of
DNASE1/DNASE1L3 double-deficient mice (data not shown).
This is consistent with the complex regulation and role of Nuc1
in biofilm formation (Forson et al., 2020; Kiedrowski et al., 2011;
Mann et al., 2009) and highlights the dominant role of host
DNases in the process. Furthermore, bacterial lesions in DNase-
deficient mice showed the disruption of the quintessential S.
aureus kidney abscess structure, which is composed of a bacte-
rial community surrounded by pseudocapsule of fibrin deposits
and a large infiltration of neutrophils and macrophages (Cheng
et al., 2011; Cheng et al., 2009; Thammavongsa et al., 2013). The
reduction of neutrophil infiltration suggests that the expanded
biofilm shields bacteria from the immune system, whereas
DNases disrupt the biofilm and thereby facilitate abscess for-
mation and containment of the infection.

The ability of secreted DNases to digest biofilms prompted us
to test the therapeutic utility of systemic DNase administration

group). (D and E) Bacterial burden in the kidney (D) and liver (E) of infected Dornase- or buffer-treated WT mice 96 h after infection. Symbols represent
individual mice; bars represent mean ± SEM. (F–L)WTmice were infected i.v. with 1 × 107 CFU S. aureus and treated with Dornase or with buffer only (control)
at 4, 24, and 48 h after infection, and their kidneys were examined by immunohistochemistry 72 h after infection. (F–H) Representative images of whole kidney
sections stained with DAPI and antibodies to S. aureus (F), 5-mC (G), and S. aureus plus Ly-6G (H). Scale bar, 1 mm. (I–L)Quantification of S. aureus–positive area
(I), DAPI-positive 5-mC–negative biofilm area (J), Ly-6G–negative area within DAPI-positive lesions (K), and total Ly-6G–positive area (L) per kidney. Symbols
represent individual mice; bars represent the median. The dotted line in I represents the mean value of uninfected WT mice. Statistical significance between
groups was determined by log-rank (Mantel–Cox) test (B and C) and Mann–Whitney test in other panels. Two-tailed P values <0.05 (*) and <0.01 (**); ns, not
significant.
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during S. aureus bloodstream infection. To this end, we chose
Dornase alfa (Pulmozyme), a recombinant human DNASE1 used
for the treatment of cystic fibrosis (Wagener and Kupfer, 2012;
Yang andMontgomery, 2021). Dornase is applied via a nebulizer
to the lungs of patients with cystic fibrosis and reduces the
viscosity of their sputum by digesting DNA. Previous attempts to
deliver recombinant DNASE1 systemically were not effective in
diseases such as SLE (Davis et al., 1999), while its antimicrobial
activity was tested only in a local infectionmodel (Conover et al.,
2011). We found that systemic delivery of Dornase was able to
reduce biofilm formation in the kidneys of S. aureus–infected
mice and enhance their survival. It is likely that systemic de-
livery of recombinant DNase does not fully recapitulate the
natural distribution of extracellular DNases that are expressed
in a cell type–specific manner and thus are likely to form local
gradients. Specifically, DNASE1 is expressed in the kidney pa-
renchyma while DNASE1L3 is expressed in myeloid cells infil-
trating tissues, likely creating high local concentrations of DNase
activity within the kidney. Future attempts at therapy using
DNases may be improved by targeted delivery, i.e., via cell
therapy or tissue-specific viral vectors. Another major challenge
would be to improve the stability of native DNASE1 and/or
DNASE1L3, which are relatively small proteins that are expected
to have a short half-life. With these improvements pending, our
results provide proof of principle for the application of secreted
DNases in antimicrobial therapy, specifically to mitigate tissue
damage by biofilm-forming bacteria such as S. aureus.

In closing, our study establishes an innate defense role for
mammalian secreted DNases DNASE1 and DNASE1L3 in the re-
moval of S. aureus biofilms; this may reflect the prevention of
biofilm formation, digestion of existing biofilms, or both pro-
cesses. By doing so, these DNases facilitate the infiltration of
bacterial lesions by granulocytes and their containment in an
abscess. We also demonstrate the potential therapeutic value of
DNase administration during systemic infection with S. aureus.
The formation of biofilms and the use of eDNA for this process is
a conserved virulence strategy employed by multiple microbes,
including bacterial and fungal pathogens. Thus, DNASE1L3 and
DNASE1 likely have a broader function in innate immunity,
beyond S. aureus, through their containment of microbes that
exploit eDNA-mediated biofilms for their pathophysiology; this
notion could be explored further using different microbial
pathogens and vertebrate hosts. Altogether, our data help elu-
cidate the ancestral function of DNases in innate immunity and
warrant the repurposing and/or development of recombinant
DNases to combat infections with biofilm-forming pathogens.

Materials and methods
Mice
All animal studies were performed according to the inves-
tigators’ protocol approved by the Institutional Animal Care and
Use Committees of the New York University School of Medicine.
The Dnase1l3-deficient mouse strain (Dnase1l3tm1Tac) was origi-
nally obtained from Taconic Inc. and backcrossed to C57BL/6
background as described previously (Sisirak et al., 2016). Mice
carrying a targeted allele of Dnase1 (Dnase1tm1.1(KOMP)Vlcg) on a

C57BL/6 background were obtained from the Knockout Mouse
Project and crossed with WT C57BL/6 or Dnase1l3-deficient mice
to obtain Dnase1-deficient and Dnase1/Dnase1l3 double-deficient
mice, respectively. WT control mice of C57BL/6 background
were bred in the same animal facility or purchased from Ta-
conic, Inc. and maintained in the same facility. All mice were
age- and sex-matched when comparing groups unless otherwise
specified.

S. aureus infection
S. aureus strain USA300 LAC clone AH1263 (Boles et al., 2010)
was used for in vivo infection studies. The bacteria were sub-
cultured in tryptic soy broth (TSB) at 1:100 for 3 h at 37°C with
shaking. Bacteria were centrifuged at 4,000 rpm for 5 min and
washed two times with 1× PBS. The bacteria were normalized
OD to ∼109 CFU/ml and diluted to the indicated inoculum in PBS
for infection. Mice (8–10 wk-old) were anesthetized with
Avertin (2,2,2-tribromoethanol dissolved in tert-Amyl alcohol
and diluted to a final concentration of 2.5% vol/vol in 0.9%
sterile saline) by i.p. injection. For survival experiments, mice
were infected i.v. at 1 × 107 CFU by retro-orbital injection. Signs
of morbidity (weight loss, ruffled fur, hunched posture, paraly-
sis, inability to walk, or inability to consume food or water) were
monitored for 8 d after infection. Unless indicated otherwise,
mice that lost >20% of initial weight (primary criterion) and
showed other above-mentioned symptoms (secondary criteria)
were designated as non-surviving and euthanized. For analysis,
mice were sacrificed at 18 or 72 h after infection. To determine
bacterial burden, the liver, kidneys, spleen, lungs, and heart
were removed, homogenized in sterile PBS, serially diluted, and
plated on tryptic soy agar, and CFU counts were enumerated.

Induction of sterile inflammation using LPS and E. coli
Treatment was performed as described by Jiménez-Alcázar et al.
(2017). Mice were treated with three daily intraperitoneal in-
jections of 1 μg/g of LPS from Salmonella enterica serotype ty-
phimurium (L6511; Sigma-Aldrich) diluted in sterile PBS. With
the last dose, mice received an i.v. injection of 1.5 × 107 heat-
killed E. coli/gm body weight. The shown survival time indicates
the time after E. coli injection. Mice that reached 20%weight loss
prior to E. coli injection were excluded from the survival
analysis. Blood and organs were collected at the time of eutha-
nasia. Mice were scored as “non-surviving” if the animals
showed rare signs of severe distress (hunched posture, paralysis,
inability to walk, irresponsiveness to touch, or inability to
consume food or water) or if they reached 20% weight loss. All
surviving mice were euthanized and scored as “surviving” 42 h
after the i.v. injection of heat-killed E. coli. E. coli (ATCC25922)
was grown overnight at 37°C with shaking in lysogeny broth
media. Bacteria were pelleted by centrifuging at 4,000 g for
5 min, washed with PBS, and resuspended in PBS. Aliquots of
1.5 × 109 bacteria/ml were incubated at 70°C for 15 min to heat-
kill the bacteria. Aliquots were stored at −20°C until further use.

Dornase treatment
Mice were infected with S. aureus as described above and treated
with Pulmozyme (Genentech, Inc.) or buffer only (containing
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calcium chloride dihydrate 0.15 mg/ml and sodium chloride
8.77 mg/ml) by i.v. tail vein injection at 4, 24, 48, 72, and 96 h
after infection. Signs of morbidity were monitored for 7 d after
infection; mice that lost >30% of initial weight and showed
other morbidity symptoms were designated as non-surviving
and euthanized. Bacterial burden was determined as described
above.

Vancomycin treatment
Mice were infected with S. aureus as described above and treated
with Vancomycin (20 mg/kg in 0.1 ml PBS) or PBS only by a
single s.c. injection in the groin area at 24 h after infection. Signs
of morbidity were monitored for 7 d after infection; mice that
lost >30% of initial weight and showed other morbidity symp-
toms were designated as non-surviving and euthanized.

Preparation of plasma and serum samples
For terminal bleeds, mice were anesthetized by i.p. injection of
100 mg/kg ketamine/10 mg/kg xylazine in sterile PBS. Blood
was isolated by cardiac puncture using a 26G syringe and
transferred into EDTA-coated tubes (Kent Scientific). For serial
bleeding, mice were cheek bled into EDTA-coated tubes (Kent
Scientific). Where indicated, complete blood counts (CBC) were
analyzed using Element HT5 Hematology Analyzer (Heska
Corporation). For plasma isolation, blood was centrifuged at
1,000 g for 10 min and the supernatant was centrifuged again at
the same speed for 10 min. For serum isolation, blood was col-
lected into Eppendorf tubes, left to coagulate at room tempera-
ture for 1 h, and centrifuged at 3,000 g for 30 min at room
temperature.

Analysis of autoreactivity and immune complex deposition
ELISA and ELISPOT for autoantibodies to nucleosomes and
dsDNA (both from calf thymus) were performed exactly as de-
scribed (Soni et al., 2020).

Measurement of plasma cytokines in mice
Cytokine concentrations in plasma were assessed using the 13-
plex LEGENDplex Mouse Inflammation Panel (BioLegend) fol-
lowing the protocol provided. Data were acquired using Attune
NxT (Thermo Fisher Scientific) flow cytometer and analyzed
using the LEGENDplex data analysis software (BioLegend).

Detection of NETs in plasma
Nunc MaxiSorp plates were coated with 50 μl/well of 4 μg/ml
anti-MPO antibody (R&D Systems) in PBS overnight at 4°C.
Plates were washed three to five times with PBS/0.05% Tween
and blocked with PBS/1% BSA for 1.5 h at room temperature.
Plates were washed and 50 μl of undiluted plasma samples were
added to each well and incubated overnight at 4°C. Plates were
washed three to five times with PBS/0.05% Tween, and 50 μl of
mouse anti-dsDNA (1:2,000; Abcam) diluted in 1× PBS/1% BSA
was added and incubated overnight at 4°C. Plates were washed
and alkaline phosphatase–conjugated anti-mouse IgG Fcγ2a (1:
5,000; Jackson Immunoresearch) diluted in PBS/1% BSA was
added and incubated for 3 h at 4°C, followed by development
with diethanolamine substrate buffer (Thermo Fisher Scientific)

and p-nitrophenyl phosphate substrate tablets (Sigma-Aldrich).
Undiluted bronchoalveolar lavage fluid from mice with lung
neutrophilia (Fogli et al., 2013) was used as a positive control on
the same plate.

Flow cytometry of murine splenocytes and peripheral
blood cells
Cell suspensions of peripheral blood or splenocytes were sub-
jected to red blood cell lysis, washed, and resuspended in
staining buffer (1% FCS + 2% BSA + 1 mM EDTA in PBS). Cells
were Fc-blocked with TruStain FcX (BioLegend) for 10–15 min at
4°C and stained with indicated cell surfacemarkers for 20min at
4°C. Samples were acquired using Attune NxT (Thermo Fisher
Scientific) flow cytometer and analyzed using FlowJo software
version 9 or 10 (Tree Star). Antibodies and dilutions were as
follows: CD8α-FITC (1:800; clone 53-6.7; ebioscience), CD8α-
APC-Cy7 (1:800; clone 53-6.7; ebioscience), CD8α-PE-Cy7 (1:800;
clone 53-6.7; ebioscience), CD8α-BV510 (1:400; clone 53-6.7; BD),
CD4-BV711 (1:800–1:1,000; clone RM4-5; BioLegend), TCRβ-
PacBlue (1:300; clone H57-597; Invitrogen), TCRβ-BV510 (1:
200; clone H57-597; BioLegend), B220-PE-Cy7 (1:300; clone
RA3-6B2; ebioscience), B220-BV605 (1:300; clone RA3-6B2;
BioLegend), CD11c-APC-Cy7 (1:150; clone N418; Invitrogen),
CD11c-PE (1:400; clone N418; ebioscience), CD11b-APC-Cy7 (1:
400; clone M1/70; Invitrogen), CD11b-APC (1:200; clone M1/
70; Invitrogen), CD11b-PE (1:800; clone M1/70; ebioscience),
Ly6G-PacBlue (1:800; clone 1A8; BioLegend), Ly6G-PE-Cy7 (1:800;
clone 1A8; BioLegend), Ly6c-APC (1:800; clone HK1.4; Invitrogen),
Ly6c-PE-Dazzle (1:800; clone HK1.4; BioLegend), Sca1-Percp-Cy5.5
(1:200; clone D7; Invitrogen), ICAM-1/CD54-APC (1:200; clone 3E2;
BD), ICAM-1/CD54-FITC (1:200; clone 3E2; BD), and Live Dead
stain (1:1,000; cat# L34965; Thermo Fisher Scientific).

Flow cytometry of murine kidney immune populations
After dissection, kidney capsules were removed and kidneys
were minced in 4 ml of digestion media composed of 20% FCS,
1 mM MgCl2, 1 mM CaCl2, 1% Glutamine (Thermo Fisher Sci-
entific), 1 mg/ml collagenase D (Roche), and 0.1 mg/ml DNASE1
(Millipore) in RPMI medium 1640 with L-glutamine (Thermo
Fisher Scientific). The minced organs were then incubated at
37°C for 45 min with rigorous shaking. The digestion was
stopped using 10 ml of stop solution composed of 20% FCS +
1 mM EDTA in RPMI medium 1640 with L-glutamine (Thermo
Fisher Scientific). The samples were inverted and gently pressed
through a 70-μm cell strainer. The cell suspension was centri-
fuged at 400 g for 10 min at 4°C and the pellet was resuspended
in 4 ml of 40% Percoll (Sigma-Aldrich) diluted in sterile 1× PBS.
The cells were then added to a 15 ml conical tube and a glass
Pasteur pipet was used to slowly deliver 4 ml of an 80% Percoll
solution to the bottom of the tube. The cells were then centri-
fuged at 1,500 g for 30 min at room temperature without ac-
celeration or breaks. The lymphocyte layer was then aspirated
into a new tube with fresh 10% FCS in RPMI medium 1640 with
L-glutamine. The cells were centrifuged one last time at 400 g
for 10 min at 4°C and resuspended in staining buffer (1% FCS +
2% BSA + 1 mM EDTA in 1× PBS). Cells were Fc blocked using
TruStain FcX (BioLegend) for 10–15 min at 4°C and stained with
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indicated cell surface markers for 20 min at 4°C. Samples were
acquired using Attune NxT (Thermo Fisher Scientific) flow cy-
tometer and analyzed using FlowJo software version 9 or 10
(Tree Star). Antibodies and dilutions were as follows: CD8α-
AF700 (1:400; clone 53-6.7; Invitrogen), CD4-APC (1:400; clone
GK1.5; ebioscience), CD4-PE-Cy7 (1:400; clone RM4-5; ebio-
science), CD45-Percp-Cy5.5 (1:200; clone 30-F11; BD), TCRβ-
PacBlue (1:200; clone H57-597; Invitrogen), TCRβ-BV605 (1:
400; clone H57-597; BD), B220-BV711 (1:400; clone RA3-6B2;
BD), B220-BV605 (1:400; clone RA3-6B2; BioLegend), CD11c-PE
(1:200; clone N418; ebioscience), F4/80-FITC (1:100; clone BM8;
Invitrogen), CD11b-APC-Cy7 (1:200; clone M1/70; Invitrogen),
Ly6G-PE-Cy7 (1:400; clone 1A8; BioLegend), Ly6c-APC (1:400;
clone HK1.4; Invitrogen), Ly6c-PE-Dazzle (1:600; clone HK1.4;
BioLegend), and Live Dead stain (1:1,000; cat# L34965; Thermo
Fisher Scientific).

Histological analysis of mouse organs
For the analysis of SLE-induced kidney pathology, we used at
least four to five femalemice per genotype. Females were chosen
in this case because they showed a more severe pathology in
previously characterized Dnase1-deficient mice (Kenny et al.,
2019). One half of each kidney was fixed in 10% neutral for-
malin for 24 h at room temperature, stored in 70% ethanol,
and subsequently embedded in paraffin. For the analysis of S.
aureus–induced organ pathology, we used at least four mice per
group at the 18-h time point for all organs, at least four mice per
group at the 72-h time point for the lung, liver, and heart (WT
and D1−/−D1L3−/−), and at least 12 mice per group at the 72-h time
point for the kidney. One half of each kidney, the left lung, and a
section of the liver were fixed and embedded as above. For the
analysis of lungs following sterile inflammation, we used at least
seven mice per group. Each of the lobes of the lung was sepa-
rated and fixed as above.

Sections (5 mm) were stained with H&E and captured using
the PerkinElmer Vectra multispectral imaging system at 40×
magnification (Leica Biosystems digital image hub). Sections
were evaluated by a board-certified pathologist (A. Moreira)
who was blinded to the sample identity. For the analysis of
kidney damage in S. aureus infection, scores between 0 and 3
were assigned based on a combination of immune infiltration,
tissue necrosis, and the fraction of normal tissue remaining.
Sections from at least 12 mice per group were evaluated simul-
taneously. For the analysis of glomeruli in DNase-deficient mice,
the Halo AI module of Halo software (Indica Labs) was used. The
Halo AI DenseNet module was trained to develop a tissue clas-
sification system using kidney sections to identify glomeruli and
measure the size. The AI-generated data were manually checked
to delete any suboptimally classified glomeruli.

For Gram staining, deparaffinized sections were rehydrated,
rinsed, stained with Crystal Violet (Poly Scientific R&D) for
2 min, rinsed, and stained with Gram’s iodine (EM Sciences) for
2 min (all rinses in distilled water). Sections were rinsed to re-
move excess iodine, blotted one slide at a time with a slightly
damp filter paper, quickly dipped in acetone for complete de-
colorization, and rinsed. Sections were then stained in basic
fuchsin (Poly Scientific R&D) for 5 min, rinsed, differentiated

with Gallego’s solution (Poly Scientific R&D) for 5 min, rinsed,
blotted, and successively dipped thrice in acetone, picric acid-
acetone (Poly Scientific R&D), and acetone, and then five times
in acetone–xylene mixture (1:2). Finally, sections were cleaned
in xylene for 1 min two to four times and mounted with per-
mount (Thermo Fisher Scientific). Using this protocol, Gram-
positive bacteria were blue, gram-negative bacteria were red,
and background tissue was yellow.

EM
Mice were infected with S. aureus as described above and sac-
rificed 72 h after infection. Kidneys were harvested and imme-
diately fixed in freshly made 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB, pH 7.2) at room temperature for 1 h
with rotation. The kidneywas then cut in half longitudinally and
continued to fix in 4% PFA in PB overnight at 4°C. Bacterial le-
sion areas were identified under a dissecting microscope.

For scanning EM (SEM), 1-mm-thick kidney slices were cut
after initial fixation and fixed in 2.5% glutaraldehyde in PB
overnight at 4°C. They were then rinsed 3× in 0.1 M PB (pH 7.2)
for 10min, postfixedwith 1% osmium tetroxide aqueous solution
for 1 h, dehydrated in 30, 50, 70, 85, and 95% alcohol (15 min
each time) and then washed in 100% ethanol 3×, 15 min each at
room temperature. Samples were critically dried using Tousimis
Autosamdri 931, glued on SEM stab, and sputter-coated with
80% Pt/20% Pd to 8 nm by DESK V TSC HP Denton Vacuum.
Images were acquired on a Zeiss Gemini300 FESEM using SE2
detector at 4 kvwith 15.3 mmworking distance. For serial block-
face scanning EM and transmission EM, 1 × 1 × 1 mm pieces of
kidney tissue were dissected from the initially fixed tissue and
fixed in freshly made fixative in 0.1 M cacodylate buffer (CB; pH
7.2) containing 4% PFA, 2.5% glutaraldehyde at 4°C for 2–3 d.
They were then washed with 0.1 M CB 3×, 10 min each and
added to reduced 2% osmium tetroxide/1.5% potassium ferro-
cyanide in CB for 1.5 h at room temperature in the dark. They
were then washed, stained in 1% TCH solution (0.1 g thio-
carbohydrazide in 10 ml water filtered through 0.22-μm Milli-
pore syringe) for 20 min, washed, transferred to 2% osmium
tetroxide in ddH2O for 40 min at room temperature, washed,
and incubated in 1% uranyl acetate in water overnight at 4°C in
the dark (all washes 5× for 3 min with double-distilled water at
room temperature). The following day, the samples were
washed, stained en bloc with Walton’s lead aspartate staining
solution at 60°C for 30 min, washed and dehydrated in 30, 50,
70, 85, 95 and 100% ethanol, 15 min each, and in propylene oxide
2×, 10min each. Samples were then infiltrated in 100% PO:Spurr
1:1 solution for 4 h at room temperature, 100% Spurr overnight
at room temperature, and 100% fresh Spurr for 2 h at room
temperature the following day. Samples were finally embedded
and polymerized at 60°C for 48 h and then 100°C for 2 h.

For transmission EM, the sample block was trimmed, and 70-
nm thin sections were collected on slot grids and imaged under
Talos120C TEM (Thermo Fisher Scientific) with Gatan OneView
camera. For serial block face scanning EM, the sample block was
mounted on an aluminum specimen pin (Gatan) using silver
conductive epoxy (Ted Pella, Inc.) to electrically ground the
tissue block. The specimen was trimmed again and sputter-
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coated with 4 nm of gold-palladium Au80Pd20 (Denton Vacuum
DESKV sputter coater, Denton Vacuum). Serial block face
imaging was performed using a Gatan OnPoint BSE detector in a
Zeiss Gemini300 VP FESEM equipped with a Gatan 3View au-
tomatic microtome unit. The system was set to cut sections with
100 nm thickness, imaged with Focus Charge Compensation gas
injection set at 15% to reduce sample charge. Images of the block
face were recorded after each round of sectioning with beam
acceleration set at 1.2 keVwith a beam dwell time of 1.0 μs/pixel.
Each framewas 90 × 90 μmwith a pixel size of 6 nm. Automated
data acquisition was managed using Gatan Digital Micrograph
(version 3.31) software. A stack of 480 slices was collected from
the tissue block resulting in a final collection volume of 90 × 90 ×
48 μm. The stack was aligned and assembled using ImageJ;
segmentation and movies were generated using Dragonfly 4.1
(Object Research Systems).

Detection of bacteria and biofilms by immunohistochemistry
and immunocytochemistry
One half of each kidney was fixed with periodate–lysine–PFA
buffer overnight at 4°C, dehydrated for 8–10 h in 30% sucrose,
and frozen in OCT (Fisher Healthcare). For S. aureus, Ly-6G, and
WTA staining, 5-μm-thick kidney sections were blocked with
2% BSA in Tris-buffered saline (TBS) and incubated with rabbit
anti–S. aureus (1:400; ab20902; Abcam), rat anti-Ly6G (1:800;
clone 1A8; InvivoPlus), and human IgG3-anti-WTA antibody (de
Vor et al., 2022; 1:130) overnight at 4°C. The sections were
washed three times with 1% BSA in TBS and incubated with goat
anti-rabbit IgG-AF488 (1:500; Invitrogen), mouse anti-rat IgG2a-
AF647 (1:1,000; clone 2A 8F4; Abcam), goat anti-human IgG3-
AF647 (1:300; SouthernBiotech), and with DAPI for 1 h at 4°C.
For 5-mC staining, 5-μm-thick kidney sections were first per-
meabilized with 1.5 M hydrogen chloride (Fisher Chemical). The
sections were washed two times with PBS, blocked with 2% BSA
in TBS, and incubated with rabbit anti–5-mC antibody (1:80;
clone D3S2Z; Cell Signaling) overnight at 4°C. The sections were
washed three times with 1% BSA in TBS and incubated with goat
anti-rabbit IgG-AF488 (1:500; Invitrogen) and DAPI for 1 h at
4°C. The sections were again washed three times with 1% BSA in
TBS and then mounted with cover glass over tissue sections
using ProLong Diamond Antifade Mountant (Invitrogen). For
immunocytochemistry, HEK 293 cells were cultured in 6-well
plates and stained using the same technique as above. All anti-
bodies were diluted in blocking solution. Images were taken
using a Keyence BZ-X710 fluorescence microscope at 20× mag-
nification. Immunofluorescence intensities were quantified
using ImageJ 1.53 k image processing and analysis software
(National Institutes of Health [NIH]); color intensity of images
was subsequently enhanced using Affinity Designer (Serif)
consistently on entire images of control and test sections.

For the quantification of biofilm, anti–S. aureus and DAPI
staining were used to identify the bacterial lesions and the
surrounding DAPI-positive regions. These regions were then
gated on a serial section stained with anti–5-mC and DAPI. The
thresholds of 5-mC and DAPI fluorescence intensity were de-
termined based on the staining of kidneys from uninfected WT
mice using ImageJ 1.53 k software (NIH). The areas above the

5-mC and DAPI fluorescence intensity thresholds were defined
within the gated regions and the former was subtracted from the
latter to yield the area of DAPI-positive, 5-mC–negative biofilm.
At least eight mice per genotype were used for the analysis.

DNASE1L3 protein purification
This was done as described (Hartl et al., 2021). Briefly, 293T cells
expressing FLAG-tagged human DNASE1L3 were cultured and
the supernatants were incubated with magnetic anti-FLAG M2
beads (Sigma-Aldrich) overnight at 4°C. The beads were incu-
bated with 0.25 mg/ml of FLAG peptide and the eluted protein
was quantified by SDS-PAGE with BSA as a standard.

In vitro biofilm dispersal
96-well flat bottom plateswere coated with 100 μl of 20%human
plasma (P9523; Sigma-Aldrich) diluted in carbonate–bicarbonate
buffer (0.05 M, pH 9.6) at 4°C overnight. S. aureus was cultured
overnight in 5 ml TSB supplemented with 0.5% dextrose and 3%
NaCl. The overnight culture was diluted 1:200 in TSB supple-
mented with 0.5% dextrose and 3% NaCl and 200 μl was added
to each well of the 96-well plate. The biofilms were allowed to
grow undisturbed for 24 h at 37°C. Recombinant human DNA-
SE1L3 (purified as described above) and DNASE1 (Abcam) were
prediluted in dilution media containing 0.1 mg/ml BSA (NEB) in
HBSS without calcium, magnesium, or Phenol Red (Thermo
Fisher Scientific) and then added to the digestion media (2 mM
CaCl2 + 2 mMMnCl2 in HBSS) at a range of concentrations. The
media was then removed and 100 μl of digestion media con-
taining recombinant enzymes was then added to each well and
incubated for 1 h at 37°C. The wells were washed gently 3× with
PBS, rocking for ∼5 min between each wash. Any remaining
biofilm was then fixed with 200 μl 95% ethanol in each well.
After drying for 20 min, the samples were stained with 100 μl
0.1% crystal violet (Thermo Fisher Scientific) for 10 min. The
plate was then washed 4× with 200 μl PBS, rocking for ∼5 min
between each wash. To elute the crystal violet, 200 μl of 33%
acetic acid was added to each well and incubated for 10 min at
room temperature with rocking. Elutions were diluted in PBS as
needed and OD at 595 nm was recorded.

Statistical analysis
Statistical analyses were performed using the Prism software
version 9 (GraphPad). Normal distribution of data was not as-
sumed unless otherwise specified. Statistical significance be-
tween two unpaired experimental groups was determined by
the non-parametric Mann–Whitney test (also referred to as
Wilcoxon rank–sum test), unless otherwise specified. For paired
groups, normality was assessed using the Shapiro–Wilk test. If
the data were normally distributed, a parametric paired t test
was used. If the data were not normally distributed, a non-
parametric Wilcoxon matched-pairs signed rank test was used.
The non-parametric Kruskal–Wallis test followed by the Dunn’s
multiple-comparison test was used for statistical analysis of
more than two groups receiving the same treatment. Two-way
ANOVA followed by Tukey’s multiple-comparison test was used
for statistical analysis of more than two groups receiving dif-
ferent treatments (e.g., S. aureus vs. LPS/E. coli). For survival

Lacey et al. Journal of Experimental Medicine 17 of 20

DNASE1 and DNASE1L3 digest S. aureus biofilms https://doi.org/10.1084/jem.20221086

https://doi.org/10.1084/jem.20221086


curves, statistical significance between the two groups was de-
termined by log-rank (Mantel–Cox) test and P values were ad-
justed for multiple comparisons using Bonferroni correction. All
P values were two-tailed and differences were considered sig-
nificant for P values < 0.05 (*), <0.01 (**), <0.001 (***), and
<0.0001 (****).

Online supplemental material
Fig. S1 shows histopathology of multiple organs after sys-
temic infection with S. aureus. Fig. S2 shows Gram staining
of kidneys from S. aureus–infected D1−/−D1L3−/− mice. Fig.
S3 shows the analysis of blood cells after the infection with
S. aureus or the induction of sterile inflammation with LPS.
Fig. S4 shows the analysis of the kidneys from S. aureus–
infected D1−/−D1L3−/− mice by transmission EM. Fig. S5
shows immunofluorescent analysis of kidney sections
from WT or D1−/−D1L3−/− mice 48 h after infection with S.
aureus. Video 1 shows serial block-face scanning EM
analysis of a bacterial lesion in the kidney of a S. aureus–
infected D1−/−D1L3−/− mouse.

Data availability
All data underlying the research are presented in the published
article and its online supplemental material and/or available
from the corresponding authors upon reasonable request.
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Jiménez-Alcázar, M., C. Rangaswamy, R. Panda, J. Bitterling, Y.J. Simsek, A.T.
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Supplemental material

Figure S1. Organ pathology after systemic infection with S. aureus. (A and B) Representative H&E-stained sections of lungs (1), liver (2), and kidneys (3)
from uninfected WT (UIWT) mice (A) and D1−/−D1L3−/− (DKO) mice (B) 18 h after infection with S. aureus. (C–H) Representative H&E-stained sections of lungs
(1) and liver (2) from WT (C), D1−/− (D), D1L3−/− (E), and D1−/−D1L3−/− (DKO; F) and heart from WT (G) and D1−/−D1L3−/− (H) mice 72 h after infection with S.
aureus. Shown are low-magnification images of organs (scale bar, 1 mm) and high-magnification images of areas highlighted in black rectangles (scale bar, 100
μm).
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Figure S2. Gram-positive staphylococci in the kidneys of infected mice. (A and B) Representative serial sections of a kidney from a D1−/−D1L3−/− mouse
72 h after infection with S. aureus were stained with H&E (A) or Gram stain (B). Each panel shows a low-magnification image (scale bar, 1 mm) and high-
magnification images of areas highlighted in black rectangles (scale bar, 100 μm). (C) Further magnification of a Gram-stained section with select regions with
Gram-positive staphylococci, indicated by yellow.
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Figure S3. Induction of neutrophilia by S. aureus infection and sterile inflammation. (A–C)WT or D1−/−D1L3−/− mice were given three doses of LPS and
one dose of heat-killed E. coli and sacrificed 24 h later. Shown is the fraction of blood neutrophils measured by CBC (A) and the mean fluorescent intensity (MFI)
of ICAM-1 (B) and Sca-1 (C) on the indicated cell types in the peripheral blood measured by flow cytometry at baseline (pre) and 24 h after E. coli injection.
Symbols represent individual mice; bars represent mean ± SEM; dotted lines represent the range of normal values for CBC. (D–H) D1−/−D1L3−/− mice were
treated as above or infected with 1 × 107 CFU of S. aureus and sacrificed 18 or 72 h after infection (hpi). Shown is the fraction of neutrophils in the peripheral
blood measured by CBC (D); spleen weight (E); and red blood cell count (F), hemoglobin concentration (G), and platelet count (H) in the peripheral blood
measured by CBC. Symbols represent individual mice; bars represent mean ± SEM; dotted lines represent the range of normal values. Statistical significance
was determined by Wilcoxon matched-pairs signed rank test (A–C) and two-way ANOVA followed by Tukey’s multiple-comparison test (D–H). Two-tailed P
values < 0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****).
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Figure S4. Detection of S. aureus in the kidney by transmission EM. Shown are representative transmission EM images of kidneys from D1−/−D1L3−/−mice
72 h after infection with 1 × 107 CFU of S. aureus (scale bars, 10 μm). Areas highlighted in red rectangles are shown at higher magnification on the right (scale
bars, 2 μm). The S. aureus cells, represented by dense round structures circumscribed by capsules and with an occasional internal septum, are highlighted by
arrows.
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Figure S5. Biofilm formation in the kidneys at 48 h after infection with S. aureus.WT or D1−/−D1L3−/− DKO mice were infected i.v. with 1 × 107 CFU of S.
aureus, and their kidneys were examined by immunohistochemistry 48 h later. (A and B) Kidney sections from infected WT (A) and DKO (B) mice stained with
anti–S. aureus antibody and DAPI. Shown are low-magnification images of the entire kidney (scale bar, 1 mm) and magnified images of areas in white boxes
(scale bar, 100 μm). (C) Quantification of S. aureus–positive area in kidney sections. Symbols represent individual mice; bars represent median. The dotted line
represents the mean value of uninfected WT mice. (D and E) Kidney sections of WT (D) and DKO (E) mice stained with DAPI and 5-mC. Each panel includes
low-magnification images of the entire kidney (scale bar, 1 mm) and magnified images of areas in white boxes (scale bar, 100 μm). (F) Quantification of DAPI-
positive 5-mC–negative biofilm area in kidney sections. Symbols represent individual mice; bars represent the median. Serial sections were taken from the
same kidney for S. aureus and 5-mC staining. (G and H) Kidney sections from infected WT (G) and DKO (H) mice stained with antibodies to S. aureus and Ly-6G.
Shown are low-magnification images of the entire kidney (scale bar, 1 mm) and magnified images of areas in white boxes (scale bars, 100 μm). Representative
of three to four animals per group. Statistical significance was determined by Mann–Whitney test; two-tailed P values <0.05 (*).

Lacey et al. Journal of Experimental Medicine S5

DNASE1 and DNASE1L3 digest S. aureus biofilms https://doi.org/10.1084/jem.20221086

https://doi.org/10.1084/jem.20221086


Video 1. Serial block-face scanning EM of a bacterial lesion in the kidney. Kidneys from D1−/−D1L3−/− mice 72 h after infection with 107 CFU of S. aureus
were imaged by serial scanning EM. Shown is a Z-stack of 480 slices covering 48 μm of a 90 × 90 μm area; bacteria are pseudocolored in green. Playback
speed, 30 frames per second.
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