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Stimulator of interferon genes (STING) is a key mediator of type-I interferon (IFN-I)
signaling in response to a variety of stimuli, but the contribution of STING to
homeostatic processes is not fully characterized. Previous studies showed that ligand
activation of STING limits osteoclast differentiation in vitro through the induction of
IFN( and IFN-I interferon-stimulated genes (ISGs). In a disease model (SAVI) driven
by the V154M gain-of-function mutation in STING, fewer osteoclasts form from
SAVI precursors in response to receptor activator of NF-kappaB ligand (RANKL) in
an IFN-I-dependent manner. Due to the described role of STING-mediated regu-
lation of osteoclastogenesis in activation settings, we sought to determine whether
basal STING signaling contributes to bone homeostasis, an unexplored area. Using
whole-body and myeloid-specific deficiency, we show that STING signaling prevents
trabecular bone loss in mice over time and that myeloid-restricted STING activity
is sufficient for this effect. STING-deficient osteoclast precursors differentiate with
greater efficiency than wild types. RNA sequencing of wild-type and STING-deficient
osteoclast precursor cells and differentiating osteoclasts reveals unique clusters of
ISGs including a previously undescribed ISG set expressed in RANKL naive pre-
cursors (tonic expression) and down-regulated during differentiation. We identify
a 50 gene tonic ISG signature that is STING dependent and shapes osteoclast dif-
ferentiation. From this list, we identify interferon-stimulated gene 15 (ISG15) as
a tonic STING-regulated ISG that limits osteoclast formation. Thus, STING is an
important upstream regulator of tonic IFN-I signatures shaping the commitment to
osteoclast fates, providing evidence for a nuanced and unique role for this pathway
in bone homeostasis.

interferon | osteoimmunology | bone homeostasis | STING

Bone volume is strictly regulated via homeostatic mechanisms that maintain bone strength,
integrity, and systemic availability of calcium (1). Myeloid-derived, bone-resorbing oste-
oclasts and mesenchymal-derived, bone-forming osteoblasts allow for the maintenance of
bone volume (1). Excess activity of osteoclasts leads to pathologic bone loss, as seen in
postmenopausal osteoporosis, autoimmune arthritis, and periodontitis (1). This under-
scores the necessity for regulating the bone-eroding activity of osteoclasts to maintain
bone homeostasis. Osteoclastogenesis leads to terminal differentiation of osteoclast pre-
cursors into mature, multinucleated, bone-resorbing osteoclasts upon exposure to the
cytokine receptor activator of NF-kappaB ligand (RANKL), signaling through its receptor
RANK. In vitro, osteoclastogenesis is recapitulated by exposure of M-CSF-expanded oste-
oclast precursors (RANKL naive) to RANKL, resulting in multinuclear cell formation
over a period of several days (2, 3). RANKL-stimulated cells proceed through well-defined
stages, including the acquisition of osteoclast-specific genes and upregulation of requisite
surface markers to achieve the fusogenic state, followed by cell—cell fusion (4). These stages
provide multiple opportunities for regulating osteoclastogenesis, with many positive reg-
ulators described for each stage. However, few negative regulators of osteoclastogenesis
have been elucidated. Of the key negative regulators identified for osteoclastogenesis, the
type I interferon (IFN-I) cytokine family is foremost.

The IFN-I family of cytokines is a pleiotropic, complex family regulating the cell-intrinsic
immune response and is comprised of IFNf and 14 IFNa family members (5). Two main
findings have shaped our understanding of IFN-I in osteoclastogenesis: the increased capac-
ity of IFNo/f receptor (IFNAR1)-deficient cells to form mature osteoclasts from osteoclast
precursors and the concomitant decrease in bone volume in IFNARI-deficient mice (6).
Indeed, murine models deficient in other elements of IFN signaling phenocopy the accel-
erated bone loss of the IFNAR1 and IFN-deficient mice (7). The mechanistic basis for how
IFN-Is regulate osteoclastogenesis in turn derives from experiments in which IFNp was
noted to be induced acutely after initiation of osteoclastogenesis by RANKL (6). These
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experiments have led to an understanding that IFN-I induction
negatively regulates the process of RANKL-dependent osteoclas-
togenesis. However, IFNp was found to be transiently induced
very early (hours) after RANKL stimulation, whereas negative
regulators are typically engaged much later in a cellular process, as
is exemplified by the lag in autoregulation of NF-«B (8). Thus, we
have explored additional IFN-I-dependent mechanisms that might
also restrain osteoclastogenesis in vivo.

In homeostasis, IFN-I signaling is characterized by two main
arms: 1) a “tonic” (also referred to as resting, “constitutive” or
basal) arm, which serves to set baseline thresholds of critical
immune response genes and 2) the better characterized, “induci-
ble” arm, which is rapidly up-regulated in response to pathogenic
insults (9). While the importance of inducible IFN-I is implicit
in its well-described role in response to microbial infections, the
requirement of constitutive IFN-I for immune homeostasis has
proven harder to define (9). IFN-I signaling, through its receptor
IFNAR, has a broad impact on key immune pathways through
the greater than 700 downstream interferon-stimulated genes
(ISGs) (10, 11). A thorough characterization of the transcriptional
landscape as it pertains to both tonic and inducible ISGs was
recently accomplished using IFNAR-deficient mice (11). Herein,
inducible ISGs were defined as those whose expression was stim-
ulated by IFNa, whereas tonic ISGs were defined as those that
were decreased in otherwise unstimulated cells from IFNARI1-
deficient mice (11). IFN-I-dependent suppression of osteoclast
differentiation has been known for two decades, yet the mecha-
nistic understanding of this signaling pathway, the expression of
the tonic and inducible ISG groups, and the upstream factors
shaping IFN-I signals in bone homeostasis have not emerged in
the interim.

The stimulator of interferon genes (STING) pathway is one of
the many pathways that induces IFN production, and STING
is increasingly implicated as playing a pivotal role during infection
and homeostasis (12—14). Aberrant STING activity has been tied
to cancer, autoimmune and autoinflammatory diseases, including
the disease STING-Associated Vasculopathy with onset in Infancy
(SAVI), in which gain-of-function mutations in STING result in
chronic inflammation, vasculopathy, and skin and pulmonary
disease (14-17). STING-dependent innate immune responses
have been best characterized in myeloid cells, which share a pro-
genitor with osteoclast precursors (18). A role for STING in oste-
oclastogenesis has been suggested, but in the context of overt
STING activation by one of its natural ligands, microbial derived
cyclic dinucleotides (CDNs), or in the setting of ectopic overex-
pression of STING (19, 20). Not surprisingly, ligand-dependent
STING activation is associated with induction of IFNp and inhi-
bition of osteoclastogenesis (19, 20) and mimics the treatment of
osteoclast precursors with IFN-I. However, these previous studies
linking STING activity and inhibition of osteoclastogenesis did
not examine the role of endogenous STING in bone in vivo, nor
did they investigate whether STING is routinely engaged in reg-
ulating osteoclastogenesis or the relationship of STING to IFN-I
signaling in shaping osteoclast precursor fate.

Here, we tackle these outstanding questions and reveal the pres-
ence of tonic ISG expression in osteoclast precursors. In addition,
we demonstrate a complex modulation of ISG expression by
RANKL-RANK signaling in differentiating osteoclasts, clarifying
the unique relationship of IFN-I with osteoclastogenesis. We iden-
tify STING as an immunomodulatory node regulating a unique
and discrete tonic IFN-I signature in osteoclast precursors. Moreover,
we identify ISG15 as a STING-dependent ISG that limits osteoclast
formation. Our data suggest that STING signaling is a driver of
intrinsic IFN-I signatures limiting osteoclast formation and that
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these osteoclast-intrinsic roles for STING signaling are critical in
the homeostatic maintenance of bone in vivo. STING-deficient
mice are shown to lose trabecular bone over time while, using con-
ditional targeting, we demonstrate that myeloid-restricted STING
signaling is sufficient to constrain osteoclastogenic potential and
protect against bone loss in the setting of ovariectomy. Collectively,
our data reveal STING as a previously unrecognized immunological
“brake” on osteoclastogenesis in bone homeostasis and uncover
unexplored avenues for therapeutic inquiry.

Results

Chronic Activation of STING Limits Osteoclast Differentiation
through IFN-I Signaling. An understanding of how chronic
activation of the STING pathway impacts osteoclast differentiation,
in a clinically relevant setting, is absent. We turned to a murine
model of chronic STING activation that results in disease (SAVI)
to test its role in modulating osteoclast differentiation and function.
Mice harboring the gain-of-function SAVI point mutation V154M
(V155M in humans) recapitulate many aspects of the clinical features
of SAVI and express an increased ISG profile (15). Osteoclast
precursor cells from SAVI and WT mice were differentiated to
mature osteoclasts in vitro. Fewer tartrate-resistant acid phosphatase-
positive (TRAP)" multinucleated cells (MNCs) formed from SAVI
osteoclast precursors in vitro compared to controls (WT) (Fig. 14).
TRAP* MNCs were quantified on day 4 after RANKL stimulation,
revealing a statistically significant reduction in MNC formation in
cells derived from SAVI bone marrow (Fig. 1B). Importanty, we
find no difference in morphology or cell density in RANKL-naive
samples (d4 M-CSF only, SI Appendix, Fig. S1A4) from SAVI or WT
mice. SAVI cells exhibited a significant reduction in the expression of
mRNA for several key markers of osteoclast differentiation, including
cathepsin K (CTSK), calcitonin receptor (CalcR), and dendrocyte
expressed seven transmembrane protein (DCSTAMP) (Fig. 1C).

A key outcome of STING activation in both chronic and acute
settings is the mobilization of IFN-I signaling. SAVI osteoclast
precursors produced increased CCL5 and CXCL10 in response
to RANKL compared to WT-derived cells (S7 Appendix, Fig. S1B),
consistent with previous reports on ISG expression in SAVI mice
(15). These increases were partially and significantly reduced by
blocking IFNAR, as detected by reduced CCL5 and CXCLI10
secretion at day 2 following RANKL stimulation. To evaluate
whether STING-dependent IFN-I signaling is the principal mech-
anism for the inhibition of osteoclast differentiation in SAVI cells,
an IFNARI1-blocking antibody or isotype control antibody was
added to WT or SAVI osteoclast precursor cells in culture con-
current with RANKL stimulation. Addition of the anti-IFNAR1
antibody significantly increased the number of MNCs that formed
from SAVI precursor cells compared to SAVI cells treated with
isotype control antibody (Fig. 1D). To more thoroughly test the
role of IFN-I in the inhibition of osteoclastogenesis in SAVI cells,
osteoclast formation from littermate IFNAR KO and SAVI/
IFNAR KO cells was tested. MNC formation was found to be no
different in cells from the two genotypes, strengthening the link
between STING activation and IFN-I in limiting osteoclastogen-
esis (Fig. 1E). These data extend prior studies in acute
ligand-dependent activation of STING and demonstrate that
chronic STING activity also inhibits osteoclast differentiation
directly through the action of cell-intrinsic IFN-I.

STING Deficiency Accelerates Bone Loss over Time. Prior studies
(19, 20) and the above data predict that STING activation may
restrain osteoclast formation and serve as a key bone-protective
mechanism in settings of inflammation and infection. However,
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Osteoclast precursors derived from SAVI mice exhibit reduced osteoclast formation in vitro, which is reversible with IFNAR1 blockade. (A) Representative

stitched 10x images of tartrate-resistant acid phosphatase (TRAP)-stained cultures show fewer TRAP* multinucleated cells (MNCs) in RANKL-stimulated SAVI
osteoclast precursors compared to littermate WT precursors at day 5. (B) Quantification of MNCs at day 4 of RANKL stimulation shows fewer MNCs from SAVI
mice (hatched bars) compared to littermate WT (clear bars). Representative images of TRAP-stained cultures are shown (20x; n =5 WT and n = 8 SAVI). (C) gPCR
of osteoclast differentiation genes in WT and SAVI cells at day 4 of RANKL stimulation shows that SAVI cells express less MRNA for key marker genes of osteoclast
differentiation (CTSK, CalcR, and DCSTAMP) compared to WT (n = 6 WT and n = 8 SAVI). (D) Treatment of SAVI osteoclast precursors with anti-IFNAR1 antibody
(IFNAR1 ab) significantly increases the number of MNCs formed compared to SAVI osteoclast precursors treated with isotype control at day 4 of RANKL treatment.
SAVI cells form a similar number of MNCs in the setting of IFNAR1 blockade compared to WT cells treated with the isotype control (n = 6 to 7 per genotype).
(E) Quantification of MNCs at day 4 post RANKL treatment shows no significant difference in the number of MNCs formed from SAVI/IFNAR KO mice (hatched

bars) compared to IFNAR KO mice (clear gray bars). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

these studies do not address whether STING signaling plays a
role in bone homeostasis in the absence of pathogenic stimuli.
To determine a role for STING in bone homeostasis, bone
parameters were assessed in STING-deficient aging mice. At
6 mo of age, male STING-deficient mice showed an increase
in TRAP-expressing osteoclasts (Fig. 2 A and B) compared to
controls (WT). The osteoclast surface per bone surface (Oc.S/BS)
and number of osteoclasts per trabecular bone perimeter (Oc.N/B.
Pm) significantly increased in STING-deficient mice compared
to WT (Fig. 2B). Serum C-terminal telopeptide (CTX), a marker
of osteoclast activity, increased in the 6-mo-old STING-deficient
males compared to WT males (Fig. 2C). Trabecular bone analysis by
microcomputed tomography (microCT) revealed a trend toward a
reduction in trabecular bone volume/total bone volume (BV/TV) at
6 mo and 13 mo of age in STING-deficient males compared to WT
controls (SI Appendix, Fig. S2 A and B). The trabecular network
in the 13-mo-old STING-deficient mice exhibited a reduction in
trabecular thickness (Tb.Th) (87 Appendix, Fig. S2B). By 15 mo
of age, STING-deficient males exhibited a statistically significant

PNAS 2023 Vol.120 No.15 2210409120

decrease in trabecular BV/TV (Fig. 2 D and E), and a trabecular
network characterized by increased trabecular spacing (Tb.Sp) and
reduced trabecular number (Tb.N) (Fig. 2 D and E). 15-mo-old
STING-deficient male mice also exhibited reduced trabecular
bone volume (Tb.V) compared to WT, with no significant change
in trabecular thickness (Tb.Th) (S Appendix, Fig. S2C). This
trabecular phenotype is evident in male STING-deficient mice
but not in female STING-deficient mice (S Appendix, Fig. S2D),
suggesting that sexual dimorphism may shape the phenotypes
of STING-deficient male and female mice. Hormonal changes
influence a rapid bone loss in female mice starting at 6 mo of age
and the subsequent loss of bone in female mice over time may
override a role for STING in modulating bone volume (21).

Myeloid-Specific STING Suppresses Osteoclast Differentiation.
Osteoclasts derive from the myeloid lineage (18). We thus generated
myeloid-specific (STING™Y) deficient mice to further determine
the myeloid STING-specific contribution to bone loss. We
performed bilateral or sham ovariectomies on STING™!-deficient
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and WT female mice to ascertain the impact of sexual dimorphism
in the setting of myeloid STING deficiency. Similar to findings in
global STING-deficient mice, more osteoclasts were observed on
the surface of trabecular bone in STING™"deficient mice 8 wk
after sham surgery (Fig. 2 Fand G). BV/TV did not differ between
WT and STING™' deficient mice 8 wk after sham surgery
compared to WT sham controls (Fig. 2H); however, BV/TV was
significantly reduced in STING™-deficient mice 8 wk following
OVX surgery compared to WT OVX controls (Fig. 2 / and ),
accompanied by a statistically significant increase in trabecular
spacing and reduction in trabecular number (Fig. 2/). There was
also a significant reduction in the trabecular volume (Tb.V.) but
not trabecular thickness (Tb.Th) 8 wk following OVX surgery
in STING™'deficient mice compared to WT OVX controls
(SI Appendix, Fig. S2E). These in vivo studies indicate that STING
deficiency increases osteoclast numbers, with a resultant bone loss
phenotype over time, and support a role for myeloid STING in
limiting osteoclast formation, even in the setting of rapid bone
loss post ovariectomy.
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0.05; ** denotes P < 0.01.

STING Deficiency Promotes Osteoclastogenesis. To better
define how STING regulates osteoclast numbers, M-CSE-
expanded osteoclast precursors from STING-deficient and WT
mice were treated with RANKL to induce TRAP* multinuclear
osteoclasts (MNCs). Significantly more MNCs formed from
STING-deficient osteoclast precursors compared to WT
osteoclast precursors. This effect was observed in osteoclast
precursors from young mice (8 wk, Fig. 34) and from 6-mo-
old mice (Fig. 3B). We found no sex-based differences in the
rate of formation of osteoclasts in vitro, and these data are
pooled from male and female mice. Strengthening the role of
myeloid STING in selectively inhibiting osteoclast formation,
in vitro osteoclastogenesis assays using osteoclast precursors
from STING™'deficient male and female mice (8 wk) also
formed significantly more osteoclasts than cells from WT
mice (Fig. 3C). Supporting an inhibitory role for STING in
osteoclastogenesis, STING mRNA and protein expression levels

both decrease during RANKL-stimulated osteoclastogenesis in
WT cells (Fig. 3D).
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Fig. 3. STING deficiency promotes osteoclast differentiation. (A) Primary osteoclast precursors from 8-wk-old STING-deficient mice and littermate wildtype
(WT) controls were M-CSF expanded and induced to form osteoclasts in vitro following addition of RANKL on day 0. Quantification of TRAP* multinuclear cells
(MNCs) revealed that STING-deficient osteoclast precursors formed more osteoclasts (n = 3 WT and n = 4 STING deficient). Representative 20x images from WT
and STING-deficient cultures after RANKL stimulation, d4, are shown to the left for all conditions. (B) Osteoclast precursors from 6-mo-old STING-deficient and
littermate WT mice were induced to form osteoclasts following addition of RANKL. More MNCs formed from older STING-deficient osteoclast precursors compared
to older WTs (n =5 WT and n = 6 STING deficient). (C) Osteoclast ﬁrecursors from 8-wk-old STING™-deficient mice formed more MNCs under differentiation
conditions compared to littermate WTs (n =3 WT and n = 5 STING Y deficient). (D) gPCR analysis (Left) and western blot (Right) from differentiating osteoclasts
showed that STING mRNA and protein are expressed in unstimulated cells and expression decreased during osteoclast differentiation. *P < 0.05; **P < 0.01,

**%p <0.001, ****P < 0.0001.

STING Signaling Shapes a Core Tonic ISG Cassette Lost during
RANKL-Induced Osteoclastogenesis. To comprehensively evaluate
the impact of STING expression and signaling on osteoclast
formation, we carried out unbiased RNA sequencing on
osteoclast precursors (RANKL naive, d0) and RANKL-stimulated,
differentiating osteoclasts at days 2, 3, and 4 from both WT and
STING-deficient mice (Fig. 44). A pairwise comparison of all
experimental groups revealed 10,721 differentially expressed
genes during osteoclast differentiation (S7 Appendix, Fig. S3A).
Key genes were validated by quantitative PCR in an independent
set of RNA from WT and STING-deficient osteoclast precursors,
emphasizing the robustness of the dataset (S/ Appendix, Fig. S3B).
Analysis of differentially expressed genes at varying stringency
levels revealed that 337 genes could define the significant
differences between the WT and STING-deficient cells (P <
0.05). However, the most significantly different genes (P < 0.01)
are represented in a codeset of 90 differentially expressed genes

PNAS 2023 Vol.120 No.15 2210409120

and can effectively separate WT and STING-deficient osteoclast
precursors and differentiating cells independent of timepoint
(d0, 2, 3 and 4). A heatmap representation of the 90 gene set
reveals how expression patterns of these key genes distinguish WT
and STING-deficient cells (Fig. 4B). A comparison with published
datasets of ISGs (11) identified 27 ISGs (marked by asterisks) in
this 90 gene codeset that were further found to be significantly
altered in STING-deficient cells (Fig. 4 B, Inset).

Unexpectedly, many of the genes discriminating WT from
STING-deficient cells were expressed at day 0, prior to the addi-
tion of RANKL. An unsupervised PCA of sample distribution
based on the 90-gene expression analysis reveals that the biggest
differences are indeed notable at day 0, i.e., in RANKL-naive
osteoclast precursors (Fig. 4C). Reactome-based enrichment anal-
ysis of this 90-gene codeset confirmed IFN-I signaling as the
predominant pathway impacted in differentiating STING-deficient
osteoclast precursors (Fig. 4D). The most highly enriched pathway
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Fig. 4. Global transcriptomics reveal a STING-dependent IFN-I signature in osteoclast precursor cells. (A) Schematic representation of sample preparation for
RNA sequencing. Samples from littermate WT and STING-deficient M-CSF-expanded bone marrow cells (day 0, d0) and following RANKL stimulation (d2, d3, and
d4) were analyzed by pairwise comparisons (n =3 WT and n = 3 STING deficient at each timepoint). Panel A was created with Biorender.com. (B) Time nominal
heatmap analysis of gene expression in WT and STING-deficient osteoclasts (d0-d4), highlighted 90 differentially expressed genes between the experimental
groups. The box emphasizes the expression pattern of primarily ISGs that are significantly down-regulated in STING-deficient cells. Scale represents range in
row means. * denotes a previously described macrophage ISGs as defined in ref. 11. (C) PCA of the 90 differentially expressed genes defined in B underscores
that the most disparate experimental groups are the WT and STING-deficient RANKL-naive cells (d0). (D) Unbiased Reactome-based gene set enrichment analysis
of the 90 genes in B reveals significant enrichment of genes in IFN-I pathways that are expressed in a STING-dependent manner. All analyses were delimited
by a T of 0.01 and P < 0.01, unless noted otherwise. () WT and STING-deficient bone marrow macrophages were infected with pMx-HA-ISG15GG (WT) or pMx-
HA-ISG15AA (mutant). Cells were then plated in 96-well plates in the presence of RANKL (50 ng/mL) and M-CSF (10 ng/mL) for 4 d, followed by TRAP staining.
The MNCs per well were enumerated and represent an average of three independent replicates. **P < 0.01, ***P < 0.001, ns = not significant. Two-way ANOVA.

identified was “ISG15 antiviral mechanism.” ISG15-deficient
osteoclast precursor cells were previously shown to have enhanced
osteoclast formation in RANKL-induced differentiation assays
compared to WT (22, 23), similar to our findings with
STING-deficient osteoclast precursors. To test the direct contri-
bution of ISG15 downstream of STING during osteoclastogen-
esis, WT and STING-deficient osteoclast precursor cells were
transduced with either native ISG15 (ISG15GG) or an
ISGylation-incompetent form of ISG15 (ISG15AA). Indeed,
expression of the active ISG15, but not the inactive form, limited
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osteoclast formation in both WT cells and STING-deficient cells.
(Fig. 4E). These data provide a mechanistic link between STING
and ISG15 in the inhibition of osteoclastogenesis.

The expression of ISGs at day 0, prior to the addition of
RANKL, was reminiscent of previously described tonic IFN-I sig-
natures (11). The sources of tonic IFN-I in many cell types remain
unknown but based on these observations, we hypothesized that
STING plays a role in regulating tonic ISG expression in osteoclast
precursors at day 0 and in differentiating osteoclast precursors.

While the expression of IFNp and a handful of ISGs has been
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shown to be increased shortly after RANKL stimulation (6), no
studies have systematically mapped the tonic and inducible ISG
landscape during osteoclast formation. In order to evaluate the
contribution of STING-dependent ISGs in osteoclast precursors
and differentiating osteoclasts, we first needed to establish the
dynamics of ISGs in toto in WT osteoclast precursors and differ-
entiating cells. Using previously published datasets, we generated
a list of 720 ISGs identified by RNA sequencing in immune cells
(11). These 720 ISGs were categorized either as inducible (those
increased with IFN« treatment) or tonic (those decreased in unma-
nipulated IFNAR1-deficient cells) (11). Of these 720 ISGs, 638
were identifiable in our dataset. Intriguingly, we note significant
heterogeneity in the expression patterns of the 638 ISGs during
osteoclastogenesis and describe three broadly segregable ISG clus-
ters. Consistent with, but expanding upon, the well-established
observation that RANKL stimulates IFN-I production, we iden-
tified a cluster of RANKL-induced 1SGs (Fig. 5A). A separate clus-
ter of RANKL-repressed 1SGs was also identified (Fig. 5B). The
RANKTL-repressed gene set represents a previously unappreciated
role for RANKL in inhibiting ISGs and suggests that this subset
of ISGs may play an inhibitory role, restraining osteoclast precur-
sors from osteoclastogenesis. A third cluster of genes with a variable
response to RANKL was also identified (S/ Appendix, Fig. S3C)
and represents ISGs with mixed characteristics, indicating a com-
plex role for IFN-I in osteoclastogenesis.

To further define these clusters, we queried the overlap of each
cluster with previously defined tonic ISGs. The greatest overlap
was noted between the RANKL-repressed genes and tonic ISGs,
with nearly one-third of the ISGs falling within RANKL-repressed
ISG cluster (90 of 306) identified as tonic. Only 19 of the 235
RANKI-induced ISGs were tonic ISGs, and of the 97 mixed
RANKTL-response ISGs, only 14 were tonic ISGs (Fig. 5 A and B
and S/ Appendix, Fig. S3C). Therefore, these data uncover a large
subset of ISGs that are repressed by RANKL compared to the
RANKTL-naive precursor cells and highlight that a large number
of the RANKL-repressed ISGs are comprised of previously defined
tonic ISGs.

To characterize the contribution of STING in shaping this basally
expressed tonic ISG signature, we determined that WT and
STING-deficient osteoclast precursors (d0) can be effectively sep-
arated by the expression of a 234-gene cassette that includes both
up- and down-regulated genes in STING-deficient cells
(SI Appendix, Fig. S3D). Of these 234 genes, many are ISGs.
However, only 50 genes overlap with RANKL-repressed ISGs and
are significantly down-regulated in the STING-deficient osteoclast
precursor cells compared to the WT (Fig. 5D). This 50 gene set can
be categorized as a STING-dependent ISG subset, which includes
ISG15. The expression pattern of these 50 ISGs closely mirrors the
downregulation of STING expression itself, suggesting that they
are expressed in a tonic capacity in the presence of STING and are
actively down-regulated by RANKL during osteoclastogenesis.

Intriguingly, many of the STING-regulated tonic ISG genes
are also up-regulated in SAVI V154M and are dependent upon
IFNAR expression, including //-18, Irf7, Zbp1, Ifi47, Cxcl10, Ifiz2,
Rsad2 (Viperin), and Ifitl (15). Together, these data indicate that
this core ISG signature (50 ISGs) is specifically modulated by
STING activity in settings of chronic activation (SAVI) and dur-
ing normal osteoclastogenesis, when STING expression itself is
downmodulated. Upstream regulators of a tonic IFN-I signature
are poorly defined during osteoclastogenesis. Our data elucidate
that STING is a modulator of tonic ISG signaling, with a specific
signature of ISGs that is correlated with its own expression.
Critically, we reveal that this regulation of ISGs via STING pro-
vides a brake for osteoclastogenesis and plays a role in shaping the
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ability of osteoclast precursors to commit to becoming mature
osteoclasts, thereby regulating bone mass.

Discussion

IFN-I signaling as a mechanism of RANKL-stimulated autoinhi-
bition of osteoclastogenesis has been a foundational basis for how
IFN-Is contribute to bone homeostasis. Here, we reveal an unex-
pected contribution of IFN-I-stimulated gene expression as a tonic
regulator of osteoclastogenesis. We identify the innate immune
adaptor STING as a regulator of bone homeostasis and demon-
strate that the STING pathway provides protection from in vivo
bone loss over time. Several unique features of STING-dependent
signaling in the regulation of bone are uncovered by our findings,
including its cell-intrinsic function and its role in establishing a
tonic ISG signature in osteoclast precursor cells. STING-deficient
osteoclast precursor cells differentiate more efficiently than WT
cells to osteoclasts, consistent with the concept that STING sig-
naling inhibits osteoclastogenesis. Finally, we identify patterns of
tonic and inducible ISG expression in osteoclast precursors and
maturing osteoclasts, emphasizing a dynamic relationship of IFN-I
signatures with osteoclastogenesis. A schematic of our proposed
model for the role of STING-dependent IFN-I and ISGs in the
inhibition of osteoclastogenesis is outlined in Fig. 6.

Tonic or constitutive IFN-I signaling is an often underappreci-
ated aspect of IFN-I signaling that has been proposed to be a
critical element of homeostasis. Vital for maintaining a balanced
threshold of immune genes, tonic IFN-I signatures serve either to
augment or suppress diverse cytokine responses activated during
an immune response (9, 11). Tonic ISGs are defined as the network
of ISGs that are decreased in IFNAR1-deficient compared to WT
mice in the absence of a pathogenic stimulus (11). Intriguingly, in
the process of osteoclastogenesis, the original studies by Takayanagi
et al. focused predominantly on RANKL-induced IFN-I produc-
tion (6). However, they also describe a baseline expression of IFNb
in RANKL-naive osteoclast precursor cells, indicating active tonic
IFN-I signaling prior to RANKL stimulation (6). The contribu-
tions of tonic IFN-I signaling were not considered central to oste-
oclastogenesis and were neither identified as tonic IFN-I nor
further characterized in the field. Further studies also focused on
the inhibitory action of RANKL-induced ISGs on osteoclastogen-
esis (24) or provided evidence for the impact of tonic ISGs on
osteoblast formation (25, 26). Given these findings, a systematic
understanding of tonic IFN-I in osteoclasts is warranted.

Here, we leverage an unbiased gene expression analysis of
RANKTL-naive and RANKL-stimulated osteoclast precursors. We
reveal unexpected patterns of IFN-I signaling during the different
stages of osteoclastogenesis. Consistent with Takayanagi’s findings,
a large set of ISGs were determined to be up-regulated in a sus-
tained (occurring over days) fashion by RANKL (RANKL
induced; 235 genes). However, a minority of these genes (19
genes) are identified as tonic ISGs (11). An important observation
is the identification of a prevalent, tonic IFN-I signature in
RANKUL-naive cells (day 0). Intriguingly, this large cluster of tonic
ISGs that are expressed at day 0 in WT cells are repressed in the
presence of RANKL (RANKL repressed; 306 ISGs), indicating
that this baseline ISG signature in osteoclast precursors may shape
their readiness for terminal differentiation. The robust downreg-
ulation of ISGs upon the commitment of precursors to osteoclas-
togenesis after RANKL exposure is the clearest support for how,
as negative regulators of osteoclastogenesis, key ISGs must be
rapidly down-regulated before osteoclastogenesis can proceed.
These findings then suggest that basal or tonic ISG signatures serve
as “brakes” on osteoclastogenesis, and their restraint on
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differentiation exists in osteoclast precursor cells before they expe-  the overrepresentation of IFN-I pathways in WT cells that are lost
rience RANKL. in STING-deficient cells at this timepoint. This, then, provides a

A comparison of RNAseq datasets from STING-deficient and ~ compelling argument for STING-dependent regulation of tonic
WT osteoclast precursor cells (day 0, RANKL naive) highlights ~ IFN-I signaling in osteoclast precursors. Indeed, we identify a
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contingent of 50 ISGs that are STING dependent in RANKL-naive
precursors. Importantly, we find that the majority (40 genes) of
the STING-regulated 50 ISG subset are previously described tonic
ISGs. The remaining 10 ISGs are apparent osteoclast precursor
specific, STING-dependent, tonic ISGs. Collectively, these data
demonstrate an intrinsic and specific role for STING-dependent
signaling in specifying a tonic ISG signature that shapes the fate
of osteoclast precursor cells.

We performed an extensive literature review on the ISGs
included in our STING-dependent, tonic IFN signature with
regard to their role in osteoclastogenesis and bone. This list
revealed multiple genes with known proosteoclastogenic role
[CXCL10 (27, 28), IL18 (29)], an antiosteoclastogenic role
[USP18 (30), RNF114 (31)], and others which have no previous
links to bone homeostasis. This review in conjunction with iden-
tification of ISG15 antiviral mechanism as the most significant
pathway from our Reactome analysis suggested that dysregulation
of ISG15 may contribute to the STING-deficient bone pheno-
type. ISG15 is a ubiquitin-like protein that is covalently added to
proteins through the process of ISGylation. ISGylation requires
the C-terminal glycine—glycine (GG) sequence of ISG15 to tag
targeted proteins (32). ISG15 has complex roles in the regulation
of cell function as protein ISGylation can promote either the
degradation or stability of the target protein. In addition to
ISGylation, soluble ISG15 can have ISGylation-independent roles
(Reviewed in ref. 33). Previous studies identified that deficiency
of ISG15 promotes osteoclastogenesis, phenocopying STING
deficiency in differentiating osteoclast precursor cells (22). By
RNA sequencing, we validate that ISG15 is down-regulated in
RANKTL-naive osteoclast precursors from STING-deficient mice
compared to WT controls.

Given ISG15’s tonic regulation by STING and its previously
described role in osteoclastogenesis, we sought to determine
whether ISG15 plays a role in STING-dependent regulation of
osteoclastogenesis. In STING-deficient osteoclast precursor cells,
ectopic expression of wild-type ISG15 (ISG15GG), but not the
ISGylation-inactive form (ISG15AA), decreases osteoclast forma-
tion. Indeed, STING-deficient +ISG15GG osteoclast precursors
differentiate at a rate similar to WT osteoclast precursors. This

PNAS 2023 Vol.120 No.15 2210409120

observation supports the hypothesis that STING-dependent reg-
ulation of ISG15 expression limits osteoclastogenesis and provides
a link between STING and ISGylation. Thus, ISG15 is a key
STING-dependent ISG that limits osteoclastogenesis. The com-
plexity of other known regulators of osteoclastogenesis in our 50
ISG subset suggests that further research is required to understand
the potential roles and interactions of these ISGs.

Consistent with our proposed role for STING signaling in
determining the fate of osteoclast precursors, STING-deficient
osteoclast precursor cells exhibit enhanced differentiation in
response to RANKL stimulation. These data elucidate a link
between the STING-dependent tonic ISG signatures in precursor
cells and downstream osteoclastogenesis. Intriguingly, the expres-
sion of STING itself (mRNA and protein) is down-regulated in
osteoclast precursors as they differentiate to osteoclasts. Collectively,
these data suggest that a critical thrust of STING activity is in
specifying gene expression before RANKL exposure, within oste-
oclast precursors. While the bulk of ISGs are expressed in
RANKTL-naive osteoclast precursors at d0, a distinct set of ISGs is
expressed at different times after RANKL exposure during osteo-
clastogenesis (“RANKL mixed-response genes”), as revealed by
our comprehensive transcriptomic analysis. These findings reorient
our basic understanding of how IFN-I signaling shapes the entirety
of the osteoclastogenesis process, from lineage commitment of a
precursor to the ligand-dependent maturation of osteoclast pre-
cursor cells into terminally differentiated osteoclasts. Our findings
reveal that ISGs have a multifaceted role as regulators of
osteoclastogenesis.

Importantly, the in vitro differences in osteoclastogenesis in
STING-deficient and control cells are reflected in vivo, with
increased numbers of osteoclasts in STING-deficient mice.
Furthermore, STING-deficient male mice, in the absence of dis-
ease, develop reduced trabecular bone mass over time. These data
provide experimental proof for a physiological role of STING in
bone homeostasis. The overall rapid bone loss seen with age in
female mice likely obscures a role for STING in this setting. This
conclusion is consistent with the observation that no differences
are notable in the differentiation kinetics of osteoclast precursors
from male or female mice. To better understand the phenotypic
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sex differences in bone as mice age, we performed ovariectomies
in young STING™'deficient mice to accelerate bone loss.
STING™'_deficient female mice exhibit accelerated bone loss
following ovariectomy, strengthening the observation that there
is a STING-dependent inhibition of osteoclastogenesis, which
may be obscured by age and hormone-associated acceleration of
bone loss in females. Importantly, we also demonstrate that
STING deficiency in myeloid precursors of osteoclasts is sufficient
to recapitulate increased osteoclastogenesis in vitro and reveal that
STING-dependent regulation of bone homeostasis is a myeloid
intrinsic phenomenon.

In a prior study, we described a very different role for STING
in promoting a bone accrual phenotype (34). This was in a set-
ting of cytosolic DNA accrual and IFNAR deficiency. In this
mouse model, deficiency in DNase II led to an abundance of
intracellular DNA, which can activate multiple pattern recog-
nition receptors including the STING pathway. DNase II defi-
ciency is embryonically lethal but can be rescued by IFNAR
deficiency (35-37). In the setting of DNase IT and IFNAR dou-
ble deficiency, mice develop inflammatory polyarthritis and
other manifestations of autoimmunity, as well as accrual of tra-
becular bone in long bones that is IFN independent. The role
of IFN-I downstream of STING could not be assessed in this
context (34). We observed that deleting STING in DNase II/
IFNAR double-deficient mice results in a reversal of this
long-bone accrual. However, certain aspects of the autoimmune
phenotype in these mice were also reversed in the setting of
STING deficiency, including abrogation of the prominent
inflammatory polyarthritis. Therefore, in this unique setting,
STING may not be directly orchestrating trabecular bone for-
mation but rather regulating the expression of an additional
factor or factors that may promote bone formation.

A recent explosion in the understanding of STING signaling
has underscored the importance of this ubiquitous pathway in a
variety of disease states. Gain-of-function mutations in STING,
which cause constitutive activation of STING signaling (15), have
recently been described as drivers of the pediatric autoinflamma-
tory disease SAVI (15, 16). We show that chronic signaling from
the SAVI (STING V154M) allele in osteoclast precursors power-
fully suppresses the differentiation of osteoclast precursor cells to
osteoclasts. Importantly, SAVI osteoclast precursors fail to
up-regulate key osteoclast differentiation genes with RANKL
treatment that are known to be inhibited by IFN-I (6). These data
support previous publications showing that STING activity limits
osteoclast differentiation (19, 20). Our data also show that a block-
ade of IFN-I signaling or IFENAR-deficiency rescues the inhibition
of osteoclast formation seen in SAVI osteoclast precursors, indi-
cating that these low levels of IFN-I signaling are sufficient to
shape osteoclast differentiation. These findings provide direct
evidence that STING limits osteoclast differentiation by modify-
ing TFN-I signaling. We have also compared the 50 STING-
dependent tonic ISGs to a previously published dataset of 100
ISGs in SAVI V154M bone marrow-derived macrophages (15).
Many of the STING-regulated tonic ISG genes have been shown
to be up-regulated in SAVI V154M and are dependent upon
IFNAR expression, including 7/-18, Irf7, Zbp 1, Ifi47, Cxcl10, Ifit2,
Rsad2 (Viperin), and Ifir] (15), indicating that tonic STING sig-
naling is dysregulated in the SAVI setting and may contribute to
the inhibition of osteoclastogenesis in SAVT cells.

An unresolved question is how STING signaling is initiated in
a constitutive or inducible manner during osteoclastogenesis. This
fundamental question forms the basis of future studies but is also
an open line of inquiry in other immune cell types in the field.
Various endogenous ligands, including mitochondrial DNA,
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micronuclei, endogenous retroelements, nucleic acids from dying
cells, or microbiome-derived cyclic di-nucleotides (14), are can-
didates. In addition, ligand-independent models for STING acti-
vation in macrophages have been proposed (38) but are not yet
implicated in settings where tonic ISG signatures are noted.

In conclusion, our study uncovers a mechanistic link between
STING signaling and IFN-I-dependent suppression of osteoclas-
togenesis. We strengthen this finding by showing a significant role
for STING signaling in shaping tonic ISG signatures in osteoclasts
and their precursors and in bone homeostasis in vivo. These obser-
vations contribute to our conceptualization of STING signaling as
providing a physiological brake on osteoclastogenesis. With the
advent of agonists and antagonists of the STING pathway that can
be used therapeutically, the identification of a STING-dependent
regulatory node in osteoclastogenesis reveals unexplored therapeutic
avenues for osteopenic disorders and age-associated osteoporosis.

Materials and Methods

Mice. Whole-body STING-deficient mice were kindly provided by Glen Barber(39)
and wild-type (WT) littermates were used as controls. STING™™®* mice (Jackson
Laboratories, 031670) (40) were bred to LysM-Cre mice (Jackson Laboratories,
004781) (41) to create homozygous STING™™™; LysM-Cre*'~ (designated as
STING™ 4™ geficient) and STING™™™LysM-Cre ™'~ (with the latter desig-
nated as WT littermate controls). In vitro validation studies demonstrated that
a single copy of LysM-Cre in a STING™™ mouse background reduced STING
mRNA expression by more than 90% compared to WT (STING™™ LysM-Cre ")
(SIAppendix, Fig. S4). SAVIV154M heterozygous mice and littermate controls as
well as SAVIV154M/IFNAR KOs and littermate IFNAR KOs were bred as previously
described (15). All animal strains were maintained by heterozygous breeding
leading to closed colonies. In all strains, the appropriate WTs were generated
as a result of selective breeding. For all studies, WT indicates the appropriate
littermate control for the indicated strain. Animal protocols were reviewed and
approved by the Institutional Animal Care and Use Committees of the University
of Massachusetts Chan Medical School, Washington University School of Medicine
in St Louis, and the Brigham and Women's Hospital.

Serum Analysis. Mice were fed standard chow and keptona 12 h:12 h light:dark
cycle. At specified ages, mice were fasted for 16 h, sacrificed and serum was
collected by terminal cardiac puncture. Serum from mice fasted for 16 h was ana-
lyzed for the C-telopeptide of collagen type I (RatLaps™ CTX-I, Inmunodiagnostic
Systems, AC-06F1) as a marker of bone catabolism.

Ovariectomy (OVX) Surgery. Eight- to nine-week-old WT and STINGMyelodMi).

deficient female mice were anesthetized with isoflurane and bilateral ovariec-
tomy was performed as previously described (42, 43). The mice were randomly
assigned to sham or OVX surgery. Eight weeks after surgery, the mice were fasted
for 16 h prior to euthanasia. Trabecular and cortical bone parameters were meas-
ured by microCTin the femur as described below.

Microcomputed Tomography (microCT). Femurs were fixed in 3.7% formal-
dehyde for 3 d and transferred to 70% ethanol for microCT analysis. Quantitative
analysis of trabecular and cortical bone microarchitecture was performed by an
investigator blinded to the sample genotypes. Fixed left femurs were scanned in
70% ethanol using a microCT 35 (Scanco Medical) with an X-ray tube with current
of 0.1/0.18 mAand a peak energy of 50/60/70 kVp. Samples were scanned with
a voxel size of 7 um. Image segmentation used was 0.8 Sigma/1 Support /280
Threshold for trabecular scans and 0.8 Sigma/1 Support /320 Threshold for cor-
tical scans. Trabecular bone analysis was performed on a 2.8 mm region starting
0.28 mm proximal to the growth plate. Identification of trabecular bone area was
performed manually and drawn a few voxels away from the endocortical surface.
Trabecular parameters were calculated using TRI-modeling.

Static Histomorphometry. Femurs were decalcified in 20% Ethylene-diamine-
tetraacetic acid for 2 wk, paraffin embedded, and longitudinally sectioned at
5 pum. Deparaffinization sections were stained for tartrate-resistant acid phos-
phatase (TRAP) activity (Sigma-Aldrich) and counterstained with 0.02% Fast
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Green for osteoclast quantification (44). Measurements were taken using the
Osteomeasure Analysis System (OsteoMetrics) in a region of interest 100 pm from
the end of the growth plate extending 3 mm toward the midshaft. The percentage
of osteoclast surface compared to total trabecular bone surface in the region of
interest and the osteoclast number per bone surface were determined in two
sections per sample and an average was obtained. Two sections per sample and
total of six samples were used for analysis.

Osteoclastogenesis Assays. Bone marrow from male or female mice at either
8wk or6 mo of age was used for osteoclast differentiation assays using the adherent
method. Bone marrow from femurs and tibiae was flushed with «MEM (Corning)
and expanded on petri plastic plates for 3 d with 40 ng/mL macrophage colony-stim-
ulating factor (M-CSF; R&D Systems). Following expansion, 25,000 adherent cells
per 24 wells were plated in triplicate in the presence of osteoclast differentiation
media (20 ng/mL M-CSF plus 10 ng/mLRANKL; R&D Systems) or 20 ng/mL M-CSF
alone. Half of the media was replaced every 48 h with fresh osteoclast differentiation
media. Following replating at indicated times, cells were fixed and stained for TRAP
(Sigma) or Gill #3 (Sigma, M-CSF only cultures) for 30 s followed by washing with
water. TRAP-expressing multinucleated cells (MNCs) containing three or more nuclei
were identified as osteoclasts and manually quantified using an EVOS FlAuto scope
(ThermoFisher). The total number of MNCs per 24 wells was quantified in each of
the technical replicates averaged.

For IFNAR inhibition assays, Ultra-Leaf Purified anti-mouse IFNART antibody
(BioLegend, clone MAR1-5A3) or isotype control (Ultra-LEAF Purified Mouse IgG1, k
Isotype ctrl antibody, clone MOPC-21) was used. For differentiation studies, WT and
SAVI cells were plated at 25,000 cells per 24 well as described above and cultured
in M-CSF, RANKL, and 1 pg/mLisotype or IFNAR blocking antibody. Antibodies were
replaced every 2 d, concurrent with addition of fresh differentiation media. For
media studies, WT and SAVI cells were plated at 200,000 cells/24 well following
72 h of M-CSF differentiation as described above. These cells were cultured in dif-
ferentiation media plus IFNART antibody orisotype control at 5 pg/mL. The media
were collected at d2 and replaced with fresh differentiation media and antibodies
and cultured for an additional 2 d (d4). Secreted CCL5 (R&D DuoSet DY478-05)
and CXCL10 (R&D Duo Set DY466-05) were measured by ELISA in the cultured
media samples as indicated by the manufacturer with an extended standard curve.

Retroviral Infection of 1SG15. Retroviral constructs pMx-HA-ISG15GG and pMx-
HA-ISG15AA containing WT and mutant ISG15, respectively, were generated as
previously described (45-47). For retroviral production, the above pMx-HA-ISG15
plasmids were transfected into PLAT-E cells (Cell biolabs, San Diego, CA) using
Xtreme gene 9 (Roche, San Francisco, CA, USA) followed by collection of the
virus-containing media for 48 h. The virus-containing media was then supple-
mented with polybrene (0.8 mg/mL)and used to transduce primary bone marrow
macrophages in the presence of M-CSF. After 24 h, the media was replaced and
cells were incubated with RANKL (50 ng/mL) and M-CSF (10 ng/mL) for 4 d (see
detailed description in ref. (22)).

Osteoclast Differentiation and Cell RNA Isolation. RNA was extracted from
cells lysed in TRIZOL (Invitrogen) using phenol-chloroform. Technical triplicates
plated at 25,000 cells per well on day 0 were pooled to generate a single RNA
sample. Samples were collected from RANKL-naive cells (day 0) and from cells at
days 2, 3, and 4 following RANKL stimulation.

qPCR. Reverse transcription was performed using purified RNA with the iScript
(DNA Synthesis Kit (BioRad), according to the manufacturer's specifications. gPCR
was performed using purchased primers (QuantiTect Primer Assays, Qiagen)
and SYBR green-based detection. Fold changes were calculated using the 27
method. At least three biologic replicates per genotype are reported.

RNA Sequencing. RNA from M-CSF-expanded WT and STING-deficient osteo-
clast cultures was tested for quality using an Agilent 2100 (Agilent RNA 6,000
Nano Kit) to determine RIN value, 285/18S, and fragment length distribution.
High-quality samples with RIN values greater than 7.5 and 285/18S greater than

1. A.T.Shaw, E. M. Gravallese, Mediators of inflammation and bone remodeling in rheumatic disease.
Semin. Cell Dev. Biol. 49,2-10(2016).

2. W.J.Boyle, W.S. Simonet, D. L. Lacey, Osteoclast differentiation and activation. Nature 423,
337-342(2003).
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1.8 were used for sequencing. Libraries were constructed using nonstranded oligo
dTlibrary preps and sequenced at a depth of 50 bp for 20 million reads using a
DNBSEQ platform (BGI Genomics). In total, 24 samples were analyzed (n = 3 per
genotype at days 0 (pre-RANKL), and 2, 3,and 4 following RANKL stimulation). The
sequenced samples were all derived from female mice. Reads from each sample
were mapped to mouse mm10 reference genome using HISATv2.0.5. Differential
expression analyses between groups were performed using Cuffdiff (Cufflinks
v2.2.1). Normalized counts of all the genes that were differentially expressed in
atleast one comparison group were used in downstream analyses and visualiza-
tions. Additional analysis was done with Qlucore Omics Explorer. These include
a multigroup statistical analysis and generation of PCA analyses and heatmaps,
and several gene lists were generated using noted P-value cutoffs of P < 0.05 or
P <0.01.P-values were determined using ANOVA with F-factor calculation.These
gene lists were then used as input and compared to tonic and systemic ISG pro-
files of macrophages from ref. 11 for Venn Diagram creation using the Qlucore
Omics explorer or subjected to pathway analysis using the ReactomePA package
in R for visualization. RNA sequencing data was submitted and made publicly
available using the Gene Expression Omnibus (GEO) platform (see below).

Western Blots. Immunoblots to assess the expression of STING protein were
carried out on lysates derived from differentiating primary osteoclast precursor
cells from C57BL/6 mice. Cell lysates were generated from bone marrow cultures
expanded in 40 ng/mLM-CSF for 72 h. M-CSF precursors were plated in triplicate
at 500,000 cells/well of a 6-well plate and cultured in the presence of 20 ng/
mLM-CSF and 10 ng/mL RANKL for 1,2, 3, or 4 d. For day 0 precursor samples,
1.5 x 1076 cells were lysed after 72 h of 40 ng/mL M-CSF expansion. Cells
were lysed using radio-immunoprecipitation assay buffer (RIPA) cell lysis buffer
(Cell Signaling Technologies) and complete EDTA Protease inhibitors (Sigma-
Aldrich). Equal amounts of protein were reduced and denatured by boiling in
SDS-containing Laemmli buffer plus DTTand separated in 4 to 15% mini Protean
gels (BioRad). Following transfer to polyvinylidene fluoride (PVDF), membranes
were probed for STING (Cell Signaling, D1V5L), stripped using Restore Western
Stripping Buffer (Thermo), and reprobed for B-actin (Cell Signaling, 8H10D10)
according to the manufacturer's direction.

Statistics. Data were presented as mean = SD. For each experiment, the Shapiro-
Wilk test was applied to test for normal distribution of the data. If the data set
passed normality, two-tailed unpaired Student's t tests were applied to compare
two groups. If normality tests failed, two-tailed Mann-Whitney tests were used to
compare between two groups.To compare more than two groups, ANOVA was used
in datasets which passed Shapiro-Wilk tests, followed by Tukey and Bonferroni tests
to correct for multiple comparisons. GraphPad PRISM (La Jolla, CA) was used for
statistical analysis. P < 0.05 was considered statistically significant.

Data, Materials, and Software Availability. RNA sequencing data have been
deposited in GEO (GSE226625, https://www.ncbi.nIm.nih.gov/geo/query/acc.
cgi?acc=GSE226625) (48). All other data are shared in this article or in the
accompanying S/ Appendix.
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