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1 Introduction 

1.1 Innate immune sensors of deoxyribonucleic acid  

Nucleic acids (NA) are essential buildings blocks of life yet pose shattering danger to the 

host (Bartok and Hartmann 2020). Detection of invading foreign genetic material is 

essential to host defense whereas compartmentalization and availability of self-NA must 

be stringently regulated to suppress their immunogenicity. Immune sensors that 

discriminate self- from non-self-NA evolved in various kingdoms of life ranging from 

bacteria to animals, illustrating the significance of the principle (Cohan et al. 2019, Doron 

et al. 2018). In animals, such ancient NA-sensing receptors can be classified into two 

major groups according to their subcellular localization. Cytosolic NA sensors including 

RIG-I, MDA5 and cGAS, are broadly expressed in nucleated cells enabling theoretically 

any nucleated cell to sense cell-intrinsic infections (Bartok and Hartmann 2020). RIG-I 

and MDA5 recognize foreign (ds)RNA structures (Andrejeva et al. 2004, Gitlin et al. 

2006, Yoneyama et al. 2004), while cytosolic DNA derived from dsDNA viruses, 

retroviruses or host-derived self-dsDNA is primarily sensed by cGAS (cyclic GMP-AMP 

synthase) (Gao et al. 2013a, Li et al. 2013a, Sun et al. 2013, Wu et al. 2013).  

cGAS preferentially binds DNA fragments equal to or longer than 36 bp via the ribose-

phosphate backbone of dsDNA in a sequence-independent manner with its carboxyl 

terminus (Li et al. 2013b, Zhang et al. 2014). In addition, dsDNA of more than 200 bp 

can activate cGAS via U-turn structures organized by proteins including HMGB1 (high 

mobility group box protein 1) and TFAM (mitochondrial transcription factor A) (Andreeva 

et al. 2017). Upon ligand binding, cGAS dimerizes and synthesizes the cyclic 

dinucleotide 2’3’ c[GAMP] (cyclic GMP-AMP) which serves as a second messenger to 

stimulate STING (stimulator of interferon genes). STING activates TBK1 (TANK-binding 

kinase 1) which in turn phosphorylates the transcription factor IRF3 (interferon regulatory 

factor 3) and induces NF-κB (nuclear factor-κB) signaling, leading to an antiviral cellular 

state via type I interferon (IFN) and proinflammatory cytokine gene transcription (Abe 

and Barber 2014, Ablasser et al. 2013, Gao et al. 2013 b, Motwani et al. 2019). In 

addition, STING itself serves as cytosolic immune sensor of bacterial cyclic 

dinucleotides including 3’3’ c[GAMP], c[di-GMP] and c[di-AMP] (Burdette et al. 2011, 

Gao et al. 2013 c).  
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Accumulation of cytosolic DNA also initiates the assembly of DNA-sensing 

inflammasomes including AIM2 (absent in melanoma 2), AIM2-like receptors like IFI16, 

as well as NLRP3 secondary to STING-mediated cell lysis and K+ release (Bartok and 

Hartmann 2020). AIM2 is the major cytosolic dsDNA sensor promoting inflammasome 

assembly in mice and can be activated by mitochondrial DNA (mtDNA), nuclear DNA 

leaking into the cytosol due to nuclear envelop disruption, and self-DNA transferred by 

extracellular vesicles of endosomal origin (Bartok and Hartmann 2020, Dan et al. 2017, 

Kalluri and LeBleu 2020, Lugrin and Martinon 2017). Its ligand binding is sequence-

independent but relies on size with a minimal fragment length of 80 bp and optimal 

response to ~ 200 bp (Hornung et al. 2009, Jin et al. 2012, Kumar 2021, Matyszewski et 

al. 2018, Wang and Yin 2017). Upon DNA recognition, AIM2 inflammasome assembly is 

initiated including ASC adaptor nucleation that activates caspase-1 to produce mature 

proinflammatory cytokines (IL-1β and IL18) and induces pyroptosis (Bürckstümmer et al. 

2009, Fernandes-Alnemri et al. 2009, Hornung et al. 2009, Lu et al. 2014, Morrone et al. 

2015).  

Endosomal NA sensors including the Toll-like receptors (TLRs) 3, 7, 8, 9, and 13 are 

highly expressed in phagocytic immune cells and strategically placed to sense 

endocytosed NAs and their degradation products in the endolysosomal compartment. 

TLR3 recognizes ~ 40 bp long dsRNA fragments, whereas TLR7 and TLR8 are 

activated by short ssRNA and its degradation products (Alexopoulou et al. 2001, Diebold 

et al. 2004, Judge et al. 2005, Jurk et al. 2002, Leonard et al. 2008, Liu et al. 2008). 

Although TLR7 and TLR8 share various structural and functional similarities, critical 

differences have been identified. While TLR7 is widely expressed and functional in 

humans and mice, the role of murine Tlr8 remains uncertain (Heil et al. 2004). Both 

receptors bind short di- or trinucleotides, however TLR7 preferentially recognizes 

guanosine, while TLR8 is activated by uridine (Shibata et al. 2016, Tanji et al. 2015, 

Zhang et al. 2016a). In contrast, Tlr13 is a murine-specific receptor of bacterial 

23S rRNA that is not present in humans (Li and Chen 2012, Oldenburg et al. 2012). 

Although numerous RNA-sensing TLRs are known, TLR9 is the only endolysosomal 

DNA sensor and was the first immune NA sensor identified. More than twenty years ago, 

Hiroaki Hemmi and colleagues identified the mouse Tlr9 gene and characterized Tlr9 as 

the receptor for cytosine-phosphate-guanine (CpG)-rich unmethylated DNA motifs (CpG 



12 
 

 

DNA), which are less frequent in eukaryotic compared to bacterial genomes that have 

highly conserved stimulatory CpG fragments in 16S and 23S ribosomal DNA sequences 

(Coch et al. 2009, Hartmann and Krieg 2000, Hemmi et al. 2000, Krieg et al. 1995, Liu et 

al. 2020). TLR9 has two binding pockets, one binds ssDNA with an unmethylated CpG 

motif while the second site prefers short 5’-hydroxyl ssDNA with a cytosine at the 

second position (5’-xCx DNA) (Ohto et al. 2018). When both DNA molecules are bound, 

TLR9 dimerizes and is activated. Upon NA recognition, endosomal TLRs orchestrate 

complex transcriptional responses that include NF-κB and AP-1 regulated inflammatory 

cytokine and chemokine secretion as well as IRF (interferon regulatory factors) 3/5/7-

mediated type I IFN production leading to an inflammatory state of infected and 

bystander cells (Bartok and Hartmann 2020, Heinz et al. 2020).  

 

Fig. 1 DNA-sensing receptors. The three major DNA sensors that regulate immune 
responses to foreign and self-DNA are cGAS (cyclic GMP-AMP synthase), TLR9 (Toll-
like receptor 9) and AIM2 (absent in melanoma 2). In the cytosol, AIM2 recognizes 
dsDNA, leading to the assembly of the AIM2 inflammasome, which initiates caspase-1-
mediated maturation of the proinflammatory cytokines IL-1β and IL18, and ultimately 
pyroptosis. Besides, cytosolic DNA drives cGAS-dependent generation of cGAMP 
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(cyclic GMP-AMP) which binds to STING (stimulator of interferon genes), leading to the 
activation of TBK1 (TANK-binding kinase 1), IRF3 (interferon regulator factor 3) and 
NF-κB (nuclear factor-κB), resulting in the expression of type I interferons and 
proinflammatory cytokines such as IL6 and TNF (tumor necrosis factor). Finally, 
endosomal TLR9 binds CpG hypomethylated DNA and activates the transcription factors 
NF-κB and IRF7, leading to the transcription of proinflammatory cytokines and 
interferons, respectively. This figure was created with BioRender.com. 

 

1.2 Role of Toll-like receptors in cell expansion and differentiation 

Following infection, leukocytes proliferate in the bone marrow, lymphocytes clonally 

expand in secondary lymphoid tissues and long-term survival of memory cells is induced 

(Li et al. 2010). Cell proliferation and survival are critical to mammalian defense but also 

development, tissue regeneration and repair, while uncontrolled expansion leads to the 

life-threatening disease cancer. Many tumor cells express a certain repertoire of TLRs, 

pointing to a role in the regulation of excessive cell growth (Huang et al. 2008). Indeed, 

TLRs directly regulate cell proliferation and survival in various biological contexts 

including tumorigenesis by suppressing apoptosis, preventing cell cycle arrest, inducing 

proto-oncogene expression and upregulating growth factor secretion (Jiang et al. 2005, 

Naugler et al. 2007, Rakoff-Nahoum et al. 2004, Rakoff-Nahoum and Medzhitov 2007). 

For example, TLR signaling stimulates cell cycle entry and progression in fibroblasts and 

promotes survival of multiple myeloma cells (Bohnhorst et al. 2006, Hasan et al. 2005, 

Jego et al. 2006). Upon Tlr activation, multipotent hematopoietic stem cells (HSC) enter 

the cell cycle and their developmental potential is shifted towards myelopoiesis rather 

than lymphopoieses (Nagai et al. 2006). Common lymphoid progenitors from mice 

infected with herpes simplex virus differentiate into dendritic cells instead of B cells in a 

Tlr9-dependent manner (Welner et al. 2008).  

Chronic activation of Tlr7 promotes the differentiation of Ly6Chigh monocytes into 

specialized phagocytes that internalize red blood cells and drive anemia and 

thrombocytopenia (Akilesh et al. 2019). These inflammatory hemophagocytes are also 

found in experimental murine anemia caused by chronic Tlr9 signaling (Akilesh et al. 

2019). Recently, a link between excessive lysosomal nucleoside storage and 

histiocytosis was revealed. Histiocytosis describes a group of disorders that are 

characterized by the excessive expansion of dendritic cells, monocyte-derived cells and 
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macrophages which can result in the formation of tumors and severe systemic 

inflammation (Cai et al. 2017, Haroche et al. 2017, Hsu et al. 2012). In endolysosomal 

compartments, nucleic acids are degraded into nucleosides which are shuttled to the 

cytoplasm by the nucleoside transporter Slc29a3 for further metabolization (Baldwin et 

al. 2005). Human mutations of SLC29A3 are associated with multiple diseases that are 

characterized by histiocytosis including H syndrome, Faisalabad Histiocytosis and 

familial Rosai-Dorfman disease (Molho-Pessach et al. 2008, Morgan et al. 2010). Tlr7 

resides in endolysosomal compartments and binds uridine-containing ssRNAs and 

guanosine or 2’-deoxyguanosine (Jurk et al. 2002, Shibata et al. 2016, Zhang et al. 

2016a), suggesting a potential link between histiocytosis and Tlr7 activation. Indeed, in 

Slc29a3-/- mice, guanosine and deoxyguanosine derived from phagocytosed cell corpse 

accumulate in lysosomes and drive the expansion of patrolling monocytes in a Tlr7-

dependent manner (Shibata et al. 2019). These findings show that endosomal Tlrs 

influence proliferation and activation of monocytes under sterile conditions. 

1.3 DNA sensors and programmed cell death  

On the one hand, NA-sensing receptors mediate cell survival and proliferation, while on 

the other hand they can activate programmed cell death pathways as ultimate defense 

in response to infection (Bedoui et al. 2020, Ketelut-Carneiro and Fitzgerald 2022). Cell 

death obstructs replication of pathogens by eliminating the infected cell and boosts the 

release of cytokines and inflammatory mediators, but it also plays an important role in 

several noninfectious pathologies. In general, programmed cell death pathways can be 

grouped into two major types: lytic versus non-lytic.  

Lytic forms of cell death, such as necroptosis and pyroptosis, result from the disruption 

of the plasma membrane integrity by forming pores or other lesions ultimately leading to 

the release of intracellular content such as nucleic acids, proteins, lipids or pathogenic 

material into the extracellular space, where they activate bystander cells and 

neighboring macrophages (Bedoui et al. 2020, Green 2019, Ketelut-Carneiro and 

Fitzgerald 2022, Rock and Kono 2008). The initiating event in pyroptosis is the activation 

of multiprotein complexes, termed inflammasomes, by intracellular sensors such as 

NLRP3 and AIM2. Inflammasomes assemble via the key adaptor protein ASC 

(apoptosis-associated speck-like protein) that in turn associates with pro-caspase-1 
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which undergoes autocatalytic cleavage and is released in its activated state (Boucher 

et al. 2018). Active caspase-1 promotes the conversion of the precursors of the pro-

inflammatory cytokines, pro-IL-1β and pro-IL18, into their bioactive forms, and targets 

gasdermin D (GSDMD) by cleaving it into N-terminal and C-terminal fragments (Aglietti 

et al. 2016, Ding et al. 2016, Liu et al. 2016). Unleashed N-terminal GSDMD fragments 

are recruited to the cell membrane, where they organize transmembrane pores that 

allow potassium efflux and water influx, thereby destabilizing the plasma membrane 

potential and resulting in cellular rupture. Necroptosis can be induced by multiple innate 

immune receptors including RIG-I-like receptors, death receptors and TLRs, that 

mediate the phosphorylation and activation of the necroptotic kinase RIPK3 (receptor-

interacting serine-threonine kinase 3) which in turn phosphorylates MLKL (mixed lineage 

kinase domain like) (Newton and Manning 2016). Phosphorylated MLKL undergoes 

conformational changes that allow its translocation to the plasma membrane, where it 

promotes membrane permeabilization (Khan et al. 2014) (Fig. 2). 

A non-lytic form of programmed cell death is apoptosis which leads to the regulated 

disintegration of dying cells into smaller units, termed apoptotic bodies that ensure the 

containment of potentially harmful intracellular content (Bedoui et al. 2020). Cellular 

processes involved in cell demolition include DNA fragmentation by DNases, chromatin 

condensation and membrane blebbing (Kerr et al. 1972, Segawa et al. 2014). Two 

distinct pathways can initiate apoptosis: the intrinsic/mitochondrial and the extrinsic 

pathway. The intrinsic apoptotic pathway is triggered by various stressors including 

endoplasmic reticulum stress, DNA damage or diverse cytotoxic agents (Bedoui et al. 

2020, Ketelut-Carneiro and Fitzgerald 2022). It involves the increased expression of pro-

apoptotic BH3-only proteins that indirectly activate the effector proteins, Bax and Bak, by 

neutralizing pro-survival proteins such as Bcl-2 and Mcl-1 that keep the effectors in 

inactive state in healthy cells (Czabotar et al. 2014, Singh et al. 2019). Upon unleashing, 

Bax and Bak assemble into structures that perforate the outer mitochondrial membrane 

inducing MOMP (mitochondrial outer membrane permeabilization), thereby releasing 

mitochondrial content including cytochrome c. Cytochrome c binds Apaf-1 (apoptotic 

peptidase-activating factor 1) and initiates the formation of the apoptosome which in turn 

activates caspase-9 (Cosentino and García-Sáez 2017, O’Neill et al. 2016, Salvesen 

and Dixit 1999). Active caspase-9 proteolytically unleashes the effector caspases-3 and 
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-7, thereby promoting internucleosomal DNA cleavage by caspase-activated DNase 

(CAD) and chromatin condensation as well as actomyosin-driven membrane blebbing 

(Bedoui et al. 2020). Following MOMP mtDNA can leak into the cytosol, where it 

activates cGas (Rongvaux et al. 2014, White et al. 2014). Caspase-3 and -7 can also be 

activated by the extrinsic death receptor-induced apoptosis pathway. Such signaling 

cascade can be triggered by the activation of death receptors, such as FAS by FAS 

ligand interaction, and leads to the recruitment of pro-caspase-8 via the adaptor protein 

FADD (FAS associated via death domain), resulting in the assembly of the so-called 

DISC (death-inducing signaling complex), which catalyzes the activation of caspase-8 

(Boatright and Salvesen 2003, Itoh et al. 1991, Kischkel et al. 1995). Active caspase-8 

induces cell death, either directly by cleaving effector caspases-3 and-7 or indirectly, 

through proteolytically activating pro-apoptotic protein BID, thereby nurturing the intrinsic 

apoptotic pathway (Billen et al. 2009).  

 

Fig. 2 Molecular mechanisms of non-lytic and lytic cell death. In the intrinsic non-
lytic (apoptosis) pathway, pro-survival Bcl-2 proteins are blocked by pro-apoptotic BH3-
only proteins liberating Bax and Bak, which become activated and assemble into 
complexes causing mitochondrial outer membrane permeabilization (MOMP). 



17 
 

 

Cytochrome c is released, binds Apaf-1 and initiates the assembly of the apoptosome, 
which in turn activates a cascade of caspase activation steps starting with caspase-9. 
Caspase-9 activates the effector caspases-3 and -7. In the extrinsic non-lytic pathway, 
ligand recognition by FAS recruits pro-caspase-8 through the intracellular adaptor 
protein FADD forming DISC which activates caspase-8. Active caspase-8 induces 
apoptosis by stimulating effector caspases-3 and -7 which promote apoptotic 
morphology including membrane blebbing, formation of apoptotic bodies, DNA 
condensation and fragmentation. Lytic pyroptotic cell death is initiated upon 
inflammasome assembly and activation of caspase-1. Active caspase-1 cleaves 
GSDMD and produces a N-terminal pore-forming fragment that drives pyroptosis, which 
is characterized by the loss of membrane integrity, release of cytosolic content, cell 
swelling and lysis. Lytic necroptotic cell death can occur when RIPK1 is not ubiquitinated 
and caspase-8 is blocked. Deubiquitination of RIPK1 promotes dissociation of TRADD 
and RIPK1 from the TNF receptor 1 complex to either trigger apoptosis or necroptosis. 
In necroptosis, RIPK1 activates RIPK3 which phosphorylates MLKL. Activated MLKL 
undergoes conformational changes allowing MLKL to translocate to the plasma 
membrane and disrupt the integrity (possibly by forming pores). Consequently, efflux of 
potassium (K+) and influx of water and sodium (Na+) lead to disruption of membrane 
potential, cell swelling and eventually cell lysis. This figure was created with 
BioRender.com. 

 

1.4 Trashing DNA during non-lytic cell death 

Cells in the human body die at any time by non-lytic cell death. To prevent autoimmune 

reactions, emerging cellular waste must be broken down and the cells replenished. In 

general, two groups of nucleases are involved in the degradation of cellular DNA during 

non-lytic cell death: i) cell-autonomous nucleases that cleave DNA within the dying cell 

and ii) waste-management nucleases that originated somewhere other than the dying 

cell, which means that they are either secreted into the extracellular space or 

compartmentalized in lysosomes of neighboring phagocytes (Samejima and Earnshaw 

2005). During apoptosis, CAD, which is the main cell-autonomous nuclease, is activated 

and induces DNA fragmentation; and the formation of apoptotic bodies begins (Widlak 

and Garrard 2005). Usually, cellular components including DNA are compartmentalized 

within apoptotic cells until their engulfment and lysosomal disposal by phagocytes. The 

main lysosomal waste-management nuclease is DNase2a expressed by macrophages 

(Kawane et al. 2001, Krieser et al. 2002). DNase2a cleavage generates 5’OH termini 

products which may be further processed by the exonucleases Pld3 and Pld4 because 

both enzymes degrade ssDNA substrates with 5’OH terminus (Bartok and Hartmann 

2020). Taken together, non-lytic cell death mediates compartmentalization of 
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fragmented DNA into vesicles that are subsequently engulfed by phagocytes, in which 

DNA undergoes DNase2a-mediated lysosomal degradation. If, however, the membrane 

integrity is disrupted during this process, DNA can be released into the extracellular 

space. Such circulating cell-free DNA (cfDNA) is further processed by the waste-

management nucleases DNase1 and DNase1l3. After the release of cfDNA, DNase1l3 

chops long DNA substates (> 250 bp), that originate from CAD-mediated DNA cleavage, 

into fragments that display a peak length of ~ 165 bp. Part of this fragment fraction is 

further broken down by DNase1 into smaller pieces (< 150 bp). Thus, plasma cfDNA 

shows a peak frequency at ~ 165 bp and minor populations of longer (600-2000 bp) and 

relative short (20-120 bp) DNA fragments (Han et al. 2020, Samejima and Earnshaw 

2005, Serpas et al. 2019). 

1.5 Sources of self-DNA and its immunogenic potential 

Endogenous DNA is present in various forms of genomic (gDNA) and mitochondrial 

DNA (mtDNA) in the circulation of healthy and diseased individuals (Santa et al. 2021). It 

can be cell-free, associated with proteins or integrated into extracellular vesicles. Cell-

free DNA contains both genomic and mitochondrial DNA and mostly originates from 

dying hematopoietic cells, including granulocytes and lymphocytes (Lui et al. 2002, 

Moss et al. 2018). Genomic cfDNA is thought to originate from apoptotic cells due to its 

predominant fragment length of ~ 160-170 bp, resembling the size of nucleosome 

(nucleosomes + linker histone)-bound DNA (Giacona et al. 1998, Snyder et al. 2016). 

Besides, short (35-80 bp) cfDNA fragments have been identified directly foot printing the 

occupancy of DNA-bound transcription factors (Snyder et al. 2016). In contrast, 

mitochondrial cfDNA shows higher fragmentation and 56-fold greater abundance than 

genomic cfDNA (Burnham et al. 2016, Chiu et al. 2003). While genomic cfDNA is mostly 

inert and shows low immunostimulatory capacities, mtDNA shares characteristics with 

bacterial DNA including increased frequency of unmethylated immunostimulatory CpG 

motifs which can activate Tlr9 (Oka et al. 2012, Stacey et al. 2003, Zhang et al. 2010). 

Such immunogenic potential is further increased when cfDNA is associated with proteins 

like HMGB1 (high mobility group box 1) and TFAM (mitochondrial transcription factor A), 

binding gDNA and mtDNA, respectively, that promote the transport into intracellular 

compartments containing Tlrs and facilitate secondary structures capable of activating 

cGas (Andreeva et al. 2017, Julian et al. 2012, Tian et al. 2007). While circulating DNA 
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mostly arises from apoptotic cells in healthy individuals, DNA can also be released from 

neutrophils in form of neutrophil extracellular traps (NETs) during infection (Delgado-

Rizo et al. 2017). Such NETs facilitate trapping of bacteria and consist of genomic and 

mitochondrial DNA that can be protected from degradation when oxidized or bound by 

antimicrobial-peptide LL37 (Lande et al. 2007). Besides, the extruded DNA is highly 

immunogenic and induces type I IFNs in a Tlr9- and cGas-dependent manner (Caielli et 

al. 2016, Garcia-Romo et al. 2011, Lood et al. 2016). In addition to circulating NAs, 

intracellular DNA has the potential to stimulate DNA sensors when segregation fails. Cell 

stress and death mediate release of mtDNA into the cytoplasm where unmodified 

mtDNA initiates the cGas-Sting signaling, while oxidized mtDNA can stimulate the Nlrp3 

(NLR family pyrin domain containing 3) inflammasome (Gehrke et al. 2013, Oka et al. 

2012, Rongvaux et al. 2014, Shimada et al. 2012, White et al. 2014). Besides, 

autophagy-mediated transport of mtDNA into endolysosomal compartments triggers Tlr9 

activation when lysosomal nucleic acid degradation is perturbed (Oka et al. 2012).  

1.6 Degradation and processing of DNA by deoxyribonucleases 

Regulation of the abundance, size and modifications of DNA is critical to control its 

immunogenic potential. The main nucleases degrading extracellular DNA are DNase1 

and DNase1l3 which compose together with DNase1l1 and DNase1l2 the 

deoxyribonuclease (DNase)-1 family (Keyel 2017, Santa et al. 2021). All four members 

are structurally comparable (51 % homology) and share common features including 

DNase domain, ER trafficking signal sequence that also inhibits DNase activity, 

dependency on divalent cations (Ca2+/Mg2+); and they leave 3’hydroxy/5’phophor (3’-

OH/5’-P) ends after cleavage (Shiokawa and Tanuma 2001). After removal of the signal 

sequence, DNase1 and DNase1l3 are secreted, whereas DNase1l1 remains at the 

plasma membrane through a glycosylphosphatidylinositol (GPI) anchor (Napirei et al. 

2005, Shiokawa et al. 2007, Sisirak et al. 2016). Consistent with their extracellular 

localization, DNase1, DNase1l1 and DNase1l3 function optimally at neutral pH, whereas 

DNase1l2 degrades its substrates optimally at an acidic pH (Shiokawa and Tanuma 

2001).  
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1.6.1 DNase1 

DNase1 is expressed primarily in kidneys, salivary glands, gut, pancreas and secreted 

into the circulation, where it degrades naked DNA, DNA originating from NETs or 

chromatin of necrotic cells after removal of DNA-bound proteins by serum serine 

proteases like plasmin or thrombin (Chitrabamrung et al. 1981, Hakkim et al. 2010, 

Jiménez-Alcázar et al. 2017, Napirei at el. 2000, Napirei et al. 2004a, Napirei et al. 2005, 

Napirei et al. 2009). Its endonuclease activity allows degradation of high and low 

molecular weight fragments and does not exhibit preferences towards certain nucleotide 

sequences or bases. However, since DNase1 interacts with the minor groove of B-form 

DNA, the conformation of the DNA double helix is essential (Lahm and Suck 1991, Suck 

and Oefner 1986, Suck 1994). Hydrolysis of the double helix depends on the width and 

depth of the minor grove as well as rigidity of its structure. DNase1 introduces one to 

multiple single strand breaks into both DNA strands which are slightly displaced by 

several nucleotides and cleaves double-stranded DNA 100-500 times more efficiently 

than ssDNA (Baranovskii et al. 2004, Drew 1984).  

It was assumed for a long time that low DNASE1 activity is associated with the 

autoimmune disease systemic lupus erythematosus (SLE) since patients with SLE 

complications showed reduced enzymatic activity (Hakkim et al. 2010, Sallai et al. 

2005). In addition, mixed 129sv-C57BL/6 DNase1-/- mice spontaneously develop SLE-

like syndromes including anti-nucleosome as well as anti-dsDNA autoantibodies and 

eventually glomerulonephritis (Napirei et al. 2000). However, these results could not be 

reproduced in pure 129SV and C57BL/6 DNase1-/- mice and it was shown that the mixed 

129sv-C57BL/6 background predispose these mice to autoimmunity (Bygrave et al. 

2004, Napirei et al. 2004b). Besides, the significance of DNASE1 in human SLE 

pathogenesis remains uncertain. Heterozygous non-sense mutations and single 

nucleotide polymorphisms (SNP) in DNASE1 were associated with SLE, however follow-

up studies failed to clarify the role of mutations in multiple cohorts of SLE patients 

(Balada et al. 2002, Bodaño et al. 2007, Chakraborty et al. 2003, Mohammadoo-

Khorasani et al. 2016, Shin et al. 2004, Simmonds et al. 2002, Tew et al. 2001, 

Yasutomo et al. 2001). In addition, treatment of SLE patients with recombinant human 

DNASE1 failed to show clinical benefits (Davis et al. 1999). Interestingly, the serum 

ability to eliminate chromatin from NETs, primary or secondary necrotic cells is 
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decreased in a large fraction of SLE patients, however when used on naked DNA no 

significant alterations compared to healthy controls were found, suggesting that not the 

enzyme activity per se is decreased but rather the access to DNA might be impaired, 

potentially by hindering anti-dsDNA antibodies that are generated as the disease 

progresses (Leffler et al. 2015, Sallai et al. 2005). Thus, DNase1-deficiency might not be 

a predisposing factor of SLE but rather a consequence of the autoimmune response 

likely further fueling pathological manifestations. In line with this, the inability of SLE 

patients to degrade NETs was mostly reversible within several months and correlated 

with titers of nuclear autoantibodies and disease activity (Leffler et al. 2013). 

Additionally, loss of renal DNase1 expression in (NZBxNZW)F1 mice and human SLE 

patients is acquired during transformation from mild to severe membranoproliferative 

lupus nephritis (Seredkina and Rekvig 2011, Zykova et al. 2010).  

1.6.2 DNase1l3 

DNase1l3 is the major nuclease eliminating endogenous DNA released by dying cells 

and is highly expressed in dendritic cells and macrophages (Sisirak et al. 2016, Wilber et 

al. 2002). Similar to DNase1, DNase1l3 is able to degrade naked DNA and NETs 

although less efficiently than DNase1 (Hakkim et al. 2010, Jiménez-Alcázar et al. 2017, 

Napirei et al. 2009). However, DNase1l3 has the unique ability to cleave DNA 

encapsulated in liposomes or microvesicles which relies on its C-terminal domain that is 

highly hydrophobic and positively charged (Santa et al. 2021, Sisirak et al. 2016, Wilber 

et al. 2002). Contrary to DNase1-/- mice, deletion of DNase1l3 causes the accumulation 

of circulating microvesicle-associated DNA and long poly-nucleosomal DNA as well as 

aberrations of end-motif frequencies in plasma DNA (Serpas et al. 2019, Shiokawa et al. 

2007, Sisirak et al 2016). Consistently, deficiency of DNASE1l3 is associated with the 

development of childhood-onset SLE and SLE-associated diseases in humans (Al-

Mayouf et al. 2011, Belot et al. 2020, Carbonella et al. 2017). Aberrantly activated 

autoimmune responses were also observed in DNase1l3-/- mice which developed anti-

DNA and anti-nucleosome antibodies that resulted in minor kidney pathology primarily in 

129 but not C57BL/6 DNase1l3-/- mice (Santa et al. 2021, Sisirak et al. 2016). 

Pathogenic activation of these immune responses was independent of Sting but relied 

on Tlr9 as well as Tlr7, and involved autoreactive B cell responses as well as production 

of type I IFNs by plasmacytoid DCs (Sisirak et al. 2016, Soni et al. 2020). In addition to 
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its well-established extracellular role, DNase1l3 is thought to be involved in 

internucleosomal DNA fragmentation in cells undergoing apoptosis and necrosis 

(Shiokawa et al. 1997, Shiokawa and Tanuma 1998, Shiokawa and Tanuma 2001, 

Shiokawa et al. 2002, Shiokawa et al. 2003, Yakovlev et al. 2000).  

1.6.3 DNase1l1 

DNase1l1 is highly expressed in skeletal muscle, cardiomyocytes as well as 

macrophages and is capable of digesting DNA complexed with transfection reagents 

(Shiokawa et al. 2005, Shiokawa et al. 2007). However, the natural substrate and 

function remains unknown. In human studies, inconsistent results were found 

associating SNPs in DNASE1l1 with the development of Pompe’s disease, a disorder 

characterized by myopathy and respiratory weakness (Lichtenbelt et al. 2006, Malferrari 

et al. 2001, Ueki et al. 2014). DNase1l1-/- mice showed signs of muscle damage and 

fatigue more rapidly during running (Rashedi 2018). Conversely, others suggested that 

dysfunctional human DNASE1l1 may be connected to type 1 diabetes, ANCA-

associated vasculitis and schizophrenia (Brumpton and Ferreira 2016). In macrophages 

and monocytes, GPI-anchored DNASE1l1 serves as a receptor for the tick-borne 

intracellular bacterial pathogen Ehrlichia chaffeensis suggesting a rather important role 

of DNASE1l1 since pathogens often target essential molecules (Keyel 2017, Mohan 

Kumar et al. 2013). Besides, macrophages can form podosomes that recruit membrane-

bound DNase1l1 to degrade extracellular double-stranded bacterial DNA on surfaces 

(Pal et al. 2021).  

1.6.4 DNase1l2 

DNase1l2 features a unique trait due to its optimal enzymatic activity at acidic pH which 

potentially points to an endolysosomal or autophagosomal localization (Santa et al. 

2021, Shiokawa and Tanuma 2001). This enzyme is highly expressed in keratinocytes 

and acts intracellularly during differentiation when the cells lose their nuclear material 

and store keratin (Fischer et al. 2007). During this process the cytosol is acidified, and 

organelle disruption occurs which allows DNase1l2 to access the nucleus (Fischer et al. 

2007, Naeem et al. 2015). Together with DNase2a and Trex2, DNase1l2 degrades 

nuclear DNA in skin and lingual keratinocytes, respectively (Fischer et al. 2011, Fischer 

et al. 2017, Manils et al. 2017). However, no signs of epithelial tissue inflammation are 
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observed in these double knockout mouse models, despite the accumulation of DNA. In 

contrast, human studies associate SNPs in DNASE1l2 with psoriasis and reduced 

DNASE1l2 expression with inflamed psoriatic skin suggesting a regulatory role of 

DNASE1l2 (Fischer et al. 2007, Ueki et al. 2015). In keratinocytes, TNFα and IL-1β 

induce DNASE1l2 expression via NF-κB signaling, further pointing to the involvement of 

DNASE1l2 in skin autoimmunity (Shiokawa et al. 2004). In humans, DNASE1l2 is 

expressed at low levels in multiple tissues and a short product of the enzyme is 

expressed by peripheral blood leukocytes showing the same enzymatic properties 

(Shiokawa and Tanuma 2001, Shiokawa et al. 2004). In contrast to its intracellular 

function and biochemical properties, overexpression systems suggest extracellular 

secretion of DNASE1l2 which however may not be physiologically relevant (Shiokawa 

and Tanuma 2001).  

1.6.5 DNase2 

The DNase2 family consists of three members including DNase2a, DNase2b and L-

DNaseII which do not require divalent cations, function at an acidic pH and generate 

3’phophates after dsDNA cleavage (Keyel et al. 2017). DNase2a and L-DNaseII are 

widely distributed across tissues and highly expressed in macrophages and in case of L-

DNaseII also in neutrophils, while DNase2b is primarily detected in the lens of the eye, 

salivary glands and lung (Cordonnier and Bernardi 1968, Kawane et al. 2001, Krieser et 

al. 2001, Nishimoto et al. 2003, Padron-Barthe et al. 2007). DNase2a and -b share 

structural similarities including signal sequences enabling their lysosomal trafficking 

(Nakahara et al. 2007, Sleat et al. 2006). Besides, they feature phospholipase D (PLD) 

signature motifs in their catalytic domain and are considered to be part of the 

phospholipase D superfamily just as Pld3/4 (Cymerman et al. 2005, Schafer et al. 2007). 

DNase2a is indispensable for definitive erythropoiesis in the mouse fetal liver, where 

macrophages destroy engulfed nuclear DNA that is expelled from erythroid precursor 

cells during their maturation into erythrocytes (Bessis and Breton-Gorius 1962, Kawane 

et al. 2001). In DNase2a-deficienct mice, large DNA-containing bodies, derived from 

improper digestion of engulfed apoptotic cell corpses, accumulate in multiple organs and 

induce severe anemia, inflammation and defects in the diaphragm that ultimately 

mediate lethality at an early stage of life (Kawane et al. 2001, Krieser et al. 2002). 

Embryonic lethality is also associated with the excessive production of type I IFNs since 
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DNase2a-/- Ifnar1-/- mice survived for at least 2 months post birth (Kawane et al. 2006, 

Yoshida et al. 2005). Such aberrant production of IFNs was fully dependent on sensing 

DNA via the cGas-Sting pathway and independent of endosomal Tlrs (Ahn et al. 2012, 

Gao et al. 2015, Okabe et al. 2005). Interestingly, DNase2a-/- Ifnar1-/- mice manifest 

different abnormalities suggesting that DNase2a regulates the activation of various 

nucleic acid sensing receptors. Firstly, DNase2a-/- Ifnar1-/- mice develop TNFα-driven 

rheumatoid arthritis that is mediated by cGas-Sting signaling but also Aim2 

inflammasome activation (Baum et al. 2015, Kawane et al. 2010). Secondly, these mice 

show elevated levels of anti-nuclear autoreactive antibodies as they age, and this 

production is fully dependent on endosomal Tlrs (Baum et al. 2015). Thirdly, DNase2a-/- 

Ifnar1-/- mice were used to show that DNase2a processes bacterial DNA and is required 

for the generation of Tlr9 ligands from complex natural substrates, including the release 

of ssDNA from genomic dsDNA and production of 5’OH termini for the second binding 

pocket of Tlr9 (Chan et al. 2015). In human studies, SNPs in DNASE2A are linked to 

rheumatoid arthritis and patients with null mutations in DNASE2A develop severe non-

regenerative anemia and deforming arthropathy accompanied by elevated TNFα levels 

and upregulation of interferon-stimulated genes (Rodero et al. 2017, Rossol et al. 2009).  

1.6.6 Pld3 and Pld4 

Pld3 and Pld4 belong to the phospholipase D family and were recently characterized as 

endolysosomal 5’-exonucleases that are involved in the removal of ssDNA and small 

ssRNAs (Gavin et al. 2018, Gavin et al. 2021). They function both at neutral and acidic 

pH and contain a N-terminal transmembrane domain mediating their localization in 

endolysosomes (Gavin et al. 2018, Gonzalez et al. 2018, Otani et al. 2011). Pld3 is 

expressed in most tissues by macrophages, whereas Pld4 is highly expressed in bone 

marrow, spleen and lymphoid tissue by dendritic cells (Gavin et al. 2018). Genome-wide 

association studies connect PLD4 polymorphisms with rheumatoid arthritis, system 

lupus erythematosus and systemic sclerosis, while PLD3 dysfunction is linked with 

Alzheimer’s disease (Chen et al. 2017, Cruchaga et al. 2014, Okada et al. 2012, Santa 

et al. 2021, Terao et al. 2013, Zhang et al. 2016b). Pld4-/- mice show signs of chronic 

inflammation including elevated plasma levels of interferon-γ (IFN-γ), splenomegaly and 

aberrant immune cell activation (Gavin et al. 2018). Abnormally increased numbers of 

blood monocytes and hepatic CD68+ macrophages as well as splenomegaly are 
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dependent on Tlr9. Pld3-/- Pld4-/- mice develop lethal liver inflammation in early stages of 

life which is driven by both endosomal Tlrs and a Sting-dependent nucleic acid-sensing 

pathway (Gavin et al. 2018, Gavin et al. 2021). Thus, Pld3 and Pld4 prevent activation of 

multiple endolysosomal and cytosolic nucleic acid sensors and exhibit functional 

redundancy. 

1.6.7 Trex1 

Trex1, also called DNase3, is a ubiquitously expressed cytosolic 3’ -> 5’ exonuclease 

that eliminates ssDNA derived from retroelements, micronuclei and dsDNA (Lindahl et 

al. 1969, Mazur and Perrino 1999). In steady state, Trex1 is attached to the ER via a C-

terminal transmembrane domain while the N-terminal domain harbors the exonuclease 

activity (Lindahl et al. 2009, Mazur and Perrino 1999, Orehaugh et al. 2013). In humans, 

mutated TREX1 is associated with Aicardi Goutières Syndrome (AGS), which is 

characterized by encephalitis, infiltration of lymphocytes in the central nervous system 

and type I IFN signature. Furthermore, mutations affecting the human exonuclease are 

linked to familial chilblain lupus (FCL), which is an inflammatory disease, causing 

ulcerating lesions of the skin, retinal vasculopathy with cerebral leukodystrophy and 

systemic lupus erythematosus (SLE) (Lee-Kirsch et al. 2007a, Lee-Kirsch et al. 2007b, 

Namiou et al. 2011, Rice et al. 2007). Most of the genetic alterations associated with 

AGS, FCL and SLE target the N-terminal exonuclease domain of TREX1, suggesting a 

crucial role of the cytosolic nuclease in the removal of immunostimulatory endogenous 

DNA (Gray et al. 2015, Santa et al. 2021). In mice, Trex1-deficiency leads to severe 

myocarditis, systemic inflammation and familial chilblain lupus-like syndromes including 

elevated titers of autoantibodies, ultimately causing premature death (Crow et al. 2006, 

Stetson et al. 2008). Deletion of the cGas-Sting pathway prevented fatal autoimmunity in 

Trex1-/- mice (Gall et al. 2012, Gao et al. 2015, Hasan et al. 2013). 

1.6.8 CAD 

CAD (Caspase-activated DNase), also called DFFB, is a cytoplasmic and nuclear 

endonuclease that is ubiquitously expressed, functions at neutral pH, requires Mg2+ as 

cofactor and is exclusively activated during apoptosis (Sameijima and Earnshaw 2005, 

Widlak and Garrard 2005, Zhang et al. 1999). Upon activation of apoptotic signaling 

cascades, caspase-3, caspase-7 and/or granzyme B can cleave the inhibitory 
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chaperone ICAD and release CAD (Enari et al. 1998, Liu et al. 1997, Sakahira et al. 

1998, Thomas et al. 2000, Wolf et al. 1999). Active CAD has a scissors-like structure, 

forms homodimers or oligomers and becomes immobilized within apoptotic nuclei 

potentially preventing its release into the extracellular space (Lechardeur et al. 2004, 

Sameijima and Earnshaw 2005, Woo et al. 2004). CAD cleaves dsDNA at positions 

within the internucleosomal linker, degrades chromatin almost as efficiently as naked 

DNA and is assumed to be sequence non-selective (Sameijima and Earnshaw 2005, 

Widlak et al. 2000). Studies of apoptotic cells that are deficient in components of the 

CAD system show either no or strongly decreased amounts of internucleosomal DNA 

fragmentation, incomplete chromatin condensation and fail to form discrete apoptotic 

bodies (McIlroy et al. 2000, Samejima et al. 2001, Sameijima and Earnshaw 2005, 

Zhang et al. 1998). Additionally, CAD-/- mice show defects in apoptotic DNA degradation, 

however, pathological consequences of the deficiency are mild (Kawane et al. 2003, 

Keyel et al. 2017, Zhang et al. 1998). 

1.7 When nucleic acid clearance fails: Systemic lupus erythematosus 

Failed clearance of nucleic acids has long been associated with an autoimmune disease 

termed systemic lupus erythematosus (SLE), which is characterized by global loss of 

self-tolerance and systemic inflammation affecting multiple regions including 

neurological, pleural, renal and musculoskeletal tissues (Kaul et al. 2016). Especially 

women of childbearing age and Hispanic, Asian or African origin have a high risk of 

developing SLE with an estimated female to male sex ration of 9 to 1 (Kaul et al. 2016, 

Lim et al. 2014, Yee et al. 2015). Patients with SLE report decreased quality of life owing 

to disease manifestations, treatments as well as secondary conditions including anxiety, 

fatigue, depression, and eventually suffer from an increased mortality risk (Kaul et al. 

2016). One of the primary sites of tissue damage is the kidney, the inflammation of 

which is referred to as lupus nephritis. Lupus nephritis results from glomerular deposition 

of immune complexes, autoantibodies and complement fixation that initiates recruitment 

and activation of tissue-infiltrating monocytes/macrophages which promote uncontrolled 

inflammatory as well as repair responses damaging the tissue (Bethunaickan et al. 

2011, Choi et al. 2012, Kaul et al. 2016).  
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Fig. 3 Deoxyribonucleases process NAs in extra- and intracellular compartments. 
At the head are presented extracellular sources of NAs that originate from dying cells in 
multiple forms including cell-free DNA, chromatin, mtDNA, neutrophil extracellular trap 
(NET-) and microparticle (MP-)associated DNA. Lytic cell death leads to the exposure of 
NAs, while apoptosis mediates CAD-regulated fragmentation and compartmentalization 
of DNA. Circulating DNase1 (orange) and DNase1l3 (pink) process chromatin, cell-free 
DNA, NETs and microparticle-associated DNA, whereas membrane-bound DNase1l1 
(yellow) digests DNA-liposomes. Below are presented extracellular NAs that are 
internalized into endolysosomes where they are cleaved by DNase2a (light blue), Pld3 
or Pld4 (purple) and recognized by Toll-like receptors (Tlr9/7), which activate NF-κB and 
Irf7 transcription factors that upon their translocation to the nucleus promote the 
production of inflammatory cytokines and type I interferons. Cytoplasmic DNA originates 
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for instance from mitochondria and can be oxidized in the presence of ROS (reactive 
oxygen species) acquiring the ability to initiate inflammasome assembly, which drives 
caspase-1-mediated processing of pro-IL-1β and -IL18 into active IL-1β and IL18. 
mtDNA can also stimulate cGas. On binding dsDNA, cGas dimerizes resulting in the 
enzymatic activation and synthesizes of 2’3’ cGAMP (cyclic GMP-AMP) that in turn 
binds to Sting dimers localized at the endoplasmic reticulum (ER) membrane and 
triggers translocalization to the Golgi where Sting recruits Tbk1 and promotes the 
activation of Irf3 and NF-κB transcription factor cascades. Upon autophagy, cytoplasmic 
DNA can gain access to endolysosomal compartments and stimulate Tlr9. Extracellular 
NET-associated DNA, mtDNA and microparticle can be internalized, gain access to the 
cytosol and activate cGas. Nuclear DNA can be released into the cytosol upon stress in 
forms of micronuclei and “speckles”. Cytosolic DNA is exposed to Trex1 (dark blue) 
digestion. On the left tissue or cell specificity of individual deoxyribonucleases are 
presented. This figure was created with BioRender.com. 

 

Several environmental factors can trigger disease onset and progression including 

apoptotic or necrotic cell debris and nucleic acids. These stressors can activate Tlrs and 

promote plasmacytoid dendritic cell (pDC) survival and type I IFN production (Barrat et 

al. 2005, Lovgren et al. 2004). Type I IFNs are central to the activation and regulation of 

the innate immune system by promoting the capacity of antigen presenting DCs to 

effectively present (self-)antigens to T cells. The stimulation of T cells leads to the 

production of cytokines and drives B cell differentiation and production of autoantibodies 

directed against endogenous nucleic acids and binding proteins (Kaul et al. 2016).  

Although pDCs are the main source of type I IFNs, other cell types such as neutrophils 

are involved in amplifying IFN signaling (Kaul et al. 2016). Neutrophils exposed to 

increased IFNα level or engulfing circulating immune complexes are primed to undergo 

NETosis and extrude DNA in form of neutrophil extracellular traps (NETs) that might (i) 

facilitate the trafficking of DNA-containing immune complexes to the TLR-containing 

intracellular endosome, (ii) induce the production of type I IFNs by pDCs, (iii) serve as a 

source of self-antigens for presentation to T lymphocytes and (iv) mediate vascular 

damage and thrombosis (Brinkmann et al. 2004, Garcia-Romo et al. 2011, Haul et al. 

2016, Kaplan 2011, Lande et al. 2011, Mahajan et al. 2016, Villanueva et al. 2011).  

Studies of kidney infiltrating cells have identified patrolling monocyte populations that 

contribute to immune-mediated pathology in SLE patients and lupus-prone mouse 

models (Bethunaickan et al. 2011, Kuriakose et al. 2019). In the Yaa mouse model of 
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lupus, Tlr7 is hyperactivated due to its gene duplication leading to lupus-associated 

monocytosis (Amano et al. 2005, Pisitkun et al. 2006, Subramanian et al. 2006). 

Amelioration of lupus nephritis could be achieved in B6.Sle1yaa and Tnip1-/- mice by 

preventing the maturation of patrolling monocytes due to the deletion of the monocytic 

master transcription factor Nr4a1 (Kuriakose et al. 2019). In NZBWF1 mice, lupus 

nephritis is associated with an increase of patrolling monocytes, and administration of 

anti-TLR7 but not anti-TLR9 antibodies protected NZBWF1 mice from nephritis by 

reducing the production of autoantibodies directed against RNA-associated antigens and 

abolishing infiltration of patrolling monocytes into glomeruli (Murakami et al. 2021).  

Although renal damages are more common, pulmonary manifestations including diffuse 

alveolar hemorrhage (DAH) are severe clinical complications of SLE. DAH is considered 

as a rare complication with 1-5 % prevalence, but mortality rates of 30-80 % were 

reported (Andrade et al. 2016, de Prost et al. 2010, Kamen and Strange 2010, Kazzaz et 

al. 2015, Zamora et al. 1997). The disorder is characterized by a disruption of the 

alveolar capillary basement membrane (BM) integrity resulting in the accumulation of red 

blood cells in the alveolar space (Park et al. 2013). The BM is a fusion of the alveolar 

and capillary basement membrane leading to a single sheet of specialized extracellular 

matrix that closely connects alveolus and capillaries facilitating efficient gas exchange. 

Upon BM disruption, focal and bland pulmonary hemorrhages occur that eventually lead 

to respiratory failure. In human lupus-associated DAH, neutrophil-predominant 

infiltration, hemosiderin-laden macrophages and fibrinoid necrosis of vessel walls, which 

is associated with endothelial damage, deposition of serum proteins in the vessel walls 

and fibrin polymerization, occur (Park et al. 2013, Zhuang et al. 2017). Treatment of 

patients with DAH typically includes high doses of immunosuppressive drugs including 

steroids and plasmapheresis. In > 50 % of cases of SLE-associated DAH, mechanical 

ventilation is necessary (Badsha et al. 2004). Further studies focusing on the 

development and prevention of DAH are required and involve studies with model 

systems since the acquisition of pulmonary material from human patients is inapplicable. 



30 
 

 

 

Fig. 4 Clinical heterogeneity of systemic lupus erythematosus. Pathological 
complexity is shown by the number of different organs that can be affected. Renal 
complications that manifest as lupus nephritis are common in comparison to diffuse 
alveolar hemorrhage. Involved innate and adaptive immune cells driving 
glomerulonephritis as well as factors mediating diffuse alveolar hemorrhage are 
represented. This figure was created with BioRender.com. 

 

1.7.1 Chemically induced diffuse alveolar hemorrhage 

The naturally occurring isoprenoid alkane (2,6,10,14-tetramethylpentadecane) 

commonly known as pristane is widely used to induce a lupus-like disease in BALB/c 

and SJL mice characterized by the generation of a broad spectrum of autoantibodies 

that are associated with systemic lupus erythematosus (SLE) including anti-U1RNP/Sm, 

-Su, -dsDNA, and -chromatin autoantibodies (Satoh and Reeves 1994, Satoh et al. 

1995, Satoh et al. 1996). Syndromes also include immune complex-mediated 

glomerulonephritis and arthritis. Although most of these characteristics can also be 

investigated in several genetic models of SLE, pristane has the unique ability to induce 

diffuse alveolar hemorrhage in C57BL/6 (B6) mice (Barker et al. 2011, Chowdhary et al. 
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2007, Lee et al. 2008a, Lee et al. 2008b, Lee et al. 2009, Nacionales et al. 2006, Satoh 

et al. 2000).  

In B6 mice, pulmonary hemorrhage starts three days after peritoneal pristane injection in 

form of small distinct foci that are uniformly distributed in all lobes. After seven days, 

complete hemorrhage can occur in some individuals and peaks after 14 days with an 

incidence of ~ 80 %. Perivascular neutrophilic and mononuclear cell infiltrates as well as 

hemosiderin-laden macrophages can be found within alveoli. Although endothelial 

activation was suggested, it is reported that the alveolar basement membrane remains 

primarily intact and no immune complexes either in the alveolar BM or endothelial cells 

are detected. In addition, sera from pristane treated mice are negative for anti-neutrophil 

cytoplasm antibody (ANCA) (Baker et al. 2001, Chowdhary et al. 2007, Zhuang et al. 

2017).  

Lipophilic alkanes like pristane are practically immiscible with aqueous media. However, 

when withdrawn from the peritoneal cavity it is emulsified which is probably facilitated by 

fatty acids, phospholipids or proteins that are abundantly present in an inflammatory 

environment (Janz and Shacter 1991). Pristane is incorporated into fixed inflammatory 

tissues so-called “lipogranuloma” that are seen in peritoneum, spleen, liver and kidney 

and it remains over a prolonged period in the peritoneal fluid (Nacionales et al. 2006). 

Due to some sort of emulsification, it is comprehensible that pristane may be distributed 

systemically. Indeed, it is shown that pristane reaches the lung and bone marrow where 

it exacerbates cell death (Zhuang et al. 2014, Zhuang et al. 2017). Interestingly, 

lipogranuloma occur in several organs embedded in the peritoneum but vasculitis was 

only observed in the lung (Baker et al. 2001). The bronchoalveolar lavage (BAL) fluid of 

pristane-injected mice is highly cellular with granulocytes, lymphocytes and especially 

macrophages that are positively stained for lipoid material like pristane indicating its take 

up (Chowdhary et al. 2007). TUNEL (terminal deoxynucleotidyl transferase dUTP nick 

end labeling) staining of lung sections from pristane treated mice revealed that DNA 

fragmentation mainly occur in large, vacuolated cells, indicating their late stage of 

apoptosis. These cells are located in alveoli and reminiscent of alveolar macrophages 

(Zhuang et al. 2017).   
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To identify the effector cells that drive alveolar damage, various genetically or 

pharmacologically ablated mouse models were examined showing their prevalence of 

DAH or resistance to pristane treatment. B6 Rag1-/- mice, that are deficient in both B and 

T cells, show partially reduced prevalence of pulmonary hemorrhages, indicating that 

both populations are not absolutely required but may accelerate the development of 

DAH. To dismantle the role of the individual cell populations, B6 Tcr-/- and B6 Igμ-/- mice 

which lack T cells or B cells, respectively, were investigated. T cell deficient mice 

develop DAH with a prevalence comparable to wild-type controls, whereas B6 Igμ-/- are 

mainly resistant to pristane treatment and reconstitution with wild-type B cells strikingly 

increase the rate of DAH. Interestingly, infusion of mouse IgG does not restore the 

susceptibility to pristane but conventional mouse serum and human IgM i.v. do. 

However, pristane treatment is associated with a reduction of B and T lymphocytes, 

while CD11b+ myeloid cells make up the majority of infiltrating immune cells in the lung. 

Neutrophils, Ly6Chigh inflammatory monocytes, and Ly6Clow patrolling monocytes 

strikingly increase following pristane injection. In addition, expansion of these 

populations and depletion of alveolar macrophages correlate with the severity of DAH. 

Interestingly, several groups have studied the role of neutrophils in pristane-induced 

DAH using antibody-mediated depletion in mice and observed no marked differences in 

the severity of DAH. In contrast, liposome-mediated depletion of monocytes and alveolar 

macrophages greatly reduce the frequency of DAH. Mice with genetic ablations leading 

to deficient monocyte development or trafficking are greatly protected from the 

development of DAH. In Irf8-/- mice, monocytes are largely absent in the bone marrow 

due to defective development whereas neutrophil differentiation is enhanced. Following 

pristane injection ~ 7 % of B6 Irf8-/- mice developed DAH, whereas ~ 80 % of wild-type 

B6 were affected. Egress of Ly6Chigh monocytes from the bone marrow into the blood 

stream and migration to the site of inflammation depends on Ccr2/Ccl2 signaling. In 

pristane treated Ccr2-/- mice, the incidence of DAH was greatly diminished to ~ 20 %. 

Besides, development of DAH was restored in Ccr2-/- mice by infusion of wild-type 

Ly6Chigh monocytes. Cx3cr1/Cx3cl1 signaling is linked to the homing of patrolling 

Ly6Clow monocytes. Cx3cr1-/- mice showed a significant depletion of lung monocytes and 

reduced prevalence of DAH by ~ 50 % (Barker et al. 2011, Lee et al. 2019, Zhuang et al. 

2017). These results strongly suggest a crucial role of monocytes in the development of 
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DAH and lead to the question how these cells contribute to the pulmonary tissue 

damage.  

It would be conceivable that myeloid cells are activated by an antigen-antibody-

dependent mechanism since pristane administration leads to the generation of a broad 

spectrum of autoantibodies. Such immune complexes bind Fc receptors and modulate 

innate and adaptive immune responses. For instance, crosslinking of Fc-γ receptors 

(FcγR) by binding IgG proteins within immune complexes are known to activate myeloid 

cells by stimulating phagocytosis and cytokine release. Interestingly, alveolar 

macrophages and non-classical lung monocytes highly express the high-affinity FcγR1 

(CD64). However, FcγR1-/- mice show a similar incidence of DAH as wild-type controls 

after pristane administration which is consistent with the observation that not IgG but 

IgM is required for DAH development. SLE-like manifestations are associated with 

accelerated cell death combined with insufficient clearance of dead or dying cells that 

potentially release damage-associated molecules including DNA. Such stressors 

activate PRRs like endosomal Tlrs but also inflammasomes that induce the release of 

highly pro-inflammatory cytokines IL-1β and IL18. Upon activation, pro-IL-1β and pro-

IL18 are converted to their biologically active forms by caspase-1 or caspase-11. 

Interestingly, neither mice deficient in Tlr7, Tlr9, Myd88, Trif, nor caspase-1/11 or IL-1β, 

show significantly changed incidences of DAH. Although pristane-induced renal 

complications are dependent on type I IFN production, mice deficient in type I IFN 

signaling remain susceptible to DAH. In addition, lack of classical proinflammatory 

macrophage mediators such as TNFα and NOS2 (nitric oxide synthase 2) has no effect 

on the prevalence of alveolar hemorrhage. In contrast, genetic ablations of the central 

complement component C3 and CD18 which is a component of the C3b receptors 

CR3/4 prevent DAH. In addition, deficiency of IL10 accelerates the development of DAH, 

suggesting IL10 has a protective function (Barker et al. 2011, Lee et al. 2019, Schyns et 

al. 2019, Zhuang et al. 2017). Taken together, it remains unclear how exactly myeloid 

cells contribute to the development of DAH and which molecular mechanisms are 

involved.  
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1.8 Aim of this thesis 

Innate nucleic acid-sensing receptors have contrasting functions. On the one hand, their 

activation can result in cell death, but on the other they transmit pro-survival signals 

leading to complex clinical manifestations when errors occur. An abnormal increase in 

the number of monocyte-derived cells, macrophages and dendritic cells, which are also 

termed histiocytes, indicates a cancer-like condition termed histiocytosis. In histiocytosis, 

proliferating histiocytes may form tumors and can be intensely activated damaging 

several parts of the body. Both Tlr7 and Tlr9 were found to be associated with symptoms 

similar to those of certain forms of histiocytosis. Disrupted removal of DNA degradation 

products from lysosomal compartments can lead to chronic activation of Tlr7 resulting in 

the excessive expansion of patrolling-like monocytes, which accumulate primarily in 

blood and spleen. DNases function upstream or within these waste-management 

compartments, preprocessing the DNA of cells to be disposed of. Thus, the loss of 

DNases may mediate the accumulation of DNA degradation products, which could 

influence the development of myeloid cells, and provide insights into the role of 

endogenous DNA-derived ligands in the fate of myeloid cells.  

Part one of this work was to investigate whether the loss of individual members of the 

DNase1 family leads to changes in myeloid cell populations. The recently discovered 

exonuclease Pld3, which is highly expressed by macrophages and monocyte-derived 

cells, was selected as a comparative group. A systematic analysis of myeloid cells in 

blood and spleen, which serves as a reservoir of monocytes, was performed using flow 

cytometry. 

Part two of this thesis was to gain insights into the physiological relevance of the DNase-

deficiency mediated alterations of myeloid cell populations. Therefore, a common but 

unresolved disease model, reflecting the life-threatening pulmonary complications of 

systemic lupus erythematosus, was chosen in which a single intraperitoneal injection of 

mineral oil leads to increased cell death, chronic inflammation and lung damage 

involving monocyte-derived cells. Wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, 

DNase1l3-/- und Pld3-/- mice were examined for pulmonary damages and cellular 

immune responses using flow cytometry. Part of this section was also to investigate 

which DNA sensors are involved in the development of pristane-induced lung pathology.  
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2 Methods  

2.1 Materials 

Table 1 List of antibodies including manufacturer and identifier. 

Material Source Identifier 

Antibodies 

APC/Cyanine7 anti-mouse CD45.2 BioLegend 109824 

Brilliant Violet 785 anti-mouse/human CD11b BioLegend 101243 

PE/Cyanine7 anti-mouse CD11c BioLegend 117318 

Anti-Mouse F4/80 Antigen PerCp.Cyanine5.5 TONBObioscience 65-4801-U100 

FITC anti-mouse Ly-6C BioLegend 128006 

Brilliant Violet 421 anti-mouse Ly-6G BioLegend 127628 

BV510 Rat anti-mouse I-A/I-E BD OptiBuild 742893 

Brilliant Violet 421 anti-mouse NK-1.1 BioLegend 108741 

APC anti-mouse CD16.2 (FcgRIV) BioLegend 149506 

PerCP/Cyanine5.5 anti-mouse CD3e BioLegend 25-0031-81 

PE anti-mouse CD3e BioLegend 100308 

Anti-Mo CD3e, eBioscience PE-Cyanine7 Invitrogen 25-0031-81 

BV421 Rat anti-mouse CD45R/B220 BD Horizon 562922 

Anti-Hu/Mo CD45R (B220), PE Invitrogen 12-0452-82 

FITC anti-mouse/human CD45R/B220 BioLegend 103206 

Anti-Mouse CD8a FITC eBioscience 11-0081-85 

BV421 Rat Anti-Mouse CD8a BD Horizon 563898 

PE CD4 Monoclonal Antibody eBioscience 12-0042-82 

Brilliant Violet 785 anti-mouse CD4 BioLegend 100552 

PE anti-mouse CD69 BioLegend 104508 

FITC anti-mouse CD317 (Bst2, PDCA-1) BioLegend 127008 

APC anti-mouse CD103 BioLegend 121414 

PE anti-rat CD2 BioLegend 201305 

PE Mouse Anti-Mouse CD289 (TLR9) BD Pharmingen 565640 

 

Table 2 List of materials, instruments and sources. Includes cell culture reagents, 
stimuli, kits, enzymes, commercial assays, instruments, equipment, chemicals as well as 
other reagents, software and databases. 

Material Source 

Cell culture reagents and stimuli 

CELLect Fetal Bovine Serum MP Biomedicals 

Pen Strep Glutamine (100x) Gibco Life Technologies Corporation  

2-Mercaptoethanol Nacalai Tesque 

RPMI 1640 medium Nacalai Tesque 
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DMEM (High Glucose) medium Nacalai Tesque 

D-PBS(-) 1x sterile Nacalai Tesque 

M-CSF 100 ug/ml Peprotech 

GM-CSF 10 ug/ml Peprotech 

Blasticidin 10 mg/ml InvivoGen 

Puromycin 10 mg/ml InvivoGen 

Neomycin (G418) 300 mg/ml Nacalai Tesque 

Opti-MEM reduced serum medium Gibco Life Technologies Corporation  

DOTAP Liposomal Transfection Reagent Roche 

Lipofectamine 2000 Invitrogen 

FuGENE 6 Transfection Reagent Promega 

Pristane synthetic >=98% (GC) Sigma 

Dimethyl Sulfoxide (DMSO) Nacalai Tesque 

Sterile/Endotoxin free water InvivoGen 

Lipid A, DIPHOSPHORYL Sigma 

CpGB 1826 InvivoGen 

CpGB 1668 InvivoGen 

CpGA 1585 InvivoGen 

CpGA ODN 2216 InvivoGen 

CpGB ODN 2006 InvivoGen 

2’3’cGAMP InvivoGen 

Pam3csk4 InvivoGen 

Sa19 InvivoGen 

dsDNA E.Coli InvivoGen 

PolyI:C InvivoGen 

Poly-U InvivoGen 

Flagellin InvivoGen 

R848 InvivoGen 

Fsl-1 InvivoGen 

 

Kits, enzymes and other commercial assays 

GenteMACS™ C Tubes MACS Miltenyi Biotec 

MACS SmartStrainers (100 um) MACS Miltenyi Biotec 

Lung Dissociation Kit, mouse MACS Miltenyi Biotec 

Debris Removal Solution MACS Miltenyi Biotec 

RBC Lysis Buffer BioLegend 

ELISA Ready-SET-Go! Anti-Mouse IL6 eBioscience 

ELISA Ready-SET-Go! Anti-Mouse IL12p40 eBioscience 

ELISA DuoSet Mouse CCL5/RANTES R&D Systems 

ELISA POD Substrate TMB Kit Nacalai Tesque 

RNeasy Plus Mini Kit QIAGEN 
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ReverTra Ace qPCR RT Master Mix TOYOBO 

SYBR Green Realtime PCR Master Mix -Plus- TOYOBO 

DNA-1000 Reagent Kit for MultiNA SHIMADZU Corporation 

DNA-500 Reagent Kit for MultiNA SHIMADZU Corporation 

GelStar Nucleic Acid Gel Stain LONZA 

pUC19 DNA/ MspI (HpaII), 23 Thermo Scientific 

100 bp DNA Ladder TaKaRa 

TKs Gflex DNA polymerase TaKaRa 

2x Glex PCR Buffer (Mg2+, dNTP plus) TaKaRa 

KOD OneTM PCR Master Mix -blue- TOYOBO 

NEBuilder HiFi DNA Assembly Master Mix 

M5520AA 

New England Biolabs 

 

Quick ligase M2200L New England Biolabs 

2x Quick Ligase Reaction Buffer B2200S New England Biolabs 

FastDigest NotI Thermo Scientific 

FastDigest XhoI Thermo Scientific 

CutSmart Buffer New England Biolabs 

Gene Ladder Fast 2 NIPPON GENE  

Gene Ladder Wide 1 NIPPON GENE  

6x Loading Buffer TaKaRa 

NucleoSpin Plasmid QuickPure Macherey-Nagel 

QIAquick Gel Extraction Kit/ QIAquick PCR & 

Gel Cleanup Kit 

QIAGEN  

Wizard SV Gel and PCR Clean-Up System Promega 

Ampicillin Sigma 

LB broth Sigma 

 

Instruments and equipment 

GentleMACS Octo Dissociator with Heaters MACS Miltenyi Biotec 

BD LSRFortessa X-20 BD Biosciences 

Spectral Cell Analyzer ID7000 Sony 

Brightfield Cell Counter CellDrop BF  DeNovix 

Countess II FL Invitrogen 

Automated Hematology Analyzer CellTacA 

MEK-6558 

NIHON KOHDEN 

 

CO2 Cell Incubator  Sanyo 

Plate washer Hydrospeed  TECAN Austria GmbH 

MultiMode Microplate Reader GloMax Explorer Promega 

Automated Vacuum Tissue Processor LEICA 

ASP200 

Leica 

 

EVOS FL Auto Imaging System Life Technologies 
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MultiNA SHIMADZU Corporation 

BioShaker BR-32FM TAITEC 

Gel Documentation System ATTO AE-

6932GXES 

ATTO 

Mastercycler nexus GSX1 Eppendorf 

Mastercycler nexus GX2 Eppendorf 

Submarine electrophoresis system Mupid-exU ADVANCE 

QuantStudio 3 Thermo Fisher Scientific 

StepOnePlus (Real-Time PCR System) Thermo Fisher Scientific 

Spectrophotometer NANODROP 2000c Thermo Scientific 

Incubator IC-300A AS ONE corporation 

Laminar Flow Hood AS ONE corporation 

Micro blood collection tube EDTA-2KA U-type Erma Tokyo 

Needle 27G x 3/4” TERUMO 

Needle 26G x 1/2” (0.45x13mm) TERUMO 

Needle 23G x 1 1/4” (0.60x32mm) TERUMO 

Needle 21G x 1 1/2” (0.80x38mm) TERUMO 

Syringe 1 ml TERUMO 

Syringe 5 ml TERUMO 

Syringe 10 ml TERUMO 

Tubes 1.5 ml AXYGEN 

Microtubes (2 ml) AXYGEN 

Tubes 5.0 ml AXYGEN 

D200 Diamond ECO-PACK 2-200 µl GILSON 

10 µl clear Tips WATSON Bio Lab 

D1200 Diamon TIPACK GILSON 

 

Chemicals and other reagents 

BD FACSFlow optimized sheath fluid for use on 

flow cytometry instruments 

BD Biosciences 

 

20 % Formalin Neutral Buffer Solution for tissue 

fixation 

WAKO FUJIFILM 

 

Pure Eosin Solution MUTO PURE Chemicals Co. LTD 

Mayer’s Hematoxylin Solution WAKO FUJIFILM 

Xylene WAKO FUJIFILM 

99.5 % Ethanol Nacalai Tesque 

Agarose for >= 1kbp fragment Nacalai Tesque 

Ethidium Bromide Solution (0.44 mg/ml) Nacalai Tesque 
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Software and databases 

Excel Microsoft 

SnapGene Viewer Dotmatics 

Genetyx GENETYX CORPORATION 

Prism 9 GraphPad Software 

FlowJo BD Biosciences 

CRISPRdirect https://crispr.dbcls.jp/ 

CCDS Database  https://www.ncbi.nlm.nih.gov/projects/

CCDS/CcdsBrowse.cgi 

BioGPS http://biogps.org/#goto=welcome 

The Human Protein Atlas https://www.proteinatlas.org/ 

Immunological Genome Project (ImmGen) https://www.immgen.org/ 

 

Table 3 List of self-made solutions including ingredients. 

Self-made solutions Ingredients 

Lysis Buffer (ES) 10mM Tris pH7.4, 10 mM EDTA, 10 mM NaCl, 0.5 % Sarcosyl 

FACS buffer 1x PBS, 2.5 % FCS, 0.1% NaN3 

Detachment buffer 

 

0.1 % Tripsin, 0.02% EDTA, PBS, 1% chicken serum, 0.1 % D-

Glucose 

PBS-Tween 0.05 % Tween 20, 1x PBS 

 

2.2 Mice  

Mice were maintained in specific pathogen-free facilities at the Institute of Medical 

Science, The University of Tokyo (IMSUT) and all animal experiments were approved by 

the Institutional Animal Care and Use Committee of the IMSUT. 

2.3 Generation of genome edited mice 

C57BL/6 DNase1 knockout (DNase1-/-), Tlr9 knockout (Tlr9-/-) and Tmem173 knockout 

(Sting-/-) mice were gifts from Dr. Takuma Shibata (The Institute of Medical Science, The 

University of Tokyo, Japan), Dr. Ryutaro Fukui (The Institute of Medical Science, The 

University of Tokyo, Japan) and Dr. Ryota Sato (The Institute of Medical Science, The 

University of Tokyo, Japan), respectively. DNase1l1 knockout (DNase1l1-/-), DNase1l2 

knockout (DNase1l2-/-), DNase1l3 knockout (DNase1l3-/-) and Pld3 knockout (Pld3-/-) 

were generated using a CRISPR/Cas9 system. Highly specific gRNA target sites of 

DNase1l1, DNase1l2, DNase1l3 and Pld3 genes were identified using CRISPRdirect 

software (https://crispr.dbcls.jp/) and used to generate chimeric genome edited mice in 

https://crispr.dbcls.jp/
https://www.ncbi.nlm.nih.gov/projects/CCDS/CcdsBrowse.cgi
https://www.ncbi.nlm.nih.gov/projects/CCDS/CcdsBrowse.cgi
http://biogps.org/#goto=welcome
https://www.proteinatlas.org/
https://www.immgen.org/
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the Laboratory of Reproductive Systems Biology, Center for Experimental Medicine and 

Systems Biology of The Institute of Medical Science (The University of Tokyo, Japan). 

Briefly, pronuclear zygotes from C57BL/6 mice were microinjected with gRNA and Cas9 

protein and subsequently transferred to the oviducts of pseudopregnant female mice. 

Chimeric candidates of DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- mice were 

determined by analyzing polymerase chain reaction products generated with primer 

pairs flanking the targeted genomic sites using MCE-202 MultiNA Microchip 

Electrophoresis System for DNA/RNA Analysis (table 4). Genomic alterations were 

confirmed by DNA sequencing (FASMAC) and promising mutant mice were 

backcrossed with wild-type C57BL/6 mice. Heterozygous offspring was used to generate 

knockout mice. 

Table 4 Generation of DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- mice. 
Sequences of gRNA target sites and primer pairs flanking the targeted genomic region. 

Target gRNA target sequence  
(5‘->3‘) 

Flanking Primer 
Forward (5‘->3‘) 

Flanking Primer 
Reverse (5‘->3‘) 

DNase1l1 GATGCACACATAGCA
ATGCG 

CAGAAGTTGAAATAC
GTTCC 

TCCTTTATGGTCAGG
CAG 

DNase1l2 AGCACGAGTACGGCT
TTGTG 

GTGCATCTGTGGGT
TTTC 

GCAGTATCAACTCA
CCAC 

DNase1l3 TATGTGATTAGTTCTC
GACT 

GGGAATGCGGAGGC
AGATGC 

CTCTCACTAGCCTAA
CACC 

Pld3 CGAGGTGTAAAGGTT
CGCAT 

TTCTTAGGGGGCGC
CCGTGG 

AGACCTGGGTCAGC
GACCGC 

 

2.4 Pristane-induced diffuse alveolar hemorrhage and single-cell preparation  

To induce diffuse alveolar hemorrhage in mice (female and male) at the age of 8-10 

weeks, 0.5 ml of pristane (Sigma) was administered i.p. and eleven days later mice were 

analyzed. Controls were left untreated. Peripheral blood was collected in EDTA-

containing collection tubes (Erma Tokyo). After euthanizing mice, the peritoneal cavity 

was flushed with 10 ml RPMI1640 (Nacalai Tesque). Spleens were collected, minced 

with slide glasses and pipetted several times to disperse the cells in RPMI1640 medium. 

Splenocyte suspensions were filtered through nylon meshes to remove debris. Lung 

tissues were harvested at the indicated time points and weights were measured. Single-

cell suspensions were obtained using the Lung dissociation Kit (MACS Miltenyi Biotec) 

and gentleMACS dissector (MACS Miltenyi Biotec) according to the manufacturer’s 
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instructions with a minor adjustment. Briefly, lungs were transferred into gentleMACS C 

Tubes containing 2.4 ml 1 x buffer S and chopped into small pieces before adding 

enzyme P (100 µl) and enzyme A (15 µl) and running program m_LDH_37. The samples 

were filtered through 100 µm strainers, tubes were washed twice with 2 ml PBS and 

samples were centrifuged at 300 g for 10 min. Tissue debris was removed by using 

Debris removal Kit (MACS Miltenyi Biotec) according to the manufacturer’s instructions. 

Briefly, 15 ml falcons containing 4 ml of ice-cold PBS were prepared and stored on ice 

until used. Cells were resuspended in 8 ml of debris removal solution and transferred to 

ice-cold PBS-containing tubes using glass Pasteur pipettes to overlay the cell 

suspension with PBS. Samples were centrifuged at 3000 g for 10 min and supernatants 

were removed. All samples were stored on ice and treated with RBC lysis buffer 

(BioLegend) to remove red blood cells before obtaining absolute cell numbers using 

Countess II FL automated cell counter (Thermo Fisher Scientific) and subjecting to flow 

cytometry analysis. 

2.5 Lung histology  

Lungs were collected, shortly washed with PBS to remove superficial blood traces and 

fixed in 4 % paraformaldehyde for at least 24 h. The fixed lung tissues were embedded 

in paraffin, cut into 5 µm sections and stained with hematoxylin (WAKO FUJIFILM) and 

eosin (MUTO PURE Chemicals Co. LTD). 

2.6 Murine white blood cell (WBC) and platelet counts 

Blood was freshly collected into EDTA-coated tubes and directly subjected to total WBC 

and platelets counting using the hematology cell counter, Celltac α (Nihon Kohden).  

2.7 Plasmid, primer and transformation 

Overexpression plasmids were constructed using Gibson assembly-mediated integration 

(NEBuilder HiFi DNA Assembly Master Mix, New England Biolabs) of target sequences 

into XhoI/NotI cut pMX4 (with neomycin resistance gene). Firstly, the target sequence 

was PCR amplified using a cDNA library or genomic DNA as template, secondly 

extended by overhangs (~ 20 nt complementary to XhoI/NotI cut pMX4 ends) via PCR 

and subsequently gel purified using the QIAquick Gel Extraction Kit/ QIAquick PCR & 

Gel Cleanup Kit (QIAGEN). Gibson assembly was performed according to 

manufacturer’s recommendation and mixture was directly heat shock transformed into 
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competent DH5α E. Coli. Suitable clones were identified by colony PCR and plasmid 

sequence was confirmed by DNA sequencing. Plasmids with correct sequences were 

used as templates to generate guide-RNA resistant constructs. The pLCV2 (with 

puromycin resistance gene) plasmid was used to integrate hCAS9 and guide RNA into 

target cells, whereas pKLV (containing fluorescence marker) was used to express 

additional guide RNAs when required. Specific guide RNA sequences were designed 

using the target consensus sequence (obtained from CCDS) and CRISPRdirect 

(https://crispr.dbcls.jp/). Sequences were extended by overhangs complementary to 

BamHI cut pLCV2/pKLV ends and synthesized by FASMAC. Complementary oligos 

were annealed and integrated into plasmids using T4 ligase (Quick Ligation Kit, New 

England Biolabs). 

Table 5 List of primers used for constructing overexpression plasmids 

Amplification primer (5’->3’) 

DNase1l3 Fw: ATGTCCCTGCACCCAGCTTC 

DNase1l3 Rv: GGAGCGATTGCCTTTTTTTCTC 

DNase1l3 gR resist Fw: 

CAACTACGTGATCAGCTCCCGGCTGGGAAGAAACACGTACAAAGAG 

DNase1l3 gR resist Rv: 

CTTCCCAGCCGGGAGCTGATCACGTAGTTGTATGTTGTGCTTCTTC 

Integration primer (5’->3’) 

GA DNase1l3 Fw: 

CTAGCTAGTTAATTAAGGATCTCGAGATGTCCCTGCACCCAGCTTCCCCAC 

GA Dnase1l3 pMX IRES Rv: 

GGGCGGAATTTACGTAGCGGCCGCCTAGGAGCGATTGCCTTTTTTTCTC 

Plasmid 

pMX4n mDNase1l3 IRES rCD2 

 

Table 6 List of used gRNA oligos, flanking primers and primers integrating edited 
genomic target sequences into plasmids.   

gRNA oligos (5’->3’) 

DNase1l1 gRNA1 Fw: CACCGATGCACACATAGCAATGCG 

DNase1l1 gRNA1 Rv: AAACCGCATTGCTATGTGTGCATC 

DNase1l2 gRNA1 Fw: CACCGCACAAAGCCGTACTCGTGCT 

Dnase1l2 gRNA1 Rv: AAACAGCACGAGTACGGCTTTGTGC 

DNase1l3 gRNA1 Fw: CACCGTATGTGATTAGTTCTCGACT 

Dnase1l3 gRNA1 Rv: AAACAGTCGAGAACTAATCACATAC 
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Pld3 gRNA1 Fw: CACCGATGCGAACCTTTACACCTCG 

Pld3 gRNA 1 Rv: AAACCGAGGTGTAAAGGTTCGCATC 

Sting gRNA Fw: CACCGCCTCTGGGCCGTGGGATGGC 

Sting gRNA Rv: AAACGCCATCCCACGGCCCAGAGGC 

Tlr9 gRNA2 Fw: CACCGTCAGCTGCCGCAGGTTGGAC 

Tlr9 gRNA2 Rv: AAACGTCCAACCTGCGGCAGCTGAC 

 

Flanking primers (5’->3’) to amplify edited genomic region 

DNase1l1 gRNA1 check Fw new: CAGAAGTTGAAATACGTTCC 

Dnase1l1 gRNA1 check Rv: TCCTTTATGGTCAGGCAG 

Dnase1l2 gRNA1 check Fw: GTGCATCTGTGGGTTTTC 

Dnase1l2 gRNA1 check Rv: GCAGTATCAACTCACCAC 

DNase1l3 gRNA1 check Fw new: GGGAATGCGGAGGCAGATGC 

Dnase1l3 gRNA1 check Rv: CTCTCACTAGCCTAACACC 

Pld3 gRNA 1 check Fw3: TTCTTAGGGGGCGCCCGTGG 

Pld3 gRNA 1 check Rv3: AGACCTGGGTCAGCGACCGC 

Sting gRNA check Fw: AGTATTCTCCTGGTACTTCG 

Sting gRNA check Rv: AGGCAGGCGCGCACAGCCTT 

Tlr9 gRNA2 check Fw: TCTCACAGGTTCTCCGTCGAAGG 

Tlr9 gRNA2 check Rv: CACATCAAGTACTCGAAGGGAGG 

 

Integration primers (5’->3’)  

GA DNase1l1 gR1 check Fw:  

CTAGCTAGTTAATTAAGGATCTCGAGGATGAAAAAGCTCTGCCG 

GA mDNase1l1 gR1 check Rv: 

AGGTCGACCACTGTGCTGGCGGCCGCTCCTTTATGGTCAGGCAG 

GA mDNase1l2 gR1 check Fw:  

CTAGCTAGTTAATTAAGGATCTCGAGGTGCATCTGTGGGTTTTC 

GA mDNase1l2 gR1 check Rv:  

AGGTCGACCACTGTGCTGGCGGCCGCGCAGTATCAACTCACCAC 

GA mDNase1l3 gR1 check Fw:  

CTAGCTAGTTAATTAAGGATCTCGAGGAGACCAGCCTAGTCTAC 

GA mDNase1l3 gR1 check Rv: 

AGGTCGACCACTGTGCTGGCGGCCGCCTCTCACTAGCCTAACACC 

GA mPld3 gRNA1 Fw3 new: 

CTAGCTAGTTAATTAAGGATCTCGAGTTCTTAGGGGGCGCCCGTGG 

GA mPld3 gRNA1 Rv3 new: 

AGGTCGACCACTGTGCTGGCGGCCGCAGACCTGGGTCAGCGACCGC 

GA check Sting Fw: 

CTAGCTAGTTAATTAAGGATCTCGAGAGTATTCTCCTGGTACTTCG 
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GA check Sting Rv:  

AGGTCGACCACTGTGCTGGCGGCCGCAGGCAGGCGCGCACAGCCTT 

GA check TLR9 gR2 Fw:  

CTAGCTAGTTAATTAAGGATCTCGAGTCTCACAGGTTCTCCGTCGAAGG 

GA check TLR9 gR2 Rv:  

AGGTCGACCACTGTGCTGGCGGCCGCCACATCAAGTACTCGAAGGGAGG 

 

2.8 Virus production, retro- and lentiviral transduction 

For retroviral overexpression of target cDNA, retroviruses were produced in Plat-E cells 

(2x105/500 µl/24-well) by transfecting pMX4 plasmid (200 ng) with FuGene6 (Promega) 

(0.6 µl) in serum-free Opti-MEM (Gibco Life Technologies Corporation) (20 µl) after 

15 min incubation at room temperature. Lentivirus transduction was used to overexpress 

gRNA and hCAS9. HEK293T (3x105/500µl/24-well) cells were transfected with pLCV2 

plasmid (300 ng), ViraPower Packaging Mix (Thermo Fisher) (200 ng) and PEI (1.2 µl) in 

serum-free Opti-MEM (total 100 µl). Lentiviral plasmid and PEI were separately 

incubated in Opti-MEM for 5 min. Following this, both mixtures were combined and 

incubated for 20-30 min until transfection. Medium was changed the next day and on 

day 3 supernatants were harvested and centrifuged to pellet any virus producing cells. 

Virus transduction was conducted immediately by mixing virus supernatant with target 

cells (5x104/50 µl/24-well) and DOTAP (Roche) (2-3 µl). In case of non-adherent cells, 

mixture was centrifuged at 2000 rpm for 60 min. After 24 h and 48 h the supernatant 

was replaced by fresh cell culture medium. On day 3 transduced cells were analyzed for 

target gene/marker expression by FACS and afterwards sorted. In case of J774, 

transduced cells were selected with puromycin (InvivoGen) or neomycin (Nacalai 

Tesque) until non-transduced control cells were dead. If required monoclonal cell 

populations were isolated by limiting dilution.  

2.9 Cell culture 

Cell lines were grown at 37 °C in the presence of 5 % CO2. J774 mouse macrophages 

and HEK293T cell lines were maintained in RPMI1640 medium (Nacalai Tesque) 

supplemented with 10 % fetal bovine serum (MP Biomedicals), 1 x Penicillin-

Streptomycin-Glutamine (Gibco Life Technologies Corporation) and 50 µM β-

Mercaptoethanol (Nacalai Tesque) in tissue culture plates and collagen-coated tissue 

culture plates, respectively. Plat-E cells were cultured in DMEM (high glucose) medium 
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(Nacalai Tesque) with 10 % fetal bovine serum, 1 x Penicillin-Streptomycin-Glutamine 

(Gibco Life Technologies Corporation), 50 µM β-Mercaptoethanol (Nacalai Tesque), 

1 µg/ml puromycin (InvivoGen) and 10 µg/ml blasticidin (InvivoGen) in collagen-coated 

tissue culture plates. For cell passaging, cells were washed once with 10 ml PBS before 

detachment with either 2 mM EDTA-PBS (J774) or trypsin/EDTA (HEK293T, Plat-E). 

EDTA and trypsin were neutralized by adding fresh cell culture medium and removed. 

2.10  Flow cytometry and cell sorting 

Staining of single-cell suspension from peripheral blood, peritoneal cavity, spleens and 

lungs were performed in FACS buffer (0.1 % NaN3, 2.5 % FBS in PBS). To block Fc 

receptors, cell suspensions were incubated with rat anti-mouse CD16/CD32 mAB 

(clone: 2.4G2) diluted (500 x) in FACS buffer for 15 min. Then cells were stained by 

fluorescein-conjugated antibodies for 15-20 min, washed and analyzed using 

LSRFortessa X-20 (BD Bioscienes) flow cytometry system or sorted by the FACSAria 

flow cytometer (BD Biosciences). All data were analyzed using FlowJo software (BD 

Bioscienes).  

Table 7 Antibody clones and concentrations used for flow cytometry 

Antibody Clone Dilution 

APC/Cyanine7 anti-mouse CD45.2 104 500 

Brilliant Violet 785 anti-mouse/human CD11b M1/70 2500 

PE/Cyanine7 anti-mouse CD11c N418 1500 

Anti-Mouse F4/80 Antigen PerCp.Cyanine5.5 BM8.1 1000 

FITC anti-mouse Ly-6C HK1.4 1000 

Brilliant Violet 421 anti-mouse Ly-6G 1A8 1000 

BV510 Rat anti-mouse I-A/I-E M5/114.15.2 1000 

Brilliant Violet 421 anti-mouse NK-1.1 PK136 1000 

APC anti-mouse CD16.2 (FcgRIV) 9E9 1000 

PerCP/Cyanine5.5 anti-mouse CD3e 145-2C11 500 

PE anti-mouse CD3e 145-2C11 500 

Anti-Mo CD3e, eBioscience PE-Cyanine7 145-2C11 500 

BV421 Rat anti-mouse CD45R/B220 RA3-6B2 1000 

Anti-Hu/Mo CD45R (B220), PE RA3-6B2 1000 

FITC anti-mouse/human CD45R/B220 RA3-6B2 1000 

Anti-Mouse CD8a FITC 53-6.7 500 

BV421 Rat Anti-Mouse CD8a 53-6.7 500 

PE CD4 Monoclonal Antibody RM4-5 800 
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Brilliant Violet 785 anti-mouse CD4 RM4-5 800 

PE anti-mouse CD69 H1.2F3 1000 

FITC anti-mouse CD317 (Bst2, PDCA-1) 927 800 

APC anti-mouse CD103 2E7 500 

PE anti-rat CD2 OX-34 1000 

PE Mouse Anti-Mouse CD289 (TLR9) J15A7 200 

 

2.11  In vitro cell stimulation and cytokine analysis 

To analyze cytokine production, J774 macrophages (5 x 104) and bone marrow-derived 

cells (1 x 105) were plated in 96-well plates and stimulated with the indicated ligands at 

indicated concentrations for 24 h. Supernatants were collected, diluted and subjected to 

ELISA to determine the concentration of mouse CCL5, IL6 and IL12p40 using Mouse 

CCL5/RANTES DuoSet ELISA Kit (R&D Systems), Mouse IL6 Ready-Set-Go! ELISA Kit 

(eBioscience) and Mouse IL12p40 Ready-Set-Go! ELISA Kit (eBioscience).  

2.12  Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was extracted using RNeasy Mini Kit (QIAGEN) and reverse-transcribed to 

cDNA using ReverTra Ace qPCR RT Master Mix (TOYOBO). Real-time quantitative 

PCR (ΔΔCT) was performed using SYBR Green Realtime PCR Master Mix -Plus- 

(TOYOBO) and StepOnePlus Realtime PCR System (Thermo Fisher Scientific) or 

Quantstudio 3 (Thermo Fisher Scientific). Expression of target genes was normalized to 

Hprt. 

Table 8 Quantitative real-time PCR primer 

Forward primer (5’->3’) Reverse primer (5’->3’) 

mHprt qPCR Fw:  

CCCAGCGTCGTGATTAGCGATGA 

mHprt qPCR Rv: 

CCTGTCCATAATCAGTCCATGAG 

mIL1b qPCR Fw: 

TGCCACCTTTTGACAGTGATG 

mIL1b qPCR Rv: 

ATGTGCTGCTGCGAGATTTG 

mCxcl1 qPCR Fw: 

CAAACCGAAGTCATAGCCACA 

mCxcl1 qPCR Rv: 

CCGTTACTTGGGGACACCTTT 

mS100a8 qPCR Fw: 

GTCCTCAGTTTGTGCAGAATATAAA 

mS100a8 qPCR Rv: 

TTTGTGAGATGCCACACCCA 
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2.13  Generation of bone marrow-derived macrophages and dendritic cells 

Bone marrow (BM) was collected from tibiae and femora of wild-type, DNase1l1-/-, 

DNase1l2-/-, DNase1l3-/- and Pld3-/- mice by flushing bones with RPMI1640, pipetting 

several times to disperse cells and filtering through nylon mesh to remove debris. Red 

blood cell lysis was performed using RBC Lysis Buffer (BioLegend). To prepare BM-

derived macrophages (BMDMs), 1 x 107 cells were cultured in 10 cm non-tissue culture 

polystyrene petri dishes and differentiated in RPMI1640 (Nacalai Tesque) supplemented 

with 10 % FBS (MP Biomedicals), 1x Penicillin-Streptomycin-Glutamine (Gibco Life 

Technologies Corporation), 50 µM β-Mercaptoethanol (Nacalai Tesque) and 100 ng/ml 

recombinant murine macrophage colony stimulating factor (M-CSF, PreproTech) for 6 

days. For BM-derived dendritic cell (BMDCs) generation, 1 x 107 cells were cultured in 

10 cm tissue culture dishes and differentiated in RPMI1640 supplemented with 10 % 

FBS, 1x Penicillin-Streptomycin-Glutamine, 50 µM β-Mercaptoethanol (Nacalai Tesque) 

and 10 ng/ml recombinant murine granulocyte-macrophage colony stimulating factor 

(GM-CSF, PreproTech) for 7 days. Half of the medium was replaced every other day for 

BMDMs and on day 3 and 6 for BMDCs. 

2.14  Data analysis and statistics  

Data were analyzed with Genetyx (GENETYX CORPORATION), FlowJo (BD 

Biosciences), Microsoft Excel (Microsoft) and GraphPad Prism 9 (Graph Pad Software 

Inc.). Statistical parameters including the value of n, precision measures (mean ± SEM 

or SD), methods used to calculate statistical significance and statistical significance are 

reported in the figures. Data have been statistically analyzed in GraphPad Prism 9 and 

are considered to be statistically significant when p < 0.05. In figures asterisks indicate 

statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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3 Results 

3.1 Characterization of genome edited C57BL/6 mice 

To investigate the effect of disturbed self-DNA clearance on myeloid cell populations, 

their composition and activation state, deoxyribonuclease-deficient C57BL/6 mice were 

generated. The focus was on members of the DNase1 family and one of the recently 

discovered lysosomal exonucleases (Pld3) as comparative control. Genomic editing of 

DNase1l1, DNase1l2, DNase1l3 and Pld3 genes was achieved using a CRISPR/Cas9 

system resulting in either a 10 nt deletion in DNase1l1, 50 nt deletion in DNase1l2, 14 nt 

insertion in DNase1l3 or 43 nt deletion in Pld3 gene (Fig. 5 A-D). Due to these 

alterations frameshifts occur and premature stop codons can be predicted. In the case of 

CCDS30223:c.52_61del (DNase1l1-/-), the deletion of 10 nt in exon 2 results in a change 

of the amino acid (AA) sequence after 17 AA and a premature stop codon after 47 AA. 

Predicted active sites of DNase1l1 are located at amino acid position 113 and 164. The 

50 nt deletion in DNase1l2 covers an intronic region including a splice site 10 nt 

upstream of CCDS37489:c.204 (exon 4) and likely leads to a truncation upstream of the 

predicted active sites at AA position 99 and 150. The insertion of 14 nt in exon 3 of 

DNase1l3 initiates a frameshift and changed the AA sequence that alters the predicted 

active sites and results in a premature stop codon after 122 AA. In case of 

CCDS21025:c.434_476del, the missing sequence of 43 nt in exon 8 of Pld3 results in an 

altered AA sequence and premature stop codon after 150 AA. Thus, alterations are 

upstream of predicted active sites at position 199, 201 and 206. Mice that were 

homozygous for the described mutations were viable, fertile, normal in size and did not 

display any gross behavioral abnormalities.  
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Fig. 5 Generation of DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- mice. Depiction 
of the genomic regions of DNase1l1, DNase1l2, DNase1l3 and Pld3 harboring gRNA 
target sites. Introduction of CRISPR/Cas9-mediated mutations targeting exon 2 of 
DNase1l1, exon 4 of DNase1l2, exon 3 of DNase1l3 and exon 8 of Pld3 gene. Black 
boxes represent exons, white boxes highlight untranslated regions and asterisks indicate 
predicted active sites. The PAM sequence is shown in bold and gRNA target site is 
underlined. Sequencing results of wild-type and mutated genomic target sites are 
depicted. Microchip electrophoresis of wild-type and mutant PCR products flanking 
gRNA target sites show structural changes of genomic regions due to deletions in 
DNase1l1, DNase1l2 and Pld3 or an insertion in DNase1l3. M: Marker. 
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3.2 Influence of deoxyribonuclease-deficiency on myeloid cells and their activation 

state  

3.2.1 Profiling of immune cells in spleen and blood 

Bone marrow progenitors give rise to myeloid cells in the circulation including 

neutrophils and monocytes. Monocytes act as circulating sensors that respond to 

environmental changes and differentiate into macrophages and monocyte-derived 

dendritic cells (Robinson et al. 2021). Two major populations of monocytes are present 

in mouse and humans, termed classical and patrolling/non-classical. Classical Ly6Chigh 

monocytes are formed primarily in the bone marrow and are released into the circulation 

where they differentiate into patrolling monocytes or are recruited to tissues by specific 

chemoattractants. Neutrophils, classical monocytes, monocyte-derived dendritic cells 

and patrolling monocytes can be discriminated by their expression profiles of Ly6G, 

CD11b, CD11c, Ly6C, FcγRIV and MHC class II (IA/IE) as previously described (Sato et 

al. 2020). Here, flow cytometry analysis of isolated cells from peripheral blood (Fig. 6) or 

spleen (Fig. 7) was used to profile murine myeloid cells and lymphocytes from 

deoxyribonuclease-deficient mice.  

 

Fig. 6 Gating strategy used to classify myeloid cells in blood. (A) Representative 
scheme for flow cytometry analysis of isolated cells from peripheral blood after red blood 
cell lysis showing single-cell leukocytes which were separated into various cell 
populations including neutrophils (SSChigh Ly6G+ CD11b+, Neu), NK cells (SSClow 
NK1.1+, NK), dendritic cells (Ly6G/NK1.1- CD11chigh IA/IEhigh, DC) and monocytes 
(Ly6G/NK1.1- CD11clow CD11b+, Mo) which were divided into classical (Ly6Chigh IA/IElow, 
Cla), patrolling (Ly6Clow IA/IElow FcγRIVhigh, Pat) and monocyte-derived dendritic cells 
(Ly6Clow IA/IEhigh, MD). 
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Fig. 7 Gating strategy used to classify myeloid cells and lymphocytes in spleen. 
(A-D) Representative scheme for flow cytometry analysis of isolated cells from minced 
spleen tissue. (A) Shared scheme to identify single-cell leukocytes. (B) Strategy to 
exclude tissue-resident macrophages (F4/80+) and separate B cells (B220+, BC) and T 
cells (TC, CD3e+). T cells are divided into CD4- CD8-, CD4+, CD8+ and CD4+ CD8+ T 
cells. Expression of activation marker CD69 was analyzed for individual T cell subsets. 
(C) Scheme to detect plasmacytoid (PDCA1/BST2high CD11cint, pDC) and conventional 
(IA/IEhigh CD11chigh, DC) dendritic cells which were further divided into subpopulations 
depending on their expression of CD4 and CD8. (D) Strategy to identify multiple myeloid 
cells including tissue-resident macrophages (F4/80+ CD11bint, TM), neutrophils (SSChigh 
Ly6G+ CD11b+, Neu), NK cells (SSClow NK1.1+, NK), conventional dendritic cells 
(Ly6G/NK1.1- CD11chigh IA/IEhigh, DC) and monocytes (Ly6G/NK1.1- CD11clow CD11b+, 
Mo) which were divided into classical (Ly6Chigh FcγRIVlow, Cla), patrolling (Ly6Clow 
FcγRIVhigh, Pat) and monocyte-derived dendritic cells (Ly6Clow FcγRIVlow IA/IEhigh, MD). 
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3.2.2 DNase1-deficiency has minor effects on immune cells in spleen 

To test whether the deficiency of DNase1 influences the frequency and number of 

immune cell populations in the spleen, four to eight months old male and female 

C57BL/6 mice were analyzed. DNase1-/- mice showed no significant increase in spleen 

weight and number of splenocytes (Fig. 8 A). Moreover, no significant changes were 

observed regarding the frequency and total number of tissue-resident macrophages 

(F4/80+ CD11bint), neutrophils (CD11b+ Ly6G+), monocytes (Ly6G- CD11b+), patrolling 

monocytes (Ly6Clow FcγRIVhigh), monocyte-derived dendritic cells (Ly6Clow IA/IEhigh), 

conventional dendritic cells (CD11chigh IA/IEhigh), plasmacytoid dendritic cells (PDCA-1+ 

CD11cint) and B cells (B220high) (Fig. 8 B-D, F-J). In contrast, the frequency of 

classical/inflammatory monocytes (Ly6Chigh) and T cells (CD3e+) seemed significantly 

decreased compared to wild-type controls, however, such alterations were not confirmed 

by total cell numbers (Fig. 8 E, K). Thus, DNase1 deficiency did not affect immune cell 

populations in the spleen of aged (4-8 months) C57BL/6 mice extensively.  

3.2.3 DNase1-deficiency mediates expansion of blood monocytes in Tlr9-dependent 

manner 

Although rather negligible alterations of splenic immune cells were observed in DNase1-

deficient mice, significant perturbations of myeloid cell populations were identified in 

peripheral blood. Higher frequencies of Ly6G- CD11b+ monocytes, especially FcγRIVhigh 

patrolling monocytes were detected (Fig. 9 F, H). In contrast, fractions of classical 

monocytes (Ly6Chigh), monocyte-derived dendritic cells (Ly6Chigh IA/IEhigh), CD11b+ 

Ly6G+ neutrophils, NK cells (NK1.1+), dendritic cells (CD11chigh IA/IEhigh) as well as 

numbers of platelets and leukocytes (WBC) were unaltered (Fig.9 A-E, G, I).  

DNase1 is a secreted nuclease that is thought to be a critical gatekeeper of tolerance by 

eliminating cell-free DNA that harbors the potential to activate innate immune sensors. 

Consequently, one would expect that its deficiency leads to the build-up of circulating 

DNA. Phagocytes take up debris including nucleic acids and shuttle the material to 

endolysosomal compartments. One could hypothesize that the deficiency of DNase1 

results in increased amounts of DNA in endolysosomal compartments where the DNA 

sensor Tlr9 is localized. Thus, increased activation of Tlr9 might mediate cellular 

alterations in DNase1-/- mice. 
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Fig. 8 Splenic immune cell populations in wild-type and DNase1-/- mice. (A) 
Quantitative comparison of spleen weight and total number of spleen cells from wild-type 
and DNase1-/- mice (n = 5-8 per group, means + SEM). (B-K) Quantitative comparison of 
fractions and total numbers of spleen lymphocytes and myeloid cells from wild-type and 
DNase1-/- mice (n = 5-8 per group, means + SEM) based on flow cytometry analysis. 
Data are pooled from 3 independent experiments. Statistical analysis was performed 
using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

To test whether the elimination of Tlr9 signaling leads to the loss of DNase1-/--dependent 

manifestations, DNase1-/- mice were crossed with Tlr9-/- (C57BL/6) individuals and 

double deficient mice were bred. As expected, DNase1-/- Tlr9-/- mice did not manifest 

expanded fractions of (patrolling) monocytes. Besides, Tlr9-/- mice displayed the same 

cellular composition as wild type (Fig. 9 F, H). Thus, one might conclude that DNase1 

prevents Tlr9-dependent expansion of patrolling monocytes in the circulation.  
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Fig. 9 Myeloid cells in the peripheral blood of DNase1-/- and wild-type mice. (A-B) 
Concentration of white blood cells (leukocytes) (n = 4 per group, means + SEM) and 
platelets (n = 4-5 per group, means + SEM) in wild-type and DNase1-/- mice. (C-E) 
Quantitative comparison of blood myeloid populations from wild-type and DNase1-/- mice 
(n = 5-7 per group, means + SEM) based on flow cytometry analysis. Data are pooled 
from 3 independent experiments. (F-I) Quantitative comparison of blood myeloid cells 
from wild-type, DNase1-/-, DNase1-/- Tlr9-/- and Tlr9-/- (n = 3-9 per group, means + SEM) 
based on flow cytometry analysis. Data are pooled from 3 independent experiments. 
Statistical analysis was performed using unpaired Student’s t test (A-E) and one-way 
ANOVA with p values corrected for multiple comparison using Tukey (F-I). *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 

 

3.2.4 Expansion of monocyte-derived cells in DNase1l1-/- mice 

DNase1l1 is a GPI-anchored DNase expressed by monocytes/macrophages that is 

capable of digesting liposome-coated DNA in vitro but its function in vivo remains 

uncertain (Keyel 2017). Here, C57BL/6 DNase1l1-/- mice were analyzed regarding 

potential perturbations of myeloid cell populations in spleen and blood. Firstly, minor 

expansion of the spleen size and total number of splenocytes was observed, although 

not significantly changed compared to wild type (Fig. 10 A). Splenic B and T cells, 

macrophages, monocytes and conventional as well as plasmacytoid dendritic cells were 

unaltered in frequency and total number (Fig. 10 B, D, H-K). However, a decrease in 
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neutrophils (CD11b+ Ly6G+) and Ly6Chigh monocytes accompanied by an increase of 

Ly6Clow IA/IEhigh monocyte-derived cells was observed (Fig. 10 E, G). Additionally, 

Ly6Clow IA/IEhigh monocyte-derived cells showed a significantly increased cell number in 

contrast to other analyzed cell populations (Fig. 10 G).  

Interestingly, manifested expansion of Ly6Clow IA/IEhigh monocyte-derived cells was not 

restricted to the spleen. In peripheral blood, monocytic fractions showed an increasing 

tendency with a significant enhancement of Ly6Clow IA/IEhigh monocyte-derived cells 

(Fig. 11 F-I). Frequencies of neutrophils, NK1.1+ or CD11chigh IA/IEhigh cells were not 

significantly changed (Fig. 11 C-E). Dysregulated numbers of leukocytes and platelets 

were not observed (Fig. 11 A, B). These results may suggest that DNase1l1-deficiency 

influences the development of monocyte-derived cells potentially by driving the 

differentiation of classical monocytes into monocyte-derived dendritic cells. However, 

DNase1l1-deficient bone marrow-derived macrophages (BMDMs) and dendritic cells 

(BMDCs) stimulated with various nucleic acid-derived ligands released similar amounts 

of Ccl5 and IL12p40 compared to wild-type controls. (Fig. 11 J, K). In contrast, 

DNase1l1-deficient J774 cells released significantly higher amounts of Ccl5 in response 

to E. coli dsDNA complexed with DOTAP (Fig. 11 L). Taken together, DNase1l1-

deficiency might influence the development of monocyte-derived cells in vivo and the 

activation state of certain cell types. It is conceivable that cell-specific expression of 

other DNases influences the proinflammatory response to DNA-derived ligands.  
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Fig. 10 Splenic immune cell populations in wild-type and DNase1l1-/- mice. (A) 
Quantitative comparison of spleen weight and total number of spleen cells from wild-type 
and DNase1l1-/- mice (n = 7-8 per group, means + SEM). (B-K) Quantitative comparison 
of fractions and total numbers of spleen lymphocytes and myeloid cells from wild-type 
and DNase1l1-/- mice (n = 5-8 per group, means + SEM) based on flow cytometry 
analysis. Data are pooled from 3 independent experiments. Statistical analysis was 
performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 
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Fig. 11 Myeloid cells in the peripheral blood of DNase1l1-/- and wild-type mice. (A-
B) Concentration of white blood cells (leukocytes) (n = 3-4 per group, means + SEM) 
and platelets (n = 5-6 per group, means + SEM) in wild-type and DNase1l1-/- mice. (C-I) 
Quantitative comparison of blood myeloid populations from wild-type (control) and 
DNase1l1-/- mice (n = 7-9 per group, means + SEM) based on flow cytometry analysis. 
Data are pooled from 3 independent experiments. (J-K) Cytokine secretion of wild-type 
(control) and DNase1l1-/- bone marrow-derived macrophages (BMDM) and dendritic 
cells (BMDC) stimulated with 100 ng/ml lipid A (LA), 50 nM CpGB 1668, 50 nM CpGB 
1826, 1 µg/ml CpGA 1585 + DOTAP, 1 µg/ml CpGA 2216 + DOTAP, 1 µg/ml E. coli 
dsDNA + DOTAP, 50 nM R848, 5 µg/ml ssPolyU, 1 µg/ml Poly(I:C), 1 µg/ml Pam3csk4, 
100 ng/ml Flagellin, 7 µg/ml 2’3’ cGAMP + lipofectamine 2000 and 1 µg/ml Sa19 (n = 3 
per group, means + SEM). One experiment representative of 3 is shown. (L) Cytokine 
secretion of control (empty vector) and DNase1l1-deficient J774 cells stimulated with 
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100 ng/ml lipid A, 20 nM CpGB 1668, 1 µg/ml CpGA 1585 + DOTAP, 0.5 µg/ml E. coli 
dsDNA + DOTAP and 100 nM R848 (means + SD of triplicate wells are shown). One 
representative experiment of more than 3 is presented. Statistical analysis was 
performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001  

 

3.2.5 Increase of patrolling monocytes in DNase1l2-/- mice 

Here, the cellular composition of myeloid cells and lymphocytes in spleen as well as 

blood was examined to gain more insights into potential functions of DNase1l2 in 

secondary lymphoid tissues. In DNase1l2-/- mice, the fraction of monocytes as well as 

their total number was expanded in the spleen (Fig. 12 D). Further analysis revealed an 

increase of Ly6Clow FcγRIVhigh patrolling monocytes without significant alterations of 

other monocytic cell populations (Fig. 12 E-G). The spleen size and total number of 

splenocytes was not significantly changed under the established criteria (p = 0.0578, 

Fig. 12 A) but showed an increasing trend. Consequently, the number of B cells, T cells, 

conventional as well as plasmacytoid dendritic cells was increased although not 

significantly changed in DNase1l2-/- (Fig. 12 H-K). Tissue-resident macrophages and 

neutrophils did not show any alterations in cellular fraction or total number of cells (Fig. 

12 B, C).  

Expansion of patrolling monocytes was also detected in peripheral blood samples of 

DNase1l2-/- mice, while the fraction of monocytes was unaltered (Fig. 13 F, H). Thus, 

DNase1l2-deficiency influences accumulation of patrolling monocytes in spleen and 

blood. DNase1l2-/- J774 cells showed an increased release of Ccl5 upon stimulation with 

DNA ligands including CpGA (1585) and E. coli dsDNA both transfected with DOTAP 

but also upon treatment with naked dsRNA ligand polyI:C (TLR3 agonist) (Fig. 13 L). In 

addition, DNase1l2-/- BMDCs displayed stronger responses towards transfected Tlr9 

agonists CpGA (2216) and E. coli dsDNA compared to wild-type controls (Fig. 13 K). 

Bone marrow-derived macrophages seemed to be unaffected by DNase1l2-deficiency 

since analyzed cytokine secretion was not perturbed (Fig. 13 J). These results suggest 

that DNase1l2 might limit availability of immunogenic DNA in certain cell types and 

subsequently dampens endosomal Tlr signaling.  
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Fig. 12 Splenic immune cell populations in wild-type and DNase1l2-/- mice. (A) 
Quantitative comparison of spleen weight and total number of spleen cells from wild-type 
and DNase1l2-/- mice (n = 7-8 per group, means + SEM). (B-K) Quantitative comparison 
of fractions and total numbers of spleen lymphocytes and myeloid cells from wild-type 
and DNase1l2-/- mice (n = 5-8 per group, means + SEM) based on flow cytometry 
analysis. Data are pooled from 3 independent experiments. Statistical analysis was 
performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 
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Fig. 13 Myeloid cells in the peripheral blood of DNase1l2-/- and wild-type mice. (A-
B) Concentration of white blood cells (leukocytes) (n = 4 per group, means + SEM) and 
platelets (n = 4-5 per group, means + SEM) in wild-type and DNase1l2-/- mice. (C-I) 
Quantitative comparison of blood myeloid populations from wild-type (control) and 
DNase1l2-/- mice (n = 7-8 per group, means + SEM) based on flow cytometry analysis. 
Data are pooled from 3 independent experiments. (J-K) Cytokine secretion of wild-type 
(control) and DNase1l2-/- bone marrow-derived macrophages (BMDM) and dendritic 
cells (BMDC) stimulated with 100 ng/ml lipid A (LA), 50 nM CpGB 1668, 50 nM CpGB 
1826, 1 µg/ml CpGA 1585 + DOTAP, 1 µg/ml CpGA 2216 + DOTAP, 1 µg/ml E. coli 
dsDNA + DOTAP, 50 nM R848, 5 µg/ml ssPolyU, 1 µg/ml Poly(I:C), 1 µg/ml Pam3csk4, 
100 ng/ml Flagellin, 7 µg/ml 2’3’ cGAMP + lipofectamine 2000 and 1 µg/ml Sa19 (n = 3 
per group, means + SEM). One experiment representative of 3 is shown. (L) Cytokine 
secretion of control (empty vector) and DNase1l2-deficient J774 cells stimulated with 
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100 ng/ml lipid A, 20 nM CpGB 1668, 1 µg/ml CpGA 1585 + DOTAP, 1 µg/ml E. coli 
dsDNA + DOTAP, 1 µg/ml Poly(I:C), 50 nM R848, 5 µg/ml ssPolyU, 1 µg/ml Pam3csk4 
and 7 µg/ml 2’3’ cGAMP + lipofectamine 2000 (means + SD of triplicate wells are 
shown). One representative experiment of more than 3 is presented. Statistical analysis 
was performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 

 

3.2.6 Increased frequency of monocyte-derived cells in DNase1l3-/- mice 

DNase1l3 is a secreted nuclease that is highly expressed by conventional dendritic cells, 

macrophages and enriched in lymphoid tissue, bone marrow as well as liver. Recently, it 

was shown that DNase1l3 digests extracellular microparticle-associated chromatin and 

loss of this waste-management process contributes to lupus-like manifestations in mice 

including anti-DNA responses, expansion of monocyte populations in peripheral blood 

and splenomegaly (Sisirak et al. 2016).  

In DNase1l3-/- mice used here, increased but not significantly altered spleen weights and 

numbers of splenocytes were detected (Fig. 14 A). Cellular compositions of splenocytes 

were mostly comparable to wild-type animals. Fractions and total cell numbers of 

macrophages, neutrophils, dendritic cells and B cells did not significantly differ from 

controls (Fig. 14 B, C, H-J). Rates of CD3e+ T cells were unchanged but total cell 

numbers were slightly though significantly increased in comparison to wild-type controls, 

presumably due to the overall expansion of splenocytes in DNase1l3-/- mice (Fig. 14 A, 

K). Besides, composition of T cell subsets and activation state were unaltered in spleen 

(Fig. 18 B, C). In contrast, the percentage of monocytes including Ly6Clow IA/IEhigh 

monocyte-derived dendritic cells was clearly elevated (Fig. 14 D, G). 

In peripheral blood, platelet concentrations and fractions of neutrophils, NK1.1+ cells, 

dendritic cells and monocytes including classical and patrolling subsets were not 

significantly changed (Fig. 15 B-H). However, rates of Ly6Clow IA/IEhigh monocyte-

derived cells were significantly expanded in blood as well as spleen from DNase1l3-/- 

mice (Fig. 15 G, 14 I). These results might suggest that DNase1l3-deficiency promotes 

the generation of Ly6Clow MHC class II expressing monocyte-derived cells. 
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Fig. 14 Splenic immune cell populations in wild-type and DNase1l3-/- mice. (A) 
Quantitative comparison of spleen weight and total number of spleen cells from wild-type 
and DNase1l3-/- mice (n = 6-7 per group, means + SEM). (B-K) Quantitative comparison 
of fractions and total numbers of spleen lymphocytes and myeloid cells from wild-type 
and DNase1l3-/- mice (n = 5-8 per group, means + SEM) based on flow cytometry 
analysis. Data are pooled from 3 independent experiments. Statistical analysis was 
performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 
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Fig. 15 Myeloid cells in the peripheral blood of DNase1l3-/- and wild-type mice. (A-
B) Concentration of white blood cells (leukocytes) (n = 3-4 per group, means + SEM) 
and platelets (n = 5 per group, means + SEM) in wild-type and DNase1l3-/- mice. (C-I) 
Quantitative comparison of blood myeloid populations from wild-type (control) and 
DNase1l3-/- mice (n = 7-8 per group, means + SEM) based on flow cytometry analysis. 
Data are pooled from 3 independent experiments. (J-K) Cytokine secretion of wild-type 
(control) and DNase1l3-/- bone marrow-derived macrophages (BMDM) and dendritic 
cells (BMDC) stimulated with 100 ng/ml lipid A (LA), 50 nM CpGB 1668, 50 nM CpGB 
1826, 1 µg/ml CpGA 1585 + DOTAP, 1 µg/ml CpGA 2216 + DOTAP, 1 µg/ml E. coli 
dsDNA + DOTAP, 50 nM R848, 5 µg/ml ssPolyU, 1 µg/ml Poly(I:C), 1 µg/ml Pam3csk4, 
100 ng/ml Flagellin, 7 µg/ml 2’3’ cGAMP + lipofectamine 2000 and 1 µg/ml Sa19 (n = 3 
per group, means + SEM). One experiment representative of 3 is shown. (L) Cytokine 
secretion of control (empty vector), DNase1l3-/-, DNase1l3-/- reconstituted with murine 
CRISPR/Cas9 resistant DNase1l3 (DNase1l3 rCD2), DNase1l3-/- Sting-/- and DNase1l3-/- 
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Sting-/- Tlr9-/- J774 cells stimulated with 100 ng/ml lipid A, 20 nM CpGB 1668, 1 µg/ml 
CpGA 1585 + DOTAP, 1 µg/ml E. coli dsDNA + DOTAP, 50 nM R848 and 7 µg/ml 2’3’ 
cGAMP + lipofectamine 2000 (means + SD of triplicate wells are shown). One 
representative experiment of more than 3 is presented. Statistical analysis was 
performed using unpaired Student’s t test (A-K) and one-way ANOVA with p values 
corrected for multiple comparison using Tukey (L). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 

 

DNase1l3 is highly expressed by dendritic cells and macrophages, thus one might 

expect altered proinflammatory responses of bone marrow-derived myeloid cells upon 

DNA sensor stimulation. However, bone marrow-derived dendritic cells from wild-type 

and DNase1l3-/- animals responded to endosomal and cytoplasmic DNA sensor ligands 

mostly similarly, only upon stimulation with Tlr9 ligand CpGA (2216) significantly 

increased release of IL12p40 was detected (Fig. 15 K). 

Additionally, DNase1l3-deficient J774 cells displayed an elevated response towards 

transfected bacterial dsDNA that was rescued by overexpressing CRISPR/Cas9 

resistant murine DNase1l3 (DNase1l3 rCD2), and potentially mediated by both Tlr9- and 

cGas-Sting-signaling (Fig. 15 L). In contrast, DNase1l3-/- BMDMs secreted similar 

amounts of Ccl5 compared to wild-type controls upon transfection of bacterial dsDNA, 

while enhanced responses towards Tlr7 ligand R848 and Tlr2/1 ligand Pam3csk4 were 

observed (Fig. 15 J). Taken together, lack of DNase1l3 provides a milieu favoring the 

generation of monocyte-derived cells expressing MHC class II (IA/IE). 

3.2.7 Expansion of monocytes and splenomegaly in Pld3-/- mice 

Pld3 is highly expressed in murine macrophages among other immune cells and can be 

detected in various organs including brain, bone marrow and lymphoid tissues in mice 

and humans according to The Human Protein Atlas and BioGPS databases. In contrast 

to the endonuclease DNase 1 family members, Pld3 has recently been identified as a 

single-stranded acid 5’-exonuclease that primarily functions in endolysosomal 

compartments by degrading nucleic acids and thereby dampening Tlr signaling (Gavin et 

al. 2018).  

Here, Pld3-/- C57BL/6 mice were generated and examined regarding changes in the 

composition of immune cells in spleen and blood. Firstly, it is shown that splenomegaly 
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can occur in Pld3-/- mice from the age of 5 months, since spleen weight and total cell 

numbers were significantly increased compared to wild-type controls (Fig. 16 A). Cellular 

fractions of macrophages, neutrophils, dendritic cells, B cells and T cells were 

unaffected, while total cell numbers were elevated in case of cDC, B cells and T cells in 

Pld3-/- spleens (Fig. 16 B, C, H, J, K). Total cell numbers of monocytes including 

patrolling and monocyte-derived dendritic cells (MoDCs) were significantly enhanced, 

whereas only the percentage of MoDCs was clearly expanded (Fig. 16 D, F, G). In 

addition, fractions of both CD4+ and CD8+ T cells seemed to be activated in Pld3-/- 

spleens since increased proportions of CD69+ T cells were measured (Fig. 18 C). 

In peripheral blood samples from Pld3-/- mice, elevated concentrations of platelets were 

detected and both classical as well as patrolling monocytes but not Ly6Clow IA/IEhigh cells 

accumulated (Fig. 17 B, F-I). These results may suggest a systemic expansion of 

monocytes and augmented differentiation of monocytes into monocyte-derived cells in 

certain microenvironments. In addition, Pld3-/- BMDMs and J774 cells showed elevated 

cytokine responses upon stimulation with various Tlr9 and Tlr7 ligands (Fig. 17 J, L). 

Macrophages derived from Pld3-deficient bone marrow secreted higher amounts of both 

Ccl5 and IL12p40 after CpGA (2216) and E. coli dsDNA stimulation, whereas Tlr7 

agonist R848 lead solely to an increased release of Ccl5 (Fig. 17 J). In Pld3-deficient 

J774 cells, activation of Tlr9 signaling by bacterial dsDNA, CpGB (1668) and CpGA 

(1585) lead to an elevated secretion of both Ccl5 and IL6 (Fig. 17 L). In addition, Tlr7 

stimulation by R848 and ssPolyU resulted in an enhanced level of IL6 released by Pld3-/- 

J774 cells in comparison to control cells. In contrast, Pld3-/- bone marrow-derived 

dendritic cells seemed to respond to Tlr9 (CpGB 1668,1826) and Tlr7 (R848) ligands 

with similar or lower intensity in case of IL12p40 compared to wild-type BMDCs (Fig. 17 

K). 
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Fig. 16 Splenic immune cell populations in wild-type and Pld3-/- mice. (A) 
Quantitative comparison of spleen weight and total number of spleen cells from wild-type 
and Pld3-/- mice (n = 7-10 per group, means + SEM). (B-K) Quantitative comparison of 
fractions and total numbers of spleen lymphocytes and myeloid cells from wild-type and 
Pld3-/- mice (n = 7-10 per group, means + SEM) based on flow cytometry analysis. Data 
are pooled from 3 independent experiments. Statistical analysis was performed using 
unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
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Fig. 17 Myeloid cells in the peripheral blood of Pld3-/- and wild-type mice. (A-B) 
Concentration of white blood cells (leukocytes) (n = 3-4 per group, means + SEM) and 
platelets (n = 5-9 per group, means + SEM) in wild-type and Pld3-/- mice. (C-I) 
Quantitative comparison of blood myeloid populations from wild-type (control) and Pld3-/- 
mice (n = 7-12 per group, means + SEM) based on flow cytometry analysis. Data are 
pooled from 4 independent experiments. (J-K) Cytokine secretion of wild-type (control) 
and Pld3-/- bone marrow-derived macrophages (BMDM) and dendritic cells (BMDC) 
stimulated with 100 ng/ml lipid A (LA), 50 nM CpGB 1668, 50 nM CpGB 1826, 1 µg/ml 
CpGA 1585 + DOTAP, 1 µg/ml CpGA 2216 + DOTAP, 1 µg/ml E. coli dsDNA + DOTAP, 
50 nM R848, 5 µg/ml ssPolyU, 1 µg/ml Poly(I:C), 1 µg/ml Pam3csk4, 100 ng/ml 
Flagellin, 7 µg/ml 2’3’ cGAMP + lipofectamine 2000 and 1 µg/ml Sa19 (n = 3 per group, 
means + SEM). One experiment representative of 3 is shown. (L) Cytokine secretion of 
control (empty vector) and Pld3-deficient J774 cells stimulated with 100 ng/ml lipid A, 
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20 nM CpGB 1668, 1 µg/ml CpGA 1585 + DOTAP, 1 µg/ml E. coli dsDNA + DOTAP, 
50 nM R848, 5 µg/ml ssPolyU and 1 µg/ml Pam3csk4 (means + SD of triplicate wells are 
shown). One representative experiment of more than 3 is presented. Statistical analysis 
was performed using unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 

 

 

Fig. 18 Splenic subsets of conventional dendritic cells and T cells in wild-type and 
DNase-deficient mice. (A) Quantitative comparison of cellular fractions of CD4- CD8-, 
CD8+, CD4+ CD8+ and CD4+ dendritic cells in wild-type, DNase1-/-, DNase1l1-/-, 
DNase1l2-/-, DNase1l3-/- and Pld3-/- mice (n = 3-5 per group, means + SEM) based on 
flow cytometry analysis. (B) Quantitative comparison of cellular fractions of CD4- CD8-, 
CD8+ and CD4+ T cells in wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and 
Pld3-/- mice (n = 3-4 per group, means + SEM) based on flow cytometry analysis. (C) 
Quantitative comparison of cellular fractions of CD4+ CD69+ and CD8+ CD69+ T cells in 
wild-type (grey), DNase1l3-/- (pink) and Pld3-/- (purple) mice (n = 3-10 per group, means 
+ SEM) based on flow cytometry analysis. Data are pooled from 3 independent 
experiments. Statistical analysis was performed using ANOVA with p values corrected 
for multiple comparison using Dunnett (A-B) and Tukey (C). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 

 

3.3 Pristane-induced diffuse alveolar hemorrhage in DNase-deficient mice 

Multiple knockout mice targeting various DNases involved in the clearance of circulating 

and intracellular NAs were developed. These mice did not display any gross physical or 

behavioral abnormalities but manifested alterations in myeloid cell compositions. Since 

myeloid cells contribute to various SLE-associated complications, Dnase1-/-, DNase1l1-/-, 

DNase1l2-/-, DNase1l3-/- and Pld3-/- as well as control wild-type mice were subjected to 

pristane treatment. On the C57BL/6 background, pristane induces diffuse alveolar 
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hemorrhage (DAH) which is a life-threatening complication of SLE. Here, it was intended 

to examine how the lack of deoxyribonucleases as well as the perturbation of myeloid 

cell populations influence the progression of DAH.  

To investigate this issue, 2-month-old mice were i.p. injected with 500 µl pristane and 

sacrificed on day 11 to analyze systemic inflammation and lung pathology (Fig. 19). As 

expected, wild-type animals manifested severe alveolar hemorrhages which filled up 

alveolar spaces and extended over the whole organ resulting in heavy swelling and 

increase of tissue weight (Fig. 20 A, B, D). Similar pathological responses were 

observed in DNase1l1-/-, DNase1l2-/- and Dnase1l3-/- mice after pristane injection (Fig. 

20 D). Unexpectedly, DNase1-/- mice displayed significantly less severe lung damage 

depicted by a profound remission of hemorrhagic areas and organ swelling indicated by 

lung weight (Fig. 20 A-E). Additionally, significantly decreased prevalence of DAH was 

detected in DNase1-/- mice compared to wild-type controls (Fig. 20 C). Prevalence was 

categorized into no, partial and complete hemorrhage based on the gross lung 

pathology as previously described by others (Barker et al. 2011) (Fig. 19, 20 C). In 

addition, the blood-air barrier seemed to be intact in DNase1-/- mice since alveolar 

spaces were clear of fluid and erythrocytes (Fig. 20 B). However, few DNase1-/- 

individuals were observed that developed severe DAH like wild-type mice, indicating that 

DNase1-deficiency is not completely protective but rather attenuates pathological 

manifestations of DAH after pristane treatment (Fig. 19, 20 D, E). In contrast, all Pld3-/- 

mice treated with pristane developed severe DAH and showed significantly increased 

tissue swelling indicated by lung weight (Fig. 20 D, E). Thus, Pld3-deficiency seemed to 

exacerbate pristane-induced DAH.  

As previously observed by others (Lee et al. 2019), severity of lung pathology, here 

indicated by lung weight, positively correlates with the cell number of pulmonary CD11b+ 

cells, here divided into neutrophils (CD11b+ Ly6G+) and monocytes (Ly6G- CD11b+) 

(Fig. 20 F). Results from wild-type and knockout mice were pooled for this analysis. In 

addition, a link between increasing lung weights and decreasing cell numbers of tissue-

resident macrophages (F4/80+ CD11bint) was observed (Fig. 20 F). 
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Fig. 19 Gross lung pathology of pristane-induced diffuse alveolar hemorrhage in 
wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- mice. Age-
matched female and male mice received a single i.p. injection of pristane and were 
sacrificed 11 days later for further analysis.  
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Fig. 20 Lung pathology of pristane-induced diffuse alveolar hemorrhage (DAH). (A) 
Wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- were treated with 
pristane or left untreated, and lungs were examined 11 days later. Gross lung pathology 
of representatives is shown. (B) Representative images of hematoxylin and eosin 
staining of lung tissue from untreated wild-type and pristane-treated wild-type and 
DNase1-/- mice are presented. (C) Incidence and types of gross pathology classified into 
no, partial and complete hemorrhage in wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, 
DNase1l3-/- and Pld3-/- mice are presented as total numbers of animals and percentage. 
Comparison of prevalence of diffuse alveolar hemorrhage (DAH) including partial and 
complete hemorrhagic samples from wild-type and DNase1-/- mice after pristane 
administration (n = 13-14 per group). (D) Comparison of lung weight from untreated wild-
type and pristane-treated wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and 
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Pld3-/- mice (n = 7-14 per group, mean + SEM). (E) Comparison of lung weight from 
pristane-treated wild-type, DNase1-/- and Pld3-/- mice (n = 8-14 per group, mean + SEM). 
(F) Correlation of lung macrophage (F4/80+ CD11bint) depletion or expansion of 
neutrophils (CD11b+ Ly6G+) and monocytes (Ly6G- CD11b+) with lung weight. (C-F) 
Pooled data from 4-5 independent experiments. Statistical analysis was performed using 
Fisher’s exact test (C), one-way ANOVA with p values corrected for multiple comparison 
using Dunnett (D), unpaired Student’s t test (E) and Spearman’s correlation (F). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. D1: DNase1, D1l1: DNase1l1, D1l2: 
DNase1l2, D1l3: DNase1l3. 

 

3.4 Manifestations of pristane-induced peritonitis in DNase-deficient mice 

Peritoneal cell populations were examined to investigate whether altered immune 

responses occur at the injection site of the mineral oil, thus the initial site of 

inflammation. Firstly, total cell numbers were determined to ascertain that all tested mice 

displayed peritoneal cell infiltration after treatment. Secondly, cells were isolated from 

the peritoneal lavage and subsequently processed for flow cytometry analysis. 

Representatives of pristane-induced cellular alterations in the peritoneum are depicted in 

Fig. 21 D. In case an animal displayed no increase of peritoneal cell number, decrease 

of tissue-resident macrophages or infiltration of neutrophils and monocytes, the injection 

was considered as unsuccessful, and results were excluded.  

Wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- showed 

comparable levels of infiltrating cells (Fig. 22 I). Further signs of inflammation, such as 

loss of tissue-resident macrophages (F4/80high CD11bhigh) and monocyte-derived cells 

(Ly6Clow IA/IEhigh) became clear both in terms of the cellular proportions and total 

numbers of cells (Fig. 22 A, F). In addition, neutrophils (CD11b+ Ly6G+) and monocytes 

(Ly6G- CD11b+) including inflammatory (Ly6Chigh) and patrolling monocytes (Ly6Clow 

FcγRIV+) accumulated in the peritoneum of all analyzed mice, although to varying scale 

(Fig. 22 B-E). In case of DNase1-/- significant increases of neutrophils and monocytes in 

percentage and total cell number were detected. Besides, increasing rates of dendritic 

cells (CD11chigh IAIEhigh) were observed in the peritoneal lavage, especially in DNase1-/-, 

DNase1l1-/- and DNase1l2-/- cellular fractions were significantly elevated (Fig. 22 G).  
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Fig. 21 Gating strategy used to detect myeloid cells and lymphocytes in peritoneal 
lavage. (A-C) Representative scheme for flow cytometry analysis of isolated cells from 
peritoneal lavage. (A) Shared scheme to identify single-cell leukocytes. (B) Scheme 
showing exclusion of B220+ and CD3e+ lymphocytes and subsequent identification of 
multiple myeloid cells including tissue-resident macrophages (F4/80high CD11bhigh, TM), 
neutrophils (SSChigh Ly6G+ CD11b+, Neu), NK cells (SSClow NK1.1+, NK), conventional 
dendritic cells (Ly6G/NK1.1- CD11chigh IA/IEhigh, DC) and monocytes (Ly6G/NK1.1- 
CD11clow CD11b+, Mo) which were divided into classical (Ly6Chigh IA/IElow, Cla), 
patrolling (Ly6Clow IA/IElow FcγRIVhigh, Pat) and monocyte-derived cells (Ly6Clow IA/IE+, 
MD). (C) Strategy to exclude tissue-resident macrophages (F4/80+) and separate B cells 
(B220+, BC) and T cells (CD3e+, TC). T cells are divided into CD4- CD8-, CD4+, CD8+ 
and CD4+ CD8+ T cells. (D) Representative of flow cytometry analysis of cellular 
alterations after a single injection i.p. of pristane.  
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Fig. 22 Immune cell populations in peritoneal lavage from wild-type and DNase-
deficient mice after pristane administration. (A-H) Quantitative comparison of cellular 
fractions and total number of peritoneal myeloid cells and lymphocytes from untreated 
wild-type and pristane-treated wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- 
and Pld3-/- mice (n = 7-14 per group, means + SEM) based on flow cytometry analysis. 
(I) Quantitative comparison of total numbers of cells in peritoneal lavage. (J-K) 
Comparison of cellular fractions of CD4+ and CD8+ T cells in peritoneal lavage. (L) Ratio 
of CD8+ versus CD4+ T cells in peritoneal lavage. Data are pooled from 4-5 independent 
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experiments. Statistical analysis was performed using one-way ANOVA with p values 
corrected for multiple comparison using Dunnett. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 

 

Frequency and total cell number of CD3e+ T cells were mildly affected and showed no 

significant differences compared to untreated controls (Fig. 22 H). However, the 

proportions of CD4+ and CD8+ T cells changed after pristane administration. A 

significant reduction in CD4+ accompanied by an increase in CD8+ T cells was detected 

in all tested nuclease knockout and wild-type mice (Fig. 22 J-L). In untreated controls, 

CD4+ T cells predominate, the average ratio of CD8+ versus CD4+ (CD8:CD4) cells is 

0.5. In contrast, pristane treated wild-type mice displayed a shift towards CD8+ T cells 

resulting in a CD8:CD4 ratio of ~ 2 on average. In DNase1l1-/-, DNase1l3-/- and Pld3-/- 

comparable ratios were determined, whereas DNase1-/- and DNase1l2-/- mice did not 

manifest significantly shifted fractions of CD4+ and CD8+ T cells (Fig. 22 L). As 

expected, injection of the mineral oil led to the recruitment of granulocytes, inflammatory 

monocytes as well as perturbed balance of T cell populations in favor of CD8+ T cells. 

Taken together, the presented results suggest that pristane-mediated peritonitis 

manifests in wild-type, DNase1-/-, DNase1l1-/-, DNase1l2-/-, DNase1l3-/- and Pld3-/- mice 

to a similar extent.  

3.4.1 Comparison of peritoneal inflammation in wild-type, DNase1-/- and Pld3-/- mice 

To gain insights into the possible association between peritoneal inflammation and lung 

pathology, findings of pristane-treated wild-type, DNase1-/- and Pld3-/- mice were 

compared. Firstly, total numbers of cells in peritoneal lavage were similarly elevated 

(Fig. 23 L). Loss of resident macrophages was less severe in Pld3-/- mice, although such 

deprivation was tremendous in all mice, decreasing from ~ 20 % in untreated controls to 

≤ 1 % in treated animals on average (Fig. 23 A). Equal proportions of granulocytes were 

found in wild type, DNase1-/- and Pld3-/-, however, the total number of neutrophils was 

slightly increased in DNase1-/- compared to wild type (Fig. 23 B). In addition, frequency 

and total number of conventional dendritic cells (CD11chigh IA/IEhigh) were enhanced in 

DNase1-/- compared to wild type or Pld3-/- (Fig. 23 G). In contrast, no significant 

deviations were found between wild type, DNase1-/- and Pld3-/- regarding monocytic 

populations (Fig. 23 C-F). Total number and cellular fraction of CD3e+ T cells were 
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steady, while the balance between CD4+ and CD8+ T cells was shifted towards CD8+ 

cells in wild-type and especially Pld3-/- (Fig. 23 H, K). In DNase1-/-, the CD8:CD4 ratio of 

T cells was not significantly altered in comparison to untreated controls (Fig. 23 K). 

Thus, the cellular immune response to pristane is similar in wild type, DNase1-/- and 

Pld3-/- at the initial site of inflammation suggesting that occurrence of pulmonary 

hemorrhages potentially is not directly linked to peritonitis.    

 

Fig. 23 Comparison of immune cell populations in peritoneal lavage from wild-
type, DNase1-/- and Pld3-/- mice after pristane administration. (A-H) Quantitative 
comparison of cellular fractions and total number of myeloid cells and lymphocytes in 
peritoneal lavage from pristane-treated wild-type, DNase1-/- and Pld3-/- mice (n = 8-11 
per group, means + SEM) based on flow cytometry analysis. (I-J) Quantitative 
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comparison of cellular fractions of CD4+ and CD8+ T cells. (K) Ratio of CD8+ versus 
CD4+ T cells in peritoneal lavage. (L) Total number of cells in peritoneal lavage. Data are 
pooled from 3 independent experiments. Statistical analysis was performed using one-
way ANOVA with p values corrected for multiple comparison using Tukey. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 

 

3.5 Comparison of tissue-specific alterations in wild type and DNase1-/-  

3.5.1 Immune cells in spleen, blood and bone marrow 

Pristane is known to mediate chronic inflammation which has been characterized by the 

continuous recruitment of lymphocytes, neutrophils and monocytes/macrophages to the 

peritoneal cavity and the spleen, where leukocyte infiltration is accompanied by 

reduction of resident B and T cells (Li et al. 2017). 

Here, immune cell populations in spleen were analyzed in untreated and pristane-

treated DNase1-/- and wild-type mice. In accordance with the data described before, no 

significant differences in splenic immune cell populations could be determined between 

untreated wild-type and DNase1-/- animals (Fig. 8 A-K, 24 A-J). Intraperitoneal injection 

of pristane did not clearly alter total numbers of splenocytes or tissue-resident 

macrophages, although an increasing trend in macrophage numbers may be observed 

(Fig. 24 A, B). In contrast, total numbers of neutrophils were clearly increased, whereas 

monocyte counts were elevated but not significantly altered in both wild-type and 

DNase1-/- under the given conditions (Fig. 24 C, D). However, elevated numbers of 

potentially inflammatory Ly6Chigh monocytes were observed in both after pristane 

administration, as well as slightly decreased monocyte-derived dendritic cell counts 

accompanied by an increase of Ly6Clow FcγRIVhigh monocytes (Fig. 24 E-G). Populations 

of dendritic cells seemed to be rather unaffected by pristane, while the treatment led to 

reduced numbers of B cells and T cells in wild-type mice (Fig. 24 H-J). In DNase1-/-, 

numbers of B and T lymphocytes were unaffected by the administration of pristane (Fig. 

24 I, J). Examination of blood and bone marrow of pristane-treated wild-type and 

DNase1-deficient mice did not show significant perturbations (Fig. 24 K, L). However, an 

increasing trend of monocyte frequencies, especially patrolling monocytes were 

observed in DNase1-/- samples which is in line with results shown before (Fig. 9 F, H, 24 

K). 
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Taken together, pristane induces inflammation in multiple organs including spleen in 

both wild type and DNase1-/-. Total numbers of splenocytes were slightly elevated 

potentially due to the clear expansion of neutrophils and monocytes. B cells and T cells 

were slightly decreased in wild-type but not DNase1-/- mice. Thus, wild-type and 

DNase1-/- animals displayed comparable immune responses to pristane in multiple 

organs including peritoneal cavity, bone marrow and spleen.  

 

Fig. 24 Myeloid cells and lymphocytes in spleen, blood and bone marrow from 
wild-type and DNase1-/- mice. (A-J) Quantitative comparison of total number of myeloid 
cells and lymphocytes in spleen from untreated as well as pristane-treated wild-type and 
DNase1-/- mice (n = 6-10 per group, means + SEM) based on flow cytometry analysis. 
Data are pooled from 3 independent experiments. (K-L) Comparison of cellular fractions 
of myeloid cells in blood and bone marrow from pristane-treated wild-type and DNase1-/- 
mice (n = 3-4, means + SEM). Statistical analysis was performed using one-way ANOVA 
with p values corrected for multiple comparison using Tukey (A-J) and Student’s t test 
(K-L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

3.5.2 Pulmonary accumulation of myeloid cells 

The mineral oil pristane induced comparable inflammatory responses at the initial site of 

inflammation in both wild-type and DNase1-/- mice, but severe pulmonary hemorrhages 
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occurred only in wild type. These results suggest that independent inflammatory 

responses may appear. In line with this presumption, previous results emphasized 

pristane is systemically distributed and arrives in bone marrow and lung where it triggers 

cell death (Zhuang et al. 2017). So, the question arose whether DNase1-deficiency 

influenced the local pulmonary response to pristane and to what extent that reaction 

may differ from wild type. Therefore, flow cytometry analysis was used to profile 

pulmonary immune cells (Fig. 25). 

 

Fig. 25 Gating strategy used to detect myeloid cells in lung. (A-C) Representative 
scheme for flow cytometry analysis of isolated cells from lung tissue. (A) Shared scheme 
to identify single-cell leukocytes. (B) Scheme to identify multiple myeloid cells including 
tissue-resident macrophages (F4/80+ CD11bint, TM), neutrophils (SSChigh Ly6G+ 
CD11b+, Neu), NK cells (SSClow NK1.1+, NK), conventional dendritic cells (Ly6G/NK1.1- 
CD11chigh IA/IEhigh, DC) and monocytes (Ly6G/NK1.1- CD11clow CD11b+, Mo) which 
were divided into classical (Ly6Chigh FcγRIVlow, Cla), patrolling (Ly6Clow FcγRIVhigh, Pat) 
and monocyte-derived cells (Ly6Clow FcγRIVlow IA/IE+, MD). (C) Strategy to exclude 
tissue-resident macrophages (F4/80+ CD11bint) and detect dendritic cells (F4/80low 
CD11chigh IA/IEhigh, DC) which were separated into CD11b+ and CD103+ DCs. 
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In line with previous work, pristane injection led to pulmonary accumulation of leukocytes 

(CD45.2+) which was more prominent in wild-type mice with severe alveolar hemorrhage 

(Fig. 26 A). Invasion of leukocytes was accompanied by the loss of tissue-resident 

macrophages (F4/80+ CD11bint) in wild-type mice (Fig. 26 B). Pristane-treated DNase1-/- 

mice also showed reduced cellular fractions and cell counts of macrophages but less 

pronounced (Fig. 26 B). CD11b+ myeloid cells made up the largest proportion of 

leukocytes found in lungs which is in line with previous work (Lee et al. 2019). Here, 

CD11b+ Ly6G+ neutrophils accounted for about 20 % of the accumulating immune cells 

in both wild-type and DNase1-/- mice (Fig. 26 C). However, total numbers of neutrophils 

were significantly less in DNase1-/- compared to wild-type lungs (Fig. 26 C). In addition, 

buildups of Ly6G- CD11b+ monocytes were observed in pristane treated animals which 

is evident from the increase in total numbers of cells, but these expansions were not 

significant under the given conditions (wild type p = 0.16552, DNase1-/- p = 0.0629) (Fig. 

26 D). However, the fraction of monocytes was significantly increased in lungs of 

pristane-treated DNase1-/- compared to untreated DNase1-/- and treated wild-type 

controls (Fig. 26 D).  

Since monocytes are believed to be key drivers of pristane-induced DAH, the question 

arose whether DNase1-/- monocytes responded proinflammatorily to pristane. Therefore, 

Ly6G- CD11b+ monocytes were isolated from treated wild-type and Dnase1-/- lungs and 

purified via fluorescence-activated cell sorting. RNA was isolated and the expression of 

inflammatory mediators including TGF-β, Cxcl1, S100a8 and IL1b was analyzed by 

qPCR. These targets were selected based on previous studies, indicating that 

monocytes strongly upregulate these target genes after pristane administration in 

contrast to PBS injection (Lee et al. 2019). Here, relative fold expression of TGF-β, 

Cxcl1, S100a8 and IL-1β were not significantly altered comparing monocytes from wild-

type individuals with severe pulmonary hemorrhage and treated DNase1-/- mice without 

DAH (Fig. 26 H). 
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Fig. 26 Myeloid cells in lungs from wild-type and DNase1-/- mice. (A-G) Quantitative 
comparison of cellular fractions and total number of myeloid cells in lung from untreated 
and pristane-treated wild-type and DNase1-/- mice (n = 5-10 per group, means + SEM) 
based on flow cytometry analysis. Data are pooled from 3 independent experiments. (H) 
Cytokine expression of pulmonary monocytes (Ly6G- CD11b+) from pristane-treated 
wild-type mice with DAH and DNase1-/- mice without DAH (n = 2 per group, mean + 
SEM). One experiment representative of 2 is shown. Statistical analysis was performed 
using one-way ANOVA with p values corrected for multiple comparison using Tukey (A-
G) and Student’s t test (H). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

Efforts to profile monocyte subpopulations were attempted. However, in severely injured 

lungs, consistent division into inflammatory (Ly6Chigh FcγRIVlow) and patrolling 

monocytes (Ly6Clow FcγRIVhigh) was challenging due to the occurrence of an 
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intermediate population that showed a broad expression of Ly6C and low levels of 

FcγRIV (Fig. 27 A). This observation was made in mice with severe DAH regardless of 

genotype. In contrast, two clearly separated monocyte subsets could be detected in 

mildly injured or intact lungs where one population resembled patrolling monocytes 

which were also found in untreated controls and the other Ly6Chigh inflammatory 

monocytes (Fig. 27 A). High expression of Ly6C in pulmonary monocytes from DNase1-/- 

could indicate myeloid-derived suppressor cell (MDSC) origin since MDSCs are 

characterized by their high expression of Ly6C and low expression of F4/80 (Gabrilovish 

and Nagaraj 2009). However, compared to inflammatory monocytes present in 

peritoneal lavage from pristane-treated wild-type mice, the level of Ly6C did not appear 

to be greatly elevated and F4/80 expression was unaltered (Fig. 27 A). Taken together, 

monocytes found in pristane-treated wild-type and DNase1-/- lungs displayed distinct 

marker profiles but similar cytokine/chemokine expression, suggesting that DNase1-/- 

monocytes differ from common myeloid-derived suppressor cells.  

In the lung, two major populations of DCs expressing CD11b or CD103 can be found. 

CD11bhigh DCs reside beneath the lung epithelium in the lamina propria, while CD103+ 

DCs express langerin and are closely associated with the epithelium or can be found 

within in epithelial layer. CD11bhigh DCs patrol pulmonary vessel walls and sample blood 

borne pathogens, whereas CD103+ DCs capture antigens from the airway lumen. Both 

DC subsets can migrate to regional lymph nodes, so called mesenteric lymph nodes 

(MLNs) and present antigens to T cells. Under inflammatory conditions, monocytes can 

give rise to so-called inflammatory CD11bhigh CD11chigh DCs in the lung, which express 

high levels of Ly6C and inflammatory mediators (GeurtsvanKessel and Lambrecht 

2008). 

Here, pristane treatment did not lead to significant changes in the frequency or number 

of pulmonary DCs (CD11chigh IA/IEhigh) neither in wild-type nor DNase1-/- mice although 

increasing cell numbers were observed (Fig. 26 E). Besides, wild-type and DNase1-

deficient CD11chigh IA/IEhigh DCs showed similar expression level of Ly6C and CD11b 

(Fig. 27 B). In contrast, the fraction of CD103+ DCs was significantly reduced in treated 

wild-type lungs, whereas no significant alteration was observed in DNase1-/- (Fig. 26 G). 

The loss of CD103+ DCs could be due to epithelial damage or indicate migration of 
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CD103+ DCs to regional lymph nodes. Taken together, the data shown here suggest 

that pristane induces pulmonary inflammation in wild-type and DNase1-/- mice. Major 

differences include reduced accumulation of neutrophils, increased frequencies of 

monocytes and preservation of alveolar macrophages and CD103+ DCs in DNase1-/- 

compared to wild-type mice. 

 

Fig. 27 Pristane-mediated altered phenotypes of pulmonary and peritoneal 
monocytes and dendritic cells. (A) Representative of marker expression profiles of 
monocytes in peritoneal lavage and lung from untreated and pristane treated wild-type 
and DNase1-/- mice. (B) Representative of strategy used to detect expression profiles of 
common inflammatory dendritic cell markers in lungs from pristane-treated wild-type and 
DNase1-/- mice. 

 



84 
 

 

3.6 Pristane-mediated pathological manifestations in wild-type, DNase1-/- and  

DNase1-/- Tlr9-/- mice 

It is a widely accepted concept that deoxyribonucleases degrade and eliminate DNA to 

prevent autoimmune responses. For example, DNase2a-deficient mice die as embryos 

due to failed removal of nuclear DNA expelled from erythroid precursor cells leading to 

severe anemia (Kawane et al. 2001, Krieser et al. 2002). In contrast, DNase2a is also 

required to process CpG type A oligonucleotides and bacterial genomic DNA into short 

ligands that then activate Tlr9 signaling in plasmacytoid DCs (Chan et al. 2015). These 

observations imply two opposite functions of DNA nucleases: DNA degradation versus 

DNA processing. If this concept is applied to the observations in pristane-treated 

DNase1-/- mice, it would be possible that either defective DNA degradation occurs and 

stimulatory ligands accumulate, or stimulatory DNA is not generated due to the lack of 

DNase1. Accumulation of DNA, for example originating from NETs, contributes and 

exacerbates SLE manifestations (Jarrot et al. 2019, Tumurkhuu et al. 2022). Therefore, 

one would expect tremendous pulmonary injuries in mice lacking circulating DNA-

degrading enzymes. However, DNase1-/- mice show the opposite of the expected 

response. DNase1-/- animals were not more severely affected but protected from 

pulmonary injuries.  

Another possibility might be that anti-inflammatory DNA ligands accumulate in the 

absence of DNase1, which then induce protective mechanisms that prevent severe 

DAH. For example, it was shown that Tlr9-deficiency leads to accelerated renal disease 

and myeloid lineage abnormalities in pristane-induced murine lupus which suggests that 

Tlr9 has a protective function (Bossaller et al. 2016). If such a mechanism would also 

function in DNase1-/- mice, loss of Tlr9 should prevent protective signaling and severe 

DAH would occur. To test this hypothesis, DNase1-/- Tlr9-/- mice were bred, pristane was 

administered and peritoneal inflammation as well as pulmonary damage were 

investigated.  

3.6.1 Peritoneal inflammation 

Pristane injection resulted in elevated cell numbers in the peritoneal lavage of wild-type, 

DNase1-/- and DNase1-/- Tlr9-/- mice, although such increases were primarily significant 

in DNase1-/- (Fig. 28 A). The majority of infiltrating immune cells were neutrophils and 
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monocytes comprising together ~ 40 % of leukocytes (Fig. 28 C, D). Comparing 

DNase1-/- and DNase1-/- Tlr9-/-, frequencies of neutrophils and monocytes were not 

significantly changed (Fig. 28 C, D). Prior results showed that DNase1-deficiency led to 

increased numbers of neutrophils in the peritoneal lavage (Fig. 22 B). Such elevation 

might partially be mediated by Tlr9 since a decreasing trend of cell numbers were 

observed in DNase1-/- Tlr9-/- (Fig. 28 C). The fraction of monocytes was similarly 

increased in wild-type, DNase1-/- and DNase1-/- Tlr9-/- mice after receiving pristane (Fig. 

28 D). Percentage and cell number of inflammatory Ly6Chigh monocytes were unaltered, 

whereas the fraction of patrolling monocytes was increased in DNase1-/- compared to 

wild type and DNase1-/- Tlr9-/- (Fig. 28 E, F).  

Loss of monocyte-derived cells (Ly6Clow IA/IEhigh) occurred in all groups tested (Fig. 28 

G). In addition to infiltrating neutrophils and monocytes, elevated numbers of dendritic 

cells were detected in the peritoneal lavage (Fig. 28 H). DNase1-deficiency resulted in 

significantly increased numbers of DCs compared to wild-type or DNase1-/- Tlr9-/- mice 

suggesting Tlr9 activation may be involved in such expansion. 

Under homeostatic conditions, the majority of cells in the peritoneal cavity highly express 

B220 which is primarily expressed by B cells. Pristane administration leads to loss of 

B220high cells potentially due to cell death. Here, B220high cells were similarly reduced in 

wild type, DNase1-/- and DNase1-/- Tlr9-/- (Fig. 28 I). Interestingly, frequency and number 

of T cells (CD3e+) were unaffected in wild type and DNase1-/- but significantly increased 

in DNase1-/- Tlr9-/- (Fig. 28 J). CD4+ T cells were most severely reduced in DNase1-/- 

Tlr9-/-, however, such decrease was not compensated by an increase of CD8+ TCs 

suggesting another population of T cells might be expanded (Fig. 28 K, L). Taken 

together, lack of Tlr9 signaling did not perturb peritoneal inflammation in DNase1-/- mice, 

since DNase1-/- Tlr9-/- did not resemble all cellular alterations seen in wild-type mice after 

pristane administration, but rather influences other potentially harmful processes.  
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Fig. 28 Immune cell populations in peritoneal lavage from wild-type, DNase1-/- and 
DNase1-/- Tlr9-/- mice after pristane administration. (A-J) Quantitative comparison of 
cellular fractions and total number of peritoneal myeloid cells and lymphocytes from 
untreated wild-type and pristane-treated wild-type, DNase1-/- and DNase1-/- Tlr9-/- mice 
(n = 6-13 per group, means + SEM) based on flow cytometry analysis. (K-L) Comparison 
of cellular fractions of CD4+ and CD8+ T cells in peritoneal lavage. Data are pooled from 
4 independent experiments. Statistical analysis was performed using one-way ANOVA 
with p values corrected for multiple comparison using Tukey. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 
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3.6.2 Pulmonary inflammation and diffuse alveolar hemorrhage 

Contrary to the hypothesis that DNase1-deficiency leads to the activation of protective 

mechanisms involving Tlr9 signaling, there was no significantly aggravated development 

of DAH in DNase1-/- Tlr9-/- mice after pristane injection (Fig. 30 A, 29 A). Cell count and 

fraction of pulmonary leukocytes seemed to be reduced in treated DNase1-/- Tlr9-/- 

compared to wild type (Fig. 30 B). Frequency and cell number of tissue-resident 

macrophages, neutrophils and dendritic cells including both subsets, CD11b+ and 

CD103+, were unaltered comparing pristane-treated DNase1-/- and DNase1-/- Tlr9-/- mice 

(Fig. 30 C, D, F-H). However, in contrast to DNase1-/-, the injection of pristane did not 

lead to an increased accumulation of monocytes in DNase1-/- Tlr9-/- lungs suggesting 

Tlr9 signaling might be involved in the increased buildup of monocytes in DNase1-/- (Fig. 

30 E). These observations are consistent with previously presented results showing 

Tlr9-dependent accumulation of monocytes in blood from DNase1-/- mice (Fig. 9 F). 

Taken together, lack of DNase1 prevents severe DAH probably without major 

involvement of Tlr9 signaling.  

 

Fig. 29 Gross lung pathology after pristane administration in wild-type, DNase1-/- 
and DNase1-/- Tlr9-/- mice. (A) Mice received a single injection of pristane i.p. and 
development of diffuse alveolar hemorrhage was documented after 11 days (n = 12-14). 
Data are pooled from 3 independent experiments.   
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Fig. 30 Immune cell populations in lung from wild-type, DNase1-/- and DNase1-/- 
Tlr9-/- mice after pristane administration. (A) Comparison of lung weight from 
untreated wild-type and pristane-treated wild-type, DNase1-/- and DNase1-/- Tlr9-/- mice. 
(B-H) Quantitative comparison of cellular fractions and total number of myeloid cells 
from untreated wild-type and pristane-treated wild-type, DNase1-/- and DNase1-/- Tlr9-/- 

mice (n = 5-10 per group, means + SEM) based on flow cytometry analysis. Data are 
pooled from 3 independent experiments. Statistical analysis was performed using one-
way ANOVA with p values corrected for multiple comparison using Tukey. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 
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3.7 Involvement of endosomal and cytoplasmic DNA sensors in pristane-mediated 

peritonitis and DAH 

Various studies were conducted pointing to adverse effects of DNA in developing SLE. 

Here, endosomal as well as cytoplasmic DNA receptor knockout mice were used to 

decipher the role of two major DNA sensor signaling pathways in developing DAH. 

Firstly, manifestations of peritonitis were analyzed in wild-type, Tlr9-/- and Sting-/- mice. 

Total number of cells within the peritoneal lavage was increased in wild-type and Tlr9-/- 

mice, while Sting-deficient mice showed barely cellular infiltrates after pristane 

administration (Fig. 31 A). However, peritoneal macrophages (F4/80high CD11bhigh) were 

severely affected by pristane in all tested mouse models (Fig. 31 B). In addition, cellular 

fractions of neutrophils (CD11b+ Ly6G+), monocytes (Ly6G- CD11b+) and dendritic cells 

(CD11chigh IA/IEhigh) were similarly increased in the peritoneal cavity in response to 

pristane (Fig. 31 C-E).  

Tlr9-deficiency partially reduced lung swelling indicated by decreased tissue weight, 

while the lack of Sting attenuated severe pulmonary damage (Fig. 31 F). In wild-type 

and Tlr9-/- mice, leukocytes (CD45.2+) accumulated, while Sting-deficiency prevented the 

cellular buildup (Fig. 31 G). Loss of tissue-resident macrophages (F4/80high CD11bint) 

was observed in wild-type and Tlr9-/- but not Sting-/- lungs (Fig. 31 H). Besides, the 

frequency of neutrophils was significantly reduced in Sting-/- mice compared to wild-type 

controls (Fig. 31 I). Cellular fraction of monocytes was primarily increased in Tlr9-/- mice 

(Fig. 31 J). Taken together, both endolysosomal and cytoplasmic recognition of DNA 

seem to contribute to the development of DAH. However, Sting-dependent DNA sensing 

might be crucial and involved in leukocyte recruitment to the lung as well as loss of 

pulmonary macrophages. These results suggest an important role of tissue-resident 

macrophage death and neutrophil accumulation in the manifestation of pristane-induced 

severe alveolar hemorrhages.  
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Fig. 31 Pristane induced inflammation in peritoneum (top) and lung (bottom) from 
wild-type, Tlr9-/- and Sting-/- mice. (A) Comparison of total cell numbers in peritoneal 
lavage from untreated wild-type and pristane-treated wild-type, Tlr9-/- and Sting-/- mice. 
(B-E) Quantitative comparison of cellular fractions of myeloid cells in peritoneal lavage 
from untreated wild-type and pristane-treated wild-type, Tlr9-/- and Sting-/- mice (F) 
Comparison of lung weights from untreated wild-type and pristane-treated wild-type, 
Tlr9-/- and Sting-/- mice. (G-H) Quantitative comparison of pulmonary leukocytes and 
myeloid cells from untreated wild-type and pristane-treated wild-type, Tlr9-/- and Sting-/- 
mice (n = 4-10 per group, mean + SEM) based on flow cytometry analysis. Data are 
pooled from 2 independent experiments. Statistical analysis was performed using one-
way ANOVA with p values corrected for multiple comparison using Tukey. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001 
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4 Discussion 

4.1 Loss of deoxyribonucleases alters monocyte profiles and priming  

Monocytes function as circulating sensors that encounter environmental and 

endogenous stressors. Postnatal Ly6Chigh monocytes are formed primarily in the bone 

marrow from differentiating hematopoietic stem cells, and are subsequently released 

into the circulation. During homeostasis, classical Ly6Chigh monocytes differentiate into 

Ly6Clow patrolling monocytes which scan the vasculature, clear dying endothelial cells, 

and protect vessel health or replenish certain tissue-resident macrophages. Upon 

infection, tissue damage or inflammation, monocytes are recruited to tissues where they 

can differentiate into a variety of monocyte-derived cells to promote inflammatory 

responses, or resolution of inflammation in response to niche-specific signals. Factors 

like cytokines, pattern recognition receptors including Tlrs and others can influence the 

development of monocytes in the bone marrow or tissues (Robinson et al. 2021).  

Recent findings uncovered a mechanism by which chronic activation of Tlr7 and Tlr9 

defined monocyte fate and drove the development of a specialized population of 

phagocytes that originated from Ly6Chigh monocytes and internalized red blood cells 

leading to anemia and thrombocytopenia (Akilesh et al. 2019). Additionally, a potential 

link between the expansion of patrolling monocytes and the accumulation of RNA- and 

DNA-derived nucleosides were found (Morgan et al. 2010, Shibata et al. 2019). 

Deficiency of lysosomal nucleoside transporter Slc29a3 led to the buildup of guanosine 

and especially deoxyguanosine primarily in spleen and monocytes. Comparing 

monocytic subsets, patrolling monocytes displayed the highest concentration of 

(deoxy)guanosine. Interestingly, expansion of patrolling monocytes and splenomegaly 

were rescued in the absence of Tlr7, suggesting that the accumulation of nucleosides 

activated Tlr7 signaling (Shibata et al. 2019). Although Tlr7 is often considered as 

ssRNA receptor, it was demonstrated that deoxyguanosine, which is one of the four 

deoxyribonucleosides DNA is composed of, functions as Tlr7 agonist (Davenne et al. 

2020). A variety of nucleic acid receptors including endosomal Tlrs as well as cytosolic 

Aim2 and cGAS are expressed in monocytes influencing cell fate.  

One aim of this thesis was to investigate whether the lack of deoxyribonucleases, which 

regulate degradation and processing of DNA, influences monocytic cell populations 
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under homeostatic or inflammatory conditions. In aged DNase1-/- and DNase1l2-/- mice, 

elevated levels of patrolling monocytes (Ly6Clow FcγRIVhigh) were detected in blood and 

spleen, respectively. Expansion of patrolling monocytes seemed to be dependent on 

Tlr9 in DNase1-/- mice. Whether monocytic alterations depend on DNA sensors in 

DNase1l2-/- mice needs to be investigated. However, these results may further support 

the view that Tlr7 and Tlr9 function similarly since previous studies showed that chronic 

signaling of both Tlrs drove monocyte differentiation into specialized phagocytes 

(Akilesh et al. 2019). In contrast, loss of DNase1l1 and DNase1l3 resulted in elevated 

numbers of monocyte-derived cells expressing MHC class II (IA/IE), whereas Pld3-/- 

mice manifested splenomegaly as well as elevated levels of both Ly6Clow FcγRIVhigh and 

Ly6Clow IA/IEhigh monocytes, suggesting that the investigated nucleases do not only have 

redundant functions but also influence specific developmental routes of monocytes.  

Circulating DNase1l3 prevents autoimmunity by digesting extracellular microparticle-

associated chromatin released from apoptotic cells. Accordingly, DNase1l3-deficient 

mice as well as human SLE patients show elevated DNA concentrations in circulating 

microparticles. Loss of DNase1l3-mediated tolerance leads to the development of SLE-

like characteristics including anti-DNA and anti-nucleosome autoantibodies and IgG 

deposition in kidneys of both 129 and B6 DNase1l3-/- mice. In addition, it is 

demonstrated that peripheral blood of DNase1l3-deficient mice harbors a progressively 

increasing fraction of CD11b+ Ly6C- monocytes. By almost one year of age, KO mice 

develop splenomegaly with an increased fraction of germinal center B cells and 

activated CD4+ T cells (Sisirak et al. 2016, Soni et al. 2020).   

As part of this dissertation, DNase1l3-/- mice were examined at the maximal age of 8 

months. Up to this age, no significant increase in spleen weight (p = 0.0553) compared 

to age-matched wild-type controls was observed. In line with this, numbers of 

splenocytes were not significantly altered (p = 0.0712). Here, increasing but not 

significantly altered fractions of monocytes were observed in the circulation of 

DNase1l3-deficient mice. In contrast, clear differences were detected in DNase1l3-/- 

spleens compared to wild-type controls. Cellular fractions of monocytes (Ly6G- CD11b+) 

were elevated in DNase1l3-/-. Especially Ly6Clow IA/IEhigh monocyte-derived cells 

seemed to be significantly increased in circulation and spleen. This is contrary to the 
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previously described monocyte marker profile that were IA/IE (MHC class II) negative. In 

addition, increased frequencies of activated CD4+ T cells (CD4+ CD44+ CD45RB-) 

among CD4+ T cells were observed (Sisirak et al. 2016, Soni et al. 2020). Here, CD69 

was used as indicator of the activation status of T cells. Proportions of CD4+ CD69+ cells 

among CD4+ T cells were unaltered in DNase1l3-deficient spleens compared to wild-

type controls. Loss of DNase1l3 did not affect frequencies of total B cells in spleens of 

B6 mice (Sisirak et al. 2016), which is in line with results presented here. DNase1l3-/- 

bone marrow-derived macrophage and dendritic cells as well as J774 cells were treated 

with various ligands to determine inflammatory cytokine responses. Although DNase1l3-/- 

BMDCs showed a small but significant increase of IL12p40 release after Tlr9 

stimulation, overall alterations compared to wild-type cells were rather insignificant which 

might be due to the low expression of DNase1l3 in the bone marrow. Publicly available 

RNA-seq data indicate that DNase1l3 is mainly expressed in spleen and lymphoid 

nodes. In the spleen, cDC highly express DNase1l3 compared to pDC or red pulp 

macrophages. Consistent with this, Sisirak et al. detected the highest expression of 

DNase1l3 in splenic cDC and in a fraction of macrophages (Sisirak et al. 2016). Taken 

together, DNase1l3-deficient mice described in this thesis showed some alterations 

similar to previously characterized B6 DNase1l3-/- mice (Dnase1l3LacZ/LacZ KO). Varying 

results are presumably due to age differences. 

Pld3 and Pld4 are endolysosomal proteins whose function was obscure for a long time 

until recently Gavin et al. showed that these enzymes mediate the lysosomal 

degradation of single-stranded nucleic acids. It was shown that Pld3-deficient 

macrophages and Pld4-deficient dendritic cells are more sensitive to Tlr9 ligands. 

Notably, Pld3-deficient thioglycolated-elicited peritoneal macrophages released more IL6 

in response to Tlr9 agonist 2216PS (an A-type CpG oligodeoxynucleotide primarily 

designed to activate human TLR9 which is partially modified by phosphorothioate 

linkages) than did wild-type controls or Pld4-/- cells, while responses to the Tlr4 ligand 

lipopolysaccharide were unperturbed. Interestingly, responses to the B-type CpG ODN 

1668PS, which is fully modified by phosphorothioate (PS) linkages, or Tlr7 agonist R848 

were unaltered (Gavin et al. 2018).  
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Here, Pld3-deficient J774 cells released more IL6 and Ccl5 in response to multiple Tlr9 

ligands including CpGB 1668PS, CpGA 1585 and bacterial dsDNA, while responses to 

Tlr7 stimulation with R848 or Poly-U resulted in increased IL6 secretion. Tlr4 or Tlr2/Tlr1 

heterodimer activation by lipid A or Pam3csk4 were unaltered compared to controls. 

These results were consistent with responses of bone marrow-derived macrophages 

stimulated with CpG 2216PS, bacterial dsDNA and R848 releasing higher amounts of 

Ccl5.  

Pld4-/- splenic DCs were found to secrete more IL12p70 and IL6 in response to two Tlr9 

ligands VACV70 as well as 2216PS. VACV70 is an unmodified double-stranded 

oligonucleotide containing CpG motifs which can also elicit IFN-λ responses through 

Sting-dependent cytoplasmic DNA-sensing pathway. In vivo, deficiency of Pld4 led to an 

inflammatory disorder characterized by elevated levels of IFNγ and splenomegaly which 

was traced to altered responsiveness of Pld4-/- dendritic cells to Tlr9 ligands. Compared 

to Pld4-sufficient controls, Pld4-/- mice displayed altered immune cell subsets including 

fewer natural killer cells, peritoneal B lymphocytes and platelets but increased numbers 

of splenic B cells and blood monocytes. In addition, peritoneal macrophages showed 

elevated expression of MCH class II. Pld3-deficient mice lacked these characteristics 

observed in Pld4-/- mice (Gavin et al. 2018).  

In contrast to previously published data, Pld3-/- animals analyzed here developed 

splenomegaly and showed significantly increased splenocyte numbers. Although the 

proportions of splenic B cell, T cell and dendritic cells were unaltered, total cell numbers 

expanded in Pld3-/- mice compared to wild-type controls. Additionally, frequencies and 

cell numbers of monocytic cells in spleen and blood increased. The fraction of splenic 

monocytes highly expressing MHC class II was significantly increased, whereas the 

frequencies of all monocyte subsets were elevated in the circulation. Besides, levels of 

platelets were increased, whereas NK cells lacking Pld3 seemed to be unaffected. Thus, 

loss of Pld3 resulted in characteristics that mostly resemble but also exceed previous 

observations. Pld3-/- mice manifested splenomegaly which was previously only detected 

in case of Pld4-deficient animals. Therefore, Pld3 and Pld4 may share redundant 

functions but their loss manifests differently presumably due to distinct expression 

profiles. Interestingly, pathological manifestations in Pld4-deficient mice including 
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splenomegaly and elevated numbers of monocytes were rescued in Pld4-/- Tlr9-/- mice 

(Gavin et al. 2018). In contrast, endolysosomal accumulation of nucleosides activated 

Tlr7-dependent expansion of monocytes in Slc29a3-deficient mice (Shibata et al. 2019). 

Since Pld3 and Pld4 are proposed to degrade both ssDNA and ssRNA (Gavin et al. 

2021), it remains to be clarified whether Tlr9 or Tlr7 drive cellular abnormalities in Pld3-/- 

mice.  

In summary, one aim of this work was to investigate how the loss of DNA-degrading 

enzymes affects myeloid cells, especially monocytes, under homeostatic conditions. It 

was shown that the lack of individual DNases leads to specific alterations in the fate of 

monocytes, although there may be functional overlaps potentially due to redundant 

substrate specificity. Interestingly, murine blood monocyte subsets display distinct 

expression profiles of endolysosomal nucleic acid receptors. While classical monocytes 

express both Tlr7 and Tlr9, patrolling monocytes downregulate Tlr9 whereas monocyte-

derived dendritic cells show reduced expression of Tlr7 (Sato et al. 2020). Both 

receptors can be activated by DNA degradation products and appear to have mutually 

opposing, pathogenic or protective, impacts in certain context (Bossaller et al. 2016, 

Fukui et al. 2009, Fukui et al. 2011). Perhaps, the investigation of Tlr-bound ligands in 

DNase-deficient cells could lead to the identification of specific endogenous ligands 

influencing the activation of Tlr9 and Tlr7 and thus the fate of monocytes. It is 

conceivable that there is an accumulation of activating ligands in DNase-deficient 

individuals, but also that, for instance, Tlr9-inhibiting DNA fragments are generated 

under homeostatic conditions, which could promote hyperresponsiveness of Tlr7. 

Insights might be gained if, for example, monocytes from DNase-deficient mice were 

isolated, Tlr9 crosslinked with bound ligands, immunoprecipitated and ligands 

subsequently sequenced.  

4.2 Role of deoxyribonucleases in spontaneous and chemically induced SLE-like 

complications 

4.2.1 Role of DNase1 

Loss of DNase1 function has long been associated with systemic lupus erythematosus 

including renal complications (lupus nephritis) in humans and mice, however, increasing 

evidence indicate that DNase1 activity is not per se impaired. Instead, autoantibodies 
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directed against nucleic acids shield DNA and sterically hinder serum nucleases from 

degrading their substrates. Although sera from patients with SLE exhibit impaired ability 

to degrade chromatin from either NETs or necrotic cells, degradation of naked DNA 

proceeds unhindered (Leffler et al. 2015). In lupus prone (NZBNZW)F1 mice, DNase1 

mRNA and enzyme activity in liver, spleen and serum samples were unaltered 

throughout different states of lupus nephritis, whereas expression of DNase1 and its 

activity was dramatically reduced in kidneys of mice with severe nephritis. Other 

nucleases including DNase1l1, DNase1l2, DNase1l3, CAD and DNase2a were not 

affected. Despite the acquired renal loss of DNase1 activity, serum activity was 

unaltered (Seredkina and Rekvig 2011). In spontaneous mouse models of lupus 

including MRL/lpr and (NZBNZW)F1, no coding mutations were found in DNase1, 

whereas both MRL/lpr and (NZBNZW)F1 mice harbor a missense mutation in DNase1l3 

which decreases its nuclease activity against naked and liposome complexed DNA 

(Wilber et al. 2003). Taken together, decreased serum DNase1 activity is not a 

predisposing factor but most likely further boosting disease pathology, whereas loss of 

DNase1l3 seems to play a crucial role in the development lupus nephritis. 

Although loss of DNase1 may not be enough to trigger the development SLE-associated 

kidney damage, the question remains how DNase1 influences disease progression in 

other tissues. Here, a common model chemically inducing SLE-like autoimmune 

syndromes in non-autoimmune prone mice strains was used. After a single i.p. injection 

of pristane, especially BALB/c and SJL/J mice develop multiple characteristics of human 

SLE including various autoantibodies, as well as immune complex-mediated 

glomerulonephritis (Satoh and Reeves 1994, Satoh et al. 1995, Satoh et al. 1996). 

Compared to most genetic models of SLE, pristane has the unique ability to induce type 

I interferons and diffuse alveolar hemorrhage in C57BL/6 mice (Barker et al. 2011, 

Chowdhary et al. 2007, Lee et al. 2008a, Lee et al. 2008b, Lee et al. 2009, Nacionales 

et al. 2006, Satoh et al. 2000). Therefore, the chemical treatment is suitable for 

investigating autoantibody production as well as pulmonary and renal complications. 

Since SLE is associated with defective degradation of nucleic acids, it may be a 

promising tool to uncover the effects of dysfunctional nucleases under inflammatory 

conditions that are driven by DNA release. Here it was used to investigate the effect of 

DNA-degrading enzymes on pristane-induced diffuse alveolar hemorrhage.  
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Interestingly, evidence was found that contradict the widely held theory that the loss of 

DNase1 contributes to the development of SLE-associated complications. Surprisingly, 

milder progression and reduced occurrence of alveolar hemorrhages was observed in 

DNase1-/- mice after pristane challenge. Although wild-type, DNase1-/- and other DNase 

knockout mice responded similarly to the harmful mineral oil at the site of injection, 

amelioration of pulmonary inflammation was observed in mice lacking DNase1. At 

cellular level, this was reflected in the reduced loss of alveolar macrophages and 

CD103+ cDC as well as decreased number of neutrophils in the lung. 

4.2.1.1  Contribution of neutrophil extracellular traps as source of DNA 

It is conceivable that the reduced number of pulmonary neutrophils in DNase1-/- plays an 

important role. Activated neutrophils can release chromatin fibers, so-called neutrophil 

extracellular traps (NETs) which contain autoantigens including proteinase-3 (PR3) and 

myeloperoxidase (MPO) (Brinkmann et al. 2004). Such autoantigen-DNA complexes 

were found in the circulation as well as inflamed kidneys, and are proposed to trigger 

small-vessel vasculitis which is a chronic autoinflammatory condition leading to necrotic 

inflammation of small-sized blood vessels (Kessenbrock et al. 2008). Recently, Jarrot et 

al. proposed that NETs are associated with the pathogenesis of pristane-induced DAH. 

The authors suggested that pristane promotes NETs formation in vitro and in vivo and 

that the treatment of mice with recombinant human DNASE1 inhalations removed NETs 

and reduced lung injury leading to increased survival rates (Jarrot et al. 2019). In 

addition, Tumurkhuu et al. proposed that neutrophils contribute to ER stress in lung 

epithelial cells (Tumurkhuu et al. 2022). In contrast, previous work showed that 

neutrophil depletion using anti-Ly6G monoclonal antibody had no effect on the 

prevalence of pristane-induced DAH, although the number of neutrophils was massively 

decreased (Lee et al. 2019, Zhuang et al. 2017). Interestingly, monocyte/macrophage 

depletion using clodronate liposomes significantly decreased the prevalence of DAH 

(Zhuang et al. 2017). In addition, genetic deletion of Irf8, Ccr2 or Cx3cr1 leading to 

severely reduced monocyte numbers in mice, prevented the development of DAH after 

pristane challenge (Lee et al. 2019). Replenishment of circulating monocytes in Ccr2-/- 

mice with wild-type monocytes restored the incidence of DAH. Thus, comprehensive 

evidence suggest that monocytes are essential for pristane-induced DAH, while 

neutrophils presumably boost disease progression by NETs formation.  
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4.2.1.2  Profiling of potential myeloid-derived suppressor cells  

Fractions of pulmonary monocytes were increased and altered in DNase1-/- compared to 

wild-type mice. While wild-type monocytes showed intermediate Ly6C expression levels, 

DNase1-deficient monocytes highly expressed Ly6C which could indicate myeloid-

derived suppressor cell features. Myeloid-derived suppressor cells (MDSCs) contribute 

to the negative regulation of immune responses by suppressing T cells or modulating 

cytokine production of macrophages during cancer and autoimmune disorders including 

systemic lupus erythematosus and rheumatoid arthritis-associated interstitial lung 

disease which is characterized by the replacement of normal lung parenchyma with 

fibrotic tissue. It is anticipated that increased numbers of MDSCs might correlate with 

positive clinical outcomes and decreased disease severity in autoimmune disorders. 

MDSCs with monocytic morphology are CD11b+ Ly6G- Ly6Chigh and can be 

distinguished from tumor-associated macrophages by their high expression of Ly6C and 

by their low expression of F4/80. Besides, MDSCs originate from immature myeloid cells 

(IMCs) which are part of the normal process of myelopoiesis. Normally, IMCs migrate to 

various peripheral organs and differentiate into macrophages, dendritic cells or 

granulocytes. However, IMCs are also recruited to sites of acute or chronic infection, 

trauma or sepsis and tumor microenvironments, where their differentiation is prevented, 

and activation induced. These cells are known as MDSCs and exhibit 

immunosuppressive functions. The accumulation and activation of MDSCs is regulated 

by several factors including cytokine receptor signaling and Myd88-dependent Tlr 

pathways which initiate the upregulation of arginase 1, inducible nitric oxide synthase 

(iNOS) and suppressive cytokines including TGF-β and IL10 (Gabrilovish and Nagaraj 

2009, Kim et al. 2009, Veglia et al. 2021). Here, DNase1-deficient monocytes seemed to 

highly express both Ly6C and F4/80 and did not upregulate TGF-β compared to wild-

type monocytes. Thus, DNase1-/- monocytes did not display typical phenotypic 

similarities with MDSCs but it is possible that they are functionally similar to MDSCs and 

act immunosuppressively, for instance, by secreting anti-inflammatory cytokines such as 

IL10. 

4.2.1.3  Protective potential of interstitial macrophages and IL10 

Alveolar exposure to CpG but no other Tlr ligand leads to the recruitment of splenic 

monocytes that differentiated into regulatory lung interstitial macrophages (IMs) which 
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protect the host from allergen induced airway inflammation. IM-mediated protection 

involves IL10, given that IL10-/- IMs lack immunosuppressive effects (Sabatel et al. 

2017). Schyns et al. identified two populations of interstitial macrophages, CD206+ and 

CD206- IMs. CD206+ IMs exhibit tolerogenic profiles constitutively producing high levels 

of chemokines and immunosuppressive cytokines including IL10, while CD206- IMs 

have an antigen-presenting cell profile and populate the alveolar interstitium. 

Additionally, a discrete population of extravasating non-classical monocytes which arise 

from intravascular Ly6Clow patrolling monocytes was found in murine lungs. A fraction of 

these non-classical monocytes also express IL10 (Schyns et al. 2019). Notably, IL10-/- 

mice have a significantly increased mortality rate due to pristane-induced DAH, 

suggesting that IL10 is protective against alveolar hemorrhages (Zhuang et al. 2017). 

Based on these data, one could hypothesize that the protection of DNase1-/- mice 

against DAH involves IL10. Since Ly6Clow patrolling monocytes expanded in DNase1-/- 

animals and it has been postulated that patrolling monocytes give rise to non-classical 

lung monocytes that have the capacity to produce IL10, it is conceivable that DNase1-

deficiency promotes the generation of IL10-producing non-classical monocytes. 

Therefore, measurements of IL10 levels in bronchoalveolar lavage from pristane-treated 

DNase1-/- and wild-type mice might provide a clue as to why DNase1-/- mice are 

protected and whether DNase1-/- monocytes are polarized toward an anti-inflammatory 

phenotype. Besides, further investigations of pulmonary monocyte populations might be 

enlightening. For example, expression profiles of a broad spectrum of markers and 

cytokines/chemokines could be analyzed by flow cytometry. Gained information could be 

used for fluorescence-activated cell sorting of individual populations combined with next-

generation sequencing or even single-cell and spatial transcriptomics could be 

considered.   

4.2.1.4  Targeting the coagulation system as potential therapy 

The generation of phagocytic macrophages with anti-inflammatory phenotype that 

remove apoptotic cells from tissues is perturbed in SLE. Attempts have already been 

made to change the polarization of macrophages to an anti-inflammatory state. 

Administration of LXR agonist T0901317 induced an alternative macrophage phenotype 

in vivo and protected mice from DAH (Han et al. 2018). In human patients with DAH, 

corticosteroids and immunosuppressive agents remain the gold standard, and 
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recombinant-activated human factor VII (rFVII) has successfully been used as new 

therapy (Heslet et al. 2006, Park 2013). Initially, recombinant FVII was developed to 

treat bleeding in hemophilia patients with autoantibodies against factors VIII or IX 

because rFVII activates the coagulation cascade by binding to tissue factor at the site of 

injury and initiating the formation of thrombin that stimulates platelets and triggers 

coagulation (Jurlander et al. 2001). In addition, serine protease inhibitors called serpins 

regulate thrombotic and thrombolytic protease cascades and were successfully used to 

reduce DAH in pristane-treated mice (Guo et al. 2021, Zhuang et al. 2021). These 

observations are in line with results from a large case-control study of lupus DAH 

patients which revealed that patient’s history of thrombocytopenia is strongly predictive 

of DAH (Kazzaz et al. 2015). Consequently, these data suggest that therapeutically 

targeting the coagulation system could be a promising strategy to prevent severe DAH. 

Interestingly, Carminita and colleagues discovered a DNase-dependent pathway of 

thrombus formation in vivo (Carminita et al. 2021). Following endothelial injury, 

neutrophils are recruited to the damaged vessel wall, become activated by ATP and bind 

to endothelial cells where they initiate the tissue factor dependent coagulation cascade 

(Darbousset et al. 2012, Darbousset et al. 2014). In vivo, administration of DNase1 

significantly reduced the accumulation of neutrophils and platelet thrombus formation at 

the site of injury. This result would not be surprising if NETosis occurred during 

thrombus formation since DNase1 can be used to degrade NETs. However, electron 

microscopy of the thrombus at the site of injury revealed that neutrophils did not release 

NETs. Instead, DNase1 hydrolyzes ATP and ADP, leading to the generation of 

adenosine and thereby the inhibition of ATP-dependent neutrophil activation, ADP-

dependent human as well as mouse platelet aggregation and ultimately thrombus 

formation in vivo (Carminita et al. 2021). This in turn could mean that the absence of 

DNase1 supports the formation of thrombi and suppresses bleeding which could be a 

possible explanation why DNase1-/- mice are protected from severe DAH. Potentially, 

more efficient closure of initial blood-airway barrier disruptions could prevent a massive 

recruitment of inflammatory granulocytes and monocytes that contribute to tissue 

damage.  
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4.2.2 Involvement of DNase1l3 in DAH 

Loss of DNase1l3 activity seems to play a crucial role in human and murine SLE-like 

disorders. In humans, null mutations and hypomorphic variants leading to dysfunctional 

DNASE1l3 are linked to familial and sporadic systemic lupus erythematosus, 

respectively (Al-Mayouf et al. 2011, Belot et al. 2020, Carbonella et al. 2017). In 

addition, DNase1l3-/- mice are prone to develop SLE-like syndromes but pathological 

manifestations develop progressively, and complications are rather mild in B6 mice 

compared to other murine models of spontaneously occurring lupus (Sisirak et al. 2016). 

Therefore, it is conceivable that the loss of DNase1l3 in B6 mice treated with pristane at 

2 months of age did not have a major impact on the development of diffuse alveolar 

hemorrhage. Indeed, DNase1l3-/- mice responded similarly to wild-type controls when 

challenged with pristane. A comparable increase in lung weight was detected in both 

groups and severe cases of hemorrhage affecting the complete organ were also 

observed. Notably, the expression of DNase1l3 is mainly restricted to the spleen, 

suggesting that other organs might be less affected by the lack of the 

deoxyribonuclease. In addition, in contrast to DNase1, DNase1l3 is sensitive to 

proteolysis by plasmin activated by the plasminogen system (Napirei et al. 2009), which 

is presumably initiated during small-vessel inflammation. 

4.2.3 Pld3-deficiency exacerbates lung damage 

The dual loss of Pld3 and Pld4 is lethal due to severe liver inflammation accompanied by 

excessive activation of macrophages (Gavin et al. 2018). Pld3 is highly expressed by 

macrophages residing in various organs including the respiratory tract. If macrophages 

are challenged in the lung, one might expect that Pld3-deficient individuals show 

stronger proinflammatory responses than wild-type controls. As speculated, Pld3-/- mice 

developed severe alveolar bleedings accompanied by significantly increased tissue 

swelling after pristane-treatment. Further experiments focusing on phenotype and 

expression profiles of wild-type, DNase1-/- and Pld3-/- monocytes/macrophages may 

provide insights into the development of DAH or other disorders involving monocyte-

derived cells and vessel inflammation. 
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4.2.4 Different roles of extracellular and lysosomal waste-management nucleases in 

pristane-induced DAH 

Although both DNase1 and DNase1l3 are present in the circulation, only the loss of 

DNase1 attenuates the manifestation of DAH, whereas the lack of lysosomal Pld3 

exacerbated tissue damage. But all three enzymes could be considered as waste-

management nucleases. So, what makes them different and could explain the contrary 

phenotypes?  

Fragmentation patterns of circulating plasma DNA might provide interesting indications. 

Plasma cell-free DNA (cfDNA) has a peak fragment size frequency at 166 bp which is 

reminiscent of a nucleosome (146 bp) including linker sequence (~ 20 bp). In addition, 

smaller fractions of short fragments (20-120 bp) and long fragments > 250 bp occur. In 

DNase1-deficient mice, cfDNA fragmentation can be altered and shows a reduction in 

short DNA pieces, an increase in the frequency of 166 bp fragments, unaltered 

frequencies of plasma DNA molecules above 250 bp, and sequences are 

hypermethylated compared with wild-type mice. In contrast, cfDNA in DNase1l3-/- mice 

exhibit an increase in short DNA molecules, decrease in 166 bp fragments, slight 

increase in pieces > 250 bp with peak values corresponding to di-, tri-, and tetra-

nucleosome sizes as well as hypomethylation due to increased representation of open 

chromatin regions and CpG islands. Thus, loss of DNase1l3 revealed that DNase1 

elevated the representation of open chromatin regions and CpG islands, especially in 

shorter fragments (≤ 80 bp), resulting in the relative hypomethylation of cfDNA (Han et 

al. 2020, Lo et al. 2010, Snyder et al. 2016).  

Interestingly, plasma DNA of SLE patients showed skewed cfDNA fragmentation profiles 

with a significantly elevated fraction of short DNA molecules. The increase in the 

proportion of short fragments in SLE patients correlated with the disease activity and 

anti-dsDNA antibody level. Additionally, SLE patients’ plasma DNA showed decreased 

methylation densities. Compared with healthy controls, patients had higher 

concentrations of IgG-bound plasma DNA and short DNA fragments were enriched in 

the IgG-bound fraction, suggesting that the preferential binding of anti-DNA antibodies to 

short DNA molecules hinders their removal from the circulation (Chan et al. 2014). Thus, 

characteristics of circulating cfDNA in DNase1l3-deficient mice resemble plasma DNA 
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fragmentation profiles found in SLE patients, while DNase1 activity seems to increase 

the occurrence of potentially harmful short DNA molecules.  

Since Tlr9 is primarily activated by ligands with unmethylated CpG motifs (Coch et al. 

2009, Hartmann and Krieg 2000, Krieg et al. 1995) and DNase1 contributes to the 

generation of short hypomethylated plasma DNA fragments originating from open 

chromatin regions and CpG islands, questioning a possible link might be reasonable. 

One could also ask what function a certain DNA fragmentation profile has in vivo, and 

why circulating DNA is not completely degraded, although DNase1 certainly has the 

ability in vitro. Crystal structures of Tlr9 with agonistic and inhibiting ligands revealed 

sequence-dependent mechanisms regulating different conformations of the endosomal 

DNA sensor. For example, ODN 1668 and iDNA4084 are both 12-mers but while the 

stimulatory ligand (1668) initiates dimerization, the inhibitory molecule (iDNA4084) 

keeps Tlr9 in its monomeric conformation. This inhibitory effect is dependent on the 

sequence of iDNA4084 which facilitates intramolecular base pair binding resulting in a 

secondary structure that prevents dimerization (Ohto et al. 2015).  

Based on these results, one could conclude that the absence of DNase1 in DNase1-/- 

mice leads to the reduction of circulating DNA fragments that are potentially able to 

activate Tlr9 signaling. This could be another possible explanation for the protection of 

DNase1-/- animals against severe DAH. In line with this, Tlr9-/- mice were partially 

protected from severe DAH after pristane challenge.  

In contrast to DNase1 and DNase1l3, Pld3 is located intracellularly in endolysosomal 

compartments where it only degrades ssDNA without 5’-phosphate (5’-PO) terminus and 

secondary structures (Gavin et al. 2018). However, incoming endosomal DNAs are 

predominantly double-stranded and have a 5’-PO since upstream nucleases including 

DNase1, Trex1 and CAD perform 5’-PO and 3’-OH substrate cleavage which renders it 

resistant to Pld3/4. In contrast, DNase2a is a lysosomal endonuclease which cleaves 

dsDNA and ssDNA leaving DNA fragments with 5’-OH and 3’-PO which renders them 

accessible to Pld3 and -4 (Bartok and Hartmann 2020, Chan et al. 2015). Thus, Pld3 

and Pld4 probably act downstream of DNase2a and inhibit excessive Tlr9 activation by 

degrading its agonists. Interestingly, Pld3 and Pld4 are proposed to digest ssRNA in 

addition to ssDNA and limit autoinflammatory triggering by multiple NA sensors including 
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Tlr9, Tlr7 and Sting (Gavin et al. 2021). Although signaling through Tlr9 makes a major 

contribution to pathological manifestation in Pld3-/- Pld4-/- mice, certain abnormalities 

including a type I IFN signature remain in the absence of endosomal Tlr signaling. In 

more detail, a Sting-dependent type I IFN signature remain in Unc93b13d/3d Pld3-/- Pld4-/- 

mice. These observations could explain why Pld3-deficient mice were more severely 

affected by pristane since type I IFNs are involved in the pathogenesis of SLE. For 

example, IFNα is elevated in a fraction of SLE patients (Lichtman et al. 2012, Niewold 

2011) and has been implicated in pathological manifestations in several murine lupus 

models (Agrawal et al. 2009, Braun et al. 2003, Jørgensen et al. 2007, Nacionales et al. 

2007, Santiago-Raber et al. 2003, Thibault et al. 2009). Additionally, in vivo adenoviral-

mediated delivery of murine IFNα results in accelerated onset of SLE in DNase1l3-/- 

mice or induces early lethal lupus in autoimmune-prone (NZBxNZW)F1 animals 

(Mathian et al. 2005, Sisirak et al. 2016). Consistently, autoreactivity and autoimmune 

renal manifestations are facilitated by Ifnar1 (a subunit of the receptor of type I IFNs) 

signaling in DNase1l3-/- mice and MRL.Faslpr mice (Nickerson et al. 2013, Soni et al. 

2020). 

4.3 Role of endosomal and cytoplasmic DNA sensors 

Organs that rely on accurate and delicate tissue architecture are particularly vulnerable 

to damage induced by cell death and excessive repair processes. Failure to properly 

clear cellular debris, including DNA, can initiate inflammatory responses, contributing to 

further damage. Especially in organs that are in constant contact with pollutants, 

allergens and pathogens immune responses must be tightly regulated. Various triggers 

including silica particle and cigarette smoke induce lung cell death and cause the 

release of mitochondrial and/or nuclear self-DNA that drive airway inflammation and 

excessive repair responses, often leading to fibrosis (Benmerzoug et al. 2018, 

Benmerzoug et al. 2019, Nascimento et al. 2019). Here, the cytotoxic compound 

pristane was used to initiate lung damage in wild-type, Tlr9-/- and Sting-/- mice which in 

some cases resulted in disrupted integrity of the blood-air barrier and lead to respiratory 

failure due to widespread hemorrhages. Sting-deficiency significantly reduced lung 

swelling and pulmonary inflammation after pristane challenge, which is in line with 

previous results showing that the lack of Sting prevents fatal pristane-induced alveolar 

hemorrhage in Tank-/- mice. Tank is a negative regulator of NF-κB signaling and 
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suppresses DNA-mediated induction of IFN-stimulated genes in macrophages by 

inhibiting cGas-Sting-signaling. Thus, loss of Tank results in an excessive Sting-

dependent IFN response. Consequently, Sting-/- Tank-/- mice have significantly increased 

survival rates compared to Tank-/- controls (Wakabayashi et al. 2021). But the question 

remains how the cGas-Sting pathway might be activated by pristane. In vitro and in vivo, 

the administration of pristane leads to cell death. Features of apoptosis via the 

mitochondrial pathway including increased expression of pro-apoptotic Bax, decreased 

protein levels of anti-apoptotic Bcl-2 and Bcl-xl are detected in lung sections and in in 

vitro cultures of alveolar epithelial cells (Chen et al. 2021, Yang et al. 2021). Besides, 

cytochrome c is released and caspase-3 and -9 are activated in pristane-mediated 

apoptosis (Calvani et al. 2005). During intrinsic apoptosis, Bax and Bak are activated 

forming multimers that generate pores within the outer mitochondrial membrane causing 

mitochondrial outer membrane permeabilization (MOMP); this leads to the release of 

intermembrane space proteins including cytochrome c. Over time, Bax/Bak-mediated 

pores expand and enable inner mitochondrial membrane extrusion and rupture allowing 

the release of mitochondrial DNA into the cytosol whereupon it can initiate cGas-Sting-

signaling, leading to pro-inflammatory interferon signaling. Although multiple results 

indicate that pristane induces apoptotic cell death, cytosolic release of mitochondrial 

DNA leading to Sting signaling can also occur in other forms of cell death including 

necroptosis which is a regulated form of necrotic cell death orchestrated by 

RIPK1/RIPK3-mediated activation of MLKL (Bock and Tait 2020, Ketelut-Carneiro and 

Fitzgerald 2022). However, RIPK3-deficiency did not impact the development or 

progression of renal damage in several murine models of lupus including pristane-

induced lupus, suggesting that RIPK3 is dispensable at least for renal complications 

(Corradetti et al. 2016).  

In addition to detecting intracellularly released mtDNA, cGas recognizes phagocytosed 

neutrophil extracellular traps that escape phagosomes and translocate to the cytosol 

resulting in the production of type I IFNs by macrophages and other myeloid cells (Apel 

et al. 2021). In parallel, ingested NETs might also activate Tlr9 which triggers NF-κB 

signaling, leading to the release of proinflammatory cytokines. In line with this, Tlr9-

deficiency positively influenced the outcome of pristane-induced lung hemorrhage 

progression but showed less severe effects compared to Sting-deficiency. Notably, only 
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NETs of certain size activated cGas in vitro. NETs digested with DNase1 led to 

fragments larger than 150 bp under certain conditions which activated recombinant 

cGas, whereas undigested structures and DNA molecules of nucleosome size 

(~ 150 bp) had no stimulatory effect, suggesting that the cleavage of NETs by DNase1 

initially enforces cGas activation, whereas further digestion hampers it (Apel et al. 2021). 

These indications support the hypothesis that DNase1 might be required to cleave 

released self-DNA into fragments that are harmful and could drive Tlr9-dependent 

proinflammatory cytokine release as well as Sting-dependent type I IFN response and 

lung cell death.  

Exposure of human SLE neutrophils to agonistic autoantibodies resulted in the release 

of oxidized DNA of mitochondrial origin (Caielli et al. 2016). Oxidized DNA, containing 8-

OH-deoxyguanosine (8-OH-dG), initiates cGas-Sting-signaling, and dysfunction of the 

DNA repair enzyme that patches 8-OH-dG lesions, termed Ogg1 (oxoguanisine 

glycolase 1), is associated with the development of lupus nephritis (Lee et al. 2015). 

However, in Ogg1-deficient mice pristane-induced lupus resulted in cutaneous 

complications rather than increased kidney pathology, (Tumurkhuu et al. 2020). In line 

with this, cGas- or Sting-deficiency failed to rescue renal complications including 

autoantibody production and kidney damage in pristane-induced SLE and lupus-prone 

mouse models (Motwani et al. 2021, Sharma et al. 2015). In contrast, gain-of-function 

mutations in STING were identified in human patients suffering from an inflammatory 

syndrome with lupus-like manifestations, familial chilblain lupus and so-called SAVI 

(Sting-associated vasculopathy with onset in infancy) which leads to severe small-vessel 

damage (Jeremiah et al. 2014, König et al. 2017, Liu et al. 2014). Taken together, the 

clinical heterogeneity of SLE manifestations might be influenced by the involvement of 

multiple DNA sensors. While renal complications might be primarily driven by endosomal 

TLRs, activation of cytoplasmic DNA sensors seems to be critical for the development of 

vessel inflammation and severe, life-threatening pulmonary hemorrhage. Since NA-

sensor pathways are intertwined and influence each other, it would be advisable to 

elucidate their functions in great detail in order to avoid possible side effects of therapies 

that primarily target one receptor.  
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5 Abstract 

In healthy and diseased individuals, endogenous nucleic acids are present in various 

forms and need to be processed and cleared. Failed clearance of DNA is associated 

with an autoimmune disease termed systemic lupus erythematosus (SLE), which is 

characterized by systemic inflammation affecting multiple organs including kidney and 

lung. In SLE patients and lupus-prone mouse models, myeloid cells contribute to the 

immune-mediated pathology and recognition of DNA-derived products drives their 

activation. In contrast, detection of DNA-derived products can contribute to the survival, 

proliferation and differentiation of myeloid cells resulting in cancer-like cell expansion 

also termed histiocytosis.  

The aim of this thesis was to investigate how the loss of DNA-degrading enzymes 

influences myeloid cell populations under homeostatic conditions and what effects these 

changes have under inflammatory conditions. Therefore, multiple deoxyribonuclease-

deficient mice including DNase1-/-, DNase1l1-/-, Dnase1l2-/-, DNase1l3-/- and Pld3-/- mice 

were generated. While in DNase1-/- and DNase1l2-/- mice elevated numbers of patrolling 

monocytes were found, loss of Dnase1l1 and DNase1l3 led to the expansion of 

monocyte-derived cells expressing MHC class II. Pld3-/- mice developed splenomegaly 

accompanied by an expansion of diverse monocyte populations. But apart from enlarged 

spleens, no gross pathological manifestations could be observed. Since the effects of 

the cellular alterations were not apparent, deoxyribonuclease-deficient individuals were 

treated with a compound termed pristane that induces cell death and boosts the release 

of self-DNA. Besides, pristane is known to induce renal and pulmonary SLE-like 

complications. Surprisingly, it has been discovered that the loss of DNase1 protects 

against the development of severe pulmonary hemorrhages after pristane challenge, 

whereas deficiency of DNase1l1, Dnase1l2 and DNase1l3 did not affect disease 

progression. In contrast, Pld3-deficiency aggravated pathological manifestations. Since 

myeloid cells contribute significantly to the development of pristane-induced pulmonary 

hemorrhages, diverse populations in the peritoneum – the initial site of inflammation – 

and lung – the site of bleeding – were examined. In addition, the involvement of two 

DNA sensors, which are associated with the manifestation of SLE-linked complications, 

was investigated. Pristane-challenged Tlr9-/- mice were partially while Sting-/- mice were 
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primarily protected from severe lung injuries, suggesting that both DNA sensors are 

involved in the development of alveolar hemorrhage.  
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