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Figure 4.1 Trabecular bone accrual occurs over time in long bones of DKO mice.

A) Midfoot, 10 month-old mice (female, n=4 mice/genotype): Representative H&E
(upper panels) and TRAP (lower panels) stained images of inflammation and articular
bone erosions (arrows). Magnification 4x and 20x, respectively. B) Tibiae, 10 month-old
mice (female, n=6 mice/genotype). Representative images of H&E stained sections.
Arrows indicate trabecular bone. Magnification 4x. C) Micro-CT images of femurs at 2,
6, 10, and 16 months (female, n=3-7 mice/genotype/age). Left images: cortical and
trabecular bone. Right images: 3D reconstruction of trabecular bone. D) Quantitation of
micro-CT data from 10 month-old mice (female, n=6-7 mice/genotype) for trabecular
bone volume per total volume (BV/TV), trabecular bone surface, and trabecular
connectivity (con.) density. Data are representative of 3 individual experiments. Values

are the mean + SEM compared to Het: **=p<0.01, ***=p<0.001.
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Figure 4.2 Cortical bone loss in DKO femurs. Transverse micro-CT images of femurs
and quantitation of cortical bone volume/total volume (BV/TV) and cortical thickness for
10 month-old mice (female, n=6-7 mice/genotype). Data are representative of 2

individual experiments. Values are the mean + SEM compared to Het: **=p<0.01.
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Figure 4.3 Trabecular bone accrual and cortical bone loss in male DKO femurs.
Representative micro-CT images of trabecular and cortical bone in femurs, and
quantitation of trabecular bone surface, trabecular connectivity density, cortical bone
volume/total volume (BV/TV), and cortical thickness (10.5-11.5 month-old mice, male,
n=4-6 mice/genotype). Data are representative of 2 individual experiments. Values are

the mean £ SEM compared to Het: **=p<0.01.
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Figure 4.4 Osteoblast and osteoclast parameters in DKO mice. A and B) Static
histomorphometry, femurs, 10 months (female, n=4-5 mice/genotype). Abbreviations:
osteoblast surface (Ob. S), bone surface (BS), osteoid area (O. Ar.), bone area (B.Ar.),
and osteoclast surface (OC. S). C) Representative images from osteoblast colony forming
unit (CFU) assays, 2.5 month-old mice (male, n=5 mice/genotype). Colonies are stained
for alkaline phosphatase (pink). D and E) Serum bone turnover markers: Osteocalcin, C-

terminal peptides of type I collagen (CTX-1), and Trap5b. 10 month-old mice (female,
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n=6-12 mice/genotype). F) Number of Trap+ cells in osteoclast differentiation cultures.
2.5 month-old mice (male, n=3 mice/genotype). G) Percentage of hydroxyapatite area
resorbed by osteoclasts. 2.5 month-old mice (female and male, n=6-7 mice/genotype).
Data are representative of 2 individual experiments. Values are the mean + SEM

compared to Het; *=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 4.5 Ectopic bone forms in DKO spleens. A) Representative images and X-rays
of spleens from 10 month-old mice (female, n=6 mice/genotype). B) Islands of bone
removed from 10 month-old female DKO spleens. C-G) Representative images of
histologic stains performed on DKO spleen sections. 10 month-old mice (female, n=3
mice). C and D) H&E stained sections showing bone formation in white pulp
(Magnification 4x & 20x, respectively). Arrows identify osteoblasts lining the surface of
bone. E) TRAP stain, osteoclasts (arrows). F) Von Kossa/Fast Green stain shows

mineralized bone (black, arrow). G) Goldner’s trichrome stain demonstrates osteoid
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production (dark pink, arrows). H) Representative X-rays of organs, 22 month-old mice
(female, n=3 mice/genotype). 1) Heatmap: Nanostring mRNA profiling of key bone
remodeling genes, 10 month-old spleens (female, n=3 mice/genotype). Mean intensities
of gene expression were transformed by a log2 function. Table lists fold change in DKO
vs. Het gene expression and the corresponding p values. J) Representative H&E images
of bone in DKO spleen and tibia. Arrows indicate fibrous tissue representing early bone

matrix that may become mineralized.
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Figure 4.6 Loss of bone in vertebral bodies in DKO mice. Micro-CT images of
trabecular vertebral bone and quantitation of trabecular bone volume/total volume
(BVITV), trabecular bone surface, and trabecular connectivity density. Data are
representative of 2 individual experiments. Values are the mean £ SEM compared to Het;

*=p<0.05, **=p<0.01, ***=p<0.001.
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Figure 4.7 Transfection of DNA in osteoblasts induces p204, but inhibits
differentiation. Fold change in p204 and alkaline phosphatase gene expression in
calvarial osteoblasts stimulated with the DNA ligand poly(dA:dT), lipofectamine, or

medium control (cntrl).
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Figure 4.8 STING-dependent induction of factors regulating osteoblast
differentiation in DKO mice. Heatmap: Mean intensities of expression in gene arrays,
spleen, 10 month-old mice (n=3-4 mice/genotype). Signals were transformed by a log2
function. Table lists fold change in DKO vs. Het and STKO vs. Het gene expression and

the corresponding p values.
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Figure 4.9 Bone accrual in DKO mice requires the STING pathway. A) Sagittal and
transverse micro-CT images of femurs and quantitation of micro-CT data for trabecular
bone volume/total volume (BV/TV) and trabecular bone surface. The Het and DKO
values are the same as those shown in Figure 1D. 10 month-old mice (female, n=4-7
mice/genotype). Values are the mean + SEM compared to Het; *=p<0.05, **=p<0.01,
***=p<0.001. B) Representative images and X-rays of spleens. All analyses performed
on 10 month-old mice (female, n=4-6 mice/genotype). C) Heatmap: Mean intensities of
expression in gene arrays, spleen, 10 month-old mice (n=3-4 mice/genotype). Signals
were transformed by a log2 function. Table lists fold change in DKO vs. Het and STKO

vs. Het gene expression and the corresponding p values.
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Discussion

In this study we demonstrate a novel pathway regulating bone homeostasis and show
that accrual of undegraded DNA in cytosolic cellular compartments promotes the
activation of cytosolic nucleic acid sensors, leading to trabecular bone accrual in the long
bones and spleen. This occurs despite the presence of arthritis and osteoclast-mediated
articular bone erosion, and the production of pro-inflammatory cytokines that promote
bone loss. Bone formation results from an increase in osteoblast number and function and
the bone phenotype manifests late, beginning at approximately 5-6 months of age in long
bones, while bone formation in the spleen appears by 9-10 months. This late
manifestation is likely due to the requirement for accrual of DNA over time, as well as to
the time required for the enhancement of bone formation over bone resorption to
ultimately favor bone accrual.

One innate immune pathway that is essential for the manifestation of this bone
phenotype is the STING pathway as bone accrual in long bones and spleen is
significantly inhibited in the absence of STING. Macrophages in the bone marrow and
spleen in DKO mice have previously been shown to carry undigested DNA due to
engulfment of extruded erythroid nuclei released during the late stages of erythropoiesis,
and their inability to break down this DNA. In contrast, macrophages within joint
synovium fail to engulf apoptotic cells (202), and osteoclast-mediated bone loss occurs
locally within joints. This difference may be due to lack of expression by joint-based

macrophages of the required receptors for recognition of apoptotic cells, including Tim4
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(244). The failure to degrade DNA leads to entrance of DNA into cytosolic compartments
and activation of downstream pathways. STING regulates critical aspects of these
processes.

We have shown that other sensors are also activated by nucleic acids in this model,
including the DNA-sensing PYHIN protein AIM2 and the RNA-sensing endosomal
TLRs (61, 217, 228). DKO mice demonstrate a constellation of systemic autoimmune
symptoms including the early onset of splenomegaly and associated extramedullary
erythropoiesis. Extramedullary erythropoiesis is associated with markedly decreased
numbers of erythroid lineage Ter119" cells in the BM and increased numbers of Ter119*
cells in the spleen (61). It has been proposed that disrupted erythropoiesis is triggered by
the failure of DNase Il-deficient erythroid island macrophages in the BM to degrade the
reticulocyte nuclei extruded from erythrocyte precursors during late phase erythropoiesis
(98). Intriguingly, both splenomegaly and extramedullary erythropoiesis appear to be
TLR dependent, as they are absent in Unc93B1-deficient DKO mice (61), and persist in
STING-deficient TKO mice (217). Since bone accrual in DKO mice occurs at sites of
erythropoiesis, it is likely that Unc93B1-dependent TLR pathways also contribute to bone
formation in this model.

Affymetrix data from spleen samples demonstrated a major drive towards
osteogenesis and identified a number of osteogenic factors that are upregulated at this site
of extramedullary erythropoiesis. Among the most highly regulated of the osteogenic
factors in whole spleen were those genes in the transforming growth factor beta (TGF-p)

family. Although the role of TGF-§ signaling in bone is complex, TGF-$ isoforms and
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their receptors (including type I receptor (TGFBRI)) are known to expand the pool of
mesenchymal osteoblast progenitor cells and promote early differentiation and
commitment to the osteoblast lineage (158). Moreover, mice with tissue-specific removal
of TGFBRI show reduced trabecular bone in the long bones and decreased proliferation
and differentiation of osteoblasts (245). Additionally, the genes encoding the osteogenic
BMP-signaling transducer Smadl1 and the osteoblast-specific transcription factor Runx2
were upregulated in DKO mice compared to controls.

Bone formation in the long bones and spleen appears to occur by similar
mechanisms, given the gene expression profiles and histologic features at these sites.
However, bone formation in the spleen requires the presence of a population of
mesenchymal osteoblast precursor cells that are either recruited to splenic tissue, or are
resident within this site. One possible mesenchymal precursor with osteogenic potential is
the pericyte. Microvascular pericytes have long been known to serve as a reservoir for
multiple cellular lineages in joints, including osteoblasts (246). It has been shown that
vascular pericytes implanted into athymic mice reproducibly form cartilage and bone.
Furthermore, these cells can secrete components of bone matrix including bone
sialoprotein, which is associated with initiation of bone mineralization and assists in the
nucleation of hydroxyapatite (246). Bone forms in DKO spleens in a process similar to
what is seen in implanted vascular pericyte cultures. Pericytes may arise from a CD34-
expressing progenitor cell within vessel walls (247), and it is of interest that bone in the

spleen forms in regions of white pulp, areas rich in vasculature.
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These findings are likely related to the dysregulated bone remodeling occurring in
autoimmune disease, as well as to several human diseases in which abnormal bone
formation occurs in soft tissues. Heterotopic ossification (HO) is a debilitating condition
associated with formation of lamellar bone in extra-skeletal sites. Acquired HO occurs in
cases of soft tissue trauma including amputation, joint replacement surgery, and traumatic
brain and spinal cord injuries (185). The etiology and pathogenesis of acquired HO is
unknown and treatments aim to limit the associated inflammation. Hereditary HO is seen
in the rare genetic disorder fibrodysplasia ossificans progressiva (FOP). In the case of
FOP, gain-of-function mutations in the ACVR1 gene contribute to this disorder, leading
to enhanced BMP signaling (248). Despite the presence of ACVR1 mutations, FOP
patients exhibit variability in the severity and progression of their disease, and form bone
episodically, rather than continuously, following viral infections, immunizations, or
tissue trauma (184, 193, 249). These triggers often precede ectopic bone formation and
strongly implicate inflammatory innate immune pathways in the pathogenesis of HO. It is
likely that viral DNA or DNA released from trauma/damaged cells may overwhelm the
activity of DNase Il, triggering the activation of innate immune DNA sensors. Further
investigation into these mechanisms should provide novel pathways for the prevention
and treatment of bone remodeling in autoimmune disease and in heterotopic bone

formation.
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Chapter V

Discussion



121

There is increasing evidence for a role of TLR and cytosolic sensing of
endogenous DNA in autoinflammatory conditions (250). While these innate immune
PRRs were first recognized to detect microbial DNA and orchestrate inflammatory
responses to resolve infection, several sources of endogenous DNA have now been
shown to inappropriately trigger these sensors, leading to the development of multiple
examples of systemic inflammation (90, 97, 100, 251). The objective of this dissertation
is to examine the contribution of three separate DNA-sensing pathways, the STING,
AIM2, and endosomal TLR pathways, to the initiation and perpetuation of
autoinflammatory arthritis and bone remodeling.

Although RA is classically thought of as a disease driven by adaptive immunity,
macrophages, dendritic cells, and neutrophils are abundant in arthritic joints, suggesting
that innate immune pathways play central roles in the pathogenesis of this disease (252).
Interestingly, DNase Il deficiency was recently shown to result in DNA accrual in
macrophages and neutrophils and result in a phenotype that resembles RA (100). Erosive
inflammatory arthritis, autoantibody production, and splenomegaly are present in DNase
II/IFNaR deficient (DKO) mice, but not in the Het (DNase” IFNaR™) littermate
controls. In Chapter I, we examined the role of innate immune PRRs in driving the
autoimmune phenotype of DKO mice. To evaluate whether cytosolic or Unc93-
dependent endosomal DNA sensors contribute to the clinical manifestations of DKO
mice, genes involved in DNA sensor signaling were deleted on the DKO background.

Genetically altered mice include STING/DNase IlI/IFNaR TKO (STING TKO),
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AIM2/DNase 1l/IFNaR TKO (AIM TKO), and Unc93b/DNase Il/IFNaR TKO (Unc93
TKO) mice.

Thorough examination of inflammation in these mouse lines revealed important
roles for both the STING and AIM2 pathways in the pathogenesis of arthritis. Clinical
joint scoring, histologic evaluation, and cytokine analysis demonstrated a significant
attenuation of arthritis in STING TKO and AIM TKO mice compared to DKO mice;
however, joint inflammation persisted in Unc93 TKO mice. DKO mice not only develop
arthritis, but they also exhibit markedly enlarged spleens as a result of extramedullary
hematopoiesis. We and others have shown that splenomegaly is greatly reduced in Unc93
TKO and AIM TKO mice (61). Whereas, STING TKO mice still develop massively
enlarged spleens. We also demonstrate that DKO mice produce autoantibodies against an
extensive panel of autoantigens, including RNA and histones, as detected by autoantigen
arrays. Remarkably, autoantibody production was almost entirely dependent on
endosomal TLR nucleic acid sensing receptors, and not on the STING or AIM2
pathways. This evidence strongly suggests that the innate immune system plays a
prominent role in the pathophysiology of inflammatory arthritis. Moreover, these data
demonstrate that STING-dependent cytosolic sensors, AIM2, and endosomal TLRs
dependent on Unc93b play distinct roles in the manifestations of autoimmunity, as each
pathway contributes differently to arthritis, autoantibody production, and splenomegaly.

This study was the first to reveal a role for AIM2 as a sensor of endogenous
nucleic acids in the pathogenesis of joint inflammation. Upon detection of DNA, AIM2

forms a caspase-1 activating inflammasome that cleaves pro-IL1p and pro-IL18 into their
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active forms (84, 253). Although our study showed that AIM2 deficiency decreased joint
inflammation in DKO mice, we did not definitely determine whether this attenuation of
inflammation was due to decreased levels of IL-1p, IL-18 or both. Administration of IL-
1B and/or 1L-18 blocking antibodies in DKO mice would reveal whether one or both
cytokines contribute to the joint inflammation. Importantly, IL-1 blockade has already
been evaluated in patients with RA (254). Treatment with anakinra, a recombinant IL-1
receptor antagonist, is well tolerated and more effective than placebo; however, anti-TNF
and anti-IL6 therapies have proven to be superior in the treatment of RA (255, 256).
Today anakinra is typically used to treat autoinflammatory diseases including Still’s
disease and rare hereditary fever syndromes (257-259).

This study also demonstrates that the STING and Unc93b pathways contribute to
inflammatory arthritis and autoantibody production, respectively. However, we did not
identify the exact cytosolic sensors and endosomal TLRs that detect the nucleic acid in
DKO mice, leading to these phenotypes. A number of DNA sensors trigger the STING
pathway including cGAS, IF1204, DAI, and DDX41 (79-83). Recently, deletion of cGAS
in DNase 11" mice was shown to rescue the mice from embryonic lethality as well as
ameliorate the erosive polyarthritis (260). However, the contribution of other STING-
dependent cytosolic sensors to the autoimmune phenotype of DKO mice has yet to be
determined. The TLR(s) that detects the nucleic acid in DKO mice and leads to a robust
autoantibody response is also unknown. Unc93b is involved in the translocation of
TLR3/7/8/9 from the ER to endosomal compartments (261). Thus, any or all of these

endosomal TLRs may be contributing to the autoantibody production in this model.
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Our data strongly suggest that inhibition of STING and/or AIM2 pathways may
be beneficial for the treatment of inflammatory joint diseases. Importantly, certain DNA
sequences of TTAGGG repeats, known as suppressive oligodeoxynucleotides (ODN),
have been shown to abrogate activation of cytosolic and endosomal nucleic acid receptors
(262). These suppressive ODNs function as competitive inhibitors by binding DNA
sensors and competing with immune-stimulatory DNA. Additionally, suppressive ODNs
have been shown to bind AIM2 and prevent the recruitment of ASC and assembly of the
inflammasome (263). It is of interest to determine whether these ODNs would ameliorate
joint inflammation in DKO mice. Additionally, systemic administration of suppressive
ODN s in other murine models of arthritis would further determine whether this strategy
would be of therapeutic value in the treatment of RA.

Although suppressing the STING pathway may be a beneficial therapeutic
approach for the treatment inflammatory arthritis, this approach may also exacerbate
tumor growth (264). Recent studies have shown that CD8+ T cell priming against tumors
was defective in STING-deficient and IRF3-deficient mice (265). Importantly, tumor-
derived DNA was found to stimulate the STING pathway in dendritic cells and drive the
production of type I interferons, leading to subsequent T cell priming against tumor-
associated antigens. Moreover, in a glioma mouse model, tumors were shown to grow
more aggressively in STING-deficient mice, while administration of the STING agonist
c-di-CMP prolonged the survival of glioma-bearing mice (266). Furthermore, intra-tumor
injection of STING agonists have been shown to generate an anti-tumor T cell response

and induce profound regression of established tumors (267). Thus, a tenuous balance
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between the activation and inhibition of the STING pathway exists. If inappropriately
activated, the STING pathway can lead to autoinflammatory disease, and if continuously
inhibited this pathway may result in promoting tumor growth.

Chapter 111 of this dissertation delineates the contribution of hematopoietic and
non-hematopoietic cells to the various autoimmune manifestations in DKO mice. The
persistence of inflammation within arthritic joints likely results from a complex
interaction between leukocytes and stromal cells. Synovial hyperplasia is a hallmark of
RA, and synovial fibroblasts from RA patients have been shown to recruit and prolong
the survival of leukocytes (268). Although macrophages were identified as a key player
in the generation of arthritis in DKO mice, we questioned whether stromal cells also
contributed to the arthritic and autoimmune phenotypes. Therefore, we generated a series
of adoptive transfer experiments designed to clarify the role of radioresistant stromal cells
and bone marrow derived donor cells in sensing DNA and contributing to autoimmunity.

Bone marrow chimeras were made in which neither donor nor recipient cells
expressed IFNaR, and we found that the absence of DNase in both recipient and donor
cells is needed for inflammation in the joints, splenomegaly and extramedullary
hematopoiesis in the spleen, granulocytosis in the bone marrow and spleen, altered B cell
development, and autoantibody production. The relative contributions of radioresistant
stromal cells and sensitive hematopoietic cells to these phenotypes were previously
unknown. Through the use of Unc93 TKO bone marrow chimeras, we further showed
that endosomal TLR signaling in hematologic donor cells is required for splenomegaly,

ANA production, and bone marrow infiltration of inflammatory cells. Nevertheless,



126

DNase II"" stromal cells are absolutely required for the expression of these TLR-
dependent disorders. These studies add new insights into the cells responsible for DNA
sensor signaling during disease and suggest that both hematopoietic and stromal host
cells play significant roles in DNA-driven autoimmunity. Moreover, these results suggest
that therapeutics should target not only hematopoietic but also stromal elements in the
setting of inflammatory arthritis. The design of therapeutics that target stromal
compartments may address the unmet needs of RA patient populations.

Radioresistant stromal cells have previously been reported to initiate
inflammation in another model of DNA-driven autoimmunity. Stetson and colleagues
reported that in Trex1-deficient mice, endogenous retroelements accumulate and trigger
STING-dependent cytosolic sensors, resulting in autoimmune myocarditis (90, 216, 269).
By using a Trex1” IFN-reporter line, they also identified that autoimmunity initiates in
non-hematopoietic cells, specifically in cardiac endothelial cells (218). Trex1 deficiency
in stromal cells was sufficient to activate Wt T and B lymphocytes and trigger a systemic
response. In contrast, our data show that DKO mice require both stromal and
hematopoietic cells to drive joint inflammation. Another difference between these two
models is that the Trex1-deficient phenotype is dependent on type I IFNs; whereas, both
the STING-dependent and Unc93-dependent aspects of our DKO mice are type | IFN
independent due to the absence of a functional IFNaR. The chimera data presented in
Chapter 111 were thus created in a system where type | IFN signaling is absent. The
immune system can be significantly affected by IFNaR signaling and type | IFNs are

critical factors induced in response to DNA sensing (270, 271). Thus, it may be of
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interest to generate DKO->WT bone marrow chimeras. In this situation, the radioresistant
host cells can respond to the IFN produced by the DKO hematopoietic cells, and the
potential contribution of type I IFNs can be explored in this scenario.

The activated hematopoietic cell that contributes to inflammation in this model is
likely the macrophage since DNase Il is required for the degradation of DNA
phagocytosed by myeloid lineage cells (98, 100). However, the radioresistant cell(s) that
contributes to inflammation in DKO mice remains to be determined. Synovial fibroblasts
play a key role in the pathogenesis of RA. They are a source of pro-inflammatory
cytokines and promote the survival and retention of leukocytes in the inflamed joint
(101). Therefore, it is likely that synovial fibroblasts play a critical role in the initiation
and perpetuation of disease in our model. The generation of DKO->STING TKO and
STING TKO->DKO bone marrow chimeras would determine whether or not STING-
dependent cytosolic sensors detect DNA and initiate inflammation in radioresistant cells,
hematopoietic cells, or both. Although we assume that the radioresistant cell is a stromal
component, we cannot rule out a role for embryonally-derived macrophages. These are
radioresistant tissue resident macrophages that home to peripheral tissues during fetal
development, and could reside in synovial tissues (224).

Lastly, the research in chapter IV demonstrates a novel role for cytosolic DNA
sensing pathways in bone. Innate immune PRRs have largely been studied in
macrophages and dendritic cells in the context of inflammation (272); however, the
impact of these pathways on bone remodeling had not been previously evaluated. Using

the DNase II/IFNaR DKO model of inflammatory arthritis, we demonstrate that DNA
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accumulation in cytosolic compartments promotes the activation of STING-dependent
cytosolic sensors, leading to trabecular bone accrual in the long bones over time and
ectopic bone formation in the spleens. This occurs despite the production of pro-
inflammatory cytokines in this model, which would induce bone loss. CFU assays and
bone histomorphometry demonstrate a predominant role for osteoblasts in this phenotype.
Moreover, deficiency of the STING pathway significantly inhibits this bone
accumulation. These findings are the first to demonstrate that DNA accrual can promote
ectopic bone formation, a novel and likely significant finding. This work also reveals a
role for the STING pathway in bone and may unveil new targets for the treatment of bone
disorders.

The STING pathway is essential for the manifestation of the bone phenotype in
the long bones and spleen of DKO mice. Assuming that there is a DNA trigger, it would
be of interest to identify the relevant receptor that is leading to this bone accrual.
Cytosolic sensors that activate STING include cGAS, IFI16 (or its mouse orthologue
p204), DDX41, and DAI (79-83). Evaluating the bone phenotype of DKO mice
intercrossed to mice deficient in one of these receptors would therefore be of interest. Of
these receptors, p204 is the only DNA sensor that has been linked to bone. Interestingly,
apart from its role as a DNA sensor, p204 has also been shown to act as a transcriptional
coactivator for runt-related transcription factor 2 (Runx2), an essential transcription
factor for osteoblast differentiation (237, 238). Additionally, p204 has been shown to
release Runx2 from inhibitor of differentiation (Id) proteins (239). Specifically, p204

binds Id proteins and transports them from the nucleus to the cytosol. By removing Id
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proteins from the nucleus, p204 allows Runx2 to bind its target genes. Thus, p204 is a
likely sensor that may be leading to the bone accumulation in the DKO model. Given the
in vitro studies mentioned above, p204 may also play a role in normal bone homeostasis.
In this regard, it would be interesting to evaluate the bone phenotype in p204-deficient
mice. cGAS is another DNA sensor that may contribute to the DKO bone phenotype.
Inhibition of cGAS in DNase Il-deficient mice has been recently shown to prevent the
inflammatory arthritis associated with this model (260). Thus, cGAS detects DNA in
DKO mice, triggering inflammatory pathways and potentially bone formation. This work
suggests that innate immune pathways regulate bone remodeling in autoimmune settings
on the DKO background. These same pathways may also play a role in normal bone
homeostasis. It would thus be of interest to analyze the bone phenotypes in STING-
deficient, p204-deficient, and cGAS-deficient mice.

The bone phenotype in DKO mice manifests late, beginning at approximately 5-6
months in the long bones, and not appearing in the spleens until nearly 10 months. By 20
months of age, the marrow space in the long bones is almost completely replaced by bone
and large islands of bone have formed in nearly every area of the spleen. This late
manifestation is likely due to the requirement for accrual of DNA over time. With aging,
there are more stressed, damaged, and dying cells that release DNA, which then can be
displayed on the surface of apoptotic cells and subsequently endocytosed, triggering
PRRs (273). In addition, the replication of endogenous retroelements could provide a
source of DNA that accrues with aging (57, 216). Another source of endogenous DNA in

DKO mice is from extruded erythroid nuclei. During erythropoiesis, nuclei are expelled
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from late-stage erythroid precursor cells (98). These nuclei are then engulfed by
phagocytic cells, including macrophages and dendritic cells, and digested by DNase II. In
DKO mice, erythropoiesis occurs in both the bone marrow and spleen. In fact, the
splenomegaly in these mice is largely due to the expansion of Terl19" erythroid
precursor cells. Interestingly, macrophages in DKO mice in the bone marrow and spleen,
two sites of erythropoiesis and bone accrual, have previously been shown to carry
undigested DNA from engulfment of extruded erythroid nuclei or apoptotic bodies (202).
However, macrophages in the joint synovium did not carry the apoptotic cells and
osteoclast-mediated bone loss occurs locally within joints. This difference may be due to
lack of expression by joint-based macrophages of the required receptors for recognition
of apoptotic cells, including Tim4 (244). Thus, aberrant bone formation may occur
specifically in the long bones and spleen due to the accrual of DNA over time at sites of
erythropoiesis.

The ectopic bone formation in the spleen of DKO mice requires the presence of
mesenchymal osteoblast precursor cells that either reside in splenic tissue or are recruited
to this site. The local production of osteogenic factors in DKO spleens likely induces the
differentiation of the mesenchymal precursors into osteoblasts. One possible
mesenchymal precursor within the spleen is the pericyte. Pericytes wrap around
endothelial cells of capillaries and have impressive progenitor cell-like features. It has
been shown that pericytes are capable of giving rise to multiple cellular lineages
including osteoblasts (246). Furthermore, these cells can secrete components of bone

matrix including bone sialoprotein, osteocalcin, osteonectin, and osteopontin, all of which
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are highly upregulated in the spleens of DKO mice compared to controls. Since pericytes
may be isolated from tissue using CD146" CD34" CD45 CD56™ markers (274), it may be
of interest to isolate and culture pericytes in supernants from DKO spleens to determine
whether these cells are driven toward the osteoblast lineage. In any case, future studies
investigating the mesenchymal precursor cell in DKO spleens are warranted.

Our study suggests that DNA accrual drives bone formation through STING-
dependent cytosolic sensors. It would be valuable to evaluate other models of DNA
accrual or models of STING activation for similar bone phenotypes. The Trex1-deficient
mouse is a model of DNA accrual induced by deficiency of the cytosolic endonuclease
DNase Il (i.e. Trex1). In this mouse, DNA activates cGAS and the STING pathway
leading to robust type I IFN production and inflammatory myocarditis (90, 260, 269).
The bone phenotype of these mice has yet to be evaluated. Since Trex1-deficient mice
exhibit reduced postnatal survival, it may be difficult to identify a bone phenotype, if the
phenotype manifests late as it does in DKO mice, since Trex1-deficient mice rarely
survive past 4 months of age. Recently, gain-of-function mutations in Tmem173, the gene
encoding STING, were shown to cause the dimerization and constitutive activation of
STING, leading to vasculopathy and pulmonary inflammation in a syndrome now called
SAVI (97). Since activation of the STING pathway in DKO mice leads to bone accrual, it
may be worthwhile to examine the bones of SAVI patients by micro-CT scanning. It is
likely, however, that patients with SAVI are being treated with prednisone or other anti-
inflammatory therapies that may affect bone remodeling in these subjects. A major

difference between the DKO model of autoimmunity and the SAVI and Trex1-/-



132

syndromes is the dependency on type | IFN signaling. The DKO mice used in our studies,
and their Het controls, both lack type I IFN signaling due to the absence of IFNaR. Type
1 IFNs, which signal through the IFNaR, inhibit osteoclastogenesis by reducing the
expression of c-Fos, a transcription factor involved in the formation of osteoclasts (232).
Accordingly, IFNaR-deficient mice show enhanced osteoclastogenesis and reduced
trabeculae in the long bones (with no significant differences in osteoblast activity or
number). Thus, the bone phenotype in other models of DNA accrual, in which type I IFN
signaling is intact, may differ from the phenotype seen in DKO mice.

The bone phenotype in DKO mice is likely related to human diseases in which
abnormal bone formation occurs in soft tissues. Heterotopic ossification (HO) is a
debilitating condition associated with formation of lamellar bone in extra-skeletal sites.
Acquired HO occurs in cases of soft tissue trauma including amputation, joint
replacement surgery, and traumatic brain and spinal cord injuries (185). The etiology and
pathogenesis of acquired HO is unknown and treatments aim to limit the associated
inflammation. Hereditary HO is seen in the rare genetic disorder fibrodysplasia ossificans
progressiva (FOP). In the case of FOP, gain-of-function mutations in the ACVRL1 gene
contribute to this disorder, leading to enhanced BMP signaling (248). Despite the
presence of ACVR1 mutations, FOP patients exhibit variability in the severity and
progression of their disease, and form bone episodically, rather than continuously,
following viral infections, immunizations, or tissue trauma (184, 193, 249). These
triggers often precede ectopic bone formation and strongly implicate a role for

inflammatory innate immune pathways in the pathogenesis of HO. Our data suggest that
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it is likely that viral DNA or DNA released from trauma/damaged cells may overwhelm
the activity of DNase I, triggering the activation of innate immune DNA sensors. In this
context, the activation of these receptors may lead to the release of mediators that induce
the differentiation of mesenchymal precursors to bone-forming osteoblasts. It would be of
interest to analyze models of HO for activation of the STING pathway. If this pathway is
indeed activated, the administration of suppressive oligonucleotides, that block cytosolic
sensor signaling, should alleviate inflammation and inhibit the formation of new
heterotopic lesions. Further investigation into these mechanisms may provide novel
pathways for the prevention and treatment of bone remodeling in autoimmune disease
and in heterotopic bone formation.

In conclusion, this dissertation demonstrates that the inappropriate activation of
cytosolic and endosomal receptors by endogenous DNA contributes to a wide variety of
autoimmune manifestations and dysregulated bone remodeling (Figure 5). Our findings
reveal an important role for the STING and AIM2 pathways in arthritis and for
endosomal TLRs in autoantibody production. Furthermore, these data establish that both
stromal and hematopoietic cells are required for all aspects of DNA-driven
autoimmunity. Lastly, our data reveal a role for the STING pathway in bone and
demonstrate that DNA accrual promotes ectopic bone formation through cytosolic DNA
sensors, a novel and likely significant finding. The discovery of new pathways relevant to
inflammatory arthritis and bone disorders will provide critical insights that may expand

the potential targets available for the treatment of these diseases.
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Figure 5. Cytosolic and endosomal DNA-sensing pathways differentially regulate
inflammatory arthritis, ANA production, and aberrant bone remodeling in DKO
mice. Endogenous DNA is detected by a number of sensors that signal through the
adaptor STING including cGAS, leading to the production of type 1 IFNs and pro-
inflammatory cytokines. Alternatively, DNA detection by AIM2 leads to the formation of
a caspase-1 activating inflammasome that cleaves pro-IL-1p and pro-IL-18 into their
active forms. Another pathway for DNA detection is through endosomal TLRs, including

TLR7 and 9, which traffic from the endoplasmic reticulum (ER) to endosomes via
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Unc93b. In the DKO model of DNA accrual, activation of the STING and AIM2
pathways leads to the production of pro-inflammatory cytokines and an erosive
inflammatory arthritis. Alternatively, DNA detection by endosomal TLRs results in
production of anti-nuclear antibodies. The STING pathway also leads to the production
of osteoblast differentiation factors that promote bone accrual in the long bones and

ectopic bone formation in spleens.
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APPENDIX

AIM2 and STING pathways differentially regulate bone homeostasis
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Introduction

Innate immune PRRs are known to sense nucleic acid from microbial organisms
and trigger the production of type 1 IFNs and pro-inflammatory cytokines IL-1, IL-6, and
TNF to resolve infection. Various cytosolic DNA receptors signal through an ER-
associated protein, STING. Cytosolic sensors that activate STING include IF116/p204,
CGAS, and DDX41 (79, 81-83). Also relevant are STING-independent cytosolic sensors
such as AIM2. Upon detection of DNA, AIM2 orchestrates the assembly of an
inflammasome complex, resulting in the cleavage of pro-1L-1p and pro-1L-18 (84, 253).
Inappropriate activation of cytosolic DNA sensor pathways by endogenous DNA has
recently been associated with autoimmune disease (57, 97). Possible endogenous sources
of nucleic acid include DNA from stressed, damaged or dying cells, DNA derived from
the replication of endogenous retroelements, mitochondrial DNA, and oxidized DNA that
is resistant to degradation by cellular DNases (275). Importantly, these sources of
endogenous DNA are known to accrue with aging. Despite the emerging importance of
cytosolic DNA sensor pathways in autoimmunity, little is known about their role in cell
types other than macrophages and dendritic cells. Data from our laboratory was the first
to demonstrate an important role for STING-dependent cytosolic sensor pathways in
bone in the context of autoimmunity. We now show that the STING and AIM2 pathways
differentially regulate bone under normal homeostatic conditions.

The first indication of a role for cytosolic DNA sensors in bone came from our
observations in DNase IlI/IFNaR DKO mice. In this model, DNase Il deficiency results in

endogenous DNA accrual that activates cytosolic DNA sensors, resulting in the
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continuous production of type 1 IFNs and pro-inflammatory cytokines. Because
production of type 1 IFNs in these mice leads to anemia-driven embryonic lethality, the
gene for the type I interferon receptor (IFNaR) was deleted in this model. DKO mice
develop a distal and erosive polyarthritis, resulting from constant production of pro-
inflammatory cytokines. We anticipated that these arthritic mice would lose bone
systemically since osteopenia/osteoporosis typically accompanies inflammatory arthritis.
Surprisingly, we found a striking accrual of bone in the long bones of DKO mice with
aging. Trabecular bone accrual was first identified around 5-6 months and by 16 months
of age the bone accrual almost completely replaced the marrow space. Interestingly, by
10 months of age, we identified ectopic bone in DKO spleens that continued to accrue by
24 months. Moreover, STING-deficiency abrogated the bone accrual in DKO mice. This
study was the first to reveal a role for STING in bone remodeling and to demonstrate that
endogenous DNA accrual promotes bone formation over time. Based on this work, we
questioned whether innate immune pathways regulate bone remodeling not only in
autoimmune settings, but also during normal bone homeostasis. We now demonstrate that

the STING and AIM2 pathways are involved in the homeostatic regulation of bone.
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Materials and Methods

Micro—-computed Tomography (micro-CT): Femurs were fixed in 4%
paraformaldehyde for 48 hours, transferred to 70% ethanol, then imaged at the
Musculoskeletal Imaging Core at UMMS using a Scanco Medical uCT 40 at 70kVp and
114pA with resolutions of 10um. Analyses include trabecular bone within the entire
femur from the proximal to distal growth plates and a 0.5 mm section in the central
diaphysis of cortical bone. The segmentation parameters include the values: 0.8 Gauss
sigma, 1.0 Gauss support, and a threshold of 220-1000 Hounsfield units (density range of

>600mg of HA/cm?®).

Osteoclast Differentiation and Resorption Assays: For osteoclast assays, cell culture
experiments were performed in o-MEM containing 10% FBS, 100U penicillin and
100pg/ml streptomycin. Cells were flushed from the bone marrow and differentiated in
40ng/ml of M-CSF (R&D) for 4 days. For osteoclast differentiation, osteoclast precursors
were seeded at a density of 6,000 cells/well on 96-well plates and differentiated in
medium containing 20ng/ml of M-CSF and 10ng/ml of RANKL (R&D) for 5 days. Half
of the medium was replaced with fresh medium/cytokines on day 3. On day 5 of
differentiation, the cells were fixed and stained for TRAP5 using a leukocyte acid
phosphatase kit (Sigma). TRAP-stained osteoclasts with 3-10 nuclei were counted. For
osteoclast resorption, osteoclast precursors were seeded at a density of 15,000 cells/well

on 24-well hydroxyapatite-coated Osteo Assay plates (Corning) and differentiated in a-



140

MEM containing 40ng/ml of M-CSF and 20ng/ml of RANKL (R&D) for 10 days. Half
of the medium was replaced with fresh medium/cytokines every two days. Cells were
then removed with 10% bleach and wells were rinsed in water and air-dried overnight.
The wells were scanned on a flatbed scanner (Microtek 9800 XL) and the percentage of

resorbed area was analyzed using NIH ImageJ software.

Statistical analysis: Statistical significance was analyzed with the unpaired, two-tailed
Student’s t test. Data are presented as the mean + SEM. Statistical significance is
represented by the following notation in the figures: p<0.05=* p<0.01=**, and

P<0.001=***,
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Results

To investigate the individual roles of STING and AIM2 in bone homeostasis, we
analyzed the femurs in STING-/- and AIM2-/- mice by micro-CT scanning. We found
that female STING-/- mice show osteopenia at 6 months of age compared with matched
controls (Figure A.1). This is of considerable significance, as no other phenotype has
been identified in STING-/- mice, apart from an abnormal response to viral challenge and
treatment with dsDNA. In contrast, femurs from female AIM2-/- mice at 6 months of age
demonstrate significant bone accrual (Figure A.2A). Quantitation of micro-CT
parameters confirms this phenotype, showing a significant increase in trabecular bone
volumef/total volume (BV/TV), trabecular surface, and cortical thickness in AIM2-/- mice
compared to controls (Figure A.2B).

Interestingly, this bone phenotype appears earlier in female mice compared to
male mice. Femurs from male AIM2-/- mice at 6 months of age show no difference in
trabecular or cortical parameters compared to controls (Figure A.2C&D). However, over
time by 13.5 months of age, the male AIM2-/- mice demonstrate increased trabecular and
cortical bone compared to Wt controls (Figure A.2E&F). Thus, the bone phenotype is
more dramatic in female mice and becomes more apparent with aging. Our preliminary
data suggest that the bone phenotype in AIM2-/- mice is due to decreased osteoclast
resorption, as shown by a significant difference in resorption on hydroxyapatite-coated
plates between AIM2-/- and Wt osteoclasts (Figure A.3A). No difference in osteoclast

differentiation was detected in AIM2-/- and Wt mice (Figure A.3B).
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Figure A.1l. STING-deficiency leads to trabecular bone loss. Micro-CT images of

trabecular bone in femurs from female mice at 6 months of age (n=2 mice/genotype).
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Figure A.2. AIM2-deficiency promotes trabecular and cortical bone accrual with
aging. Micro-CT images of trabecular bone in femurs and quantitation of micro-CT data
for trabecular bone volume per total volume (BV/TV), trabecular bone surface, and
cortical thickness from A&B) 6 month-old female mice (n=6 mice/genotype), C&D) 6
month-old male mice (n=6-7 mice/genotype), and E&F) 13.5 month-old male mice (n=4-
8 mice/genotype). Values are the mean £ SEM compared to Wt: *=p<0.05, **=p<0.01,

*#%=p<0,001.
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Figure A.3. Decreased osteoclast resorption in AIlM2-deficient mice. A)
Representative image of resorption well (hydroxyapatite in white) and percentage of
hydroxyapatite area resorbed by osteoclasts. B) Representative image of multinucleated
osteoclasts and number of differentiated Trap+ osteoclasts. 2 month-old female mice

(n=2 mice/genotype).
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Discussion

These results demonstrate that the STING and AIM2 pathways differentially
modulate bone remodeling under homeostatic conditions. This data supports our previous
research in which we show that loss of the STING pathway abrogates bone accrual in a
model of DNA-driven autoimmune disease. While our preliminary data demonstrate that
STING and AIM2 clearly have opposite effects on bone, the cell types and mechanisms
involved are unknown. Under homeostatic conditions, it is likely that endogenous DNA
accumulates with time and activates innate immune cytosolic receptors. This concept
could be highly relevant to bone loss in aging, where DNA from apoptotic cells, oxidized
DNA that is resistant to nucleases, and endogenous retroelements accumulate over time
(275). It would thus be important to evaluate the bone phenotype of STING-/- mice,
AIM2-/- mice, and their littermate controls at 2 months, 6 months, 8 months, and 13
months of age to confirm whether the bone phenotype becomes more prominent with
time. It would also be valuable to identify whether apoptotic cells and/or retroelements
increase over time in these mice.

Our preliminary data in AIM2-/- mice suggest that the bone phenotype is a
reflection of decreased osteoclast resorption. Since STING and AIM2 seem to have
differential effects on bone, it is likely that STING-deficiency results in increased
osteoclast function. Further studies are needed to determine if osteoclast resorption is
indeed affected in these mice and whether osteoblast function is at all disrupted. If the
osteoclast is the key cell type involved, it would be important to determine whether

cytosolic sensors are expressed in osteoclasts and whether endogenous DNA accrues over
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time in these cell types. It is likely that cytosolic sensors are expressed in osteoclasts
since these pathways have been extensively studied in their monocyte/macrophage
precursors (78).

Since IL-1pB is a pro-osteoclastogenic cytokine (132), activation of AIM2 may
promote bone resorption through inflammasome-mediated IL-1p production, whereas
AIM2 deficiency would limit bone resorption. To demonstrate an inflammasome-
dependent role for AIM2, it would be important to perform osteoclast differentiation and
functional assays in the presence or absence of an IL-1p blocking antibody. Caspase-1-/-
cells can be used as controls, which will abrogate inflammasome function. These studies
form a rationale for the generation of AIM2/IL-1 double knockout mice to study the
impact of AIM2 on bone homeostasis via IL-1p. To further determine whether osteoclasts
are the cells responsible for this bone phenotype, it may be valuable to generate mice in
which AIM2 is deleted solely in osteoclasts, using a Cre-Cathepsin K promoter.

Osteoclast precursors derived from STING-/- mice will likely be more active in
resorption, and this difference may be augmented upon exposure of the osteoclast
precursors to DNA ligands/apoptotic DNA. The STING pathway is known to be a potent
producer of type 1 IFNs. Loss of type 1 IFN, a negative regulator of osteoclastogenesis,
could explain the osteopenic phenotype in STING-/- mice (232). Generation of
STING/IFNaR and/or STING/IRF3 double knockout mice would be valuable for
studying the impact of STING on bone homeostasis via type 1 IFNs. It will also be
important to evaluate the bone phenotype of cGAS-/- and p204-/- mice, as these cytosolic

receptors may be responsible for sensing the endogenous DNA upstream of STING.
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For all animal models suggested, micro-CT scanning of aging mice should be
performed, followed by static histomorphometry analyses for osteoclast and osteoblast
numbers, and analysis of bone turnover markers including Trap5b (osteoclast number),
CTX-1 (osteoclast function), and osteocalcin (osteoblast function). It is possible that the
phenotypes seen in STING-/- and AIM2-/- mice result from changes in osteoblast
differentiation or function. To explore this possibility, calvarial osteoblasts can be
isolated from STING-/-, AIM2-/-, and control mice and cultured in osteogenic medium
containing ascorbic acid and B-glycerophosphate for 28 days. Changes in osteoblast
differentiation can be monitored by protein and mRNA expression for alkaline
phosphatase and von Kossa.

Conceptually, this preliminary data explores the novel hypothesis that cytosolic
DNA sensing pathways play a role in the homeostatic regulation of bone. We hypothesize
that the AIM2 and STING pathways are activated during aging as a result of
accumulation of endogenous DNA in cells. We further hypothesize that these pathways
differentially regulate osteoclast function. These studies explore an entirely new link
between the immune system and bone, and may reveal new anabolic pathways to build

bone and novel targets for the treatment of bone loss in aging.
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