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Abstract

Objective—The goal of this study was to determine whether endosomal Toll-like receptors
(TLRs) contribute to the clinical manifestation of systemic autoimmunity exhibited by mice that
lack the lysosomal nuclease DNasell.

Methods—DNasell/IFNaR double deficient mice were intercrossed with Unc93b13%9/3d mice to
generate DNasell™~ mice with non-functional endosomal TLRs. The resulting triple deficient
mice were evaluated for arthritis, autoantibody production, splenomegaly, and extramedullary
hematopoiesis. B cells from both strains were evaluated for their capacity to respond to
endogenous DNA by using small oligonucleotide based TLR9 ligands and a novel class of
bifunctional anti-DNA antibodies.

Results—Muice that fail to express DNasell, IFNaR, and Unc93b1 still develop arthritis but do
not make autoantibodies, develop splenomegaly, or exhibit extramedullary hematopoiesis.
DNasell™~ IFNaR™~ B cells can respond to synthetic ODNs, but not to endogenous dsDNA.

Conclusion—RNA-reactive TLRs, presumably TLR7, are required for autoantibody production,
splenomegaly, and extramedullary hematopoiesis in the DNasell™'~ model of systemic
autoimmunity.
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Introduction

Toll-like receptors (TLRs) were initially identified in the context of host defense, where they
were implicated in the detection of pathogen-associated molecular patterns uniquely
expressed by infectious agents (1). However, it is now clear that TLRs also detect
mammalian ligands released from stressed or dying cells and thereby play a key role in IFN-
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driven systemic autoimmune diseases such as SLE (2, 3). Endosomal TLRs are particularly
important in the activation of autoreactive B cells (4, 5). Both in vivo and in vitro studies
have demonstrated that the production of autoantibodies reactive with DNA or DNA-
associated proteins is promoted by TLR9, while the production of autoantibodies reactive
with RNA or RNA-associated proteins is promoted by TLR7 (6). Beyond autoantibody
production, TLR-activated B cells also effectively activate autoreactive T cells and
contribute to antibody-independent pathogenic processes (7).

TLRs are not the only nucleic acid sensing receptors that can detect endogenous ligands. In
recent years, numerous cytosolic receptors have been found to also detect the aberrant
cytosolic accumulation of both microbial and mammalian DNA and RNA (8). These include
DNA sensors upstream of STING, such as cGAS or Ifi204 (9, 10), DNA sensors that can
activate inflammasomes, such as AIM2 (11), and RNA sensors upstream of MAVS (12).
Activation of these receptors by endogenous ligands has been shown to promote a variety of
“autoinflammatory” conditions. Perhaps the best-described example is Aicardi-Goutieres
syndrome, an early onset neuroinflammatory disease that occurs in individuals with loss of
function mutations in cytosolic nucleases such as Trex1 or SAMHD1 (13, 14). Related
mutations have also been associated with clinical manifestations of lupus and even
autoantibody production. In addition, gain-of-function mutations of STING can also have
pathological consequences, as evident in SAVI patients where the spontaneous dimerization
of STING leads to a vasculopathy often associated with pulmonary fibrosis (15, 16).

DNasell-deficiency and systemic autoimmunity

The enzyme DNasell also constrains access of nucleic acids to cytosolic sensors. DNasell is
considered a lysosomal DNase and is responsible for the degradation of DNA engulfed as a
result of processes such as apoptotic cell death or the extrusion of reticulocyte nuclei (17).
DNasell also plays a role in non-phagocytic cells, where it facilitates the autophagosome-
dependent removal of damaged DNA extruded through the nuclear pores of stressed cells
(18). Whether DNasell is involved in the degradation of other potential sources of cytosolic
DNA, (e.g. retroelement intermediates or mitochondrial DNA), remains to be determined.
The importance of DNasell to innate immune homeostasis is apparent from the initial
observations of Nagata and colleagues. They found that DNasell deficiency in mice causes
embryonic lethality, due to severe anemia associated with excessively high levels of type |
IFN (19). DNasell™~ mice can be rescued by intercrossing them with mice that fail to
express either the type | IFN receptor (IFNaR) or STING (19, 20). These data demonstrate
that IFN production in this model is downstream of STING and thus depends on the
cytosolic DNA sensors. As adults, DNasell™~ IFNaR™~ double knockout (DKO) mice
develop a severe inflammatory arthritis (21), not found in DNasell/IFNaR/STING triple
knockout (STING TKO) mice (22). Thus STING dependent pathways drive the production
of proinflammatory cytokines through IFN-independent pathways. Intriguingly, a SNP in
the 5’-regulatory region of DNasell has been shown to confer a significant increase in RA
disease susceptibility in a German Caucasian cohort (23), and the same SNP has been linked
to an increased risk for renal complications in a group of Korean SLE patients (24). Thus
DNasell polymorphisms appear to contribute to human systemic autoimmune disease.
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SLE-related autoantibody production in DNasell”~ IFNaR~- mice is TLR

dependent

In line with the human genetic studies mentioned above, DKO mice also develop clinical
manifestations of SLE, including the production of anti-nuclear antibodies (ANASs) and
splenomegaly (22, 25). We have further explored the connection between DNasell
deficiency and SLE, with particular attention to the involvement of nucleic acid sensing
TLRs. Our group has had a particular interest in the connection between pattern recognition
receptors and autoantibody production in murine models of SLE, where autoantibody
production is invariably TLR dependent. Previous studies suggested that DKO mice made
rheumatoid factor (RF), anti-citrullinated protein antibodies (ACPA), and anti-DNA
antibodies. We could only detect minimal RF and ACPA titers in DKO mice in our colony
using standard ELISAs. However we were able to show that DKO mice appeared to make
antibodies against an extensive panel of autoantigens, including DNA and histones, as
detected by autoantigen arrays. Remarkably, autoantibody production was almost entirely
TLR-dependent, as DKO mice expressing the loss-of-function 3D mutation of Unc93b1
(Unc93bl1 TKO mice) completely failed to produce ANAs (25). Unc93b1l is a chaperone
protein required for the functional activity of all endosomal TLRs. By contrast, STING TKO
mice maintained autoantibody production. Therefore both cytosolic and endosomal nucleic
acid sensors contribute to the clinical manifestations of systemic autoimmunity exhibited by
DKO mice.

To more carefully evaluate the specificity of the DKO autoantibody repertoire, we also
compared sera from DKO, Unc93B1 TKO, and STING TKO mice by immunofluorescent
staining of HEp2 cells. As predicted by the autoantigen arrays, only the DKO and STING
TKO, and not the Unc93b1 TKO sera, stained HEp2 cells. However, quite unexpectedly, we
found that the vast majority of DKO sera showed staining patterns, either speckled nuclear
or cytoplasmic, consistent with BCR/TLR7-driven responses, not BCR/TLR9-driven
responses (25). TLR9-driven responses, directed against dSDNA or dsDNA-binding
proteins, are normally associated with a homogeneous nuclear staining pattern and the
detection of mitotic plates, and these were notably absent in the DKO sera. These results
point to the importance of confirming actual autoantibody specificities as revealed by
autoantigen arrays, and also raise the question as to why anti-dsDNA antibodies were
lacking in a model of DNA accrual.

DNAsell is required for TLR9 detection of dsDNA

To confirm that TLR9 was still functional in the DKO mice, we isolated B cells from DKO,
Unc93bl TKO, and IFNaR™~ single KO mice and measured the responses of all three
strains to a standard experimental TLR9 ligand, the CpGB ODN 1826. We found that both
DKO and DNase*/~ IFNaR ™~ B cells responded normally to 1826 under conditions where
the Unc93b1 TKO mice were completely unresponsive. Nevertheless, it was important to
test the response of DKO mice to endogenous ligands, where the response is dependent on
the uptake of autoantigen by the BCR and subsequent BCR-mediated delivery to endosomal
TLR9. In previous studies we have used mice expressing a transgene-encoded BCR reactive
for 1IgG2a. These rheumatoid factor (RF) B cells can bind IgG2a-associated immune
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complexes (ICs) that incorporate endogenous DNA-associated autoantigens (26). We have
used defined ICs, consisting of experimentally modified dsDNA fragments, such as
biotinylated CG-rich clone 11 bound by 1gG2a anti-biotin antibody, to activate RF B cells
(27). We have also used 1gG2a autoantibodies where the autoantigen is undefined and
presumably derived from cell debris (2). However the experimental use of such 1gG2a ICs is
limited to RF B cells since these ICs do not activate non-Tg B cells.

To directly test the capacity of DKO B cells to respond to endogenous ligands, we used a
novel bifunctional antibody constructed to express one variable domain reactive with DNA
and second variable domain reactive with IgM. These DNA/IgM dual variable domain
antibodies, DVD-Ig™ can direct endogenous dsDNA ligands to all BCRs in the same way as
an 1gG2a IC can direct endogenous nucleic acid ligands to RF BCRs (Figure 1). Activation
of both RF B cells by the original 1gG2a anti-DNA autoantibody, as well as non-Tg B cells
by DNA/IgM DVD-1g™s, is entirely TLR9 dependent. Importantly we found that DKO B
cells could not respond to DNA/IgM DVDs (25). These data suggested that DNAsell is
required for the degradation of dSDNA in order to facilitate either the uptake of dSDNA by
the BCR or the detection of dsSDNA by TLRO.

The latter possibility is supported by a recent report from Miyake and colleagues who found
that DNAsell is required for dendritic cell detection of microbial DNA as well as a CpGA
ODN:S5s (28). The inability of TLR9 to recognize endogenous DNA ligands in DNasell-
deficient mice accounts for the failure of the DKO mice to produce anti-dsDNA antibodies.
Therefore the requirement for functional Unc93b1 in DKO ANA production most likely
reflects a role for TLR7 in the detection of RNA-associated autoantigens. Presumably
STING-dependent inflammation results in the release of immunogenic ligands from RNA-
associated cell debris. Our previous studies had reported a close association between type 1
IFN, B cell expression of TLR7, and B cell responses to TLR7 ligands (29). However, in the
context of DNasell deficiency, DKO B cells can make autoantibodies reactive with RNA-
associated autoantigens even though they cannot respond to type I IFN.

Splenomegaly and extramedullary hematopoiesis are also TLR-dependent

Not only do DKO mice develop arthritis and make autoantibodies, but they also exhibit
markedly enlarged spleens from an early age. This splenomegaly has been attributed to
extramedullary hematopoiesis due to the inability of erythroid island macrophages (EIM) to
degrade reticulocyte nuclei and the ensuing disruption of erythropoiesis in the bone marrow.
In fact DKO mice do have a significantly increased percentage of Ter119* (erythroid
lineage) cells in the spleen, again from an early age. However, both splenomegaly and
extramedullary hematopoiesis are greatly reduced in Unc93b1 TKO mice, despite the
persistent inability of EIM to degrade reticulocyte nuclei. STING TKO mice still develop
massively enlarged spleens and extramedullary hematopoiesis. Therefore splenomegaly and
extramedullary hematopoiesis in DKO mice are most likely due to factors produced by
TLR-dependent mechanisms.
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Summary and Conclusions

In the absence of DNasell, undegraded DNA gains access to the cytosol where it can
activate cytosolic nucleic acid sensors upstream of STING, leading to excessive type | IFN
production and embryonic lethality. In the absence of a type | IFN response because of a
failure to express either the type | IFN receptor or STING, DNasell deficient mice develop
clinical manifestations of systemic autoimmunity that include arthritis, ANA production,
splenomegaly, and extramedullary hematopoiesis. Despite the excessive accrual of DNA in
phagolysosomes and other endocytic compartments, DNasell-deficient mice cannot respond
to endogenous dsDNA because the DNA is not sufficiently degraded to effectively bind
TLR9. TLR9 is functional as DKO B cells respond normally to DNA ODNs. However DKO
mice can respond to endogenous RNA or RNA-associated ligands through a mechanism that
depends on Unc93b1 and therefore most likely RNA-sensing TLRs. Thus both cytosolic and
endosomal nucleic acid sensors contribute to the disease profile of DKO mice. Future
studies will be required to better understand the interplay between these two classes of
nucleic acid sensors in additional aspects of immune dysregulation in this model and other
examples of systemic autoimmune disease.
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Abbreviations

ANA anti-nuclear antibody

DVD-Ig™ Dual variable domain immunoglobulin

DKO DNasell™~ IFNAR™~ double knockout

Het DNasell™* IFNAR™~

RF rheumatoid factor

STING stimulator of type | IFN genes

STING TKO DNasell™~ IFNAR™-STING '~ triple knockout

TLRs Toll-like receptors

Unc93 TKO DNasell™~ IFNAR™~Unc93B39/3d triple knockout
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Comparison of 1gG2a anti-DNA activation of RF B cells and DNA/IgM DVD-Ig activation
of polyclonal B cells. Activation of both IgG2a-reactive RF B cells by an 1gG2a anti-DNA
autoantibody, and activation of polyclonal B cells by a DNA/IgM DVD-Ig, depends on co-
engagement of the BCR and TLR9. The BCR delivers both kinds of immune complexes to
TLR9 (purple receptor) inside an endosome (light grey circle).
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