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INTRODUCTION

Inflammation of bone, known as osteomyelitis, is most commonly caused by infection with the
Gram-positive bacterium Staphylococcus aureus. During osteomyelitis, the homeostasis-maintaining
activities of bone-building osteoblasts and bone-resorbing osteoclasts are altered, resulting in aberrant
bone formation and net bone loss. This perturbation of bone homeostasis manifests as bone damage.
Successful treatment of osteomyelitis requires antibiotics and, in many cases, surgical debridement to
remove necrotic and infected bone. Even with these measures, S. aureus osteomyelitis can progress
to a chronic infection. Innate immune responses to S. aureus are facilitated by immune cell detection
of pathogens through pattern-recognition receptor (PRRs) and subsequent elaboration of cytokines to
recruit phagocytic cells like macrophages and neutrophils. While these responses are essential to host
survival and bacterial containment, the inflammation generated by these responses also promotes
dysregulation of bone homeostasis to induce bone damage. This dissertation will focus on mechanisms
by which immune responses to S. aureus in infected bone drive dysregulation of bone homeostasis by
influencing bone-resorbing osteoclasts.

Osteoclasts are large, multinucleated, bone-resorbing cells. These cells differentiate from the
myeloid lineage in response to the canonical differentiation factor receptor activator of nuclear factor
(NF)-kB ligand (RANKL). While molecular reprogramming during differentiation effectively turns the
immune progenitor into a specialized bone cell, osteoclasts remain interconnected with the immune
system. Cytokine responses occurring both systemically and within bone influence the differentiation
and resorption of osteoclasts in both physiologic and disease states. The full extent to which osteoclasts
themselves engage in immune processes, like cytokine production and Toll-like receptor (TLR)
signaling, has been the subject of much inquiry. It is appreciated that TLR signaling in osteoclast
precursors significantly influences whether the precursor commits to an osteoclast or macrophage cell
fate. Whether sensing of S. aureus through TLRs has tangible effects on dysregulation of bone
homeostasis during osteomyelitis is not clear. In Chapter Il, | evaluate the role of S. aureus sensing
TLRs 2 and 9 on host bacterial containment and on dysregulation of bone homeostasis during
osteomyelitis, with a specific interest in how TLR signaling affects osteoclast differentiation. Chapter I

will address the following Aim:

Aim 1: Elucidate the role of Toll-like receptors (TLRs) 2 and 9 in the pathogenesis of
dysregulation of bone homeostasis during Staphylococcus aureus osteomyelitis.

1



Chapter Ill focuses on another facet of innate immunity, the interleukin-1 type 1 receptor (IL-
1R1) signaling pathway, which is a major driver of the immune response to S. aureus. IL-1R1 cytokines
promote osteoclast differentiation and resorption and contribute to osteoclast-mediated bone loss
during osteomyelitis. The IL-1R1 cytokine IL-1 requires proteolytic processing to gain biologic activity.
How IL-1p is produced and activated during S. aureus osteomyelitis is not known, although published
findings show S. aureus-infected macrophages can activate IL-1B through the nucleotide binding and
oligomerization, leucine-rich repeat, pyrin domain-containing 3 (NLRP3) inflammasome. The extent to
which osteoclasts, which share a progenitor lineage with macrophages, engage in inflammasome
activation to promote the dysregulation of bone homeostasis is not well understood. These outstanding
questions will be addressed in Chapter Il through the following Aim:

Aim 2: Determine how bacterial-induced inflammasome activation in osteoclasts and
progenitors contributes to dysregulated bone homeostasis.

In summary, this dissertation will interrogate how the S. aureus-sensing innate immune
pathways, TLR signaling and the inflammasome, act through osteoclasts to alter bone homeostasis
during osteomyelitis. Chapter | will present background information to support the scientific questions
addressed in Chapters Il and Ill. Chapter IV will deliver a summary of the findings from Chapters Il and

lIl and will offer plans for future experiments to expand upon these results.



CHAPTER I: BACKGROUND

Overview of Staphylococcus aureus osteomyelitis

S. aureus osteomyelitis etioloqy, treatment, and complications

Osteomyelitis is defined as inflammation of the bone. Although osteomyelitis can be incited by
sterile inflammatory processes, bacterial infection most frequently acts as the triggering agent (1,2).
The Gram-positive bacterium Staphylococcus aureus is the most common bacterial pathogen isolated
from the infected bone (2,3). Osteomyelitis caused by S. aureus is a significant health condition that
affects a broad patient population (4). Infection may be of hematogenous or contiguous origin (1,2,5).
Hematogenous osteomyelitis strikes healthy children without known risk factors for infection (6). In
adults, osteomyelitis can arise from hematogenous spread, but more commonly occurs following
accidental inoculation during surgery or from trauma where the bone is directly exposed to bacteria
(1,2,7). People with diabetes are at a high risk for developing osteomyelitis following skin infection,
which can spread to the bone (4,8). These cases are often polymicrobial (4). This dissertation will focus
on post-traumatic osteomyelitis caused by S. aureus with a particular interest in how the bone

microenvironment is perturbed by the inflammatory response to infection.

S. aureus osteomyelitis can be difficult to diagnose due to variations in disease presentation (9).
Clinical presentations of post-traumatic bone infection include poorly healing skin wounds and fracture
nonunion. Diagnosis involves bloodwork, MRI imaging, and positive culture from a potentially infected
bone sample (1,2,5). In the case of trauma, debridement surgery to remove necrotic bone and the
infectious focus is used to facilitate antibacterial treatment (2,10). The efficacy of antibiotic treatment is
hindered by bone necrosis and devascularization. Sequestrum, pieces of de-vascularized necrotic
bone, can form as part of the disease process. Additionally, involucrum, a type of reactive bone
formation initiated by periosteal cells, can develop to encase the sequestrum (11). These bone lesions
can act as a nidus for infection (11,12). Because osteomyelitis develops and presents in many different
ways, clinical scoring procedures including the Lew-Waldvogel and Cierny-Mader systems have been
developed to help evaluate disease and standardize treatments (11,13). Even still, developing a
universal, standard paradigm for treatment remains difficult due to the heterogeneity of the disease (9).
Treating osteomyelitis is mired by complications that make infection resolution difficult to accomplish.

S. aureus has a growing profile of resistance to many antibiotics (14). In addition to resistance, bacteria



can achieve tolerance to antibiotics through biofilm formation and other incompletely defined
mechanisms (15). Finally, bacterial osteomyelitis results in severe bone damage. Infection perturbs the
normal homeostasis-maintaining activities of bone cells. Pathologic bone loss and aberrant bone
formation are hallmarks of disease (11,16). The pathologic changes to bone brought on by infection
contribute to antibiotic recalcitrance and increase risk of complications such as pathologic fracture and
altered mobility (5,11,17). Thus, better approaches to treat S. aureus osteomyelitis are needed. This
dissertation focuses on identifying mechanisms by which S. aureus infection promotes dysregulation
of bone homeostasis to drive bone damage during osteomyelitis. The experiments presented in
Chapters Il and Il test how the immune response to S. aureus contributes to bone damage. S. aureus
can also induce bone damage directly, and this will be discussed in the next section.

Overview of S. aureus pathogenicity and virulence

S. aureus can cause severe, invasive infection in many different tissue sites such as the skin,
heart, lung, eye, and bone, as well systemically in the bloodstream (18). S. aureus was responsible for
119,427 bloodstream infections in the United States in 2017 alone, and 19,842 of those were fatal (19).
Its versatility as a pathogen arises from its adaptive metabolism, manipulation and evasion of immune
responses, and induction of toxin-mediated host cytotoxicity (20,21). The ability of S. aureus to persist
in the host, induce tissue damage, and, in some cases, cause death, is best understood by examining
specific ways S. aureus interacts with its host. For instance, while many bacterial organisms produce
toxins that damage host tissues for bacterial gain, the S. aureus arsenal of specialized secreted
virulence factors and toxins is distinctive due to its diversity and specialization. This section will focus
on toxins and virulence factors that have significance to the pathogenesis of S. aureus osteomyelitis.

Exoproteins in the staphylococcal repertoire contribute to the development of bone damage
during osteomyelitis (22). Some S. aureus toxins kill host cells by targeting specific cell surface
receptors (20). This targeting mechanism is important to understanding how S. aureus causes deadly
infection in humans. For example, the pore-forming toxin hemolysin-a (HIla) targets the cell surface
receptors a disintegrin and metalloprotease 10 (ADAM10) and plekstrin-homology domain-containing
protein A7 (PLEKA7Y) to lyse erythrocytes, endothelial cells, macrophages, T-cells, and B-cells (23-26).
Hla has affinity for both mouse and human ADAM10 (20). It is also an activator of the inflammasome
(27,28). It has also been shown to promote joint damage in a model of S. aureus septic arthritis and
tissue damage in a model of S. aureus lung infection (29—-31). Other toxins like leukocidin AB (LUkAB)
target cell surface receptors but have a high affinity for human, but not mouse, receptor isoforms
(32,33). Toxins like LUKAB that preferentially kill human immune cells are referred to as leukocidins.



These toxins may help S. aureus overcome the human host’s attempt to generate neutralizing antibody
responses to clear infection (33).

In addition to Hla and LukAB, which induce targeted cytotoxicity, S. aureus also utilizes toxins
that lyse cells indiscriminately through membrane disruption. The small, amphipathic peptides of the
phenol-soluble modulin (PSM) family kill in this manner (34). The alpha-type PSM (PSMa) toxins 1-4,
four separate toxins encoded in the same operon, have been shown to induce bone damage during
osteomyelitis (22,34). Transcription of the PSMa toxins is controlled by a two-component system called
accessory gene regulator (Agr) (35). Agr is activated by environmental cues, including the buildup of
autoinducing peptide (AIP), which signals that S. aureus population growth has reached a high
threshold (36). The Agr system turns on a program of genes encoding toxins and virulence factors
including the PSMa toxins (34). In part, PSMa toxins induce bone destruction by directly killing bone
cells (22,37). In osteomyelitis, the S. aureus protease aureolysin controls toxicity of the PSMa toxins
through proteasomal degradation. S. aureus mutant strains that do not express PSMa or have over-
active aureolysin induce significantly less bone destruction in a mouse model of post-traumatic
osteomyelitis (22). Thus, PSMa toxin-mediated bone damage represents one mechanism by which S.
aureus directly causes bone damage. Bone damage still occurs in osteomyelitis induced by toxin-
deficient strains and when Agr is inhibited, thus supporting the hypothesis that inflammation from the
host response to S. aureus also drives bone damage (22,38). In this dissertation, | test how specific
innate immune pathways influence bone damage during osteomyelitis. Experiments in Chapters Il and
[l also test how osteoclasts respond to supernatant prepared from S. aureus growth cultures. | mainly
employ supernatants from a PSMa-deficient (Apsma7-4) strain because the PSMa toxins are so lytic

to bone cells, it is difficult to study the effects of other components when they are present (22,37).

In addition to inducing bone damage, S. aureus can persist in the bone, making it difficult to
successfully eradicate using antibiotics. S. aureus makes adhesion molecules called microbial surface
components recognizing adhesive matrix molecules (MSCRAMMS), which help it seed onto the bone
(39,40). Once attached to the bone, S. aureus can form biofilms, which help it to survive antibiotic
treatment through tolerance (15,41). In addition to biofilm formation, S. aureus can also form
staphylococcal abscess communities (SACs), which often manifest in the bone marrow (15). The SAC
is made of a fibrin pseudocapsule and is surrounded by neutrophils, which are unable to access the
bacterial community sheltering within (42). SACs can compromise blood flow, leading to greater bone
necrosis and sequestrum formation, thus creating a vicious cycle of bacterial persistence (11,15).
Additionally, S. aureus can invade the cortical bone, reaching into the deeper region where mechano-

sensing osteocytes live. This is known as the osteocyte lacuno-canalicular network (OLN) (43,44).
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Within the OLN, S. aureus is shielded from antibiotics (15). S. aureus factors, including penicillin binding
protein 4, allow for its invasion of the OLN (45). Thus, defining how specific S. aureus factors facilitate
abscess formation and infiltration into the OLN is important to the overall understanding of how S.
aureus causes acute and chronic bone infection. While this dissertation focuses on how host responses
to S. aureus promote bone damage, building a complete mechanistic understanding of S. aureus
osteomyelitis also requires further study of how S. aureus survives in bone, evades antibiotic killing,

and induces bone damage through toxins.

Understanding bone homeostasis and the skeletal niche

Bone is a unigue and dynamic tissue

Bone is repaired continuously to maintain structural integrity. In addition to providing structural
support, bone also acts as a reservoir for hematopoiesis, which occurs within the marrow of bones
including the femur. Thus, bone is a highly dynamic tissue. It is made up of organic material, mainly
type | collagen, and the inorganic mineral hydroxyapatite (46). Maintenance of bone homeostasis is
performed by a specialized community of skeletal cells including bone-building osteoblasts, bone-
resorbing osteoclasts, and mechano-sensing osteocytes. These cells maintain bone homeostasis by
ensuring bone loss is balanced by new bone formation (47). The femur is a long bone comprised of
cortical and trabecular bone architecture. Cortical bone is a hard shell that encases the bone marrow.
It is made up of an outer layer of periosteum and inner layer of endosteum, which interfaces with the
bone marrow. Trabecular bone exists at the proximal and distal ends of the femur within the anatomic
regions called the metaphyses and epiphyses. It is located under the cortical bone, and it has a lattice-
like architecture (48,49). The rate of bone remodeling, or turnover, is higher in trabecular bone than in
the cortical bone (50). The femur is the focus of animal model experiments shown in Chapters Il and Il
of this dissertation. In osteomyelitis, the normal processes of bone maintenance are altered to perturb
bone homeostasis (11,22,51). Fig. 1 shows an anatomical diagram of the femur which is useful as a
guide for understanding basic bone anatomy and the parameters of bone loss and bone formation that
are measured in the upcoming data sections. Assessments of bone parameters including callus
formation, cortical bone destruction, and trabecular bone loss are used as means of approximating how

infection alters bone homeostasis. The following background sections will detail how osteoblasts and



osteoclasts regulate bone homeostasis and will present osteoclast differentiation in detail, as

osteoclasts are the major focus of this dissertation.

A B

Trabecular Bone
Proximal
epiphysis"\:

Metaphysis *‘C

-

Cortical bone
Diaphysis

Metaphysis E
Distal

epiphysis

Bone marrow

“Trabecular Bone

Figure 1. Bone architecture in the femur. A) The femur is made up of two types of bone architecture.
Cortical bone comprises the diaphysis of the femur. This bone is a hard shell that encapsulates the bone
marrow. Trabecular bone comprises the metaphases and epiphyses. This bone has a spongy architecture.
B) Image shows a formalin-fixed femur isolated from a mouse that underwent induction of S. aureus
osteomyelitis. The femur was stained for tartrate-resistant acid phosphatase (TRAP) and imaged at 10X. The
arrows show the cortical and trabecular bone regions. The asterisks denote the formation of staphylococcal
abscesses in the bone marrow. C) These images offer greater detail on the trabecular bone in the distal
metaphysis. The upper image shows trabecular bone reconstructed using micro-computed tomography
(MCT). The lower image shows a zoomed-in image of trabecular bone from a TRAP-stained femur section.

Osteoclasts and osteoblasts collaborate to maintain bone homeostasis

Bone undergoes regular repair, as microdamage to bone occurs from mechanical loading (52).
Osteoblasts and osteoclasts are the major cell types involved in maintaining bone. Osteoblasts arise
from the mesenchymal stem cell lineage and differentiate through activation of the master transcription
factor RUNX family transcription factor 2 (Runx2) (53). Osteoclasts arise from myeloid precursors in

response to the canonical differentiation factor receptor activator of nuclear factor (NF)-kB ligand
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(RANKL), discussed in detail in the following section (54). The process of bone repair depends on
specific spatial organization of the skeletal cells and is coordinated by numerous secreted and
membrane-bound factors, called coupling factors (47). The necessity of spatial proximity and
communication between bone repair cells has led to the definition of the bone multicellular unit (BMU),
which describes how osteoclasts and osteoblasts convene to conduct the highly coordinated bone
remodeling process (55). Bone remodeling begins when osteoclasts start resorbing. Bone resorption
can be initiated by secreted factors like sphinogosine-1 phosphate and RANKL (56-58). The large,
multinucleated osteoclast utilizes an actin ring to form a sealed zone on the bone called a ruffled border.
The adherence between the osteoclast and the bone is facilitated by avB3 integrins which localize to
form podosomes along the actin ring, creating the sealing zone (59). Osteoclasts pump protons into
the sealed zone using the vacuolar-ATPase transporter and this acid breaks down the mineral
component of the bone matrix (60,61). Subsequent release of the enzyme cathepsin K serves to break
down collagen (62). Secreted coupling factors help osteoclasts sense how much bone resorption has
occurred and signal to osteoblasts to begin formation. Additionally, factors like transforming growth
factor beta (TGF-B) and insulin-like growth factor-1 (IGF-1) are embedded within the bone matrix and,
upon excavation, provide signals to resorbing osteoclasts and awaiting osteoblasts (63,64). For
instance, TGF-B negatively regulates osteoclastogenesis and promotes osteoclast apoptosis while
activating osteogenic signaling in osteoblasts (65,66). Combinatorial signaling ushers in the next phase
of remodeling, known as the reversal stage. Reversal cells remove incompletely degraded collagen
and mineral from the bone, essentially cleaning the surface to ready it for new matrix deposition (47).
The precise identity of reversal cells has remained elusive, as they do not express clear identity makers.
It is suspected that they are mesenchymal cells in the early stage of differentiation into osteoblasts
(47,67). Following reversal, mature osteoblasts enter the space and deposit osteoid, or unmineralized
bone matrix, onto the resorbed surface. Osteoblasts iteratively mineralize the matrix through
hydroxyapatite deposition (47). When bone formation is complete, most of the involved osteoblasts
undergo apoptosis. The remaining cells either become quiescent bone lining cells or begin terminal

differentiation into osteocytes, which live in the lacunae of the bone (47,67).



Osteoclastogenesis in detail

Differentiation of osteoclast precursors into mature, multinucleated, bone-resorbing osteoclasts
occurs through a process known as osteoclastogenesis. Osteoclastogenesis occurs in
myeloid/monocyte progenitors, referred to here as osteoclast precursors, in response to RANKL. In
vivo, osteoblasts and osteocytes are the major cellular sources of RANKL (68—70). Osteoblasts also
produce an inhibitory decoy receptor for RANKL called osteoprotegerin (OPG) (71). This is an important
mechanism by which osteoblasts influence osteoclast differentiation and function. Cell culture can be
used to study factors affecting osteoclastogenesis. In culture, mature osteoclasts form as early as 3
days into culture with RANKL, with many osteoclasts present by day 5 of culture. Osteoclasts are
guantified by identifying cells that have 3 or more nuclei and stain positively for tartrate-acid
phosphatase (TRAP), an enzymatic protein involved in resorption (72). In addition to counting
osteoclasts, the cell fusion and fission events involved in osteoclastogenesis can be visualized in the
cell culture plate by microscopy. Imaging studies employing cell-permeable dyes have demonstrated
that fusion occurs in a coordinated manner, with specific cells acting as the seed osteoclasts (73,74).
For a long time, direct in vivo observations of the timing and frequency of osteoclast fusion were not
possible due to technical challenges. And, although many field researchers suspected that mature
osteoclasts undergo fission as well as fusion in vivo, solid evidence of this phenomenon remained
enigmatic. Thus, the scientific understanding of osteoclastogenesis was limited to what could be
observed in culture plates and bone sections (73,74). The advent of intravital imaging has led to a new
understanding of how osteoclastogenesis proceeds in the skeletal system. Using a mouse parabiosis
model comprised of transgenic mice expressing fluorescent lineage markers, Jacome-Galarza et al.
determined that the initial population of osteoclasts that develops during murine embryogenesis is
seeded by cells of the erythro-myeloid lineage. These founding osteoclasts, dubbed syncytia, are
replenished over time through fusion of single monocytes into the syncytia. This results in total nuclear
replacement every 2 months (75). A subsequent publication by McDonald et al. revealed that
osteoclasts cycle between large, more multinucleated, resorbing cells and smaller cells, aptly named
osteomorphs. The cycling between these cell states can be controlled by pulsing with soluble RANKL

to promote osteomorph fusion to functional osteoclasts (58).

The process of osteoclastogenesis, by which osteoclast precursors undergo differentiation
reprogramming through epigenetic and transcriptional changes, requires signaling through three
different receptors: the colony-stimulating factor 1 receptor (CSF-1R), the receptor activator of nuclear
factor (NF)-kB receptor (RANK), and a co-stimulatory receptor paired with an immunoreceptor tyrosine-
based activation motif (ITAM)-containing adapter (59). A summary of the signaling events that drive
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osteoclastogenesis is depicted in Fig. 2. The CSF-R1 receptor acts first in the differentiation cascade.
CSF-R1 is expressed in cells of the myeloid lineage (76). It is activated in osteoclast precursors by the
ligand macrophage colony-stimulating factor (M-CSF), which initiates the expression of RANK (77). M-
CSF further acts as a differentiation and survival signal in mature osteoclasts (76,78,79). RANK is type
| transmembrane protein and tumor necrosis factor (TNF) family member (80). Following its expression
on the cell surface, it is bound by RANK ligand (RANKL), a TNF family cytokine (54,81). RANK lacks
intrinsic enzymatic activity in its intracellular region and therefore relies on an adapter protein to
transduce its signal. The cytoplasmic tail region of RANK has interaction domains compatible with TNF
receptor-activating factor (TRAF)-2, TRAF3 and TRAF5 (80,82,83). Despite this, RANK mainly
transduces through TRAF6 to induce osteoclastogenic molecular reprogramming (82,84). TRAF6
activates the mitogen-activated protein kinases (MAPK) signaling cascade comprised of extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 to activate the activator protein-
1 (AP-1) transcription factor family (85,86). TRAF6 also activates NF-kB signaling, which is essential
for osteoclast formation (84,87). The AP-1 family member c-Fos, in conjunction with NF-kB, initially
serves to upregulate transcription of the master regulator of osteoclastogenesis, the transcription factor
nuclear factor of activated T cells cytoplasmic 1 (NFATc1) (88-92). Epigenetic changes to the Nfatcl
gene locus, namely the Jumonji domain-containing 3 (JMJD3)-mediated removal of the repressive
methylation marker H3K27me3, are also essential for Nfatcl transcription (93). However, transcription
of Nfatcl alone is not sufficient for the procession of osteoclastogenesis. NFATcl must be activated
via dephosphorylation so it can access the nucleus and bind DNA in an active state (88). Once
activated, NFATc1 auto-amplifies signaling by homing to its own promoter (92). It also upregulates
transcription of osteoclast-identity genes.

Understanding how NFATcl becomes activated requires discussion of the final of the three
aforementioned receptors required for osteoclastogenesis. Co-stimulation occurs through ITAM-
containing adapters including DNAX-activating protein of 12 kDa (DAP12) and/or Fc receptor common
y (Fc-Ry) (94-98). In mice lacking DAP12 and Fc-Ry, osteoclasts cannot form, resulting in severe
osteopetrosis (96). Neither DAP12 nor Fc-Ry have ligand-binding domains, and so these adapters work
in concert with a selection of co-receptors. DAP12 can associate with co-receptors including triggering
receptor expressed on myeloid cells-2 (TREM-2), myeloid DAP12 associated lectin or CLEC5A (MDL-
1), or sialic acid-binding immunoglobulin-like lectin 15 (Siglec-15) (94,98). Fc-Ry can associate with
osteoclast activating factor (OSCAR) or paired immunoglobulin-like receptor A (PIR-A) to promote
osteoclastogenesis (94,95,97). Fc-Ry can also associate with Fc receptors FcyRI, FcyRIll and FcyRIV,
although the consequences of signaling through these is not fully understood and may in some cases
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be inhibitory rather than osteoclastogenic (94). Calcium efflux occurs downstream of co-stimulation to
ultimately induce dephosphorylation and activation of NFATcl. Calcium signaling occurs through
spleen tyrosine kinase (Syk), which interacts with the phosphorylated tyrosine residues on the ITAM
adapter of DAP12 or Fc-Ry and subsequently activates phospholipase C y (PLCy) (99). Inositol 1, 4,
5-triphosphate (IPs) then potentiates Ca?* release from the ER. Calmodulin becomes activated in
response to the surge in Ca?* and in turn activates the phosphatase calcineurin to induce NFATcl
dephosphorylation and translocation to the nucleus (99,100). NFATc1 upregulates the transcription of
many osteoclast-identity genes including genes coding for TRAP, OSCAR, and cathepsin K. (89).
Ultimately, differentiating osteoclasts fuse to form large, multinucleated cells (74). In Chapter Ill, | will
test how progression from monocyte to osteoclast alters cellular capacity to activate the inflammasome.
Understanding the molecular events that underlie osteoclastogenesis is important when considering

how inflammasome regulation may be governed in this specific population of cells.
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Figure 2. Overview of signaling pathways controlling osteoclastogenesis. 1) Signaling through the
colony-stimulating factor 1 receptor (CSF-R1) by macrophage colony-stimulating factor (M-CSF) results in
the recruitment and phosphorylation of Src by the intrinsic tyrosine kinase activity in the cytoplasmic tail of
CSF-R1. Src activates phosphatidylinositol 3-kinase (PI13K), which in turn activates the kinase Akt to drive
survival, differentiation, and actin reorganization. CSF-R1 signaling is responsible for inducing expression of
receptor activator of nuclear factor (NF)-kB (RANK). 2) When RANK is bound by its ligand, RANK ligand
(RANKL), it transduces its signal through the adapter TNF receptor-activating factor 6 (TRAF6). This results
in activation of the mitogen-activated protein kinases (MAPK) c-Jun N-terminal kinase (JNK), p38, and
extracellular signal-regulated kinase (ERK), leading to activation of the component of activator protein-1 (AP-
1) family of transcription factors. TRAF6 also drives activation of the NFkB transcription factor family.
Together, these transcription factors activate expression of osteoclastogenic genes. 3) Activation of nuclear
factor of activated T cells c1 (NFATcl) gene transcription is a critical outcome of RANK signaling.
Subsequently, co-stimulation occurs through paired transmembrane immunoreceptor tyrosine-based
activation motif (ITAM)-containing adapter [Fc receptor common y (Fc-Ry) or DNAX-activating protein of 12
kDa (DAP12)] and a co-receptor. Phosphorylation of the ITAM results in recruitment and activation of spleen
tyrosine kinase (Syk) to activate phospholipase C y (PLCy). PLCy causes inositol 1, 4, 5-triphosphate (IP3) to
open a channel in the endoplasmic reticulum (ER) to allow Ca?" efflux. This activates calmodulin and
calcineurin to dephosphorylate NFATc1. Upon activation, NFATc1 drives expression at its own promoter and
induces expression of osteoclastogenic gene programming. Figure made with BioRender.com.
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Osteo-immune crosstalk during S. aureus osteomyelitis

Osteoimmunology informs the study of bone infection

The importance of bone is two-fold; it acts as an adaptable scaffold for movement while also
serving as a repository for hematopoiesis. Bone’s functional duality results in a dynamic and diverse
microenvironment where skeletal cells and immune cells live in proximity. This has led to the
development of the scientific field of osteoimmunology, which is dedicated to studying how immune
cells and bone cells interact and influence one another. Efforts in this field have identified fundamental
osteo-immune interactions that govern the physiologic maintenance of bone homeostasis and the
hematopoietic niche. In this section, | detail osteo-immune interactions that may influence bone

homeostasis during osteomyelitis.

Multifactorial causes of bone damage in osteomyelitis

Bone damage manifests in osteomyelitis through alterations to bone homeostasis. This can
result from staphylococcal toxins that directly kill bone cells, as discussed in the earlier part of this
chapter. Inflammation generated by the immune response to pathogen can also, paradoxically, drive
the dysregulation of bone homeostasis (22). Despite bacterial persistence, the immune response within
the infected femur leads to significant inflammation (101). In part, inflammation causes altered
differentiation and function of resident skeletal cells like osteoclasts and osteoblasts, manifesting as
bone loss and aberrant bone formation (102). Callus formation, indicative of fracture healing and of a
sub-periosteal reaction, correlates with higher bacterial burdens (16). However, stimulation of the bone
using only bacterial wall components is sufficient to induce osteogenesis, suggesting that inflammation
resulting from cell sensing of bacteria induces callus formation directly (103). Our group has identified
the interleukin-1 type 1 receptor (IL-1R1) signaling pathway as a driver of osteoclastogenesis and of
parallel bone loss in the trabecular bone during S. aureus osteomyelitis. Our results suggest this
signaling pathway also influences callus formation, which is increased in osteomyelitis in IL-1R1-
deficient mice (51). The next section will discuss potential mechanisms by which host-sensing of
bacteria and cytokine responses perturb bone homeostasis through altered osteoclast differentiation
and function. This is relevant to Chapters Il and Ill, which present data on how specific innate immune

pathways influence changes to bone homeostasis during osteomyelitis.
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Inflammatory stimuli influence osteoclast differentiation and function

Mature osteoclasts and their progenitors are exquisitely responsive to changes in cytokine
milieu, and specific cytokines are known to promote bone loss in numerous inflammatory bone diseases
(102). Inflammatory cytokines like TNFa, interleukin-6 (IL-6), and interleukin-1 beta (IL-1B) promote
bone loss through osteoclast-mediated joint erosion in arthritis (102,104-107). The TNFa blocking
antibody infliximab is commonly used to treat severe rheumatoid arthritis (106). Cytokines like TNFa
and the IL-1R1 cytokines IL-18 and IL-1a are also important in promoting immune cell responses to S.
aureus (108-111). Importantly, these cytokines are thought to drive inflammatory bone loss in part by
acting upon osteoclasts to increase differentiation and resorption (102,107). IL-1a/p promote osteoclast
differentiation by amplifying NFATcl-driven differentiation programming in cells that have been
exposed to permissive levels of RANKL (112,113). TNFa increases osteoclastogenesis by initiating IL-
1R1 cytokine and RANKL production in stromal cells, which positively regulates osteoclastogenesis
(114,115). Additionally, these same cytokines can inhibit osteoclastogenesis in certain contexts. If a
monocyte precursor is exposed to an osteoclastogenic cytokine like TNFa before sufficient RANKL
exposure, the cell will differentiate into a macrophage, adopting an inflammatory M1 phenotype (116).
There are also cytokines that inhibit osteoclastogenesis even when a precursor cell has already been
primed by RANKL, including interleukin-4 (IL-4) and interleukin-10 (IL-10) (117,118). In addition to
altering differentiation, cytokines can also modulate osteoclast function by promoting resorption.
Exposure to IL-1B during osteoclastogenesis results in a pathologic resorptive phenotype wherein
mature osteoclasts resorb more bone. This proceeds without a parallel increase in expression of kindlin-
3 and talin-1, adhesion molecules normally used in resorption (119). This study exposes the possibility
that osteoclasts differentiating during inflammation may be reprogrammed to resorb more bone in a
non-canonical manner. Cytokine elaboration from macrophages also drives increased resorption in S.
aureus-infected osteoclast cultures (120). Thus, cytokine responses potentiated by infection are highly
influential to the differentiation and function of osteoclasts. In Chapter Ill, | will explore this topic further
by interrogating elaboration of IL-1R1 cytokines by osteoclast lineage cells as a potential mechanism
of bone loss during osteomyelitis.

In addition to cytokine responses, pattern-recognition receptor (PRR) ligation can directly
influence osteoclast progenitor cell fate decisions and promote resorption by mature cells. Toll-like
receptors (TLRs) are a type of PRR known to influence osteoclasts. TLRs are involved in host detection
of S. aureus, and this will be discussed as length in the next section. At the RNA level, osteoclast
precursors express TLRs 1-9 and mature osteoclasts express TLR2 and TLR4 (121). There is not clear

consensus as to which TLRs are fully functional in mature, resorptive osteoclasts, but TLR potentiation
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does impact differentiation in precursors. If an osteoclast is stimulated with a TLR agonist prior to
sufficient RANKL exposure, this directs differentiation toward the macrophage rather than osteoclast
fate (122—-128). However, stimulation with a TLR2, 4, or 9 agonist during or following sufficient RANKL
exposure will propel the precursor toward the osteoclast fate and increase overall osteoclast formation
(126,127,129,130). This effect is strongest when two different TLR signals are combined (126). C-Fos
and NFkB activation are increased by strong TLR agonism following RANKL-priming, suggesting that
TLR ligation activates osteoclastogenic signaling, potentially due to convergence on TRAF6 (126,129).
Moreover, TLR2 agonism significantly increases resorption by osteoclasts cultured on dentin chips
(130). In Chapter IlI, 1 will explore whether TLR signaling influences the osteoclast differentiation

response to staphylococcal culture supernatants or infection with live S. aureus.

The role of Toll-like receptor signaling in S. aureus infection

Overview of Toll-like receptors 2 and 9

Toll-like receptors (TLRs) are type | transmembrane proteins that require receptor homo- or
hetero- dimerization to initiate downstream signaling events. Mice and humans have 11 and 13 types
of TLRs, respectively (131). TLRs act as pattern recognition receptors (PRRs) to detect a broad array
of damage- and pathogen-associated molecules (131,132). TLR2 and TLR9 both detect molecules
relevant to Gram-positive bacterial infection (131). TLR2 dimerizes with TLR1 and/or TLR6 to detect
tri- and di-acylated bacterial lipoproteins, respectively (133,134). TLR9 is localized to the endosome
and detects unmethylated CpG-DNA (135). For all TLRs except TLR3, the adapter protein myeloid
differentiation marker 88 (MyD88) facilitates signal transduction from the dimerized TLR. MyD88 is also
required for signal transduction by the IL-1R1 (136). TNF receptor-activating factor-6 (TRAF6) is
activated downstream of MyD88 and drives the activation of NFkB transcription factor family (137). In
addition to NFkB, TLR9 can also activate the type | interferon response (138). When TLR2 signals from
the endosome following receptor endocytosis it can also activate the type | interferon response (139).
Thus, TLR activation by pathogen- or damage-associated molecules results in the initiation of immune
responses. Many immune cells including macrophages, dendritic cells, and neutrophils express TLR2
and TLR9 (140). There is also evidence to support that osteoclast lineage cells express TLR2 and
TLR9 (121,126). A major focus of Chapter Il is to define the role of TLR2 and TLR9 signaling in

promoting bacterial burden control and driving bone damage during S. aureus osteomyelitis.
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Toll-like receptors 2 and 9 in the host response to S. aureus

TLR2 and TLR9 enable host detection of S. aureus to initiate downstream innate immune
responses. Thus, loss of these detectors is expected to be deleterious to host antibacterial defenses.
Despite this, the results of studies aimed at defining the roles of TLR2 and TLR9 in S. aureus infection
have yielded mixed results. In the case of TLR9, polymorphisms that reduce TLR9 expression in
humans are associated with increased rates of nasal carriage of S. aureus (141). Complimentary
studies in cell culture and animal models are limited in number and have not sufficiently expanded upon
this observation. A 2012 study by Parker and Prince showed that detection of S. aureus by TLR9
induced the type | interferon response in dendritic cells. In a mouse model of S. aureus lung infection,
this TLR9-mediated response reduced host ability to clear infection (138). Far greater attention has
been paid to elucidating the role of TLR2 in the host response to S. aureus. Cell culture studies revealed
that WT and TIr27- macrophages have similar rates of internalization, suggesting phagocytosis is not
entirely dependent on TLR2 (142,143). Following treatment with heat-killed S. aureus, release of pro-
inflammatory cytokines like IL-6 and TNFa is reduced in TIr27- macrophages compared to WT
macrophages (142). However, the cytokine measurements reported are well over baseline in Tir2-"
cells, suggesting that the decrease may not be substantial enough to impair the immune response. Like
the findings of Parker and Prince on TLR9, TIr2”- macrophages have been reported to better control
intracellular replication of live S. aureus, as S. aureus can prevent oxidative burst in the phagolysosome
in a TLR2-dependent manner (139,143). The most definitive argument for the beneficial role of TLR2
in host response to S. aureus can be found in work comparing survival of WT and TIr27-mice undergoing
septic infection. At a range of 1-3 x 10’ CFU administered intravenously, TLR2 deficient mice incur
increased mortality and increased bacterial burdens compared to WT controls over a 14-day infection
(144). Subsequent studies in lung and skin are contradictory, finding that TLR2 is not essential to
bacterial containment (108,139,143,145). Whether TLR2 is critical to host survival or bacterial
containment in S. aureus osteomyelitis is not known.

In addition to examining how loss of TLR2 affects infection outcome, complimentary approaches
have aimed to test how bacterial pathogen production of TLR2-activaitng lipoproteins influences
disease pathogenesis. A Algt mutant lacking the lipoprotein diacylglycerol transferase gene, which
codes for the enzyme that catalyzes the first step in the formation of mature lipoproteins, has been
used to study how altered production of TLR2 ligands by S. aureus influences infection outcome.
Studies with this strain yielded contradictory results. While Wardenburg et al. found that the Algt strain
caused more severe infection due to immune evasion, Schmaler et al. demonstrated that the mutant

strain causes less severe infection due to a growth defect attributed to inadequate iron acquisition
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(146,147). It is likely that different strain backgrounds contributed to the disparate findings. In humans,
reduced TLR2 expression correlates with increased mortality risk during septic infection (148).
However, mutations affecting TLR2 expression and heterozygous inactivating mutations are not
associated with increased risk of S. aureus infection overall (149,150). Thus, more research is needed
to ascertain whether TLR2 and TLR9 are drivers of a productive host response or whether S. aureus
manipulation of TLR signaling turns these detection mechanisms against the host.

The relevance of the NLRP3 inflammasome to S. aureus osteomyelitis

Inflammasome overview

Inflammasomes are multiprotein complexes that assemble and activate in response to broad
pathogen- and damage-associated stimuli. There are many types of inflammasomes, including NLRP1,
NLRP3, NLRC4, Pyrin, and AIM2, named for the unique sensor protein employed. The sensor acts as
a PRR which induces assembly and activation of the multiprotein inflammasome complex (151,152).
The complexity of the signals controlling inflammasome activation and downstream effects make it
difficult to generalize about the commonalities of these different sensor-based systems. | chose to
narrow the focus of the following sections to the nucleotide binding and oligomerization, leucine-rich
repeat, pyrin domain-containing 3 (NLRP3) inflammasome. NLRP3 can respond to broad, damage-
related stimuli and has demonstrated relevance to S. aureus infection (27,28,31,153-159). The NLRP3
inflammasome requires two signals for activation: a priming signal through a TLR or tumor necrosis
factor receptor (TNFR) and an activating 2" signal detected by the inflammasome sensor (160,161).
The result of inflammasome induction is activation of caspase-1 which then activates IL-18 and
interleukin 18 (IL-18) and, in some cell types, induces death by pyroptosis (162—-164). The absent in
melanoma 2 (AIM2) inflammasome, also caspase-1-dependent, is activated by S. aureus through
sensing of bacterial DNA, and thus is also of potential importance to S. aureus osteomyelitis but is not
the chosen focus of this dissertation (165). This background section is relevant to Chapter Ill, which
interrogates how inflammasome-mediated maturation of IL-1B influences the dysregulation of bone

homeostasis during S. aureus osteomyelitis.
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NLRP3 overview

The NLRP3 inflammasome is a multi-protein complex comprised of a N-terminal pyrin domain
(PYD), a central NAIP, CIITA, HET-E, and TP1 (NACHT) domain, and a C-terminal leucine-rich repeat
(LRR) domain (152,162). The assembled NLRP3 complex is comprised of the adapter protein
apoptosis-associated speck-like protein containing CARD (ASC), the cysteine protease caspase-1, and
the regulatory protein NIMA-related kinase 7 (NEK7) (Fig. 3). The NLRP3 inflammasome is expressed
by immune cells like macrophages, neutrophils, and dendritic cells and in some resident tissue cells
like epithelial cells (164,166-169). When active, the NLRP3 inflammasome liberates the cysteine
protease activity of caspase-1 by positioning it in an energetically favorable state, allowing it to auto-
activate through self-cleavage (170,171). Active caspase-1 remains within the complex where it cleaves
target proteins including the pro forms of inflammatory cytokines IL-1p and IL-18, which are activated
by cleavage (162,164). In some cell types including macrophages, caspase-1 also cleaves gasdermin
D into the N-terminal p31 fragment to induce pyroptotic cell death (163). The highly pro-inflammatory
consequences of NLRP3 activation can be disastrous if unrestrained, as is the case in cryopyrin-
associated autoinflammatory syndrome (CAPS), an inflammatory disorder caused by a gain of function
mutation in the NIrp3 gene (172). Due to the risk of generating excessive inflammation, there are
numerous regulatory mechanisms that prevent unnecessary deployment of the inflammasome’s
explosive potential. To understand the positive and negative regulatory signals that control NLRP3
activation, it is useful to consider NLRP3 activation as a two-step process. Although this two-step model
admittedly simplifies the complexity of NLRP3 activation, | employ it in the following section as a tool

for understanding common elements that control NLRP3 in many cellular contexts.
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Figure 3. Overview of the NLRP3 inflammasome. The nucleotide binding and oligomerization, leucine-rich
repeat, pyrin domain-containing 3 (NLRP3) inflammasome is made up of the NLRP3 sensor, apoptosis-
associated speck-like protein containing CARD (ASC) adapter, NIMA-related kinase 7 (NEK7), and caspase-
1. Assembly occurs in response to a priming signal followed by a 2", activating signal. Upon 2" signal, the
protein components oligomerize. ASC and caspase-1 interact through CARD domains. ASC and NLRP3 bind
together through interactions in the pyrin (PYD) domains. Figure made with BioRender.com.
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NLRP3 activation and assembly

The two-step NLRP3 activation model is comprised of a priming signal and an activation signal.
Priming readies the inflammasome for activation by inducing transcription and translation of the protein
components and by altering post-translational modifications that inhibit complex assembly (151). The
priming signal can come through a stimulus that activates a PRR such as a TLR or through a cytokine
receptor like the TNFR. Receptor signaling potentiates NFkB signaling to upregulate gene transcription
and translation of inflammasome components like NLRP3 and IL-1B (160,161). In cell culture models,
TLR agonists including lipopolysaccharide (LPS) are standard priming agents. Sufficient priming time
is required for protein synthesis to take place, and so in cell culture assays, a 3-4 h window is utilized
for priming (173). After priming, a 2" signal stimulus activates the NLRP3 sensor. Although stimuli like
reactive oxygen species and pH changes can act as the 2" signal, in bacterial infection, K* efflux out
of the cell is thought to be the commonality between all effective 2" signal stimuli (174). In cell culture
studies, commonly used K* efflux-inducing stimuli include the ionophore nigericin and ATP (173,175).
Studies presented in Chapter Ill utilize LPS followed by nigericin. Mechanistically, the exact sequences
of molecular events enabling NLRP3 assembly following 2"? signal are still being elucidated. It is known
that the trans-Golgi network must be dispersed prior to NLRP3 complex assembly. The dispersed trans-
Golgi network acts as a scaffold onto which NLRP3 docks and assembles with ASC, caspase 1, and,
in some cases, NEK7 (176). The signals that control trans-Golgi dispersal are still being explored.

The temporal framework laid out for priming and the mechanism by which the 2" signal activates
assembly of NLRP3 are subject to change based on the cellular context. For example, NLRP3
activation can occur without new gene transcription or protein synthesis in a manner known as fast
priming. This is an interleukin-1 receptor-associated kinase 1- (IRAK-1) dependent mechanism allows
for a short priming of 10 min with LPS followed by NLRP3 activation upon stimulation with a 2" signall
(177-179). Fast priming is known to occur in human and murine macrophages (178-180). Moreover,
in human cells the molecular mechanism underlying 2" signal initiation of fast priming relies on NEK7-
mediated recruitment of NLRP3 to the trans-Golgi network. However, prolonged exposure to LPS
renders NEK7 obsolete and instead utilizes IkkB (181). Despite the evolving mechanistic understanding
of inflammasome activation, it remains generally universal that NLRP3 activation requires a TLR or
TNFR signal followed by damage-associated stimulus. It is important to utilize the working model for
NLRP3 activation as a framework rather than an absolute; inflammasome activation varies based on
the specific stimuli of interest and the distinct cell type being studied. This is important when considering
the data presented in Chapter Ill, wherein | begin to define the mechanism of inflammasome induction

in osteoclasts, for which the inflammasome has not been previously characterized.
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Negative regulation of NLRP3

Negative regulation through post-translational modifications to NLRP3, caspase-1, ASC, and the
regulatory protein NEK7 can control inflammasome induction by restricting substrate cleavage or
assembly (151). There are many types of post-translational modifications that regulate NLRP3
assembly and here | will discuss some of the major known modifications. For instance, NLRP3 is heavily
ubiquitinated in its inactive state and thus activity of a de-ubiquitinating enzyme (DUB) is required for
activation. LPS stimulation through TLR4 leads to the activation of the DUB BRCA2 containing complex
subunit 3 (BRCC3). This induces the removal of the K63-linked ubiquitin from NLRP3 and is essential
for the oligomerization of NLRP3 (182). Additional modifications to NLRP3 include phosphorylation and
sumoylation. For instance, the phosphorylation of NLRP3 at human serine 198 and mouse serine 194
by c-Jun N-terminal kinase 1 (JNK1) is vital for NLRP3 self-binding and subsequent inflammasome
induction (183). Additionally, both caspase-1 and IL-13 can be negatively or positively regulated by
phosphorylation and ubiquitination (151). Caspase-1 self-cleaves its p46 inactive form to activate its
catalytic C-terminal domain. The cleavage event results in a p10 protein which is not catalytically active
and the C-terminal p33 fragment. These dimerize with another set of caspase-1 p10/p33 proteins. All
of this occurs while caspase-1 is still assembled in the NLRP3 complex. In this form, caspase-1
activates its targets. A final cleavage event removes the CARD domain from the p33 to release the
p20/p10 fragments from the complex. These de-dimerize and, because they are unstable when not
associated, they rapidly degrade. Thus, the sites that caspase-1 self-cleaves ultimately function to both
activate and shut off catalytic activity of the complex (170). Recently, a regulatory role for gasdermin D
was identified by Hu et al. The cleaved N-terminal fragment can bind caspase-1 via the RFWK residues
of the B1-B2 loop, thus acting to negatively regulate caspase-1 (184). In addition to modifications of the
proteins of the inflammasome, negative binding proteins exist human cells (184). The PYD-only
proteins (POPs) family of proteins regulate inflammasome components through direct binding (185—

187). Whether a similar mechanism exists in murine cells is not yet known.

The role of the inflammasome in bone homeostasis

The link between IL-1R1 cytokines IL-1a and IL-18 and the skeletal system has been
appreciated for decades. Before the IL-1B gene was cloned, it was sometimes referred to as osteoclast
activating factor because stimulating differentiating osteoclast precursors with IL-1a/p significantly
increases osteoclast formation (188,189). Mechanistically, IL-1R1 transduces its signal through the
adapter TRAF6 to promote the activity of the transcription factors cFos and microphthalmia-associated

transcription factor (MITF), thus driving osteoclast differentiation programming (112,190). Interestingly,
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chronic recurrent multifocal osteomyelitis (CRMO), an inflammatory bone disease, can be caused by
underlying mutations in genes that regulate IL-1R1 signaling and by gain-of-function mutations in Nlrp3
(191). Mice engineered to have constitutively active NLRP3 incur bone lesions and increased
osteoclastogenesis (192,193). While studies examining the role of IL-1R1 cytokines in inflammatory
bone loss have been numerous, attention has only recently shifted toward the study of how IL-1B-
activating inflammasomes contribute to damage in bone infection. For instance, Zhu et al.
demonstrated that protein levels of NLRP3 and gasdermin D are increased in samples from patients
undergoing debridement surgery to treat S. aureus osteomyelitis compared to samples from femoral
neck repair (194). In vitro work in the same publication suggested NLRP3 inhibition may have efficacy
in reducing osteoclast formation during infection (194).

In the data presented in Chapter lll, | examine how osteoclast differentiation influences cellular
capacity to activate the NLRP3 inflammasome. The potential importance of this work is highlighted by
several recent publications that establish a role for inflammasome activation in bone healing and identify
a link between protein components of the inflammasome and regulation of osteoclast function. Firstly,
Sun et al. demonstrated that mice deficient in gasdermin D have reduced healing in femur fractures as
measured by increases to osteoclast abundance, delays in callus deposition, and reduced
biomechanical measurements of bone stability at 28 days post-injury. The phenotype of gasdermin D-
deficient mice mirrored that of IL-1R1-deficient mice, suggesting a cooperative relationship between
gasdermin D and cytokine function (195). Interestingly, a regulatory role for gasdermin D in osteoclasts
was recently identified in a publication by Li et al. This work revealed that osteoclasts express many
caspases as well as gasdermin D. Differential cleavage of gasdermin D by RIPK1/caspase-8/caspase-
3 results in a p20 fragment unique to mature osteoclasts. The p20 form serves an essential regulatory
function by controlling acidification of the endo-lysosome to limit resorption. Mice deficient in gasdermin
D experience exacerbated bone loss in a model of ovariectomy-induced osteoporosis (196).
Interestingly, unlike Sun et al., Li et al. reported that gasdermin D-deficient mice have lower bone mass
at baseline (195,196). These findings are intriguing because they demonstrate roles for inflammasome-
related pathways in bone homeostasis. Specifically, because | am interested in understanding
inflammasome activation in osteoclasts, the findings of Li et al. serve as important rationale for my
studies. Not only is gasdermin D present in osteoclasts as a regulatory protein, but osteoclasts also
express high levels of other caspases (196). Moreover, excessive bone particles activate
inflammasome responses in myeloid lineage cells to promote osteoclast differentiation (197). Thus,
there is ample opportunity and importance in elucidating how these proteins function in differentiating

and mature osteoclasts.
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The NLRP3 inflammasome in S. aureus infection

To understand the potential role of the NLRP3 inflammasome in the host response to S. aureus
osteomyelitis, a focus of Chapter lIll, | will review some of the major findings on the role of NLRP3 in
other infection models. Efforts to understand how inflammasome activation occurs in S. aureus-infected
macrophages were rooted in the observation that the staphylococcal toxin hemolysin-a (Hla) induces
both cytokine release and death in macrophages (198). Follow up work demonstrated that Hla acts as
a second signal for NLRP3 activation in both human and mouse cells (27,28). The NLRP3-inducing
effect of Hla is greatest when cells are treated with S. aureus culture supernatant rather than infected
with live bacteria (27). Additional studies aimed to determine the molecular mechanism underlying
NLRP3 activation in S. aureus-infected macrophages, and this led to a more nuanced understanding
of how S. aureus interacts with and manipulates its host. Caspase-1 activation upon intracellular
infection can facilitate acidification of the phagolysosome and oxidative burst (154). Paradoxically, it
has also been reported that NLRP3 activation prevents macrophage killing of bacteria due to Hla-
mediated inhibition of phagosome acidification (153). Thus, expression levels of Hla in specific strains
may ultimately determine whether NLRP3 activation helps or harms the host cell.

Mouse studies to determine the cytokines that drive the immune response to S. aureus have
pointed to IL-1 as a major driver of neutrophil and macrophage mediated responses (51,108-111). In
implant associated infection, TNFa and IL-1B are essential for control of implant-associated infection
(111). Whether the NLRP3 inflammasome is the major driver of the IL-1p response to S. aureus is not
yet clear. In a biofilm-associated craniotomy infection, TLR2 drives caspase-1-dependent responses
which are critical to bacterial containment (199). A study by the same group demonstrated an important
role for the AIM2 rather than the NLRP3 inflammasome in a brain abscess model of S. aureus infection,
stressing the need to also consider NLRP3-independent mechanisms (200). Work in models of lung
infection suggest dichotomous roles for the cytokine-activating versus cell death-inducing
consequences of inflammasome induction. For instance, in a model of S. aureus pneumonia, NLRP3-
deficiency significantly reduces tissue injury in an IL-1R1-independent manner (31). Thus, while
cytokine elaboration promotes immune cell recruitment and activation, other inflammasome-induced
events like pyroptosis may be deleterious, offering a potential druggable pathway. Studies addressing
the specific inflammasome responsible for mediating host responses in the bone will be pivotal to
understanding how IL-1R1 signaling drives bacterial containment and how this influences bone
homeostasis. Towards this open question, in Chapter lll, | interrogate the role of the NLRP3
inflammasome and its downstream effectors in bone homeostasis in a mouse model of post-traumatic

osteomyelitis.
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CHAPTER II: CONTEXT-DEPENDENT ROLES FOR TOLL-LIKE RECEPTORS 2 AND 9 IN THE
PATHOGENESIS OF STAPHYLOCOCCUS AUREUS OSTEOMYELITIS

Introduction

Staphylococcus aureus is the most common causative agent of infectious osteomyelitis, or
infection of bone (3,7). A major pathologic feature of osteomyelitis is dysregulated bone homeostasis
and consequent bone damage (5,11,201). In healthy skeletal tissue, bone-building osteoblasts and
bone-resorbing osteoclasts balance the deposition of new bone matrix with the resorption of old bone,
thus maintaining bone homeostasis (202,203). Perturbation of bone homeostasis during osteomyelitis
leads to bone loss and aberrant bone healing and contributes to morbid complications, including
pathologic fractures (1,5,201). Moreover, vascular damage occurring in response to infection can
interfere with antibiotic delivery, thereby promoting chronic infection (1,5,11). Thus, in addition to
prolonged antibiotic therapy, patients suffering from osteomyelitis often require invasive surgical
debridement to remove infected and necrotic bone (1,5,7,201). To develop new therapeutic strategies
that reduce morbidity and improve antibiotic treatment of osteomyelitis, it is crucial to define the
mechanisms by which bacterial infection incites bone damage. Thus, this chapter focuses on defining
how innate immune signaling, specifically through Toll-like receptor (TLR) sensing of S. aureus,
influences pathologic bone remodeling during osteomyelitis.

In inflamed bone, osteoclasts are key mediators of bone loss or osteolysis (102). Increases in
osteoclast differentiation (osteoclastogenesis) and bone resorption are recognized mechanisms of
pathologic osteoclast activation in inflammatory disease (102,119,204). In physiologic conditions,
osteoclastogenesis occurs when precursors of the monocytic lineage encounter the canonical
differentiation factor, receptor activator of nuclear factor (NF)-kB ligand (RANKL) (54). RANKL-primed
osteoclast progenitors then fuse to form large, multinucleated cells capable of resorbing bone.
However, osteoclastogenesis is shaped by stimuli in the bone microenvironment, including
engagement of pattern recognition receptors (PRRs) and the cytokine milieu (102,127). Specifically,
signaling through TLRs 2, 4, and 9 promotes osteoclastogenesis in RANKL-primed osteoclast
precursors (125-127,205). Conversely, TLR signaling prior to RANKL can inhibit subsequent
osteoclastogenesis (122,123,125,126). Downstream of TLR signaling, pro-inflammatory cytokines such
as IL-6, IL-1B, and TNFa enhance osteoclast differentiation, while other cytokines such as IL-10 are
inhibitory (112,115,116,118,206,207). Thus, responses to bacterial infection have the potential to
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influence osteoclast formation directly through ligation on progenitor cells, and indirectly by potentiating
cytokine release from neighboring cells. Moreover, additional resident skeletal cells, including
osteoblasts, also engage TLRs in response to S. aureus, which can perturb environmental RANKL and
cytokine levels (208-210). In addition to bone loss, bone formation is also altered during osteomyelitis.
Impaired healing, abnormal callus deposition, and bone loss are also characteristic of human disease
and similarly manifest in animal models of disease (16,103). Therefore, it is important to define how

specific innate immune responses to bacterial pathogens disrupt bone homeostasis.

TLR2 and TLR9 have been reported to contribute to the innate immune response during S.
aureus infection (144,210-213). TLR2 dimerizes with TLR1 and/or TLR6 to detect tri- and di-acylated
bacterial lipoproteins, respectively, consequently activating NF-kB signaling (133,134). TLR2 has been
shown to promote host survival in septic infection, but its role is less clear in tissue-specific models of
infection (108,144,145). TLR9 is localized to endosomal compartments and recognizes unmethylated
CpG-DNA (135). Studies on how TLR9 contributes to host defenses during S. aureus infection in vivo
have been limited (138,212,213). Moreover, many in vitro studies document the ability of TLR agonists
to promote osteoclast differentiation and mature cell resorption, but the understanding of how these
receptors impact osteoclastogenesis and bone homeostasis during bacterial infection in vivo is more
limited. In this study, we investigate the role of TLR2 and TLR9 signaling in the specific context of post-
traumatic S. aureus osteomyelitis, with a focus on understanding how these immune receptors

influence host antibacterial defenses and modulate infection-induced changes to bone homeostasis.

Materials and Methods

Animal use

C57BL/6J mice (Jackson stock #000664) were used for all in vivo and in vitro experiments that
employed wild type (WT) animals as controls. WT control mice used in the osteomyelitis model were
ordered from The Jackson Laboratory (Bar Harbor, ME) and delivered to our housing facility 1-2 weeks
prior to undergoing surgery. TIr9’- mice were provided by Dr. Richard Peek (Vanderbilt University
Medical Center) and bred in-house via homozygous crosses to generate experimental animals (135).
TIr2-- mice were ordered from Jackson (stock #004650) and either used for experiments following a 1
to 2-week equilibration period or bred to maintain the knockout colony. To generate mice deficient in
TLR2 and TLR9 (TIr2/97- mice), TIr27- and TIr9"- mice were crossed to yield homozygous offspring.
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Offspring were genotyped using Transnetyx, Inc. (Cordova, TN). The TIr2/97- colony was subsequently
maintained by homozygous breeding. Because these strains were expected to be
immunocompromised, TIr2", TIr9-, and TIr2/9- mice were housed with sterile bedding and provided

sterile food.

Bacterial strains and growth conditions

Experiments were performed the following: S. aureus USA300-lineage strain AH1263 (WT)
(214), a derivative strain lacking the alpha-type phenol-soluble modulins (Apsma1-4) (22), a derivative
strain lacking alpha-type phenol-soluble modulins and staphylococcal protein A (Apsma1-4 Aspa) (215),
or an Algt strain lacking the ability to generate mature lipoproteins due to the disruption of the lipoprotein
diacylglycerol transferase gene (216). The Algt strain, from here on referred to as Igt::Tn, was generated
in the LAC background by bacteriophage phi-85-mediated transduction of the transposon-disrupted,
erythromycin resistance-marked allele from the USA300-lineage JE2 strain (NE1905), which was
procured from the NARSA transposon library (216). Bacterial cultures used in both in vitro and in vivo
infection experiments were grown overnight at 37°C in tryptic soy broth (TSB) with shaking at 180 rpm.
10 pg/ml erythromycin was added to the culture media for the Apsma1-4, Apsma1-4 Aspa, and Igt::Tn
strains. Bacterial inocula were prepared by back-diluting overnight cultures 1:100 into TSB and then
incubating an additional 3 h at 37°C with shaking at 180 rpm. The subcultures were then centrifuged
for 5 min at 4,000 x g to pellet cells. The bacterial inoculum was adjusted to the desired concentration
by diluting in 1X phosphate-buffered saline (PBS) and measuring optical density. All post-infection CFU
were enumerated after growth on trypticase soy agar (TSA) plates.

Preparation of bacterial supernatants

Concentrated bacterial supernatants were prepared as previously reported (43,44). In brief, 1-2
bacterial colonies were inoculated into 250 ml Erlenmeyer flasks containing 50 ml of sterile RPMI
medium with 1% casamino acids (Fisher Scientific). Flasks were sealed with rubber stoppers and
cultured for 15 h at 37°C with shaking at 180 rpm. To pellet bacteria, cultures were then centrifuged at
4000 x g for 10 min. Supernatants were sterilized using a 0.22 ym polyethersulfone filter and then
concentrated to a final volume of ~1.5ml using an Amicon Ultra 3-kDa nominal molecular weight
column (MilliporeSigma, Burlington, MA). Supernatants were again filter sterilized and single-use

aliquots were prepared on ice and frozen at -80°C.
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Whole bone marrow isolation and bone marrow-derived monocyte enrichment

Whole bone marrow (WBM) was isolated from male WT, TIr27-, TIr9”, or TIr2/97- mice aged
between 8 and 12 weeks. WBM was flushed from femurs using unsupplemented MEM-a medium
(Gibco, Waltham, MA), passed through a 100 uM filter, and centrifuged at 1500 rpm x 5 min. Red blood
cells were lysed in ammonium-chloride-potassium buffer for 10 min, and then 1X PBS was added to
deactivate lysis. Cells were centrifuged again and resuspended in 100% fetal bovine serum (FBS) for
counting. WBM cell preparations were then frozen in 10% dimethyl sulfoxide (DMSO) in FBS and stored
in liquid nitrogen until ready to use. Cryopreserved vials of WBM cells were rapidly thawed in a 37°C
water bath and then washed in MEM-a medium supplemented with 10% FBS and 1X penicillin-
streptomycin to remove DMSO. To enrich for bone marrow-derived monocytes (BMDMs), WBM cells
were seeded at 8-10 million cells per 10 cm tissue culture-treated dish in MEM-a medium + 10% FBS
+ 1X penicillin-streptomycin supplemented with macrophage colony-stimulating factor (M-CSF).
Supernatant from the CMG14-12 cell line served as the M-CSF source and was added at a vol/vol ratio
of 1:5, providing a high dose of M-CSF for positive selection of monocytes (69). After four days of
differentiation, BMDMs were scraped off 10 cm dishes and seeded into 96-well tissue culture plates at
50,000 cells / well or into 24-well plates at 250,000 cells / well. All cell cultures were incubated at 37°C
with 5.0% CO:a.

Osteoclastogenesis assays

Two osteoclastogenesis assays were used: a pre-commitment assay in which BMDMs are
primed with receptor activator of nuclear factor (NF)-kB ligand (RANKL) for 48 h and then stimulated
with bacterial supernatant in the absence of RANKL, and a continuous assay in which RANKL
stimulation is present during the duration of bacterial stimulation. For each assay, culture medium was
as follows: MEM-a + 1X penicillin-ptreptomycin + 10% FBS with CMG14-12 supernatant at 1:20 vol/vol
(BMDM maintenance media) or MEM-a + 1X penicillin-streptomycin + 10% FBS with CMG14-12
supernatant at 1:20 vol/vol and 35 ng/ml RANKL (osteoclastogenic media). In the pre-commitment
osteoclastogenesis assay, BMDMs were cultured in osteoclastogenic media for 48 h. Then cells were
washed once in warm 1X PBS and media were replaced with BMDM maintenance media. 2.5 - 7%
vol/vol Apsma1-4 supernatant or 7% vehicle control (1% casamino acids in RPMI) were added to the
cells. 4 days later, cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP) and 4',6-
diamidino-2-phenylindole (DAPI), as described below. In the continuous RANKL assay, BMDMs were
plated in osteoclastogenic media. On the second day of culture, 2.5 - 9% vol/vol of concentrated

supernatants prepared from the Apsma1-4 strain, or a 7% vehicle control (1% casamino acids in RPMI),
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were added to the cell monolayers. Medium was changed and supernatants/vehicle were replenished
on the 4th day of culture. On day 6 of culture, cells were fixed and stained for TRAP and DAPI.

TRAP and DAPI staining
Adherent cells from the pre-commitment and continuous RANKL assays were fixed in a solution
containing 4% formaldehyde and 0.05% Triton X-100 solution in 1X PBS for 10 min and then in a 1:1

acetone:ethanol solution for 1 min. Fixed cells were then TRAP-stained with reagents from the Acid
Phosphatase, Leukocyte (TRAP) Kit (Sigma #378A). TRAP-stained wells were also stained with DAPI
to visualize nuclei. Entire wells were imaged at 4X magnification using a Biotek Cytation 5 Imaging
Reader (Agilent, Winooski, VT) and then the images were stitched together. Fiji Image J was used to
merge color brightfield and DAPI images together and to view merged images for counting (217).

Osteoclasts, defined as TRAP™* cells with 3 or more nuclei, were enumerated.

Reverse transcriptase guantitative PCR (RT-gPCR)

BMDMs were cultured for 2 days in osteoclastogenic media. Cells were washed once with 1X
PBS and then BMDM maintenance medium was added to the wells. Cells were then stimulated with
5% vol/vol Apsma1-4 supernatant or vehicle. After 24 h of stimulation, cells were washed with 1X PBS
and lysed using RT Lysis Buffer (Qiagen, Hilden, Germany) supplemented with B-mercaptoethanol.
Cell lysates were obtained by centrifugation in a Qiashredder column (Qiagen) at 13000 rpm for 2 min.
RNA was extracted from cell lysates using the RNeasy Mini Kit (Qiagen) in accordance with the
manufacturer’s instructions. RNA concentrations were measured using a Biotek Synergy HT Microplate
Reader (Agilent Winooski, VT). 500 ng of RNA per sample used to synthesize cDNA using the qScript
XLT cDNA Supermix (QuantaBio, Beverly, MA). cDNA was diluted 1:10 in nuclease-free water and
frozen at -20°C until ready to use. RT-qPCR was performed using iQ Sybr Green Supermix (Bio-Rad,
Hercules, CA) using primer sequences shown in Table 1. Cq values were analyzed using the AACq
method (218).
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Table 1. Primers for gRT-PCR experiments shown in Chapter IlI.

Gene Protein Fwd Rv Source
Target
Actb B-Actin 5- 5’- (219)
GCAAGTGCTTCTA | AAGAAAGGGTGTA
GGCGGAC-3’ AAACGCAGC-3
Ctsk Cathepsin-K 5- 5’- (220-222)
GAAGAAGACTCAC | TCCAGGTTATGGG Primer Bank
CAGAAGCAG-3 CAGAGATT-3 31982433al
Nfatcl NFATcl 5- 5- (223)
CCCGTCACATTCT | CAAGTAACCGTGT
GGTCCAT-3 AGCTGCACAA-3’
Oscar OSCAR 5- 5- (224)
TGGCGGTTTGCA GATCCGTTACCA
CTCTTCA-3 GCAGTTCCAGA-3
Tnfrsflla RANK Receptor 5-GGACGGTGT 5-GCAGTCTGA (221,222)
TGCAGCAGAT-3 GTTCCAGTGGTA- Primer Bank
3 31981958al1

Multiplexed cytokine guantification
BMDMs from WT, TIr27-, TIr9", and TIr2/97- male mice were plated at 50,000 cells/well in 96-

well plates in either BMDM maintenance media or osteoclastogenic media. After two days of culture,

cells were washed in 1X PBS. Media were changed to either BMDM maintenance media or
osteoclastogenic media and then cells were stimulated with 7% (vol/vol) Apsma1-4 Aspa supernatant
so that the following culture conditions were achieved: RANKL exposure before supernatant treatment,
RANKL exposure before and during supernatant treatment, RANKL exposure during supernatant
treatment only, and no RANKL exposure before or during supernatant exposure. As a control, one
group of WT cells in each RANKL exposure condition received vehicle treatment. After 12 h of
stimulation, cell culture supernatants were collected and stored at -80°C until ready for analysis. For
cytokine measurement, samples were transitioned to -20°C overnight, thawed on ice the following day,
and centrifuged at 2000 x g for 10 min at 4°C to remove debris. Cytokine concentrations were measured
from cell culture supernatants using the 25-plex Mouse Cytokine/Chemokine Magnetic Bead Panel
(MilliporeSigma, Burlington, MA, catalog #MCYTOMAG-70K-PMX) on the FLEXMAP 3D instrument
following the manufacturer’s instructions. Cytokine measurements below the limit of detection for a
given analyte were reported as the lowest value on the standard curve. Values above the limit of

detection were reported but not used in calculations or statistical comparisons.
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In vitro infection by gentamicin protection assay

BMDMs were plated at a density of 50,000 cells/well in 96-well plates in osteoclastogenic media.
After two days in culture, cells were washed once with warm 1X PBS and media were replaced with
antibiotic-free MEM-a + 10% FBS with CMG 14-12 supernatant at 1:20 vol/vol. Bacterial inocula were
prepared from WT AH1263 and adjusted to a concentration of approximately 5 x 108 CFU/ml in sterile
1X PBS. Cell monolayers were infected with S. aureus by adding 1.25 x 10® CFU in 2.5 pl for a
multiplicity of infection (MOI) of 25. PBS alone was added to control wells as a mock-infection. Plates
were centrifuged at 1000 rpm for 1 min to bring bacteria in contact with the cell monolayers. Plates
were then incubated for 2 h at 37°C to allow for bacterial internalization. Media were then removed,
and cells were washed in warm 1X PBS. Cells were incubated for an additional hour with fresh MEM-
a supplemented with 100 pg/ml gentamicin to kill extracellular bacteria. Following gentamicin
protection, one set of samples was immediately lysed in 0.1% Triton X in 1X PBS to enumerate
internalized CFU. Cell supernatants were plated from the infected wells to ensure that gentamicin
effectively killed the extracellular bacteria. A separate set of infected cells was transitioned to BMDM
maintenance media and incubated at 37°C and 5% CO2 for 2 more days, after which time the infected
cells were either lysed for enumeration of intracellular bacterial load or fixed and TRAP-stained. TRAP-
stained wells were also stained with DAPI to visualize nuclei and were quantified in the same manner

as the osteoclastogenesis assays.

Murine model of osteomyelitis

All animal experiments were approved by the Vanderbilt University Institutional Animal Care and
Use Committee. Mice underwent induction of post-traumatic osteomyelitis as previously described
(22,51,225). Briefly, 7- to 8-week-old mice were anesthetized using 3-3.5% isoflurane for induction and
1-1.5% for maintenance. Mice received subcutaneous injections of sustained-release buprenorphine
(0.5-1 mg/kg) prior to the procedure and to maintain analgesia for 48 h post-infection. After induction
of anesthesia, the left hindlimb and flank were prepared for surgery and the diaphysis of the femur was
exposed using sterile technique. An approximately 1 mm defect was made in one side of the cortical
bone using trephination with a 21-gauge needle. An inoculum containing either 1 x 10° CFU or 1 x 10°
CFU of AH1263 in 2 ul 1X PBS was injected into the cortical defect using a micropipette. Muscle fascia
and skin were then closed with sutures and the mice were allowed to recover from anesthesia. Mice
were monitored and weighed daily until the experimental end point. Mice were monitored for humane
endpoint criteria, which included inability to eat or drink, immobility or lethargy, hunched posture, and

weight loss greater than 20% body weight occurring after 4 days post-infection. No mice in this study
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met criteria for humane endpoint euthanasia. At the experimental endpoint, mice were euthanized. In

the event that a femur was fractured during extraction, the sample was excluded from imaging analyses.

Murine model of septic infection

All animal experiments were approved by the Vanderbilt University Institutional Animal Care and
Use Committee. Mice were anesthetized using 4% isoflurane for induction. Following anesthesia, mice
were inoculated with either 5 x 10% or 1 x 10’ CFU of AH1263 in a 100 ul volume via retro-orbital
injection with an insulin syringe. Following injection, lubricant was immediately applied to the eye to
prevent drying. Mice were placed in a pre-warmed cage to recover from anesthesia. Mice were
monitored twice daily and weighed daily. Mice that displayed humane endpoint criteria including
hypoactivity, hyperactivity, impaired gait, self-trauma, vocalization, restlessness, hunched posture, lack
of inquisitiveness, or lesions on the eye, either immediately following the procedure or at any point post-
procedure, were euthanized immediately. Mice that did not start regaining weight after 4 dpi were
euthanized.

CFU enumeration

At the desired endpoint, femurs, kidneys, and livers were sterilely dissected from euthanized
mice that were previously subjected to osteomyelitis or retro-orbital infection. Femurs or kidneys were
singly placed in NAVY bead lysis tubes (Next Advance, Troy, NY) containing 500 ul of sterile 1X PBS.
Because of the larger size, livers were split into two bead lysis tubes prior to homogenizing. Tissues
were then homogenized at 4°C using a Bullet Blender at the highest setting for 3 intervals of 5 min
each. Homogenates were serially diluted in sterile 1X PBS and plated on TSA plates. Plates were
incubated overnight at 30°C and CFU were counted the next day. The limit of detection for this workflow

is 1.69 and 1.99 Logio transformed CFU for femurs/kidneys and liver, respectively.

Micro-computed tomography (UCT) of cortical and trabecular bone in femurs

Femurs were dissected from mice at day 14 post-infection, fixed in 10% neutral buffered formalin
for 48 h, and then moved to 70% EtOH before storage at 4°C. Fixed femurs were scanned using a
MCT50 (Scanco Medical, Switzerland) instrument and analyzed with uCT Tomography V6.3—4 software
(Scanco USA, Inc.). Scans were acquired at 10.0 uym voxel size at 70 kV, 200 pA, and an integration
time of 350 ms in a 10.24 mm view to result in 1088 image slices. To accommodate analysis of
trabecular and cortical bone, a region of interest was selected on each femur to encompass the

trabecular bone of the distal metaphysis, as well as entire the diaphysis so that the cortical defect into
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which bacteria were inoculated could be visualized. The proximal epiphysis was excluded. Cortical
bone destruction, callus formation, and trabecular bone volume were determined by contouring the
indicated regions of interest as previously described (22,51,226). Briefly, to analyze cortical bone loss
and callus formation, 818 slices were contoured, centered around the midpoint of the defect. For
trabecular bone analysis, measurements to the distal trabecular bone were standardized to begin 30
slices above the growth plate. 101 slices total were analyzed.

Bone histology and histomorphometric analysis of osteoclasts in trabecular bone

After imaging by uUCT, fixed femurs were decalcified for four days in 20% EDTA pH 7.4 at 4°C,
with a solution change on day 2. Decalcified femurs were processed into paraffin and embedded, then
sectioned at 4um thickness through the infectious nidus and bone marrow cavity using a Leica RM2255
microtome. Sectioned femurs were stained for TRAP with hematoxylin counterstain. Slides containing
TRAP-stained histologic sections were then imaged at 10X on a Biotek Cytation 5 Image Reader
(Agilent, Winooski, VT). Histomorphometry was performed on the imaged slides using BIOQUANT
OSTEO software (BIOQUANT, Nashville TN). The analysis was performed on a region of interest of
trabeculae proximal to the growth plate in the distal femur. Using ASBMR standards, osteoclast surface

and bone perimeter were calculated and quantify percent osteoclast surface/bone surface (52).

Enzyme-linked Immunoassay (ELISA) of bone homogenates

IL-18 was measured from infected and contralateral femur samples using the IL-1 Mouse ELISA Kit
(Abcam, #ab100704). Extracted femurs were placed NAVY bead lysis tubes (Next Advance, Troy, NY)
containing 500 pl of sterile cell-lytic buffer supplemented with protease inhibitor. Femurs were then
homogenized at 4°C using a Bullet Blender at the highest setting for 3 intervals of 5 min each. Samples
were centrifuged at 4°C and 4,000 x g for 5 min to pellet bone fragments. The supernatants were moved
to new Eppendorf tubes and frozen at -80°C until ready to use. To assay 100 pl of sample per well in
duplicate, homogenate samples were diluted in Assay Diluent B at a 2:1 ratio. Standard curves were
generated using recombinant IL-1B supplied by the kit and performing serial dilutions according to the
manufacturer’s instructions. Serum-free cell culture medium diluted 2:1 in Assay Diluent B was used
as the diluent for the curve. The assay was carried out at described in the product manual. Absorbance
was read at 450 nm using the Biotek Synergy HT Microplate Reader (Agilent Winooski, VT). IL-13
concentrations were interpolated from the sigmoidal standard curve using GraphPad Prism. To
determine concentrations in the experimental samples, the interpolated values were scaled up by the

dilution factor.
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Statistical analysis

The plotting of data and subsequent statistical testing was done using GraphPad Prism software
(Version 9). For all experiments, data were checked for normality prior to statistical analysis using either
the D’Agostino-Pearson test or the Shapiro-Wilk test. In comparisons of two groups, including the
comparisons of yCT data and CFU burdens in femurs and organs, a parametric t-test or a non-
parametric Mann-Whiney U test was used to compare between groups, depending on normality of the
data distribution. To assess the relative contributions of genotype and limb type on trabecular bone
volume, a repeated measures two-way ANOVA with Sidak’s test of multiple comparisons was used. To
assess the effect of treatment and genotype on osteoclast counts, a two-way ANOVA was used with a
post hoc Dunnett’s test of multiple comparisons or Sidak’s test, depending on the comparison made.
To assess the effect of genotype on osteoclast count normalized to vehicle, a one-way ANOVA was
used with Dunnett’s test of multiple comparisons to make post hoc comparisons between genotypes.
To assess the effect of genotype and RANKL-stimulation on cytokine release, a two-way ANOVA was
used with Dunnett’s test of multiple comparisons to compare each genotype to WT for each RANKL

stimulation.

Results

S. aureus supernatants promote osteoclast differentiation in RANKL-primed precursors in a TLR2-

dependent manner

To explore potential TLR-dependent effects of bacterial infection on bone homeostasis, we
began by testing the effect of S. aureus supernatant stimulation on differentiation of RANKL-primed
bone marrow-derived monocytes (BMDMs), or osteoclast precursors, in vitro. We used supernatants
prepared from the S. aureus LAC (AH1263) Apsmal-4 strain in these experiments (22). We chose this
strain for our model because we have observed that concentrated supernatants containing the alpha-
type phenol soluble modulins (PSMa) are potently cytotoxic to skeletal cells (22,51). We tested the
extent to which Apsmal-4 supernatant increased osteoclastogenesis in RANKL-primed precursors
isolated from WT, TIr2”, TIr9/, and TIr2/97- mice. We found that WT and TIr9’- RANKL-primed
osteoclast precursors underwent significant osteoclastogenesis in response to S. aureus supernatant,
as compared to vehicle control (Fig. 4A-B). Conversely, no significant differences were detected

between supernatant- and vehicle-treated cells from TIr2”- and TIr2/97 mice (Fig. 4B), implicating TLR2
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as a major driver of osteoclastogenesis in RANKL-primed osteoclast precursors responding to Apsmal-

4 supernatant.

To corroborate results from osteoclast enumeration, we next measured transcripts of nuclear
factor-of activated T cells cytoplasmic 1 (Nfatcl), a transcription factor essential for inducing osteoclast
differentiation, and three genes associated with osteoclastogenesis: osteoclast-associated receptor
(Oscar), cathepsin K (Ctsk), and the RANKL receptor (Tnfrsflla) (89,227,228). Transcriptional
changes were measured in WT and TIr2/9-- RANKL-primed osteoclast precursors exposed to Apsmal-
4 supernatant by normalizing to expression in the vehicle controls. WT cells had a greater induction of
Oscar and Nfatcl upon supernatant exposure compared to TIr2/97 cells. Induction of Ctsk and
Tnfrsflla did not differ between genotypes (Fig. 4C). Because osteoclast differentiation can be
augmented by osteoclastogenic cytokines, we next measured cytokine production in RANKL-primed
cells responding to Apsmal-4 supernatant. Bacterial supernatants were prepared from a double
knockout Apsma1-4 and staphylococcal protein A (Aspa) strain because protein A can bind to the Fc
region of antibodies to interfere with antibody-based cytokine detection (229). Release of
osteoclastogenic cytokines, including IL-6, TNF-a, MIP-1a, and IL-1a, occurred in WT and TIr9" cells
upon stimulation with bacterial supernatant. These responses were significantly reduced in cells lacking
TLR2 (Fig. 4D, Table 2). Taken together, these results indicate that molecular changes consistent with
osteoclastogenesis occur in RANKL-primed osteoclast precursors exposed to S. aureus supernatant,

and these changes are blunted when TLR2 is absent.
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Figure 4. S. aureus supernatants promote osteoclastogenesis in RANKL-primed precursors through
TLR2. A-B) Bone marrow-derived monocytes (BMDMs) were isolated from wildtype (WT), TIr2”, TIr9", and
TIr2/9"" mice and cultured with 35 ng/ml RANKL + CMG 14-12 supernatant for 2 days. RANKL-primed
osteoclast precursors were stimulated with the indicated vol/vol percentage of supernatant from the Apsmal-
4 strain of S. aureus or vehicle control in media containing CMG 14-12 supernatant but lacking RANKL. After
4 more days of culture, cells were stained for tartrate-resistant acid phosphatase (TRAP) and TRAPY,
multinucleated (=3 nuclei) osteoclasts were quantified. A) Representative images of the 5% treatment
condition were obtained at 20X magnification. B) Enumeration of TRAP* multinucleated osteoclasts.
Osteoclast counts were evaluated by two-way ANOVA and counts from each genotype were compared to
vehicle by Dunnett’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001. If not denoted with
asterisks, statistical difference between treatments was not significant. Error bars denote standard deviation
(SD). Results are representative of three biological replicate experiments and n = 3 technical replicates from
one biological replicate are plotted. C) BMDMs were primed with 35 ng/ml RANKL and CMG 14-12
supernatant for 2 days, then stimulated with 7.5% supernatant from Apsmal-4 or vehicle for 24 h in media
without RANKL. Cell lysates were collected, and transcript levels were measured by RT-qPCR. AACq values
were compared between genotypes by t-test. *p < 0.05, ***p < 0.001. If not denoted with asterisks, statistical
difference between genotypes was not significant. Error bars denote SD. Results are representative of two
biological replicates with n = 3 technical replicates per group plotted. D) BMDMs were cultured in 35 ng/ml
RANKL + CMG 14-12 supernatant for 2 days. RANKL-primed osteoclast precursors were stimulated with 7%
Apsmal-4 Aspa supernatant in the absence of RANKL. Cell culture supernatants were collected after 12 h of
stimulation. Cytokine abundance was measured using Luminex technology. Cytokines were compared across
genotypes by one-way ANOVA and Dunnett’s multiple comparison’s test was used to compare between WT
and knockout. *p < 0.05, **p < 0.01, ***p < 0.0001. If not denoted with asterisks, statistical difference between
genotypes was not significant. Error bars denote SD. Results represent one biological replicate with n = 3
technical replicates per group.
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Table 2. Cytokine responses upon RANKL withdrawal. BMDMs were cultured in media containing 35 ng/ml
RANKL + CMG 14-12 supernatant for 2 days. Cells were then changed to RANKL-free media and stimulated
with 7% vol/vol of supernatant from the Apsma1-4 Aspa strain. Cytokines were measured after 12 h of
stimulation. Average cytokine abundance in pg/ml is shown + SD.

*Under LOD measurement used in mean and SD calculation or only measured value reported

#0One or more measurements omitted from mean and SD calculation because the coefficient of variation for
duplicate samples was greater than 30% or because the measured value exceeded the detection maximum

Table 2: RANKL - No RANKL
Cytokine WT WT TIr2" TIr9” TIr2/97"
vehicle Apsmai-4 Apsmai-4 Apsmai-4 Apsmai-4
Aspa Aspa Aspa Aspa
G-CSF 3.24 +0.29 2235.67 = 8.85+6.74 3059.67 3.06 + 0.47
258.11 150.07
GM-CSF 30.21+£1.76 | 29.58+5.60 | 24.17+750 | 31.93+£3.19 | 26.05+1.84
INFy 2.27 £0.27 3.29+0.32 1.86 £ 0.75 4.36 + 0.75 1.65+0.10
IL-1a 28.57+2.78 | 63.17+13.08 | 13.46+7.48 | 79.29+17.29 | 27.97 £8.19
IL-1B 2.60+0.84 2.46 + 0.58 1.81 +0.66 3.57+£0.52 *1.75+0.75
IL-2 11.86 £ 0.47 9.37+£0.35 9.22 +1.43 12.12 £+ 5.38 9.74 + 2.37
IL-4 #0.75+0.19 | *0.70+0.16 0.63+0.12 0.79+£0.23 *0.55+ .01
IL-5 7.03+1.99 11.66 £ 2.13 5.94+150 | “13.50+0.27 | 6.15+1.86
IL-6 5.10+1.31 129.47 + 6.31 + 3.50 140.89 + 5.68 £2.15
11.96 13.06
IL-7 2.27 £ 0.65 2.16 £ 0.54 1.85+0.46 276 +1.11 1.88 £ 0.55
IL-9 67.59+5.83 | 69.10+7.39 | 41.74+11.86 | 72.54 + 18.84 | 48.36 + 10.83
IL-10 3.90+0.91 221.52 + 427+135 |213.15+3.82 | 4.38+0.36
30.61
IL-12 (p40) 2.11+0.80 2.64 +0.45 1.83+0.95 4.49 +1.23 2.09+0.54
IL-12 (p70) 13.73+£2.92 | 11.52+3.36 8.74 +1.27 14.70 £ 4.21 8.37 + 3.97
IL-13 2.56 +0.16 3.70+0.54 1.16 £0.14 3.65+0.75 1.62+0.72
IL-15 14.71+£3.41 | 19.96+5.68 | 13.02+5.11 | 21.72+7.95 | 14.70+1.86
IL-17 0.77+0.11 15.63+£0.89 | *0.60+0.14 | 13.30+0.50 | *0.64 +0.21
IP-10 251.70 £ 428.80 + 115.70 £ 345.77 + 188.17 +
49.17 86.71 10.57 78.95 32.92
KC 29.39 £ 1.50 1345.33 + 50.10 + 14.27 1397.33 + 31.39+2.11
208.46 240.35
MCP-1 194.88 + 1257.00 + 217.59 + 1063.87 + 319.46 £ 9.10
23.34 143.95 18.15 122.33
MIP-1a 32.39+1.73 1718.00 + 50.79 + 11.99 1181.67 + 44,94 + 4.76
239.06 19.22
MIP-18 51.12 +4.46 8136.67 88.19 + 10.37 5285.00 + 78.43 £5.50
1852.34 52.46
MIP-2 92.75+8.76 13168.00 + 636.84 £ #13164.00 324.89
1174.41 44.73 47.91
RANTES 3.96 +0.54 13.32+1.42 2.76 £ 0.60 13.12 £ 0.55 3.39+041
TNFa 5.06 £ 0.81 27.59+£1.80 6.38 £ 1.38 28.40+1.81 5.04 £ 0.43
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TLR2 promotes osteoclastogenesis during dual stimulation with S. aureus supernatant and RANKL

The fate of an osteoclast precursor is influenced by agonism of TLR2 and 9, especially before
or shortly after RANKL exposure (127). However, in the bone microenvironment, exposure to RANKL
and bacterial ligands may occur either sequentially or simultaneously. Thus, we questioned whether
the ability of TLR2 to promote osteoclastogenesis would be altered when RANKL stimulation continued
during S. aureus supernatant exposure. We measured osteoclast formation in WT, TIr27-, TIr9”-, and
TIr2/9-- BMDMs primed with RANKL for one day followed by dual RANKL and Apsma7-4 supernatant
stimulation. We found that osteoclast abundance increased in response to a range of supernatant
doses in WT, TIr27-, and TIr9/ cells. However, TIr2/97- cells incurred increased osteoclast formation
only with select supernatant concentrations (Fig. 5A-B). To better visualize the increase in osteoclast
formation incited by supernatant treatment and to control for stochastic differences in baseline
osteoclast number, the data were also analyzed after normalization of osteoclast counts to the vehicle
control for each genotype. This analysis revealed that loss of TLR2, but not TLR9, limits the increase
in osteoclast differentiation, as TIr2”- and TIr2/97- cells had significantly less induction of osteoclast
formation than WT cells following treatment with 5%, 7%, or 9% supernatant (Fig. 5C). These results
suggest that TLR2 promotes increased osteoclastogenesis when RANKL and bacterial stimulation are
applied concurrently. Because some increases in osteoclastogenesis occurred in TIr2”- cells, there are
likely TLR2-independent mechanisms responsible for a proportion of the osteoclast formation occurring

in response to concurrent RANKL and bacterial stimulation.

39



o)

TRAP* multinucleated
cells / well

IL-1a (pg / ml)

Tlrz'/'
s ‘M f

"‘t(nt'

"Q%
< ey
R
e\ i At
R
oWT wTir27- aTlr2/-
x A TI9”" vTIr2/97 ATI™” vTIr2/97"
1200+ - 400 -
1000- - ok % %k % %k %k Xk é * % % %k
* ok k _* * % Kk - * bl
£ 300 - o
800 * * * % g * *
* %k o
6001 — 5 200-
8
400- =
100
200 E
(]
0 = 0-
S8R0 s SPstaplagle sP s slaslagle sCslslagle o o o o
é\\ofv 0‘\\o..b oA 6(\ ‘\o S'A é‘\o"b‘ S'AYY "]f') “ A [+
K\ K\ K\ K\
IL-1a E IL-6
%k %k %k %k
150+ * % %k K 800 Hkk
¥ * % % ¥ = * % % %
* %k *ﬂ* % % % %k E 600 % %k %k %
100+ L e Continous RANKL o 400 ok ok k — @ Continous RANKL
il 2
m No RANKL = 200 Fl n m No RANKL
504 A RANKL during - 2 A A RANKL during
stim. 20 stim.
VY S St Y R
XA S X S X S S ‘k\%" XA \%‘* XA S

40



Figure 5. The timing of RANKL exposure alters the relative impact of TLR2 on bacterial-induced
osteoclastogenesis and cytokine responses. A-C) BMDMs from WT, TIr2”, TIr9", and TIr2/9" mice were
plated in CMG 14-12 supernatant + 35 ng/ml RANKL. After one day of culture, RANKL and CMG 14-12
supernatant stimulation were maintained, and cells were exposed to the indicated vol/vol percentage of S.
aureus supernatant from the Apsmal-4 strain or vehicle control. After 4 more days of culture, cells were fixed,
stained for TRAP, and TRAP™*, multinucleated osteoclasts were quantified. A) Representative images of the
5% treatment condition were taken at 10X magnification. B) Counts of TRAP*, multinucleated cells were
analyzed by two-way ANOVA and Dunnett's multiple comparisons test was used to compare between
treatment and vehicle for each genotype. *p < 0.05, **p < 0.01, ***p < 0.0001, ****p < 0.0001. If not denoted
with asterisks, statistical difference between treatments was not significant. Error bars denote SD. Results
are representative of three biological replicates and n = 3 technical replicates from one biological replicate
are plotted per group. C) Changes in osteoclast number were calculated relative to the average vehicle count
for the respective genotype. For each treatment, a one-way ANOVA was used to assess the effect of
genotype and Dunnett’s test of multiple comparisons was used to compare each genotype to WT within each
supernatant concentration. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. If not denoted with asterisks,
statistical difference between genotypes was not significant. Error bars denote SD. Results are representative
of three biological replicates and n = 3 technical replicates from one biological replicate are plotted per group.
D-E) BMDMs were seeded in media with or without RANKL. After 2 days of culture, cells incubated in media
without RANKL were treated with 7% vol/vol Apsma1-4 Aspa supernatant (“No RANKL”) or RANKL + 7%
vol/vol Apsma1-4 supernatant (“RANKL during stim. only”). Cells incubated in media with RANKL were treated
with 7% Apsma1-4 Aspa supernatant with RANKL maintained (“continuous RANKL”). After an additional 12
h incubation, cytokines were measured from cell culture media using Luminex technology. Cytokine
concentrations were evaluated by two-way ANOVA and Dunnett’s test of multiple comparisons was used to
compare each genotype to WT. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. If not denoted with
asterisks, statistical difference between genotypes was not significant. Error bars denote SD. Results
represent one biological replicate with n = 3 technical replicates per group.
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TLR2-dependent cytokine responses to bacterial supernatants are affected by timing of RANKL

exposure

To better understand the TLR2-dependent signaling events that lead to enhancement of
osteoclastogenesis in the presence of RANKL, we measured cytokine responses in WT, TIr2-, TIr9-,
and TIr2/9 - BMDMs exposed to three different sequences of RANKL and Apsmal-4 Aspa supernatant:
1) RANKL followed by Apsmal-4 Aspa supernatant with continued RANKL, 2) No RANKL followed by
Apsmal-4 Aspa supernatant, or 3) No RANKL followed by RANKL and Apsmal-4 Aspa supernatant.
We found that the presence of TLR2 was a strong determinant of cytokine response, irrespective of
RANKL exposure (Tables 3-5). However, magnitude of cytokine release was reduced by continuous
RANKL exposure for most cytokines measured (Table 4). Release of the osteoclastogenic cytokines
IL-6 and IL-1a was significantly affected by both cell genotype and RANKL exposure when evaluated
by two-way ANOVA. Moreover, both IL-6 and IL-1a were reduced in TIr2- and TIr2/97- cells compared
to WT when cells were either not exposed to RANKL or simultaneously exposed to RANKL and
supernatant, but not when RANKL exposure was continuous (Fig. 5D-E). These data indicate that
cytokine elaboration in response to S. aureus supernatants is influenced by prior RANKL exposure and

occurs in a TLR2-dependent manner.
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Table 3. Cytokine response in macrophages. BMDMs were cultured in media containing CMG 14-12
supernatant for 2 days. Cells were then stimulated with 7% vol/vol of supernatant from the Apsma1-4 Aspa strain.
Cytokines were measured after 12 h of stimulation. Average cytokine abundance in pg/ml is shown + SD.

*Under LOD measurement used in mean and SD calculation or only measured value reported

#0ne or more measurements omitted from mean and SD calculation because the coefficient of variation for
duplicate samples was greater than 30% or because the measured value exceeded the detection maximum

<X All measurements were under detection minimum

>X All measurements were over detection maximum

Table 3: No RANKL > No RANKL
W WT Tir2™ Tiro™ Tir2/97
Cytokine . Apsmai-4 Apsmai-4 Apsmai-4 Apsmai-4
vehicle
Aspa Aspa Aspa Aspa
2951.67 + 3657.67 +
G-CSF *0.89 + 0.30 a4 80 *1.05 + 0.41 275 04 0.93 +0.15
GM-CSF | 12.70+3.80 | *13.38+820 | *7.56+3.33 | 2538+567 | 11.45+1.01
INFy *0.83+034 | 218+052 | *0.76+023 | 3.39+061 | *0.63+0.16
IL-1a 1131+4.94 | 74.09+949 | '11.14+6.01 | 96.79+ 253 | 13.74 + 6.08
IL-1B 1197 +051 | 2.16 + 0.93 <0.90 3.58 + 2.24 <0.90
IL-2 383+080 | 485+134 | #793+1.05 | 9.03+255 | 581+171
IL-4 <0.55 <0.55 <0.55 <055 <0.55
IL-5 202+083 | 349+113 | 137+032 | 454+068 | 2.01+0.13
265.87 + 512.12 +
IL-6 0.85 + 0 1.32+0.92 posit 1.46 + 0.37
IL-7 <0.77 <0.77 <0.77 128+012 | *0.78+0.02
IL-9 1515+6.29 | 59.97+9.00 | 19.78 +12.84 | 72.12+7.96 | 1517 + 3.20
304.30 + . 313.69 +
IL-10 1.61+0.12 30,51 1.73 +0.88 1998 1.41 + 0.42
IL-12 (p40) | *1.73+1.26 | *2.22 +1.56 *1.14 3.07+026 | 2.44+0.65
IL-12 (p70) | *1.86+0.88 | *3.50+2.39 | 4.02+055 | 630246 | 3.64+0.77
IL-13 203+089 | 436+095 | “1.48+010 | 7.16+1.46 | 2.10+0.96
IL-15 *402+366 | *341+159 | 3.26+197 | 8.28+332 | 3.36+233
IL-17 274+067 | 2600+180 | 1.83+064 | 28.04+1.92 | 1.41+013
P10 632.80 + 483.16 + #273.16 + 757.18 + 47756 +
170.51 122.59 2158 162.12 253.45
3020.67 + 4079.00 +
KC 67.46 + 16.55 578 60 87.73 +17.13 265,54 66.83 + 13.38
MCP1 721.07 + 2511.00 + #620.58 + 4016.00 + 878.00 +
30.04 398.65 17.79 1535.26 71.08
226.94 + . #200.56 + 168.96 +
MIP-1a 1588 9878.00 o >15053 13 96
728.12 + #611.94 + 46352 +
MIP-18 85.37 >9967 26.57 >9967 36.68
462.50 + 1993.67 + 1142.00
MIP-2 72.45 >14319 205.11 >14319 +108.57
RANTES 447 +124 | 5632+726 | 281+144 | 6656+1024| 4.12+1.09
TNFa 5.68 + 0.92 1%@? 734+161 |3212+21.75| 5.34+0.46
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Table 4. Cytokine response in continuous RANKL. BMDMs were cultured in media containing 35 ng/ml
RANKL + CMG 14-12 supernatant for 2 days. RANKL was continued and cells were stimulated with 7% vol/vol

of supernatant from the Apsma7-4 Aspa strain Cytokines were measured after 12 h of stimulation. Average
cytokine abundance in pg/ml is shown * SD.

*Under LOD measurement used in mean and SD calculation or only measured value reported

#0ne measurement omitted from mean and SD calculation because the coefficient of variation for duplicate
samples was greater than 30%

Table 4: RANKL > RANKL
W WT Tir2* Tiro™ Tir2/9"
Cytokine vehicle Apsmai-4 Apsmai-4 Apsmai-4 Apsmai-4
Aspa Aspa Aspa Aspa
] . 1556.00 + 1771.00+ | 4.92+1.20
G-CSF 2.62 +0.00 864 3.73 +0.82 he1 8l
*

GM-CSF | 29.17 +8.09 2:].%26572i 3270+ 1.47 | 28.34+4.49 | 2945193
INFy 167+025 | 223+088 | 261+039 | 274+018 | 2.31+0.39
IL1a 2051+ 15.56 | 67.61 + 22.26 | 48.67 = 10.47 | 73.12 + 6.90 | 39.94 + 8.50
IL-1B 183+113 | *230+1.28 | 259+028 | 3.43+066 | 1.97+0.59
IL-2 970+068 | 1422+1.11 | 1849+2.98 | 14.09+2.63 | 15.77 + 3.80
IL-4 *0.60+0.09 | *0.71+0.09 | 0.86+013 | 0.66+000 | 0.63+0.04
IL-5 644+208 | 825+160 | 732+1.73 | 711+109 | 6.97+1.35
IL-6 #4.86 +0.47 | 94.94+30.76 | 7.23+2.43 122'273;1“ 8.94x1.47
IL-7 234+155 | *158+0.74 | 2.76+054 | 237+013 | 2.44+035
IL-9 55.79+ 8.09 | 66.22 + 10.71 | 79.82+7.57 | 77.21+6.63 | 73.25 10.50

253.46 + 24953 + 9.29 + 2.01
IL-10 4.69 + 1.65 o 11.26 + 0.76 111
IL-12 (p40) | *2.12+1.25 | *1.90+1.04 | 3.61+0.70 | 357+029 | 2.19+0.45
IL-12 (p70) | 12.21+0.59 | 10.83+3.99 | 14.84+0.96 | 15.94+248 | 16.22 +3.13
IL-13 3.08+046 | 3.10+148 | 217+067 | 336+071 | 2.09%0.31
*
IL-15 14.62 + 11.88 11%31%1’ 10.18+4.09 | 21.32+1.22 | 2327+6.51
IL-17 *0.65+013 | 12.23+268 | 077+013 | 9.39+1.06 | 0.81+0.07
P10 455.73 + 425.95 + 188.02 + 329.83 + 20514 +
110.01 250.95 67.60 89.40 54.59
. 984.60 + 105155+ | 4536+ 4.29
KC 38.86 + 1.08 3007 5259 + 2.14 116 42
174.03 + 932.05 + 77628+ | 247.82 + 6.68
MCP-1 2757 255.42 161.24 £5.99 42.69
925.49 + 65046 + | 37.42 +0.23
MIP-1a 30.15 + 3.95 .20 38.05 + 3.92 gl
3931.33 + 2186.00+ | 6524+ 1.70
MIP-1B 45.99 + 8.48 ey 65.75 + 4.46 P
10484.67 + 746.96 + 1329533 + 503.89 +
MIP-2 91.93+£25.85 | "5100.01 30.80 1008.15 46.82
RANTES 417+048 | 1117+2.96 | 403+028 | 11.34+135 | 4.36+0.08
TNFa 695+ 091 | 2508+452 | 967+116 | 27.46+1.00 | 9.34+0.35
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Table 5. Cytokine response during dual RANKL and supernatant exposure. Cytokine response in BMDMs
were cultured in media with CMG 14-12 supernatant for 2 days. Cells were then moved to media containing 35
ng/ml RANKL + CMG 14-12 supernatant and stimulated with 7% vol/vol of supernatant from the Apsma1-4 Aspa
strain. Cytokines were measured after 12 h of stimulation. Average cytokine abundance in pg/ml is shown * SD.

*Under LOD measurement used in mean and SD calculation or only measured value reported

#0One or more measurements omitted from mean and SD calculation because the coefficient of variation for
duplicate samples was greater than 30% or because the measured value exceeded the detection maximum

>X All measurements were over detection maximum

Table 5: No RANKL = RANKL
WT WT TIr2" TIr9” TIr2/97
. . Apsmai-4 Apsmai-4 Apsmai-4 Apsmai-4
Cytokine vehicle
Aspa Aspa Aspa Aspa
. 2786.00 + N 2507.33 £ .
G-CSF 0.86 £ 0.32 176.60 1.10+0.45 156.30 0.99 £ 0.37
GM-CSF 13.42+£1.67 | 21.33+2.46 8.32+214 23.02+2.96 | *8.26 + 3.77
INFy *0.68 £ 0.08 3.58+£1.02 0.86 = 0.20 3.42+1.18 *0.80 £ 0.28
86.24 + 14.64 +
IL-1a 12.68 £ 2.95 1275 16.46 £5.41 | 80.67 = 6.67 14.07
IL-1B *1.11 + 0.37 4.99 + 0.35 *1.11+0.37 4.22 £1.40 <0.90
IL-2 521+£1.19 10.30 £ 1.30 6.59 + 2.86 6.86 £ 1.97 5.11 + 3.39
IL-4 <0.55 <0.55 <0.55 <0.55 <0.55
IL-5 1.44 £ 0.42 3.64 £ 0.45 1.72 £0.24 3.04 £ 0.52 1.37+£0.12
364.28 + 481.89 +
IL-6 1.17 £ 0.58 2056 2.06 £0.74 96.28 1.45 + 0.58
IL-7 *0.88+£0.19 | *0.84+0.09 | *0.83+0.10 | *0.86 +0.15 | *0.88 +0.19
IL-9 17.10£7.63 | 74.87 +5.26 | 18.73+6.33 | 64.50+5.38 | 17.16 £ 5.01
342.56 302.45 +
IL-10 2.90+£0.31 4025 3.24 £ 0.51 13.55 194 +0.24
IL-12 (p40) 251+£0.75 4.24 +0.76 *1.01 £ 0.25 4.97 + 0.68 1.79 +1.27
IL-12 (p70) 1.69 + 0.40 #8.90+4.09 | *2.21+0.86 4.54 + 0.60 *241+£1.11
IL-13 4.70 £ 0.48 5.32 + 0.62 1.58 £ 0.15 7.08+£1.81 1.92 +0.48
IL-15 *4.02 £ 3.66 8.48 + 3.66 *3.22 £+ 2.45 7.39+£4.17 *2.91 +£1.38
IL-17 1.42+0.10 27.74+1.73 1.50 + 0.45 26.85+1.16 0.87+0.17
IP-10 1477.00 = 647.46 300.88 = 816.43 + 398.81
423.47 92.92 20.84 195.73 +76.14
KC 109.90 = 3742.67 90.86 = 3921.67 £ 59.02 +
21.33 468.76 25.27 290.82 13.01
MCP-1 733.01 = 2742.33 £ 526.79 = 3080.33 £ 752.70 =
72.76 377.35 31.64 276.73 37.47
MIP-1a 167.32 = #14596 164.44 + #11801.50 + 136.90 =
15.79 31.64 594.68 7.27
461.63 + >9967 441.94 + 335.25 +
MIP-1B 46.86 14.42 >9967 29.34
637.85 >14319 2116.33 £ 1144.40
MIP-2 46.31 704.98 >14319 181.17
RANTES 6.21 +£1.69 80.11 £ 9.63 3.38+0.78 84.47 +0.59 3.65+1.25
127.58 = 122.10 =
TNFa 5.03 £ 0.69 1227 6.35+2.39 370 4.55 +0.95

45




Loss of TLR2 does not affect bacterial burdens during S. aureus osteomyelitis

Because TLR2 has been shown to promote the host response to S. aureus, we hypothesized
that loss of TLR2 would alter the pathogenesis of osteomyelitis (142,144,199). We first tested whether
loss of TLR2 would compromise host containment of S. aureus during osteomyelitis. At 14 days post-
infection (dpi), no significant differences in colony forming units (CFU) were detected in infected femurs
from TIr2”- mice compared to WT. To determine whether loss of TLR2 enhances dissemination from
the inoculation site in the femur, we also measured bacterial burdens in the liver and kidneys. There
were no significant differences in burdens between genotypes (Fig. 6A). It has been reported that TLR2
signaling plays a role in host bacterial burden control at early timepoints during S. aureus skin infection
(108,110). To address the possibility that loss of TLR2 causes deficits in bacterial burden control early
during osteomyelitis, we performed a time course using a reduced inoculum, to increase resolution on
small differences in bacterial load. At 1 dpi there was a significant increase in femur CFU in WT mice
compared to TIr27-, but this difference was not detected at 2 or 5 dpi (Fig. 6B). To better characterize
the role of TLR2 in host bacterial control in post-traumatic osteomyelitis, we also tested whether S.
aureus lacking mature lipoproteins due to inactivation of the lipoprotein diacylglycerol transferase (Igt)
gene would induce infection of altered severity. Prior work suggests that this strain may evade host
detection due its lack of TLR2-ligating lipoproteins (147). WT and TIr2”- mice were infected with the
Igt::Tn strain, and a set of WT mice was also infected with WT S. aureus as a control. In this study, both
WT and TIr27- mice infected with the Igt::Tn strain incurred lower femur bacterial burdens than WT mice
infected with the WT strain (Fig. 7). Because several previous studies have found TLR2 essential to
host survival during septic infection, we also induced sepsis via retro-orbital injections of WT S. aureus
in WT and TIr2”- mice. We did not detect any significant differences in weight loss, survival, or bacterial
burdens in TIr2- mice compared to WT mice (Fig. 8A-C). In sum, these results indicate that TLR2 is

not a major contributor to the control of bacterial burdens in this model of S. aureus osteomyelitis.
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Figure 6. TLR-deficiency does not alter bacterial burden control in S. aureus osteomyelitis.
A) WT or TIr2”-female, 8-week-old mice were subjected to osteomyelitis by intraosseous injection of 10° CFU
of S. aureus. Kidneys, livers, and infected femurs were collected at 14 days post-infection (dpi). Femurs,
kidneys, and livers were extracted and homogenized for CFU enumeration. Dotted lines indicate the Logio
transformed limits of detection. Logio transformed CFUs/femur values were compared between genotypes by
unpaired t-test. Data were pooled from two independent experiments, n = 10 mice per genotype. Error is
plotted as SD. B) WT or TIr2” female, 8-week-old mice were subjected to osteomyelitis by intraosseous
injection of 10° CFU of S. aureus. Infected femurs were collected at day 1 (WT n = 4, TIr2" n =5), day 2 (WT
n=3, TIr2" n=3), or day 5 (WT n = 3, TIr2" n = 3). CFU burdens were compared between genotypes by
Mann-Whitney test, *p < 0.05. If not denoted with asterisks, statistical difference between genotypes was not
significant.
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Figure 7. Deficiency in S. aureus lipoprotein maturation lowers bacterial burdens during
osteomyelitis. WT or TIr2”" female, 8-week-old mice were subjected to osteomyelitis by intraosseous
injection of 10° CFU of the WT S. aureus strain (WT mice only) or Igt::Tn strain of S. aureus. At 14 dpi, mice
were euthanized, and femurs were collected for CFU enumeration. Logao transformed CFU/femur values were
compared using a Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons test, *p < 0.05.
Results are pooled from two independent experiments. For Igt::Tn, n = 10 WT mice and n = 9 TIr2” mice. For
infections with WT S. aureus, n =7 WT mice. Error is plotted as SD. The dotted line indicates the lower limit
of detection.
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Figure 8. Deficiency in TLR2 does not significantly impact weight loss, survival, or bacterial burden
control during intravenous infection with S. aureus. WT, male, 9-week-old mice were infected with 5 x
10°% CFU of WT S. aureus via retro-orbital injection. A.) Mice were weighed daily over the 14-day infection
time course. The average %-starting weight for each genotype is shown with error plotted as standard error
of the mean. For WT and TIr2”", n = 10 mice per group. Groups were compared at each timepoint by multiple
t-tests with correction for multiple comparisons. No significant differences were detected. B.) Mortality events
due to infection were recorded over the course of infection. Mice were monitored daily for humane endpoint
criteria and euthanized if needed. Survival curves were compared between genotypes using a Log-rank test.
No significant differences were detected. C.) Mice surviving until the endpoint of infection at day 14 were
euthanized and organs were collected for CFU enumeration. For kidney, n = 9 WT mice and n = 6 TIr2" mice.
For heart, n = 8 WT mice and n = 7 TIr2" mice. For liver, n = 9 WT mice and n = 7 TIr2" mice. Results
represent one experimental replicate and error is plotted as SD. Logio transformed CFU/organ values were
compared by multiple Mann-Whitney tests with correction for multiple comparisons. No significant differences
were detected. Dotted lines indicate the Logio transformed limits of detection.
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Loss of TLR2 does not impact osteolysis or callus formation during S. aureus osteomyelitis

Based on the observation that TLR2 is a major driver of S. aureus supernatant-stimulated
osteoclastogenesis in vitro, we hypothesized that TLR2 contributes to pathologic changes in cortical
and trabecular bone during osteomyelitis. To test this hypothesis, we used micro-computed tomography
(MCT) to measure and compare callus formation, cortical bone destruction, and trabecular bone volume
in WT and TIr27- mice subjected to osteomyelitis. There were no significant differences in cortical bone
loss, callus formation, or percent-trabecular bone volume/total volume (%-BV/TV) between genotypes
(Fig. 9A-F). We also performed histomorphometry on histologic sections from infected femurs to
evaluate osteoclastogenesis in vivo (230,231). There were no significant differences between
genotypes (Fig. 9G). In summary, our data show that TLR2 does not significantly contribute to bone

damage during post-traumatic osteomyelitis.
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Figure 9. TLR2 does not significantly contribute to bone damage during S. aureus osteomyelitis.
Mice were subjected to osteomyelitis by intraosseous injection of 10® CFU of S. aureus. Femurs were
extracted on day 14 post-infection. Infected and contralateral femurs were isolated. Bone parameters were
assessed using micro-computed tomography (UCT). Results are compiled from two independent
experiments. For all graphs, error bars denote SD. If not denoted with asterisks, statistical difference between
genotypes was not significant. A) Representative 3D images of infected femurs were constructed by uCT B)
Cortical bone loss was calculated using uCT and values were compared between genotypes by unpaired t-
test. For cortical bone, n = 10 for WT and n = 9 for TIr2". C). Callus formation was measured by uCT and
values were compared between genotypes by unpaired t-test. For cortical bone, n = 10 for WT and n = 9 for
TIr2". D) The bone volume/total volume (%-BV/TV) of contralateral femurs was calculated using uCT and
values were compared by unpaired t-test. For trabecular bone, n = 9 for WT and n = 10 for TIr2” E) The %-
BVITV of infected femurs was calculated using pCT and values were compared between genotypes by
unpaired t-test. For trabecular bone, n = 9 for WT and n = 10 for TIr2”. F) Representative images of trabecular
bone in infected and contralateral femurs are shown. Images represent median infected femur %-BV/TV G)
Histomorphometry was performed on TRAP-stained femur sections to measure TRAP* cell surface on
trabecular bone relative to total trabecular volume. %-Osteoclast surface/bone surface (Oc.S/BS) was
compared between genotypes by Mann-Whitney U test. No significant differences were detected.
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Dual loss of TLR2 and TLR9 does not compromise bacterial burden control during osteomyelitis

Since we did not observe TLR2-dependent changes in bone pathology during S. aureus
osteomyelitis, we hypothesized that other TLRs known to sense staphylococcal PAMPs compensate
for the loss of TLR2 in vivo. While our in vitro studies did not indicate TLR9 to be a driver of
osteoclastogenesis during exposure to bacterial supernatants, TLR9 agonism does modulate
osteoclast differentiation in vitro in models using chemical agonism (13,14,17). Moreover, TLR9 is a
major sensor of bacterial DNA and is suggested to modulate immune cell anti-staphylococcal activity
in vitro (25,31). Therefore, we next sought to determine the impact of dual loss of TLR2 and TLR9 on
the pathogenesis of S. aureus osteomyelitis. We first assessed whether TIr9-/- mice had any defects in
the ability to control bacterial burdens during osteomyelitis. No significant differences in femur, kidney,
or liver bacterial burdens between WT and TIr9”- mice were detected at the end of infection on day 14
(Fig. 10). Next, we induced S. aureus osteomyelitis in TIr2/97- mice. At 1 and 2 dpi there were no
differences in femur bacterial burdens between TIr2/97- mice and WT. At 5 dpi there was a modest but
significant decrease in bacterial burdens in the infected femurs of TIr2/97- mice, but this difference was
no longer evident by 7 dpi, and there were no significant differences at 14 dpi (Fig. 11). To assess
whether loss of TLR2 and TLR9 affects host control of bacterial dissemination to organs outside of the
infected femur, we measured CFU burdens in the contralateral femur, kidney, liver over a 14-day time
course of infection. No significant differences were detected on 1, 2, 5, 7, or 14 dpi (Fig. 12A-C).
Moreover, experiments were repeated using a lower inoculum dose to ensure that differences in
bacterial burdens between genotypes were not obscured by high bacterial loads. No significant
differences were detected on 7 dpi, the midpoint of infection (Fig. 12D). Since loss of TLRs 2 and 9 did
not impact bacterial burden control in osteomyelitis, we next interrogated whether this finding is specific
to bone infection. We carried out septic infections in WT and TIr2/97- mice. No significant differences
were detected in organ bacterial burdens at 4 dpi when comparing TIr2/97-to WT mice (Fig. 13A). There
was a trend toward greater bacterial burdens in the hearts and livers of TIr2/97- mice compared to WT,
though this was not statistically significant. Over the course of a 4-day infection, there were no
significant differences in %-weight loss between WT and TIr2/97- mice (Fig. 13B).
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Figure 10. Mice deficient in TLR9 do not incur increased bacterial burdens during osteomyelitis.
WT and TIr9" mice were subjected to osteomyelitis by intraosseous injection of 10® CFU of WT S. aureus.
Infected femurs, kidneys, and livers were extracted on day 14 post-infection. Organ homogenates were plated
for CFU enumeration. Error bars denote SD. Dotted lines indicate Logio transformed limits of detection. CFU
burdens were compared by t-test (femur) or Mann-Whitney U test (liver, kidney). If not denoted with asterisks,
statistical difference between genotypes was not significant. Results from femurs are compiled from 3
independent experiments, and results from kidneys and livers are compiled from one experimental replicate.
For femurs, n = 15 for WT and n = 14 for TIr9™. For liver and kidneys, n = 4 for WT and n = 3 for TIr9™".
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Figure 11. Deficiency in TLR2 and TLR9 does not alter bacterial burdens in the infected femur. WT
and TIr2/97 mice were subjected to osteomyelitis by intraosseous injection of 10° CFU of S. aureus. Femurs
were collected for CFU enumeration on the indicated days post-infection. The dotted line indicates the Logio
transformed limit of detection. Error bars denote SD. Logio CFU burdens were compared between genotypes
by unpaired t-test (days 2, 5, and 14), or Mann-Whitney U test (days 1 and 7), depending on data normality.
For days 1, 2, 5 and 14, n = 5 per genotype and n = 6 for day 7. *p < 0.05.
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Figure 12. Mice deficient in TLR2 and TLR9 do not incur increased bacterial burdens over multiple
infection timepoints. A-C) WT and TIr2/97 mice were subjected to osteomyelitis by intraosseous injection
of 108 CFU of S. aureus. Mice were euthanized on the indicated day post-infection and organs were collected
for CFU enumeration. CFU burdens from each organ were compared between genotypes for each timepoint
using a t-test or Mann-Whitney U test, depending on normality of the data. *p < 0.05. If not denoted with
asterisks, statistical difference between genotypes was not significant. Error bars denote SD. Dotted lines
represent the Logio transformed limits of detection. For days 1, 2, 5, and 14, n = 5 per group. Forday 7, n =
6 per group. D) WT and TIr2/97 mice were subjected to osteomyelitis by intraosseous injection of 10° CFU of
WT S. aureus. Mice were euthanized on day 7 post-infection. Organs were extracted and homogenized for
CFU enumeration. CFU burdens were compared between genotypes using a Mann-Whitney U test. No
significant differences were detected. n = 5 per group. Error is plotted as + SD. Dotted lines indicate Logio
transformed limits of detection.
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Figure 13. Deficiency in TLR2 and TLR9 does not significantly impact host bacterial burden or weight
loss during intravenous infection with S. aureus. WT, female, 9-week-old mice were infected with 10’
CFU of WT S. aureus via retro-orbital injection. A) At 4 dpi mice were euthanized and organs were collected
for CFU enumeration. Results represent one experimental replicate with n = 10 WT mice and n = 7 TIr2/9"
mice with error plotted as SD. Logio transformed CFU/organ values were compared by multiple Mann-Whitney
tests with correction for multiple comparisons. No significant differences were detected. Dotted lines indicate
the Logio transformed limits of detection. B) Infected mice were weighed daily. The average %-starting weight
for each genotype is shown with error plotted as standard error of the mean. The %-starting weights were
compared between genotypes by multiple unpaired t-tests with correction for multiple corrections. No
significant differences were found.
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Dual loss of TLR2 and TLR9 alters callus formation and reduces trabecular bone loss during

osteomyelitis
To determine whether loss of both TLR2 and TLR9 alters bone homeostasis during infection, we

performed uCT on infected femurs from WT and TIr2/97- mice collected at 14 dpi. There were no
differences in cortical bone loss between WT and TIr2/97 mice (Fig. 14A-B). However, TIr2/97 mice
had a significant decrease in callus formation compared to WT mice (Fig. 14C). To determine if the
loss of TLR2 and TLR9 alters infection-associated trabecular bone loss, we first performed baseline
analyses of uninfected mice to rule out underlying differences in trabecular bone volumes within groups.
There were no differences in trabecular measurements between uninfected TIr2/97- and WT mice (Fig.
15A-D). In infected mice, contralateral and infected femur %-BV/TVs from WT and TIr2/97- femurs were
compared by two-way ANOVA. This analysis revealed that a significant amount of the variation in these
measurements came from the limb type (contralateral versus infected) and from an interaction between
the limb type and the mouse genotype (Fig. 14D-E). Post-hoc analyses revealed significant differences
between the contralateral and infected %BV/TVs for both TIr2/97- and WT mice. To better understand
the interaction between bone volume and TLR2/9-deficiency, we normalized %BV/TV of infected
femurs to the contralateral for each mouse. This analysis revealed that infected TIr2/97- mice had
significantly greater relative trabecular bone volume compared to WT mice (Fig. 14F). To test whether
the loss of TLR2 and TLR9 reduces infection-associated osteoclastogenesis, we assessed osteoclast
abundance relative to bone volume in the trabecular region using histomorphometry (52). We found no
significant differences in osteoclast surface per bone surface between genotypes (Fig. 14G). Taken
together, these observations suggest that the dual loss of TLR2 and TLR9 significantly reduces reactive
callus formation during infection. Loss of TLR2/9 also reduces relative trabecular bone loss, albeit

modestly and without a significant reduction in relative osteoclast surface.
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Figure 14. Combined TLR2- and TLR9-deficiency limits infection-induced trabecular bone loss and
callus formation. A-H) WT and TIr2/97 mice were subjected to osteomyelitis by intraosseous injection of 10°
CFU of S. aureus. For all graphs, error bars denote SD. A) Femurs were collected for CFU enumeration on
the indicated days post-infection. The dotted line indicates the Logio transformed limit of detection. Logio CFU
burdens were compared between genotypes by unpaired t-test (days 2, 5, and 14), or Mann-Whitney U test
(days 1 and 7), depending on data normality. For days 1, 2, 5 and 14, n = 5 per genotype and n = 6 for day
7. *p < 0.05. B-H) Mice were euthanized on day 14 post-infection and the infected and contralateral femurs
were isolated. Bone parameters were assessed using UCT. Results are pooled from independent
experimental replicates. For cortical bone, n = 13 for WT and n = 14 for TIr2/9” mice. For trabecular bone, n
=11 for WT and n = 13 for TIr2/9” mice. If not denoted with asterisks, statistical difference between genotypes
was not significant. B) Representative 3D images of infected femurs constructed by yCT. C) Cortical bone
loss was compared between genotypes using an unpaired t-test. D) Callus formation was compared between
genotypes by unpaired t-test. E) Representative images of trabecular bone in infected and contralateral
femurs. Images represent median infected femur %-BV/TV. F) %-BV/TV values were analyzed by repeated
measures two-way ANOVA. ****p < 0.0001 for limb type, p = 0.08729 for genotype and ***p = 0.004 for
genotype x limb type. Sidak’s test was used to compare %-BV/TV of infected and contralateral limbs within
genotypes. ****p < 0.0001. G) Infected femur BV/TV was normalized to the contralateral BV/TV and
genotypes were compared by unpaired t-test. *p = 0.0109. H) Histomorphometry was performed on TRAP-
stained femur sections to measure TRAP™* cell surface on trabecular bone relative to total trabecular volume.
%-Osteoclast surface/bone surface (Oc.S/BS) was compared between genotypes by Mann-Whitney U test.
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Figure 15. WT and TIr2/9" mice have comparable trabecular bone measurements at baseline. 8-9-
week-old female mice were euthanized, and femurs were extracted, fixed, and imaged by uCT. Parameters
of trabecular bone including %-BV/TV (A), trabecular thickness (B), trabecular number (C), and spacing (D)
were measured. Comparisons were made between genotypes by Mann-Whitney U test. No significant
differences were detected. n = 3 per group. Error bars denote SD.
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Compensation by TLR2/9-independent immune responses may sustain cytokine levels during

osteomyelitis
Dual deficiency of TLR2 and TLR9 did not have a significant effect on host ability to contain

bacteria in the infected bone and did not alter bacterial load in organs secondary to the infectious focus.
We next hypothesized that redundancy in innate immune pathways upstream of cytokine production
allowed for significant innate immune response to bacteria in the absence of TLR2 and TLR9. To test
this, we examined levels of the inflammatory cytokine IL-1pB in infected and contralateral femurs from
WT and TIr2/97- mice that underwent surgical induction of osteomyelitis. IL-13 levels in contralateral
femurs were reduced in TIr2/97- mice compared to WT mice at 5 and 14 dpi, but this difference was not
statistically significant (Fig. 16A). There was a large spread in cytokine abundance in infected femurs.
No significant differences between TIr2/97- and WT were detected (Fig. 16B). At 5 and 14 dpi, no
significant differences in CFU burdens were detected in TIr2/9-- compared to WT femurs (Fig. 16C-D).
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Figure 16. Deficiency in TLR2 and TLR9 does not alter femur IL-1B levels or bacterial burdens. WT and
TIr2/97 female mice were subjected to osteomyelitis by intraosseous injection of 10° CFU of S. aureus. On
the indicated dpi, mice were euthanized, and femurs were collected. Femurs were homogenized in a buffer
containing protease inhibitor. A-B) Homogenates were centrifuged to pellet bone fragments. The supernatant
was used in an ELISA to measure IL-1B levels. A Mann Whitney test was used to compare IL-1(3 levels
between TIr2/9" and WT femurs for each timepoint. No significant differences were detected. Error is plotted
as SD. For contralateral, n = 3 mice for WT and n = 4 mice for TIr2/9". For infected, n = 4 mice for both WT
and TIr2/97. C-D) Femur homogenates were plated to enumerate bacterial CFU. A Mann-Whitney test was
used to compare Logio transformed CFU/ml values between genotypes for each timepoint. No significant
differences were detected. Error is plotted as standard deviation and n = 4 mice for each group.
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TLR2- and TLR9-independent mechanisms promote osteoclastogenesis in RANKL-primed precursors

during intracellular bacterial infection

Our in vivo findings suggest that TLR2 and TLR9 modestly impact infection-induced trabecular
bone loss, but do not alter osteoclastogenesis in trabecular bone in vivo. To identify whether S. aureus
can promote osteoclastogenesis through TLR2- or TLR9-independent mechanisms, we next studied
the response of RANKL-primed osteoclast precursors to intracellular infection with WT S. aureus. We
hypothesized that osteoclast precursors deficient in TLR2 and/or TLR9 would maintain the ability to
differentiate through bacterial activation of alternative immune pathways. We infected RANKL-primed
BMDMs from WT, TIr2", TIr97", and TIr2/97 mice and found that infection significantly increased
osteoclast numbers compared to vehicle in all cell genotypes (Fig. 17A-B). To control for stochastic
differences in osteoclast formation, counts were also normalized to vehicle control for each genotype
to quantify the relative magnitude of increase in osteoclastogenesis resulting from infection. This
analysis revealed that all genotypes had increased osteoclastogenesis from infection; however, WT
cells incurred significantly greater infection-induced osteoclastogenesis than cells lacking TLR2, TLR9,
or TLR2/9. (Fig. 17C). To confirm that differences in bacterial load did not contribute to differences in
osteoclast number identified between genotypes, CFU were enumerated from cell lysates immediately
following infection and at 2 dpi. There were no significant differences in bacterial burdens between
genotypes immediately after bacterial internalization or at 2 dpi (Fig. 18A-B). From these data we
conclude that TLR2 and TLR9 are partially responsible for infection-induced osteoclastogenesis in
RANKL-primed cells, but TLR2- and TLR9-independent mechanisms contribute significantly to

osteoclast formation during intracellular infection.
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Figure 17. Increased osteoclastogenesis in RANKL-primed precursors infected with S. aureus is only
partially mediated by TLR2 and TLR9. A-C) BMDMs were cultured with 35 ng/ml RANKL + CMG 14-12
supernatant for 2 days. Cells were then infected with S. aureus at an MOI of 25 in the absence of RANKL,
using gentamicin protection. For all, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. If not denoted with
asterisks, statistical difference between genotypes was not significant. Error bars denote SD, n = 3 technical
replicates per group. Data are representative of 3 independent experiments. A) Representative images of
TRAP-stained cells at day 2 post-infection. B) After 2 days of infection, cells were fixed and stained, and
TRAP*, multinucleated (3 = nuclei) osteoclasts were quantified. A two-way ANOVA was used to assess the
effect of genotype and treatment and Sidak’s test was used to compare each vehicle to S. aureus for each
genotype. C) Counts were normalized to vehicle and analyzed by one-way ANOVA and Dunnett’s test of
multiple comparisons was used to compare each genotype to WT.
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Figure 18. Bacterial load is not affected by loss of TLR2 and/or 9. A-B) BMDMs of the indicated genotype
were primed with RANKL + CMG 14-12 supernatant for 2 days. RANKL was withdrawn and cells were infected
with WT S. aureus at a MOI of 25. CFU were enumerated from cell lysates at the indicated timepoint. Dotted
lines indicate the limit of detection. For all, n = 3 technical replicates per group. A) Logio CFU were analyzed
by nonparametric one-way ANOVA. A Kruskal-Wallis post-hoc test was used to compare CFU between
knockout and WT cells and no significant differences were detected. B) After 2 days of infection, cells were
lysed, serially diluted, and plated to measure CFU. Logio CFU burdens were analyzed by non-parametric
one-way ANOVA. No significant differences were detected.
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Discussion

Dysregulation of bone homeostasis is a hallmark of osteomyelitis pathogenesis in both animal
models and human disease (5,7,22,103). This manifests as both bone loss and abnormal bone
formation. While the effects of S. aureus toxins contribute to the perturbation of bone homeostasis
through direct cell lysis, previous studies indicate that inflammation generated by host sensing of
bacteria also contributes to altered bone homeostasis (22,101,103,232-234). The presence of
inflammatory cytokines in the bone microenvironment and direct PRR engagement can alter the
differentiation and function of bone-resorbing osteoclasts, leading to bone loss (101,102,235,236).
Thus, defining the specific pathogen sensing receptors and immune signaling pathways that contribute
most to the dysregulation of bone homeostasis is a vital prerequisite to understanding how to limit bone
damage during osteomyelitis. In this study, we sought to determine how two PRRs capable of sensing
staphylococcal PAMPs, TLR2 and TLR9, contribute to bacterial burden control and dysregulation of
bone homeostasis in the specific context of post-traumatic osteomyelitis.

In vitro experiments in this study focused on determining the consequences of S. aureus -
mediated ligation of TLR2 and TLR9 in osteoclast lineage cells. Prior work has shown that engagement
of TLRs 2, 4, and 9 in RANKL-primed osteoclast precursors by purified agonists increases osteoclast
formation (125-127). Positive regulation of osteoclastogenesis through TLR engagement is associated
with increases in c-Fos expression and parallel changes to the cytokine milieu (126). Our results are in
line with these observations, as S. aureus supernatant promoted osteoclastogenesis in RANKL-primed
precursors in a TLR2-dependent manner. However, this finding did not translate in vivo, where TLR2-
deficiency did not significantly alter parameters of bone homeostasis nor affect relative osteoclast
surface. Thus, although the role of TLR2 in driving osteoclastogenesis has been relatively
straightforward in cell culture studies, our in vivo results suggest that TLR2 plays a less crucial role in
bone loss during osteomyelitis. This finding is reflected in previous publications demonstrating that the
role of TLR2 in bone loss varies by infection model (130,232,234,237). The most unequivocal evidence
that TLR2 can act as a modulator of trabecular bone loss comes from a 2013 study in which mice were
intravenously administered formaldehyde-fixed S. aureus or chemical TLR2 agonists. Trabecular bone
loss occurred in a TLR2-dependent manner, in line with parallel in vitro experiments (130). The disparity
between these data and the current study may reflect the differences in modeling systemic TLR2
engagement with purified PAMPs versus infection with live bacteria, which are capable of dynamic
metabolism, virulence factor production, and replication to provide a wide variety of pathogen-derived

molecules for host detection.
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The potential for redundancy in innate immune pathways provided a rationale for testing the
effect of dual loss of TLR2 and TLR9, with the expectation that TIr2/9- mice would have reduced bone
loss, reduced osteoclast surface, and less dysregulation of bone homeostasis during osteomyelitis.
TIr2/97- mice had a modest attenuation of trabecular bone loss, supporting our hypothesis that
compensation between TLR2 and TLR9 limited the effects of TLR2-deficiency on bone loss. However,
there was no concomitant decrease in relative osteoclast surface. Taken alongside data showing that
TLR2- and TLR9-deficient osteoclast precursors undergo osteoclastogenesis upon intracellular
infection with S. aureus, these data suggest that TLR2- and TLR9-independent pathways have the
potential to modulate osteoclastogenesis during osteomyelitis. For instance, the detection of damage-
associated molecular patterns (DAMPs) could be contributing to inflammatory bone damage through
other innate immune receptors. TLR4 has been shown to promote osteoclast-mediated bone erosion
during arthritis through detection of neutrophil-derived S100A8/A9, presenting the possibility that TLR4
plays a role in osteomyelitis, even in those cases triggered by Gram-positive pathogens (238).
Moreover, cell types outside of the osteoclast compartment may influence osteoclastogenesis in a cell-
extrinsic manner that is not solely dependent on TLR2 and TLR9. Because prior exposure to RANKL
determines whether a BMDM can differentiate into an osteoclast upon TLR engagement, it is possible
that changes to osteoclastogenesis may occur in TIr2”- and/or TIr2/97- mice, but because of opposing
effects of TLR ligation pre- and post- RANKL, net osteoclastogenesis is unchanged
(123,126,127,205,239). Exposure to RANKL blunted release of most of the cytokines we measured.
However, RANKL-primed WT and TLR2-null cells retained the ability to produce small amounts of IL-6
and IL-1a, presenting the possibility that, in microenvironments containing RANKL, NF-kB activation
through the RANK receptor could augment cytokine release downstream of TLRs. Thus, the in vitro
and in vivo findings presented here support the notion that TLR2- and 9-independent mechanisms,
including engagement of other PRRs, cytokine signaling, as well as activation of undiscovered innate
immune pathways, function in osteoclast lineage cells to drive pathologic changes to bone during S.

aureus infection.

We observed that TIr2/97- mice had significant decreases in callus formation. Although callus
formation is a normal part of fracture repair, we observed that mice with osteomyelitis do not reach
healing resolution around the bacterial inoculation site (22,38,51). Thus, excessive callus formation is
aberrant in the setting of infection. Our results suggest that TLR2 and TLR9 are influencing bone
forming cells, likely mesenchymal stromal cells such as osteoblasts, to promote callus formation. TLR
signaling can occur in osteoblasts, with several articles reporting that TLR2 and TLR4 signaling alters
osteoblast differentiation and RANKL presentation (209,240-242). However, in vivo, loss of TLRs 2, 4,
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and 9 did not alter fracture repair in a calvarial model of bone healing, while abrogation of interleukin-1
type 1 receptor (IL-1R1) signaling significantly enhanced defect closure (236). Thus, it is possible that
TLR2 and TLR9 alter osteoblast activity during osteomyelitis by modulating elaboration of IL-1R1

cytokines.

Our results demonstrate that neither TLR2 nor TLR9 significantly contributes to host control of
bacterial burdens in the model of post-traumatic osteomyelitis we used, suggesting that other pathways
may play more prominent roles in constraining S. aureus infection in bone. Evidence that TLR2 is critical
to host defense against S. aureus originated in a mouse model of intravenous septic infection, where
receptor deficiency significantly accelerated host mortality (144). Furthermore, in a S. aureus
craniotomy biofilm infection model, TLR2, but not TLR9, was critical for host bacterial containment
through caspasel-mediated activation of IL-1B, which was reduced in TIr27- mice (199). Despite these
findings, the conclusion that TLR2 exerts a significant effect on host anti-staphylococcal defenses has
not been fully supported by all studies, with results varying based on tissue specificity and the infection
model (108,142,144,145,234). Additionally, in sepsis, only mice deficient in myeloid differentiation
factor 88 (MyD88) incurred significantly increased bacterial burdens in blood and organs at multiple
points, highlighting that MyD88-driven signaling pathways in addition to TLR2 heavily contribute to anti-
staphylococcal defenses (144). Cytokine elaboration likely underlies MyD88-driven host control of
bacterial burdens in disparate infection sites, even when different upstream receptors are required for
activation. To this point, activation of cytokines, namely IL-1B and TNF-a, are critical for host control of
bacterial expansion and immune cell recruitment in bone and implant-associated infection
(51,111,232). Our measurements of IL-1f3 in the infected and contralateral femurs following induction
of S. aureus osteomyelitis did not significantly differ between from WT and TIr2/97- mice. Additional
experiments must be done to substantiate this finding, but it overall suggests that redundancy in host

bacterial detection enables a sufficient immune response to S. aureus when TLRs 2 and 9 are absent.

Our study has limitations that should be considered when interpreting the data. First, because
we relied mainly on in vitro measurements of osteoclastogenesis to provide rationale for our in vivo
studies and to substantiate in vivo findings, conclusions on TLR2- or TLR9-dependent changes to
cellular function, such as osteoclast resorption, cannot be drawn from the data. Additionally, previous
studies have indicated that cytokines are major drivers of osteoclast bone resorption during infection in
vitro with S. aureus and can drive osteoclastogenesis in vivo (120). To better understand why mice
lacking TLR2 and TLR9 did not have significant decreases in osteoclastogenesis or changes to
bacterial burden control in vivo, it will be important to understand how cytokines are affected by the loss

of these receptors. IL-1R1 cytokines are major influencers of bone pathology during osteomyelitis and
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in inflammatory bone loss more generally (51,102). Thus, exploration into the pathways upstream of
inflammasome activation will be critical in future work. Finally, our studies revealed a strong impact of
TLR2 and TLR9 on callus formation. Studying osteoblast-mediated bone pathology during osteomyelitis

is also an important future direction for this work.

Overall, this study shows that, despite the clear role of TLR ligation in governing osteoclast
differentiation in cell culture, TLR2 and TLR9 signaling contributes only modestly to inflammatory bone
loss during S. aureus osteomyelitis. Importantly, reduction in bone loss came without significant change
in relative osteoclast surface in the trabecular bone. Interestingly, our work shows that TLR2 and TLR9
may contribute to callus formation. Because loss of TLR2 and TLR9 did not alter control of bacterial
burdens, other innate immune pathways may be more influential in promoting host responses to
osteomyelitis. Continued work on the role of inflammation-generating host responses will be critical to

uncovering the specific mechanisms at play in osteolysis during infection.
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CHAPTER Ill: THE ROLE OF THE INFLAMMASOME IN THE OSTEOCLAST RESPONSE TO
STAPHYLOCOCCUS AUREUS OSTEOMYELITIS

Introduction

Inflammation is a classic double-edged sword; a strong immune response to pathogen is critical
to host survival, yet if inflammation becomes too intense, tissue damage results. In Staphylococcus
aureus osteomyelitis, inflammation generated by the immune response to bacteria alters the
differentiation and function of bone cells, resulting in loss of homeostasis and bone damage. Interleukin-
1 receptor type 1 (IL-1R1) cytokines IL-1a and IL-1B have been identified as major regulators of bone
homeostasis in inflammatory diseases of bone including osteomyelitis (102). These IL-1R1 cytokines
profoundly impact bone-resorbing osteoclasts by promoting differentiation of progenitor cells and by
enhancing resorption by mature cells (112,119). In the context of S. aureus infection, IL-1R1 cytokines
also promote the host immune response, in part by mediating the neutrophil recruitment to the infection
site (51,109). Thus, the IL-1R1 signaling axis is of central importance to infection resolution, but IL-1R1
responses can come at an expense to bone health and homeostasis. Though the effects of IL-1a and
IL-1B8 on osteoclast differentiation and resorption have been well-characterized, fewer studies have
focused on the pathways responsible for activating these cytokines during bone infection. This is
particularly important for the activation of IL-1, which is produced in a pro form and requires proteolytic
processing to liberate its biologic activity (162,175) The nucleotide binding and oligomerization, leucine-
rich repeat, pyrin domain-containing 3 (NLRP3) inflammasome is a major activator of IL-13 (162,243).
The NLRP3 inflammasome can also initiate pyroptosis, a highly inflammatory form of cell death (163).
The aim of this chapter is to understand the contribution of the NLRP3 inflammasome to both anti-

staphylococcal defenses and bone damage during Staphylococcus aureus osteomyelitis.

NLRP3 is sensor of cellular damage that assembles into a multiprotein complex upon priming
through a pattern recognition receptor (PRR), which initiates nuclear factor-kappa B (NFkB) responses,
followed by exposure to damage-related stimuli, including potassium efflux and reactive oxygen species
(152,161,162). The NLRP3 inflammasome is comprised of caspase-1, apoptosis-associated speck-like
protein containing CARD (ASC), and NIMA-related kinase 7 (NEK7) (152). When assembled in the
complex, caspase-1 auto-activates and subsequently cleaves and activates substrates including pro-
IL-18, pro-IL-18, and pro-gasdermin D. In some cell types, gasdermin D cleavage into its N-terminal
form results in pyroptotic cell death (163). The NLRP3 inflammasome promotes host responses to S.
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aureus in multiple infection sites (109,156,200). NLRP3 activation and the IL-1R1 signaling axis are
activated in both mouse models and human cases of osteomyelitis (51,111,194). The inflammasome
has also been shown to play a role in promoting fracture healing and bone homeostasis (195,196). The
cell types involved in inflammasome-based regulation of bone homeostasis have not been identified
and it is not clear as to whether osteoclast precursors or mature cells can activate an inflammasome.
In this chapter, we test the hypothesis that osteoclast lineage cells activate the inflammasome in
response to S. aureus, thereby promoting dysregulation of bone homeostasis. Osteoclasts arise from
the myeloid lineage, differentiating from monocytes into large, multinucleated, bone-resorbing cells in
response to the canonical differentiation factor receptor activator of NFkB ligand (RANKL) (54).
Transcriptional and epigenetic reprogramming occur during the differentiation process, known as
osteoclastogenesis (93,227,244). The monocytic osteoclast precursor cell also harbors the potential to
become a macrophage (245). Importantly, macrophages are potent activators of NLRP3 and engage
this response during exposure to live S. aureus and staphylococcal toxins (27,28). Whether osteoclasts
can engage in a comparable inflammasome response via NLRP3 is not known. While Chapter Il mainly
examined how host detection of S. aureus through PRRs alters osteoclast differentiation, this chapter
focuses on the osteoclast’s capacity to directly respond to pathogens by mounting an inflammatory
response. We also explore how the broader inflammatory consequences of inflammasome activation

and cell death influence bone homeostasis in a mouse model of S. aureus osteomyelitis.

Materials and Methods

Animal use

C57BL/6J mice (Jackson stock #000664) were used for all in vivo and in vitro experiments that
employed wild type (WT) animals as controls. WT control mice used in the osteomyelitis model were
ordered from The Jackson Laboratory (Bar Harbor, ME) and delivered to our housing facility 1-2 weeks
prior to undergoing surgery. NIrp37- mice (Jax stock #21302, B6.129S6-NIrp3tm1Bhk/J) were ordered
from The Jackson Laboratory for use in osteomyelitis experiments (246). Nlrp3”- mice arrived at our
facility 1-2 weeks prior to the procedure. NIrp3” mice were housed with sterile food/bedding.
Caspasel/117- mice (Jax stock #016621, B6N.129S2-Caspltmi1Flv/J) were gifted to our lab by Dr.
Young Kim at Vanderbilt University (247). Mice were bred in-house via homozygous crosses.
Caspasel/117 mice were utilized for whole bone marrow collection or used in osteomyelitis

experiments. For all genotypes, mice underwent surgical induction of osteomyelitis at 7-8 weeks of age.
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Bacterial strains and growth conditions

Experiments were performed with either the erythromycin- and tetracycline-sensitive, USA300-
lineage, LAC clinical isolate strain of S. aureus (AH1263, referred to as WT) or a derivative strain lacking
the alpha-type phenol-soluble modulins (Apsma1-4) (22,214). Bacterial cultures used in both in vitro
and in vivo infection experiments were grown overnight at 37°C in tryptic soy broth (TSB) with shaking
at 180 rpm. 10 pg/ml erythromycin was added to the culture media of the Apsma1-4 strain. Bacterial
inocula were prepared by back-diluting overnight cultures 1:100 into TSB and then incubating an
additional 3 h at 37°C with shaking at 180 rpm. The subcultures were then centrifuged for 5 min at 4000
x g to pellet bacterial cells. The bacterial inoculum was adjusted to the desired concentration by diluting
in 1X phosphate-buffered saline (PBS) and measuring optical density. All post-infection CFU were

enumerated after growth on trypticase soy agar (TSA) plates.

Preparation of bacterial supernatants

Concentrated bacterial supernatants were prepared as previously reported (22). In brief, 1-2
bacterial colonies were inoculated into 250 ml Erlenmeyer flasks containing 50 ml of sterile RPMI
medium with 1% casamino acids (Fisher Scientific). Flasks were sealed with rubber stoppers and
cultured for 15 h at 37°C and shaking at 180 rpm. To pellet bacteria, cultures were then centrifuged at
4000 x g for 10 min. To prepare concentrated supernatants, culture supernatants were sterilized using
a 0.22 ym polyethersulfone filter and then concentrated to a final volume of ~1.5 ml using an Amicon
Ultra 3-kDa nominal molecular weight column (MilliporeSigma, Burlington, MA). Supernatants were
again filter sterilized and single-use aliquots were prepared on ice and frozen at —-80°C.

Unconcentrated supernatants were prepared by inoculating 1 colony into a 50 ml conical
containing 15 ml of sterile RPMI medium with 1% casamino acids (Fisher Scientific). Cultures were
grown anaerobically (caps sealed) for 15 h at 37°C and shaking at 180 rpm. To pellet bacteria, cultures
were then centrifuged at 4000 x g for 10 min. Culture supernatants were then filter-sterilized twice.

Single-use aliquots were prepared on ice and frozen at —80°C.

Whole bone marrow isolation and bone marrow-derived monocyte enrichment

Whole bone marrow (WBM) was isolated from male or female C57BL/6J mice aged between 8
and 12 weeks. WBM was flushed from femurs using unsupplemented MEM-a medium (Gibco,
Waltham, MA), passed through a 100 uM cell strainer, and centrifuged at 1500 rpm x 5 min. Red blood
cells were lysed in ammonium-chloride-potassium buffer for 10 min, and then 1X PBS was added to

deactivate lysis. Cells were centrifuged again and resuspended in 100% fetal bovine serum (FBS) for
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counting. WBM cell preparations were then frozen in 10% dimethyl sulfoxide (DMSOQO) in FBS and stored
in liquid nitrogen until ready to use. Cryopreserved vials of WBM cells were rapidly thawed in a 37°C
water bath and then washed in MEM-a medium supplemented with 10% FBS and 1X penicillin-
streptomycin to remove DMSO. To enrich for bone marrow-derived monocytes (BMDMs), WBM cells
were seeded at 8-10 million cells per 10 cm tissue culture-treated dish in MEM-a medium + 10% FBS
+ 1X penicillin-streptomycin supplemented with macrophage colony-stimulating factor (M-CSF).
Supernatant from the CMG14-12 cell line served as the M-CSF source and was added at a vol/vol ratio
of 1:10, providing a high dose of M-CSF for positive selection of monocytes (72). After four days of
differentiation, BMDMs were scraped off 10 cm dishes and plated for macrophage or osteoclast
differentiation.

Osteoclast and macrophage differentiation

BMDMs were differentiated from WBM as described in the above section. After 4 days of culture,
cells were scraped off 10 cm dishes. Depending on the downstream assay, BMDMs were either seeded
at 50,000 cells/well into 96-well plates or at 250,000 cells/well into 24-well plates. For all ELISA
experiments, cells were cultured in 96-well plates. For experiments involving protein collection for
western blot or RNA isolation for gRT-PCR, 24-well plates were used for cell culture. Unless otherwise
noted, cells were cultured in MEM-a medium supplemented with 10% FBS and 1X penicillin-
streptomycin (referred to as culture media). Macrophages were differentiated in culture media
containing CMG 14-12 supernatant at a vol/vol ratio of 1:40 to provide an M-CSF source (248). In 96-
well plates, osteoclasts were maintained in culture media with CMG 14-12 supernatant at 1:40 and
recombinant receptor activator of nuclear factor (NF)-kB (RANKL) (R&D Systems catalog #462-TR) at
35 ng/ml (96-well plate) or 100 ng/ml (24-well plate). RANKL stimulation continued for either 2 days to
generate pre-osteoclasts, which are not yet multinucleated and are still upregulating the osteoclast
differentiation program, or 5-7 days to generate mature osteoclasts. Macrophage comparators were
cultured in parallel for the same duration. For all, culture medium was changed every 2 days. All cell

cultures were incubated at 37°C with 5.0% CO»2.

Nanostring Ncounter

BMDMs were cultured in 24-well plates for 2 or 7 days in culture media supplemented with CMG
14-12 supernatant (macrophages) or with 35 ng/ml RANKL and CMG 14-12 supernatant. Cells cultured
for 2 days in RANKL were considered pre-osteoclasts, and cells cultured for 7 days in RANKL were

considered mature osteoclasts. Cells were stimulated for 6 h with concentrated supernatant from the
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Apsma1-4 strain of S. aureus or an RPMI medium control. After the stimulation, cell monolayers were
washed once in warm 1X PBS and then collected in Buffer RLT (Qiagen, Germantown, MD)
supplemented with B-mercaptoethanol. Cell lysates were obtained by centrifugation in a Qiashredder
column (Qiagen) at 13,000 rpm for 2 min. Samples were frozen at -80C prior to RNA isolation using the
RNeasy Kit, according to manufacturer’s instructions. RNA concentrations were measured using a
Biotek Synergy HT Microplate Reader (Agilent Winooski, VT). Each biological replicate represents a
separate cell culture experiment, though RNA was isolated for all replicates at the same time. The
NanoString assay was performed by the Vanderbilt Technologies for Advanced Geonomics
(VANTAGE) Core using the nCounter Mouse Immunology Panel V2 (catalog #115000052) on the
nCounter Max Analyzer (NanoString, Seattle, Washington). 100 ng of RNA per sample was input into

the hybridization reaction.

Inflammasome induction using TLR agonists

Macrophages and osteoclasts were primed with 500 ng/ml of lipopolysaccharide (LPS) derived
from E. coli. Stimulation was carried out for 3 — 4 h, as indicated in the figure legend, to prime cells for
induction of the inflammasome. Nigericin at 15uM concentration (Invivogen catalog #tlrl-nig) was used
as a second signal inflammasome inducer. Priming was always done in serum-free media

supplemented with supernatant from the CMG 14-12 cell line and RANKL, as appropriate.

Protein isolation and purification

Protein isolation and purification was performed using a protocol provided by Dr. Igor Brodsky
of U Penn. Cells were stimulated in serum-free media. At the indicated collection timepoint, the plates
were centrifuged at 1200 rpm at 4°C for 5 min to pellet debris. Cell supernatants were then collected
into pre-cooled Eppendorf tubes containing a protease inhibitor cocktail. 6N Trichloroacetic acid (TCA)
was then added to each tube at a volume equivalent to 10% of the sample volume. Samples were
mixed by inverting and stored at 4°C overnight. TCA precipitation was continued the next day. Tubes
were centrifuged at 14,5000 x g for 15 min at 4°C to pellet protein. Pellets were washed three times by
resuspending in cold 100% acetone and centrifuging at 14,500 x g for 10 min (1st wash) or 5 min (2"
and 39 washes). Acetone was removed and samples were dried on a 55°C heat block with Eppendorf
tube lids open for 3-5 mins. A buffer containing 4% SDS and 0.5M Tris HCL spiked with 25mM
dithiothreitol (DTT) was mixed at a 1:1 ratio with 2X Laemmli buffer containing 10% [-mercaptoethanol.
Using this buffer, each pellet was resuspended in a 48 ul volume and then boiled at 100°C for 10 min.

Samples were stored at -80°C or immediately loaded onto an SDS-PAGE gel.
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Cell lysates were collected by adding 100 pl of lysis buffer (20 mM HEPES pH 7.5, 150 nM Nacl,
10% Glycerol, 1% Triton X, 1ImM EDTA in water) supplemented with protease inhibitor (Roche, catalog
# 04693124001) to the culture plate. The plate was placed on a shaker at 4°C for 5 min. Then each
well was scraped with a sterile, ice-cold p100 pipette tip. Lysates were collected into pre-cooled
Eppendorf tubes and rested on ice for 5 mins. Tubes were then centrifuged at 13,000 rpm for 15 min.
68 ul of the supernatant was moved to a new tube with Laemmli buffer at a final concentration of 1X
and B-mercaptoethanol at a final concentration of 7% vol/vol. Samples were boiled at 100°C for 10 min

and either stored at -80°C or immediately loaded onto an SDS-PAGE gel.

Immunoblot

Protein samples were size-separated by electrophoresis using the BioRad Mini-PROTEAN Tetra
Cell system. Cell supernatant or lysate samples were loaded into 12% SDS-PAGE gels (BioRad mini-
PROTEAN gel, catalog # 4561041) at a volume of 40 pl/well. Gels were run on ice starting at 55 V and
were incrementally turned up to 120 V. Proteins were transferred to nitrocellulose membranes using a
Trans-Blot Turbo machine (Bio-Rad, catalog # 1704150) on the mixed molecular weight (lysate
samples) or low molecular weight (supernatant samples) settings. Membranes were blocked in
Intercept Blocking Buffer (Li-Cor, catalog # 927-70001) for 45 min — 1 h with gentle shaking at RT.
Membranes were then incubated overnight in primary antibody at 4°C with gentle shaking. The primary
antibodies and concentrations used are as follows: anti-B actin (Sigma #A5441 at 1:2000), anti-
caspase-1 (AdipoGen # AG-20B-0042-C100 at 1:1000), anti-gasdermin D (Abcam #ab209845 at
1:1000), anti-IL-1B (R&D Systems # AF-401-NA at 0.25 pg/ml), and anti-TLR2 (Abcam # ab209217).
Following primary antibody incubation, membranes were washed 3 times x 5 min in 0.1% Tween in 1X
PBS (PBS-t). Membranes were then incubated with fluorescent secondary antibodies at 1:10,000 in
0.1% PBS-t for 1-2 h. The secondary antibodies used include: IRDye 800CW goat anti-rabbit (Li-Cor
catalog # 26-68071), Alexa 680 goat anti-mouse (Life Technologies catalog #A21057), IR Dye 680
donkey anti-mouse (Li-Cor catalog #926-68072), and IRDye 800CW donkey anti-goat IgG (Li-Cor
catalog #926-32214). Membranes were again washed in PBS-t for 3 x 5 min. Membranes were washed
one more time in 1X PBS and then immediately imaged using the Odyssey CLx Imager (Li-Cor, Lincoln,
NE). Fluorescent intensities of protein bands were quantified using the Image Studio 4.0 software (Li-

Cor, Lincoln, NE). Figures were made using Sciugo.
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Quantitative real time- polymerase chain reaction (QRT-PCR)

After stimulating with LPS derived from LPS derived from E. coli (Invivogen, catalog #tlrl-eblps),
cells were lysed using Buffer RLT Plus (Qiagen, Germantown, MD) supplemented with 10% [3-
mercaptoethanol. Cell lysates were obtained by centrifugation in a Qiashredder column (Qiagen,
Hilden, Germany) at 13,000 rpm for 2 min. RNA was extracted from cell lysates using the RNeasy Mini
Plus Kit (Qiagen) in accordance with the manufacturer’s instructions. RNA concentrations were
measured using a Biotek Synergy HT Microplate Reader (Agilent Winooski, VT). 500 ng of RNA per
sample used to synthesize cDNA using the qScript XLT cDNA Supermix (QuantaBio, Beverly, MA).
cDNA was diluted 1:10 in nuclease-free water and frozen at -20°C until ready to use. gRT-PCR was
performed using iQ Sybr Green Supermix (Bio-Rad, Hercules, CA). The following primer sequences
were used: NIrp3-FW 5- TGCTCTTCACTGCTATCAAGCCCT-3, NIrp3-RV-5'-
ACAAGCCTTTGCTCCAGACCCTAT-3 from citation (297) and 11b-FW 5-
GCAACTGTTCCTGAACTCAACT-3, lIl1b-RV-5’-ATCTTTTGGGGTCCGTCAACT-3'. Cq values were
analyzed using the AACq method (218).

Lactate dehydrogenase (LDH) detection assay

The LDH-Glo Kit (Promega, catalog #J2380) was used to approximate %-cell death based on
the abundance of the enzyme lactate dehydrogenase (LDH) in the culture media of cells treated with
experimental or control stimuli. This assay works by providing a substrate for oxidation by LDH, which
liberates NADH to generate a luciferin that becomes luminescent when activated by the kit's Ultra-Glo
reagent. The readout of relative luminescent units (RLU), an approximation of LDH abundance, is used
to calculate cell death. To perform the assay, cells were stimulated with the indicated experimental or
control stimuli, and then medium samples were collected into cold LDH storage buffer (200mM Tris-
HCI pH 7.3, 10% Glycerol, 1% BSA) at a ratio of 1:25 vol/vol. One set of three technical replicate wells
was treated with Triton X to induce maximal cell death. Media from 3 cell-free control wells were also
collected. Samples were either run immediately or stored at -80°C until ready to use. All samples and
reagents were equilibrated to RT before the LDH detection assay was performed. 50 pl of each sample
or standard was assayed in duplicate in a white-walled 96-well plate. 50 pl of Detection Enzyme Mix
with Reductase Substrate was added to each well and plates were incubated at RT for 1 h.
Luminescence was read on the Biotek Synergy HT Microplate Reader (Agilent Winooski, VT). RLU
duplicate values were averaged. The %-cell death was calculated as: [(RLU sample — RLU no cell
control)/ (RLU max — RLU no cell control)] x 100.
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Enzyme-Linked Immunosorbent Assay (ELISA)

IL-18 was measured from cell culture medium samples using the IL-18 Mouse ELISA Kit
(Abcam, #ab100704). To assay 100 ul of sample per well in duplicate, media samples were diluted in
Assay Diluent B at a 2:1 ratio. Standard curves were generated using recombinant IL-13 supplied in
the kit to perform serial dilutions according to the manufacturer’s instructions. Serum-free cell culture
medium diluted 2:1 in Assay Diluent B was used as the diluent for the curve. The assay was carried
out as described in the product manual. Absorbance was read at 450 nm using the Biotek Synergy HT
Microplate Reader (Agilent Winooski, VT). IL-1B concentrations were interpolated from the sigmoidal
standard curve using GraphPad Prism. To determine concentrations in the experimental samples, the
interpolated values were scaled up by the dilution factor.

Measurement of caspase-1 activation by luminescent assay

Caspase-1 activity was measured in cells in culture plates using the Caspase-1-Glo
Inflammasome Assay (Promega, catalog #G9951). Macrophages and osteoclasts were cultured for 5
days in black-walled 96-well plates (Greiner, catalog #655090). On the day caspase-1 activity was
measured, media were changed. The media volume was replaced so that each well had a total volume
of 100 ul with either vehicle control or 500 ng/ml LPS derived from E. coli (Invivogen, catalog #tlrl-eblps)
added in. Stimulation was carried out for 5 h. The Caspase-1-Glo substrate was prepared by adding
the Caspase-1 Buffer to the lyophilized Z-WEHD substrate to create the Glo mixture. Then, the MG-
132 inhibitor (inhibits non-specific caspase activity) was added to the reconstituted Z-WEHD substrate
(Glo mixture). Just before adding this mixture to the well, nigericin was added to all wells at a final
concentration of 15 yM. The Glo mixture was added at 100 pl per well to the 100 pl culture medium
already in each well. As a negative control, the caspase-1 inhibitor AcYVAD was added to half of the
wells. The plate was incubated for 1 h at RT and then luminescence was measured using the Biotek

Synergy HT Microplate Reader (Agilent Winooski, VT).

In vitro infection by gentamicin protection assay

At 2 h before infection, osteoclasts and macrophages were transitioned to serum- and antibiotic-
free MEM-a medium supplemented with CMG 14-12 supernatant at a vol/vol ratio of 1:40, with or
without RANKL. Bacterial inocula were prepared from AH1263 and adjusted to a concentration of
approximately 5 x 108 CFU/ml in sterile 1X PBS. For 96-well plates, cell monolayers were infected with
S. aureus by adding 2.5 x 108 CFU in 5 pl per well for a multiplicity of infection (MOI) of 50 or 5.0 x 108

CFU in 10 yl for a MOI of 100. For 24-well plates, cell monolayers were infected with S. aureus by
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adding 1.25 x 107 CFU in 25 pl per well for a multiplicity of infection (MOI) of 50 or 2.5 x 107 CFU in 50
pl for a MOI of 100. Sterile 1X PBS was added to control wells. Plates were centrifuged at 1000 rpm
for 1 min to bring bacteria in contact with the cell monolayers. Plates were incubated for 1 h at 37°C to
allow for bacterial internalization. Gentamicin was added directly to the wells for an in-well concentration
of 100 pg/ml gentamicin to kill extracellular bacteria. After 1 h of incubation, cell monolayers were
washed with warm 1X PBS and media (serum-free MEM-a media containing 1X penicillin-streptomycin
with CMG 14-12 supernatant +/- RANKL) were replaced. At the indicated timepoint, media were

collected for protein isolation or ELISA and lysates were collected for protein isolation.

Murine model of osteomyelitis

All animal experiments were approved by the Vanderbilt University Institutional Animal Care and
Use Committee. Mice underwent induction of post-traumatic osteomyelitis as previously described
(22,38,51). Briefly, 7- to 8-week-old mice were anesthetized using 3-3.5% isoflurane for induction and
1-1.5% for maintenance. Mice received subcutaneous injections of sustained-release buprenorphine
(0.5-1 mg/kg) prior to the procedure to maintain analgesia for 48 h post-infection. After induction of
anesthesia, the left hindlimb and flank were prepared for surgery, and the diaphysis of the femur was
exposed using sterile technique. An approximately 1 mm defect was made in one side of the cortical
bone using trephination with a 21-gauge needle. An inoculum containing either 1 x 105 CFU or 1 x 10°
CFU of AH1263 in 2 ul sterile 1X PBS was injected into the cortical defect using a micropipette. Muscle
fascia and skin were then closed with sutures and the mice were allowed to recover from anesthesia.
Mice were monitored and weighed daily until the experimental end point. Mice were monitored for
humane endpoint criteria, which included inability to eat or drink, immobility or lethargy, hunched
posture, and weight loss greater than 20% body weight occurring after 4 days post-infection. No mice
in this study met criteria for humane endpoint euthanasia. At the experimental endpoint, mice were

euthanized. If a femur was fractured during extraction, the sample was excluded from imaging analyses.

CFU enumeration

At the desired endpoint post-induction of osteomyelitis, femurs, kidneys, and livers were sterilely
dissected from euthanized mice. Femurs or kidneys were singly placed in NAVY bead lysis tubes (Next
Advance, Troy, NY) containing 500 pl of sterile 1X PBS. Because of the larger size, livers were split
into two bead lysis tubes prior to homogenizing. Tissues were then homogenized at 4°C using a Bullet
Blender at the highest setting for 3 intervals of 5 min each. Homogenates were serially diluted in sterile

1X PBS and plated on TSA plates. Plates were incubated overnight at 30°C and CFU were counted
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the next day. The limit of detection for this workflow is 1.69 and 1.99 Logio transformed CFU for
femurs/kidneys and liver, respectively.

Micro-computed tomography (UCT) of cortical and trabecular bone in femurs

Femurs were dissected from mice at day 14 post-infection, fixed in 10% neutral buffered formalin
for 48 h, and then moved to 70% EtOH before storage at 4°C. Fixed femurs were scanned using a
MCT50 (Scanco Medical, Switzerland) instrument and analyzed with uCT Tomography V6.3—4 software
(Scanco USA, Inc.). Scans were acquired at 10.0 uym voxel size at 70 kV, 200 pA, and an integration
time of 350 ms in a 10.24 mm view to result in 1088 image slices. To accommodate analysis of
trabecular and cortical bone, a region of interest was selected on each femur to encompass the
trabecular bone of the distal metaphysis, as well as the entire diaphysis so that the cortical defect into
which bacteria were inoculated could be visualized. The proximal epiphysis was excluded. Cortical
bone destruction, callus formation, and trabecular bone volume were determined by contouring the
indicated regions of interest as previously described (22,249). Briefly, to analyze cortical bone loss and
callus formation, 818 slices were contoured, centered around the midpoint of the defect. For trabecular
bone analysis, measurements to the distal trabecular bone were standardized to begin 30 slices above

the growth plate. 101 slices total were analyzed.

Bone histology and histomorphometric analysis of osteoclasts in trabecular bone

After imaging by YCT, fixed femurs were decalcified for four days in 20% EDTA pH 7.4 at 4°C,
with a solution change on day 2. Decalcified femurs were processed into paraffin and embedded, then
sectioned at 4pm thickness through the infectious nidus and bone marrow cavity using a Leica RM2255
microtome. Sectioned femurs were stained for TRAP with hematoxylin counterstain. Slides containing
TRAP-stained histologic sections were then imaged at 10X on a Biotek Cytation 5 Image Reader
(Agilent, Winooski, VT). Histomorphometry was performed on the imaged slides using BIOQUANT
OSTEO software (BIOQUANT, Nashville TN). The analysis was performed on a region of interest of
trabeculae proximal to the growth plate in the distal femur. Guided by ASBMR standards, osteoclast
surface and bone surface were calculated to quantify percent osteoclast surface/bone surface (52).
The BIOQUANT-defined L2 (bone surface) and L3 (osteoclast surface) arrays were used to quantify

bone surface and osteoclast surface respectively.
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Statistical analyses

Data were plotted and analyzed using GraphPad Prism software (Version 9). For all
experiments, data were checked for normality prior to statistical analysis using either the D’Agostino-
Pearson test or the Shapiro-Wilk test. For ELISA results, a two-way ANOVA was used to assess the
relative contribution of treatment versus cell type or genotype to data variation. A post hoc Sidak’s
multiple comparisons test was used to make specific comparisons between groups, usually comparing
osteoclasts to macrophages. In comparisons of only two groups, including the gRT-PCR experiments,
data were compared by an unpaired parametric t-test. When comparing two groups of mice, such as
when cortical bone destruction, callus formation, or osteoclast abundance were being compared
between WT and knockout, an unpaired t-test or non-parametric Mann Whitney test was used,
depending on data normality and sample size. When comparing weight loss over infection time course
between WT and knockout mice, multiple t-tests with correction for multiple comparisons were used.
When comparing organ and femur CFU burdens between genotypes, multiple Mann-Whitney tests
were used with correction for multiple comparisons. This was chosen because of the potential

relationship between infected femur burdens and bacterial dissemination to other organs.

Results

Osteoclast differentiation alters transcriptional response to S. aureus supernatant

To begin to understand how osteoclast differentiation alters the cellular response to S. aureus,
we first examined how osteoclasts at different stages of osteoclastogenesis differentially alter gene
expression in response to staphylococcal stimuli. Toward this goal, we first confirmed that the culture
conditions in 24-well plates were sufficient to generate osteoclasts in the early and advanced stages of
osteoclastogenesis. To do this, bone marrow-derived monocytes (BMDMs) were cultured in CMG 14-
12 supernatant and 35 ng/ml RANKL for 2 or 7 days. Macrophage comparators were cultured in parallel.
gRT-PCR was utilized to measure the expression of genes that are activated as part of RANK-induced
transcriptional reprogramming, including the master osteoclast-identity transcription factor nuclear
factor of activated T cells cytoplasmic 1 (Nfatcl), the co-receptor osteoclast-associated receptor
(Oscar), and the bone-resorptive protease cathepsin K (Ctsk). For each gene, expression in RANKL-
exposed cells was normalized to macrophage controls which do not express high levels of osteoclast

marker genes (Fig. 19A-D). Mature osteoclasts had significantly greater relative expression of Ctsk
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and Oscar compared to pre-osteoclasts. These results show that the increasing duration of RANKL

exposure (2 day versus 7 days) results in increased expression of osteoclastogenic genes.
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Figure 19. Increasing duration of RANKL treatment increases transcription of osteoclast identity
genes. A-C) Whole bone marrow cells were isolated from 8-12-week-old C57BL/6J mice and differentiated
into bone marrow-derived monocytes (BMDMs) using CMG 14-12 supernatant as an M-CSF source. BMDMs
were then cultured with CMG 14-12 supernatant and 35 ng/ml RANKL for either 2 or 7 days to generate pre-
osteoclasts and mature osteoclasts. A comparator population of macrophages was generated in parallel, and
those cells received CMG 14-12 supernatant only for 2 or 7 days. Cells were collected for RNA isolation and
gRT-PCR was performed. The ACq method was used to compute transcriptional changes to Nfatcl (A), Oscar
(B), and Ctsk (C). For each gene, expression of RANKL-stimulated cells was normalized to the macrophage
comparator. Comparisons were made between AACq values of 2- and 7-day RANKL-treated cells using a t-
test, *p < 0.05 ****p < 0.0001. If no asterisk is denoted, then the comparison was not statistically significant.
The 222C9 value represents the fold-change induction of expression as normalized to the appropriate
macrophage comparator. D) A separate plate of cells was fixed and stained for tartrate-resistant acid
phosphatase (TRAP) to identify osteoclasts. Representative images were taken using a 10X objective at the
indicated timepoint with or without RANKL.
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We next tested how pre- and mature osteoclasts alter gene expression in response to S. aureus
supernatant. To do this, pre- and mature osteoclasts and macrophage comparators were stimulated
for 6 h with supernatant prepared from the Apsma17-4 strain of S. aureus or a RPMI medium control.
Gene expression was measured using the NanoString nCounter System to measure transcript
abundance of a pre-defined panel of immunology-related genes. Genes that were differentially
expressed upon stimulation with S. aureus supernatant were identified. These results showed that
differentiating osteoclasts did not differentially express any of the measured genes, whereas the 2-day
macrophage comparators had 8 significantly differentially expressed genes (Fig. 20A-B). 7-day
macrophages showed the greatest transcriptional changes in response to stimulation with S. aureus
supernatant (Fig. 20C). Mature osteoclasts also differentially expressed a variety of genes including
transcripts related to cytokine signaling and neutrophil recruitment (Fig. 20D). The Il1b transcript was
significantly upregulated in 2- and 7-day macrophages and mature osteoclasts responding to S. aureus
supernatant. These results show that while osteoclast differentiation does change cellular response to
S. aureus supernatants, the ability to upregulate 1l1b is preserved. This finding led us to hypothesize

that osteoclasts prime an IL-1B-activating inflammasome in response to bacterial stimulation.
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Figure 20. Osteoclast differentiation alters transcriptional response to S. aureus supernatant. Whole
bone marrow cells were isolated from 8-12-week-old C57BL/6J mice and differentiated into bone marrow-
derived monocytes (BMDMs) using CMG 14-12 supernatant as an M-CSF source. BMDMs were cultured
with CMG 14-12 supernatant (macrophages) or 35 ng/ml RANKL + CMG 14-12 supernatant (pre- or mature
osteoclasts) for 2 days (A-B) or 7 days (C-D). Cells were stimulated for 6 h with 5% vol/vol of concentrated
Apsma1-4 supernatant or RPMI control. Transcript abundance of immunology-related genes was measured
using the NanoString nCounter System. Differential expression was calculated using the nSolver Advanced
Analysis Software. The Benjamini-Yekutieli correction was applied to adjust p-values for multiple
comparisons. Dotted lines indicate the adjusted p-value above which *p < 0.05. Significantly differentially
expressed genes are marked in blue. The significantly upregulated ll1b gene is marked in red. For each cell
type, the top 10 most significantly differentially expressed genes are labeled with the gene name. Each data
point is compiled from three independent cell culture experiments for n = 3 biological replicates.
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LPS and S. aureus supernatants prime the osteoclast inflammasome

To determine whether osteoclasts can activate the inflammasome, we first tested whether
NLRP3 inflammasome priming could be induced in osteoclasts. We measured changes to gene
transcription and protein abundance in response to either lipopolysaccharide (LPS), a canonical NLRP3
priming agent, or supernatant prepared from S. aureus culture. Pre-osteoclasts (2 days of culture) and
mature osteoclasts (5 days of culture) were cultured alongside macrophage comparators. Cells were
then stimulated with either LPS, supernatant prepared from Apsma1-4 strain of S. aureus, or the
relevant vehicle control. After 4 h of stimulation, cell lysates were collected for measurement of gene
expression by gRT-PCR and for protein detection by immunoblot. gRT-PCR revealed that mature
osteoclasts and macrophage comparators both upregulated the NIrp3 gene in response to LPS and, to
a lesser extent, in response to S. aureus supernatant (Fig. 21A). Il1b transcription was also elevated
in mature osteoclasts and macrophage comparators responding to LPS or S. aureus supernatant (Fig.
21B). However, the increase in Il1b transcription was significantly greater in macrophages compared
to osteoclasts for both LPS and S. aureus supernatant stimulation. Priming was also assessed by
detecting changes in the levels of proteins involved in inflammasome activation and assembly, including
Toll-like receptor 2 (TLR2), which can facilitate priming, as well as pro-caspase-1, which contains the
catalytic activity necessary for protein cleavage, and the caspase-1-substrates pro-IL-13 and pro-
gasdermin D. Immunoblotting showed that both pre- and mature osteoclasts and macrophage
comparators harbored detectable levels of TLR2, pro-gasdermin D, and pro-caspase-1, regardless of
stimulation (Fig. 22A-B). LPS stimulation increased levels of TLR2 and pro-IL-1B in pre and mature
osteoclasts and in macrophages. This difference was quantified by measuring the fluorescence
intensity of the protein bands (Fig. 22C). Stimulation with Apsma1-4 supernatant increased levels of
TLR2, pro-caspase-1, and pro-IL-18 in macrophages. Pre- and mature osteoclasts increased
abundance of pro-IL-1B in response to Apsma7-4 supernatants, but the magnitude of increase was
lower than in macrophages (Fig. 22C). Stimulation with LPS or S. aureus supernatant did not change
pro-gasdermin levels in macrophages or osteoclasts. Notably, both pre- and mature osteoclasts had
stronger pro-gasdermin D bands than macrophages at baseline. Overall, the immunoblot results show
that both LPS and S. aureus supernatant induce priming in osteoclasts based on accumulation of
proteins involved in inflammasome activation. When considered alongside the gene expression data,
these results suggest that osteoclasts and macrophages undergo transcriptional and translational
priming in response to LPS. Staphylococcal supernatants are weaker priming agents for osteoclasts,

in comparison to macrophages.
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Figure 21. Osteoclasts undergo transcriptional priming in response to LPS and S. aureus supernatant.
A-B) Whole bone marrow cells were isolated from 8-12-week-old female C57BL/6J mice and differentiated
into bone marrow-derived monocytes (BMDMs) using CMG 14-12 supernatant as an M-CSF source. BMDMs
were cultured with CMG 14-12 supernatant (macrophages, abbreviated as BMM) or 100 ng/ml RANKL +
CMG 14-12 supernatant (osteoclasts, abbreviated as OC) for 5 days. Cells were transitioned to serum-free
media and stimulated with either 500 ng/ml LPS, 10% vol/vol unconcentrated supernatant from the Apsma-
4 strain of S. aureus, or the relevant vehicle control. After 4 h of stimulation, cell lysates were collected for
RNA extraction. Transcripts for the NIrp3 and ll1b genes were measured by qRT-PCR. The y axis, 24¢9,
represents the fold-change induction of transcription in response to LPS or supernatant, normalized to
relevant vehicle control. AACq values were compared between cell types using an unpaired t-test, **p =
0.0055 and ***p = 0.0002. If not denoted with asterisks, statistical difference between cell types was not
statistically significant. Error is plotted as standard deviation and n = 3 technical replicates per group.
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Figure 22: Osteoclast differentiation reduces inflammasome priming in response to S. aureus
supernatants, while priming in response to LPS is maintained. A-C) Whole bone marrow cells were
isolated from 8—12-week-old female C57BL/6J mice and differentiated into bone marrow-derived monocytes
(BMDMSs) using CMG 14-12 supernatant as an M-CSF source. BMDMs were cultured with CMG 14-12
supernatant (macrophages) or 100 ng/ml RANKL + CMG 14-12 supernatant (osteoclasts) for 2 days (A, C)
or 5 days (B, C). Cells were transitioned to serum-free media and stimulated with either 500 ng/ml LPS, 10%
vol/vol unconcentrated supernatant from the Apsma17-4 strain of S. aureus, or the relevant vehicle control.
After 4 h of stimulation, cell lysates were collected for immunoblot. 8 actin served as the loading control.
Fluorescence intensity of the protein bands was measured using Image Studio (Li-Cor). The intensity values
of each protein target were normalized to the loading control by dividing Fl taget / Fl g actin fOr each sample. The
resulting values are displayed by protein target in the heatmaps shown (C).
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Osteoclasts activate a caspase-1-associated inflammasome in response to LPS

To understand whether osteoclast inflammasome priming by LPS or S. aureus supernatant is
sufficient for inflammasome activation, we next measured IL-1p release into the cell culture media using
ELISA. Osteoclasts released IL-1B in response to the canonical NLRP3-activating stimuli LPS +
nigericin, though at a diminished magnitude compared to macrophages (Fig. 23). Macrophages, but
not osteoclasts, release IL-13 when exposed to S. aureus Apsma7-4 supernatant followed by nigericin,
suggesting that S. aureus supernatants are sufficient to prime the macrophage but not the osteoclast
inflammasome. No IL-1B release was observed in response to S. aureus supernatant alone or in

response to either vehicle control (water or RPMI medium plus nigericin).
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Figure 23. Osteoclasts release IL-1B in response to priming with canonical stimuli, but not S. aureus
supernatant. Whole bone marrow cells were isolated from 8-12-week-old female C57BL/6J mice and
differentiated into bone marrow-derived monocytes (BMDMs) using CMG 14-12 supernatant as an M-CSF
source. BMDMs were cultured with CMG 14-12 supernatant (macrophages) or 35 ng/ml RANKL + CMG 14-
12 supernatant (osteoclasts) for 5 days. Cells were transitioned to serum-free media and the following stimuli
were added: 500 ng/ml LPS or equivalent amount of water, 12.5% vol/vol concentrated Apsmai-4
supernatant or equivalent amount of RPMI vehicle. After 3 h, 15uM nigericin (Ng) was added. 30 min later,
cell culture media were collected. IL-13 concentrations were measured from media samples using ELISA.
Results were analyzed by 2-way ANOVA, ****p < 0.0001 for cell type, treatment, and interaction. Sidak’s
multiple comparisons test was used to compare between cell types, ****p<0.0001. If not denoted with
asterisks, statistical difference between cell types was not statistically significant. The lower limit of detection
is 3.99 pg/ml in this assay. Error is plotted as + standard deviation and n = 3 technical replicates per group.
Results are representative of two independent biological replicate experiments.
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After confirming that IL-13 release occurs in osteoclasts stimulated with LPS followed by
nigericin, we next examined whether cytokine release coincides with the proteolytic cleavage and
activation of pro-caspase-1, pro-gasdermin D, and pro-IL-1B. We measured these proteins in the
lysates and supernatants of osteoclasts and macrophages cultured for 5 days and then stimulated with
4 h of LPS to prime the inflammasome, followed by 30 or 60 min of nigericin treatment. Both
macrophages and osteoclasts cleaved pro-gasdermin D into its N-terminal form and this was visible in
the cell lysates (Fig. 24). However, osteoclasts maintained an abundance of pro-gasdermin D, even
after the cleaved, p31, N-terminal form appeared, suggesting that regulatory mechanisms may prevent
or slow down its cleavage. A similar trend was observed for caspase-1, which was cleaved into its p20
form and released into the cell supernatant by both osteoclasts and macrophages, but remained
abundant in the pro form in osteoclast lysates only. Both macrophages and osteoclasts released
cleaved IL-1pB into the culture medium, confirming that the inflammasome fulfills its cytokine-activating
function in osteoclasts. Measured values of cleaved proteins revealed that macrophages cleaved and
released over twice as much caspase-1 and IL-1B as osteoclasts (Table 6). Thus, osteoclast
differentiation still allows activation of an IL-1B-cleaving inflammasome in response to LPS + nigericin,
but the inflammasome is not as active in osteoclasts as it is in macrophages.

To confirm that IL-1f3 activation was consistent with canonical activation of caspase-1 through
NLRP3, we also performed an ELISA to measure IL-1B release in WT and caspase-1- and caspase-
11-deficient (Casp1/117-) macrophages and osteoclasts. For both macrophages and osteoclasts, WT
cells had significantly greater IL-1PB release than Casp1/11-- cells (Fig. 25 A-B). To better understand
the differences in caspase-1 activation in osteoclasts compared to macrophages, we used a
luminescent assay to measure caspase-1 catalytic activity in response to LPS and nigericin. This assay
revealed that both macrophages and osteoclasts had significant caspase-1 activation in response to
LPS + nigericin compared to the respective negative control (caspase-1 inhibition via AcYVAD) (Fig.
25 C-D). In terms of magnitude, caspase-1 activation was about three times greater in macrophages
compared to osteoclasts. Taken together, the results from figures 24 and 25 demonstrate that
osteoclasts can engage a caspase-1-associated inflammasome in response to LPS and nigericin. The
amount of IL-1[ cleaved by osteoclasts is significantly less than the amount cleaved by macrophages,
and this is concordant with the levels activated caspase-1 and cleaved gasdermin D. Thus, these
results suggest that osteoclast differentiation may induce negative regulatory mechanisms that dampen

the inflammasome.
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Figure 24. LPS + nigericin activate caspase-1-associated IL-1f processing in osteoclasts. A) Whole
bone marrow cells were isolated from 8-12-week-old male C57BL/6J mice and differentiated into bone
marrow-derived monocytes (BMDMs) using CMG 14-12 supernatant as an M-CSF source. BMDMs were
cultured with CMG 14-12 supernatant (macrophages) or 100 ng/ml RANKL + CMG 14-12 supernatant
(osteoclasts) for 5 days. Cells were then placed in serum-free media and stimulated with 500 ng/ml LPS or
equivalent amount of water. Following 4 h of priming, LPS-treated cells were stimulated with 15 uM nigericin
for either 30 or 60 min. Cell lysates and supernatants were collected for protein extraction. Cell supernatant
samples were TCA-purified prior to use. Protein targets were identified by immunoblot. Results are
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Table 6. Fluorescence intensity (FI) of protein bands from Figure 24. reveals the relative levels of
substrate cleavage in osteoclasts compared to macrophages.

OC - osteoclast

BMM — macrophage

Ng. — nigericin

Fl values were measured and used to calculate the ratio as indicated in column 3.

For cleaved:pro, Fl ceaved/ Fl pro results in an estimate of how much of the pro substrate remains following LPS
+ 30 or 60 min nigericin. A low ratio indicates that pro-protein has been left inactivated.

For BMM:OC, Fl emm/ FI oc results in an estimate of how much protein cleavage was executed in macrophages
compared to osteoclasts. A higher number represents greater cleavage by macrophages.

LPS + 30 LPS + 60 LPS + 30 LPS + 60

Comparison min Ng. min Ng. min Ng. min Ng.
BMM BMM oC oC
IL-18 Lysate | Cleaved: pro 0.81 1.08 0.01 0.32
Gasdermin D | Lysate | Cleaved: pro 223.24 18.14 0.98 0.84
LPS +Ng. LPS + Ng.
30 min 60 min
cleaved IL-1 Sup BMM: OC 2.20 2.45
cleaved caspl Sup BMM: OC 2.32 2.36
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Figure 25. Activation of caspase-1/11 drives IL-1B release in osteoclasts responding to LPS +
nigericin. A-B) Whole bone marrow cells were isolated from 8-12-week-old female WT C57BL/6J or
Casp1/11" mice. Cells were differentiated into bone marrow-derived monocytes (BMDMs) using CMG 14-12
supernatant as an M-CSF source. BMDMs were cultured with CMG 14-12 supernatant (macrophages) or 35
ng/ml RANKL + CMG 14-12 supernatant (osteoclasts) for 5 days. Cells were primed with LPS for 3 h followed
by treatment with 15uM nigericin (Ng.) for 30 min. Cell culture supernatants were then collected for
measurement of IL-13 by ELISA. IL-18 concentrations were evaluated by a two-way ANOVA with Sidak’s
multiple comparison’s test to assess differences between WT and Casp1/117 macrophages or osteoclasts
for each treatment, ****p < 0.0001. If not denoted with asterisks, statistical difference between cell types was
not statistically significant. Error is represented as standard deviation and there are n = 3 technical replicates
per group. The detection maximum for this assay is denoted by the dotted line at y = 150. C-D) Whole bone
marrow cells were isolated from 8-12-week-old female WT C57BL/6J mice and were differentiated into
BMDMs using CMG 14-12 supernatant as an M-CSF source. BMDMs were cultured with CMG 14-12
supernatant (macrophages) or 35 ng/ml RANKL + CMG 14-12 supernatant (osteoclasts) for 5 days. Cells
were then primed with LPS or vehicle control for 5 h. The cells were then treated with 15 pM Ng. with or
without AcYVAD caspase inhibitor. Triton X served as a negative control. The Caspase-1-Glo Inflammasome
Assay was used to measure caspase-1 activation. Relative luminescence units (RLU) serve as a proxy for
caspase-1 activity. RLU measurements were compared between groups using a two-way ANOVA with
Sidak’s multiple comparisons test to compare between caspase inhibitor and no inhibitor, ****p < 0.0001. If
no asterisk is shown, comparison was not statistically significant. Error is represented as standard deviation
and n = 3 technical replicates per group.
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Osteoclast inflammasome activation is restricted during S. aureus infection

The studies using LPS as a priming agent indicate that osteoclasts have the capacity to activate
an IL-1B-cleaving inflammasome. We next sought to determine whether inflammasome activation
occurs in osteoclasts responding to intracellular infection with S. aureus. We first infected mature
osteoclasts and comparator macrophages with S. aureus and measured IL-1 release into the media
at 2 and 24 h post-infection. At the early timepoint, no IL-1[3 release was measured from either cell type
(Fig. 26A). By the later timepoint, macrophages released IL-18 in response to a multiplicity of infection
(MOI) of 50 and 100, which was significantly greater than the amount released by osteoclasts (Fig.
26B). To better understand how osteoclasts were affected by infection with S. aureus, we also
measured cell death in infected cells. Osteoclasts incurred significant cell death at both the 50 and 100
MOI of infection, compared to the vehicle control (Fig. 26C). Macrophages incurred less cell death than
osteoclasts, with a significant difference detected only between the cells infected at an MOI of 100 and
the vehicle-treated cells. Time-lapse imaging studies indicated that large, multinucleated osteoclasts
were incurring cell death upon infection, and this was visible by 8 h post-inoculation (Fig. 26 D).

Because osteoclast priming was relatively lower upon stimulation with S. aureus supernatant
compared to LPS, we questioned whether stimulation with S. aureus could be inhibitory to
inflammasome activation in osteoclasts. To test this, macrophages and osteoclasts were infected with
S. aureus or a vehicle control at an MOI of 50 or 100. After 24 h of infection, one set of macrophages
and osteoclasts infected at an MOI of 100 was exposed to 15 yuM nigericin for 30 min to test if
inflammasome induction could be potentiated by potassium efflux-inducing stimuli. We expected that if
the inflammasome was inhibited, then no activation would occur. In macrophages, 15 yM nigericin
increased cleavage of IL-1B and caspase-1 in the cell supernatants, compared to the MOI of 100
infection alone (Fig. 27). Osteoclasts had very faint IL-1f and caspase-1 cleavage bands in the cell
supernatant when infected at an MOI of 100. This was boosted by nigericin, suggesting that infected
osteoclasts remain responsive to inflammasome activation via potassium efflux. Importantly, a set of
vehicle-treated cells was also exposed to nigericin and no evidence of inflammasome activation was

found in either macrophages or osteoclasts (data not shown).
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Figure 26. Osteoclasts undergo cell death in response to S. aureus infection without significant
parallel IL-1B release. A-C) Whole bone marrow cells were isolated from 8-12-week-old male C57BL/6J
mice and differentiated into bone marrow-derived monocytes (BMDMSs) using CMG 14-12 supernatant as an
M-CSF source. BMDMs were cultured with CMG 14-12 supernatant (macrophages, abbreviated as BMM) or
35 ng/ml RANKL + CMG 14-12 supernatant (osteoclasts, abbreviated as OC) for 5 days. Cells were infected
with the indicated multiplicity of infection (MOI) of S. aureus via gentamicin protection. A) Cell culture media
samples were collected immediately following the gentamicin incubation, comprising the 2 h post-inoculation
timepoint. IL-1p levels were measured from the cell culture media by ELISA. Measurements were compared
by 2-way ANOVA. No significant differences were detected. Error is plotted as standard deviation and n= 3
technical replicates per group. B) Cell culture media samples were collected at 24 h post-inoculation. I1L-13
levels were measured from the cell culture media by ELISA. Measurements were compared by 2-way
ANOVA, and Sidak’s multiple comparisons test was used to compare between BMM and OC, **p 0.01, ****p
< 0.0001. Error is plotted as standard deviation and n= 3 technical replicates per group. C) Cell culture media
samples were collected at 24 h post-inoculation for measurement of lactate dehydrogenase (LDH) to
approximate cell death. LDH measurements were normalized to Triton X-treated control cells, representing
100% cell death. Cytotoxicity was then assessed by 2-way ANOVA. Sidak’s multiple comparisons test was
used to compare between MOI and vehicle for each cell type, *p < 0.05, ***p < 0.0005, ****p < 0.0001. For
each condition, n = 3 technical replicates. D) Osteoclasts were cultured for 5 days. Cells were infected at an
MOI of 50 with a strain of S. aureus that constitutively expresses the mCherry reporter (red). Bacteria were
internalized for 1 h followed by 1 h of gentamicin treatment. At this point, the media were changed and Sytox
dye was added to the wells (green) to stain the nuclei of dead cells. Cells were imaged on the Biotek Cytation
5 Imaging Reader every 30 min over 22 h. Select images are shown from the 2-, 4-, and 8-h timepoints.
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Figure 27. S. aureus infection induces caspase-1 and IL-18 cleavage in osteoclasts following
exposure to the ionophore nigericin. Whole bone marrow cells were isolated from 8-12-week-old
female C57BL/6J mice and differentiated into bone marrow-derived monocytes (BMDMs) using CMG 14-
12 supernatant as an M-CSF source. BMDMs were cultured with CMG 14-12 supernatant (macrophages)
or 35 ng/ml RANKL + CMG 14-12 supernatant (mature osteoclasts) for 5 days. Cells were placed in
serum-free, antibiotic-free media and infected with the indicated multiplicity of infection (MOI) of S. aureus
(USA 300 LAC) for 1 h. Gentamicin (100 pg/ml) was then added to the media and incubated for 1 h to
kill extracellular bacteria. Media were then changed. At the 24 h post-infection timepoint, 15uM nigericin
(Ng) was added to the indicated conditions and incubated for 30 min. All cell lysates and supernatants
were subsequently collected for protein extraction. Cell supernatant samples were TCA-purified prior to
use. The indicated pro and cleaved proteins of interest were detected by immunoblot. $ actin served as
the loading control.
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IL-1B drives osteoclast-associated bone loss in S. aureus osteomyelitis

The first part of Chapter 11l focused on understanding how osteoclast differentiation impacts
inflammasome activation. In this section, we examine how inflammasome activation influences bone
homeostasis in a mouse model of post-traumatic S. aureus osteomyelitis. We seek to identify the
upstream regulators of IL-1p activation that govern bone homeostasis and bone loss during infection.
We have previously found that IL-1R1-deficient mice lose less trabecular bone during S. aureus
osteomyelitis (51). These mice also have less trabecular osteoclastogenesis in response to infection,
compared to WT mice, while sustaining greater callus formation on the cortical bone (51). To follow up
on these findings, we first interrogated the relative contributions of IL-1a versus IL-1f to infection-
induced cortical bone destruction, callus formation, and infection-induced trabecular bone loss. We
tested this by inducing S. aureus osteomyelitis in 1l1b”, ll1a’-, and WT mice. We found that ll1a’- mice
had no changes to cortical bone destruction or callus formation compared to WT (Fig. 28A-B).
Additionally, while there was a trend toward lower %-bone volume / total volume in the trabecular bone
of ll1a”- mice, there was no significant difference compared to WT (Fig. 28C). ll1b”- mice had no
changes in cortical bone destruction compared to WT mice (Fig 29A). However, IL-1B-deficiency
resulted in a significant decrease in callus formation compared to WT (Fig. 29B). ll1b’- mice also had
greater trabecular bone volume compared to WT mice (Fig 29C). Thus, we next performed
histomorphometry to assess how IL-1B-deficiency affects the increase in trabecular osteoclastogenesis
that normally occurs in response to S. aureus osteomyelitis. We found a significant decrease in relative
osteoclast abundance in the infected femurs of Il1b”’ mice compared to WT mice (Fig 29 D). In
summary, these data suggest that IL-1(3, rather than IL-1q, is the predominant IL-1R1 cytokine that
drives trabecular bone loss and osteoclastogenesis during S. aureus osteomyelitis.
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Figure 28. IL-1a-deficiency does not significantly alter changes to bone homeostasis occurring in
response to S. aureus osteomyelitis. WT and Il1a’ female mice were subjected to osteomyelitis by
intraosseous injection of 10 CFU of S. aureus. Infected femurs and organs were extracted on day 14 post-
infection. Error is plotted as standard deviation. Results are representative of one experimental replicate with
n =5 WT mice and n = 5 ll1a” mice. A-B) Femurs were fixed in neutral-buffered formalin and then imaged
and analyzed using micro-computed tomography (UCT). Cortical callus formation and cortical bone loss were
compared between genotypes by Mann-Whitney test. No significant differences were detected. C) Trabecular
bone volume in infected femurs was assessed using uCT to compute trabecular bone volume over total
volume (%-BV/TV). %-BV/TV of infected femurs was compared between genotypes using a Mann-Whitney
test. No significant differences were detected.
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Figure 29. IL-1B-deficiency reduces callus formation, trabecular bone loss, and osteoclast abundance
during S. aureus osteomyelitis. Female WT and ll1b”" mice were subjected to osteomyelitis by intraosseous
injection of 108 CFU of S. aureus. Infected femurs and organs were extracted on day 14 post-infection. Error
is plotted as standard deviation. Results are representative of one experimental replicate with n =5 WT mice
infected on the same day and n = 9 Il1b” mice infected on consecutive days. A-B) Femurs were fixed in
neutral-buffered formalin and then imaged and analyzed using micro-computed tomography (UCT). Cortical
callus formation and cortical bone loss were compared between genotypes using a Mann-Whitney test, *p <
0.05. C) Trabecular bone volume in infected femurs was assessed using uCT to compute trabecular bone
volume over total volume (%-BV/TV). %-BV/TV was compared between genotypes in infected femurs using
a Mann-Whitney test, * p < 0.05. D) Formalin-fixed, infected femurs were decalcified and embedded to
prepare for sectioning. Sectioned femurs were stained for tartrate-resistance acid phosphatase (TRAP) and
histomorphometry was used to calculate TRAP* osteoclast surface relative to total bone surface (%-
0c.S./BS). A Mann-Whitney test was used to compared between genotypes, *p < 0.05.
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A caspase-1/11-mediated inflammasome contributes to bone homeostasis during S. aureus

osteomyelitis
Because mice deficient in IL-18 had greater trabecular bone volume, reduced trabecular

osteoclastogenesis, and reduced callus formation compared to WT mice, we next sought to identify the
pathway acting upstream of IL-1p production during osteomyelitis. Because the NLRP3 is activated by
S. aureus, we first tested whether the NLRP3 inflammasome promotes host bacterial burden control or
regulates bone homeostasis during S. aureus osteomyelitis (27,28,154). To do this, NIrp3-- mice and
WT comparators were infected with 10 CFU of S. aureus to induce osteomyelitis. At 14 days post-
infection (dpi), there were no significant differences in bacterial burdens in the infected femurs, kidneys,
or livers of NIrp3-- mice compared to WT mice (Fig. 30A). Comparisons in weight lost over the course
of infection did not reveal any differences between NIrp3-- and WT mice (Fig. 30B). Moreover, we did
not detect differences in cortical bone loss or callus formation in NLRP3-deficient mice compared to
WT mice (Fig. 30C-D). To assess how trabecular bone volume is changed by infection, we measured
%-BV/TV in both the infected and contralateral femurs and compared these between genotypes using
Mann-Whitney tests with correction for multiple comparisons. There were no significant differences in
%-BV/TV between genotypes (Fig 30 E).

Since we did not find that NLRP3-deficiency reduced bacterial burden control, we next
hypothesized that an NLRP3-independent inflammasome promotes host defenses during S. aureus
osteomyelitis. To test this, we explored how deficiency in caspase-1, which can induce IL-1B maturation
and gasdermin D cleavage independently of NLRP3 with other inflammasome sensors, would influence
bacterial burden control and bone damage during osteomyelitis. We used a caspase-1 knockout mouse
strain that also carries an incidental inactivating mutation in the caspase-11 gene (247). WT and
Casp1/117- mice were infected with 10° CFU of S. aureus to induce osteomyelitis in the femur. This
inoculum was reduced in comparison to the 106 CFU inoculum used in Nlrp37- experiments to ensure
that we did not hit the highest threshold of bone damage that can be measured in this model. This
increases our ability to measure meaningful differences between groups. At 14 dpi, there were no
significant differences in bacterial burdens in the infected femurs, kidneys, or livers of Casp1/117 mice
compared to WT (Fig. 31A). There were no differences between genotypes in weight loss over the
course of infection (Fig. 31B). Casp1/11/ mice had a trend toward greater callus formation and greater
cortical bone destruction compared to WT mice, but this was not statistically significant (Fig. 31C-D).
The %-BV/TV of WT and Caspl1/117 contralateral femurs was comparable. However, the %-BV/TV of
infected femurs was significantly reduced in Casp1/117- compared WT (Fig. 31E).
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Figure 30. NLRP3-deficiency does not significantly alter bacterial burden control or bone homeostasis
during S. aureus osteomyelitis. WT and NiIrp3” mice were subjected to osteomyelitis by intraosseous
injection of 106 CFU of S. aureus. Infected femurs and organs were extracted on day 14 post-infection. A)
Femurs, kidneys, and livers were homogenized for CFU enumeration. Dotted lines indicate the Logio
transformed limits of detection. Log.o transformed CFU/femur values were compared between genotypes by
multiple Mann-Whitney tests with correction for multiple comparisons. No significant differences were
detected. For liver and kidney, data were pooled from the experimental replicate done for CFU enumeration
and the experimental replicate done for uCT, resulting in n = 9 WT mice and n = 10 NIrp3” mice. For the
femurs, results represent one experimental replicate with n = 4 mice per group for WT and n = 5 mice per
group for NIrp3™. Error is plotted as standard deviation. B) Mice were weighed before and every day following
induction of osteomyelitis. The %-starting weights were compared between genotypes using multiple
unpaired t-tests to detect significant differences at each daily timepoint. No significant differences were
detected. Results are pooled from two independent experiments with n = 10 mice per genotype. Error is
plotted as standard error of the mean. C) Callus formation was measured by micro-computed tomography
(MCT) and values were compared between genotypes by unpaired t-test. No significant differences were
detected. Results are representative of one experimental replicate with n = 5 mice per genotype. D) Cortical
bone loss was calculated using uCT and values were compared between genotypes by unpaired t-test. No
significant differences were detected. Results are representative of one experimental replicate with n=5 mice
per genotype. E) Trabecular bone volume was assessed using uCT to compute trabecular bone volume over
total volume (%-BV/TV). %-BV/TV was compared between genotypes for the contralateral and infected
femurs using Mann-Whitney U-test with correction for multiple comparisons. No significant differences were
found. Results are representative of one experimental replicate with n = 5 mice per genotype.
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Figure 31. Caspase-1/11-deficiency does not significantly alter the bacterial burden control but does
enhance bone loss during S. aureus osteomyelitis. WT and Caspl/1” mice were subjected to
osteomyelitis by intraosseous injection of 10° CFU of S. aureus. Infected femurs and organs were extracted
on day 14 post-infection. A) Femurs, kidneys, and livers were homogenized for CFU enumeration. Dotted
lines indicate the Logio transformed limits of detection. Logio transformed CFU/organ values were compared
between genotypes by multiple Mann-Whitney tests. No significant differences were detected. Results
represent one experimental replicate with n = 6 mice per group for WT and n =5 mice per group for Casp1/11
" Error is plotted as standard deviation. B) Mice were weighed before and every day following induction of
osteomyelitis. The %-starting weights were compared between genotypes using multiple unpaired t-tests to
detect significant differences at each daily timepoint. Results represent one experimental replicate with n = 6
mice for WT and n = 6 mice for Casp1/11”. Error is plotted as standard error of the mean. C) Callus formation
was measured by micro-computed tomography (uCT) and values were compared between genotypes by an
unpaired t-test. No significant differences were detected. Results are representative of one experimental
replicate with n = 5 mice per genotype. Error is plotted as standard deviation. D) Cortical bone loss was
calculated using uCT and values were compared between genotypes by unpaired t-test resulting in p =
0.0550. Results are representative of one experimental replicate with n = 5 mice per genotype. Error is plotted
as standard deviation. E) Trabecular bone volume was measured using uCT to compute trabecular bone
volume over total volume (%-BV/TV). The effect of genotype and infection on %-BV/TV was assessed by a
two-way ANOVA. Contralateral and infected femur %-BV/TV were compared between genotypes using
Sidak’s multiple comparisons test, *p < 0.05. Results are representative of one experimental replicate with n
= 5 mice for per genotype. Error is plotted as standard deviation.
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Discussion

Transcriptional and epigenetic reprogramming through RANK signaling is an essential part of
osteoclastogenesis through which monocytes transform into a large, multinucleated, resorbing
osteoclasts. Major events in RANK-mediated molecular reprogramming have been elucidated
(85,88,92,93,250). Whether the differentiation process entirely restricts osteoclasts from engaging in
myeloid-associated inflammatory responses is not fully understood, despite the important role
osteoclasts play in inflammatory bone loss and bone damage. In this chapter, we evaluate whether
osteoclasts mount an inflammatory response to S. aureus by characterizing the inflammasome
response to canonical NLRP3 stimuli, S. aureus supernatants, and live infection. We found that
osteoclasts activate a caspase-1-associated inflammasome in response to the canonical NLRP3 stimuli
LPS + nigericin. However, S. aureus supernatant did not fully prime the osteoclast inflammasome, as
subsequent stimulation with nigericin did not induce IL-13 maturation in osteoclasts, as it did in
macrophage comparators. S. aureus infection did not strongly activate the osteoclast inflammasome
but did increase protein levels of pro-IL-1B. Caspase-1 cleavage and IL-18 maturation occurred in
infected osteoclasts when potassium efflux was induced by nigericin, demonstrating that the osteoclast
inflammasome retains the capacity to activate during infection. These findings suggest that the priming
signal, in addition to upregulating transcription and translation of inflammasome proteins, also controls
other aspects of NLRP3 readiness for activation in osteoclasts. Moreover, results from a S. aureus
osteomyelitis mouse model suggest a role for IL-13, not IL-1q, in controlling osteoclast-associated bone
loss and in the trabecular region and in controlling callus formation near damaged cortical bone. Follow
up studies revealed that NLRP3 may not be the driver of IL-1B-associated changes to bone

homeostasis but suggests a role for caspase-1/11 in these processes.

Data from gqRT-PCR experiments showed that Il1b and Nirp3 transcription is upregulated in
osteoclasts responding to LPS. Immunoblots corroborate this by revealing pro protein accumulation in
LPS-stimulated osteoclasts. Thus, these data support that osteoclasts undergo inflammasome priming
and activation. However, upon stimulation with LPS + nigericin, osteoclasts leave pro-caspase-1, pro-
gasdermin D, and pro-IL-1B un-cleaved. In fact, osteoclasts release and cleave about half as much IL-
1B as macrophages in response to LPS + nigericin. Thus, these data point toward post-translational
rather than transcriptional mechanisms of negative regulation of NLRP3 in osteoclasts. Why greater
cleavage of available pro protein does not occur may be related to post-translational modifications that
restrict activation (151). As a proteolytic activator, inhibition of caspase-1 cleavage may be a limiting

mechanism. Recently, an N-terminal cleavage species of gasdermin D was shown to bind directly to
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caspase-1 to block its activation (184). A similar mechanism could be at play in osteoclasts, which are
known to use a p20 cleavage species of gasdermin D to regulate resorption (196). Assembly of the
inflammasome itself may be restricted in osteoclasts due to the unique cytoskeletal architecture of
these cells (251). To this point, dispersal of the trans-Golgi network is essential to the eventual docking

of NLRP3 for assembly. If this does not occur efficiently in osteoclasts, it could restrict activation (176).

The studies presented in this chapter revealed that osteoclasts prime the inflammasome in
response to LPS. Importantly, S. aureus supernatants were more effective at priming the macrophage
inflammasome compared to the osteoclast inflammasome. This suggests that osteoclasts may have
specific requirements for priming. To better understand the distinction between LPS and S. aureus
supernatant priming in osteoclasts, we could test if increasing doses of supernatant or other relevant
staphylococcal stimuli effectively prime the osteoclast inflammasome for activation. This would help
discern whether it is the type of signal or the strength of signal that most controls priming and activation
in osteoclasts. Follow up studies using TLR knockout cells would be helpful in determining how TLR
stimulation affects NLRP3 activation. Moreover, in response to intracellular infection with S. aureus,
significant IL-1B release was not observed in osteoclasts unless nigericin was given as a 2" signal. It
will be interesting to better understand whether S. aureus infection simply does not provide the required
signals for osteoclast inflammasome activation, or whether S. aureus is able to prevent the osteoclast
inflammasome from activating. Osteoclasts are known to act as repositories for S. aureus at low MOls
(252,253). Thus, understanding the signals that are required for or restrictive of inflammasome
activation during infection may lead to insights on how S. aureus interacts with osteoclasts. Additionally,
osteoclast death was induced by a MOI of 50 and 100. IL-1B release was low in infected osteoclasts,
compared to macrophages, suggesting the cell death observed is not pyroptosis. Osteoclasts utilize
receptor interacting serine/threonine kinase 1 (RIPK1) as part of gasdermin D-mediated control of
resorption (196). Osteoclasts also express other caspases like caspase-3, -7, and -8, thus it is possible
that a different form of programmed cell death is incited by infection (196).

In a previous publication, our research group reported an important role for the IL-1R1 receptor
in promoting the host immune response to S. aureus osteomyelitis (51). Despite having worse bacterial
infections, IL-1R1-deficient mice lost less trabecular bone and had less trabecular osteoclast formation
(51). This suggests that IL-1R1-medaited inflammatory process drive osteoclast-associated bone loss.
The in vivo mouse studies shown in this chapter reveal that IL-13 rather than IL-1a promotes osteoclast-
associated trabecular bone loss through IL-1R1. From this, we hypothesized that NLRP3 is responsible
for IL-1B8 production and thus expected NLRP3-deificent mice to phenocopy IL-1B-deficient mice.

However, these mice had no discernable changes to host bacterial burden control or bone homeostasis
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in an infection with 106 CFU of S. aureus. Caspase-1-deficient mice had more severe trabecular bone
loss than WT mice in an infection performed at a lower inoculum, 10° CFU, which typically reduces
overall bone damage. Importantly, these studies are comprised of one independent experiment with
only one inoculum tested for each genotype, and thus must be replicated. However, the findings do
suggest that an NLRP3-independent inflammasome like AIM2 could play a role in generating IL-1f3 in
response to bone infection. Moreover, there may be differential effects of the cytokine-releasing versus
pyroptosis-inducing consequences of inflammasome activation on bone homeostasis. Thus, while loss
of IL-1B may reduce bone loss, preventing pyroptosis as a form of cell death may alter a different aspect
of bone homeostasis. This has been reported in S. aureus lung infection, where cytokine release
promotes the immune response, but cytokine-independent effects cause tissue damage (31).
Importantly, gasdermin D is known to play a role in fracture healing and gasdermin D-deficient mice
have been reported to have worse bone loss during inflammation due to uninhibited osteoclast
resorption (195,196). Thus, it is possible that in Casp1/117- mice compared to WT, trabecular bone loss
was more severe and cortical bone damage was trending toward more severe because the

inflammasome plays a role in bone repair and homeostasis.

The studies presented in this chapter have additional limitations that must be considered. In
general, we did not use the same parameters for all cell culture experiments shown in this chapter.
Earlier experiments used a 7-day culture paradigm, which was modified starting with Figure 23.
Additionally, due to a supply chain issue, we were not able to concentrate bacterial supernatants for a
long period of time and thus used both unconcentrated and concentrated preparations in these studies.
It will be important to repeat key studies with identical parameters. Furthermore, inflammasome priming
can be addressed in a variety of ways. In this study, we chose to look at transcriptional and translational
induction of inflammasome protein components and targets as a proxy for priming. We did not look at
any of the hallmark post-translational modifications that are added or removed during priming in
macrophages (151). This is an essential future direction for this work. Additionally, this study was limited
to assessing NLRP3 activation following a substantial priming window that allowed for de novo
transcription. Published work indicates that some cells, including macrophages, can activate NLRP3
following a brief priming period or inhibition of protein synthesis (178,179). We did not test whether
osteoclasts can do this, and this phenomenon could explain the unique priming requirements of
osteoclasts. While we used control stimuli known to activate on NLRP3 and we confirmed a caspase-
1/11 dependence of IL-1B release, experiments to examine NLRP3 oligomerization and to inhibit
NLRP3 genetically or chemically are important to confirm NLRP3 is entirely responsible for the cytokine

cleavage measured. Additionally, experiments assessing inflammasome responses and cell death
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during intracellular infection examined only a few timepoints. A more thorough investigation is needed
to confirm that peak cell death is not concurrent with inflammasome activation that may occur between
6 h and 24 h post-inoculation. We are also mindful that we tested only the AH1263 strain of S. aureus.

Using other clinically relevant strains may yield different results.

In summary, the findings presented in this chapter highlight the inflammatory potential of
osteoclast lineage cells. Pursuing a more mechanistic understanding of the molecular events required
for full activation of the osteoclast inflammasome will yield insight into the role of osteoclasts in bone
damage during osteomyelitis.
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CHAPTER IV: CONCLUSIONS AND FUTURE DIRECTIONS

Chapter Il: Summary

The work | presented in Chapter Il was guided by the following two related hypotheses: 1.) TLR2
and TLR9, which sense bacterial lipoproteins and CpG-DNA, respectively, are major drivers of the host
response to staphylococcal infection during osteomyelitis and 2.) TLR2 and TLR9 contribute to the
inflammation that drives dysregulation of bone homeostasis through osteoclast-lineage cells. The in
vitro findings of Chapter Il demonstrate that TLR2 is a driver of osteoclast differentiation in response to
S. aureus supernatants. Cytokine release in RANKL-primed osteoclast precursors and macrophages
upon stimulation with S. aureus supernatant was almost entirely TLR2-dependent. In response to live
infection, RANKL-primed precursors continued differentiation into mature osteoclasts, and this was only
partially TLR2- and TLR9-dependent. Thus, in vitro findings suggest that TLR2 and TLR9 have the
potential to promote osteoclastogenesis during an in vivo infection, but other bacterial-sensing
mechanisms may also contribute. Using a mouse model of post-traumatic S. aureus osteomyelitis, |
found that TLR2 is not a significant driver of host bacterial containment, osteoclastogenesis, or
dysregulation of bone homeostasis. | hypothesized that redundancy in innate immune pathways
allowed host bacterial containment to proceed in the absence of TLR2, and so | next tested whether
loss of both TLR2 and TLR9 would alter infection severity or bone pathology during S. aureus
osteomyelitis. No differences were found in host bacterial burden control in TIr2/97- mice compared to
WT mice. TIr2/97- mice had a significant reduction in callus formation in the cortical bone and a modest,
but significant, reduction in trabecular bone loss. There was no parallel change to osteoclastogenesis
in the trabecular bone. In combination with findings from a model of systemic S. aureus infection, the
results from the osteomyelitis experiments support the conclusion that redundancy in the innate
immune pathway allows for sufficient antibacterial responses when TLR2 and TLR9 are absent. To
begin to test this hypothesis, | also evaluated IL-18 levels in the contralateral and infected femurs of
WT and TIr2/97- mice. There were no significant differences in cytokine abundance between TIr2/9-
mice and WT mice. Thus, in summary, the findings | presented in Chapter 1l demonstrate that TLR2-
and TLR9-independent modes of host bacterial detection likely participate in the host response to S.

aureus osteomyelitis. Future work should further interrogate the basis for the differential role of TLR2
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in osteoclastogenesis in vitro versus in vivo, as a means of determining which innate immune receptors

play the greatest role in driving bone pathology.

Chapter Il: Future directions

Investigate the RANK-mediated reqgulation of TLR expression

The experimental paradigms used in the cell culture studies shown in Chapter Il are based on
the idea that osteoclast precursors in the bone express TLR2 and TLR9. This has been shown in cell
culture, where protein and RNA levels of TLR2 and TLR9 have been measured (121,126). In culture
studies, sialylation of TLR2 has been shown to enable its binding to Siglec-15 to initiate osteoclast
fusion (254). Thus, cell culture findings suggest TLR2 and TLR9 should heavily influence osteoclasts
during infection in vivo, and yet | did not find this to be the case in the model of S. aureus osteomyelitis
used in these studies. Confirmation of the assumption that osteoclast precursors and mature cells
express TLRs in vivo would be of use to researchers in the broad field of osteoimmunology. This could
be achieved by using flow cytometry to examine TLR2 and TLR9 abundance on osteoclast precursors
isolated from the bone marrow. It would be of particular interest to see whether osteoclast precursors,
defined by Charles et al. as monocytes expressing Cd11b'9/Ly6ChM, express TLR2 and TLR9 at
significant levels (255). Within this population, we could examine how relative levels of RANK on the
cell surface correlate with TLR2 and TLR9 expression. This experiment could be done in mice at
baseline and at 1, 3-, 5-, 7-, and 14-days post-induction of osteomyelitis. It would be interesting to
understand whether inflammation from the infection response alters osteoclastogenic expression of
TLRs. Additionally, we could look at TLR2 and TLR9 localization within infected and contralateral
femurs from WT mice subjected to S. aureus osteomyelitis. This could be done by sectioning femurs
and using immunofluorescent antibody staining to detect TLR2 and TLR9, in combination with
fluorescent TRAP staining. Through this study, we could see whether TRAP* osteoclasts in the
trabecular bone express TLR2 and TLR9 in vivo, as has been shown in vitro. These data would
substantiate continued investigation into how TLR signaling influences osteoclasts during infection.

A major limitation of the work presented in Chapter Il is that we did not perform test whether
TLR2 or TLR9 play a role in osteoclast function. If the studies described in the prior paragraph support
the notion that osteoclasts express TLRs in vivo, then it would be appropriate to test how deficiency in
TLR2 and/or TLR9 affects osteoclast resorption. This can be done by culturing osteoclasts on either

bovine bone chips or on dentin chips. Osteoclasts deficient in TLR2, TLR9, and TLR2/9, and WT control
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cells, would be cultured on the bone surface until they begin to show pit formation, indicative of
resorption. We could then test whether cellular stimulation with S. aureus supernatants or heat-killed
bacteria increases resorption. This concept is based on published work showing that infection with live
S. aureus increases resorption (120). We could measure resorption by assessing the number and size
of pits formed on the bone surface or by doing an ELISA for type | collagen. Thus, we could quantify
whether cells lacking TLR2 and/or TLR9 resorb different amounts of bone at baseline or in response to

S. aureus stimulation. This would help to clarify the functional role of TLRs in mature osteoclasts.

Identify novel mechanisms of bacterial sensing that promote osteoclastogenesis

In Chapter Il, | showed that RANKL-primed osteoclast precursors progress to osteoclasts when
RANKL is withdrawn, and S. aureus is inoculated into the culture. Thus, cellular sensing of, or
interactions with, S. aureus promotes osteoclastogenic signaling in the absence of ongoing RANKL
stimulation. The ability of TLR ligation to promote osteoclastogenesis is well established (126,127).
Thus, it was surprising to observe that differentiation in response to infection proceeded even in TLR2-
and 9-deficient osteoclast precursors. Future experiments should aim to determine TLR2- and TLR9-
independent mechanisms of S. aureus-mediated osteoclastogenesis. Repeating experiments with
Myd88-- cells would be a good first step toward understanding how MyD88-dependent pathways like
TLR and IL-1R1 signaling contribute to osteoclast formation in this model. Moreover, there are MyD88-
independent pathways that have been shown to promote osteoclast formation. The nucleotide-binding
oligomerization domain containing protein 2 (NOD2), a sensor muramyl dipeptide contained within
peptidoglycan, can promote osteoclast-induced bone loss in ovariectomy and gingivitis mouse models
(256,257). NOD2 inhibitors are commercially available and thus testing the involvement of this sensing
mechanism is a feasible approach. If NOD2 inhibition blunts osteoclast formation in WT cells and
eliminates formation in TIr2/9- cells, then there would be strong rationale to test the effect of NOD2
inhibition on host responses and on bone damage in the osteomyelitis mouse model.

While selection of specific, well-characterized pattern recognition receptors (PRRS) to test in the
in vitro infection model may ultimately lead to important insights, it is also important to have an unbiased
approach. The use of clustered regularly interspaced short palindromic repeats (CRISPR) to edit the
genome has been leveraged as a screening technique to identify essential proteins involved in driving
specific cellular responses (258). CRISPR could be used to find proteins that are typically not essential
for osteoclastogenesis but become essential when S. aureus stimulation takes over for RANKL
signaling. This could be done using the RAW 264.7 cell line, which can undergo osteoclastogenesis

(259). While osteoclastogenic genes like Nfactl would be expected to be identified as essential, any
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gene not essential to RANKL-mediated osteoclastogenesis, but essential to osteoclastogenesis during
S. aureus infection, would be a candidate driver of infection-induced osteoclast differentiation.

Identify how redundancy in innate immune pathways enables the host response to bone infection

A major goal of our research group is to understand the specific immune pathways that control
responses to bacteria in the bone. It was surprising to learn that TLR2- and TLR9-deficient mice did
not have increased mortality or deficits in controlling bacterial burdens during S. aureus osteomyelitis.
| also observed that TIr2/9/- mice were able to survive a 4-day systemic infection, which was not
predicted based on prior studies (142,144). To follow up on this work, it would be useful to identify how
the cells involved in the immune response to bacteria in the bone are altered in the absence of TLR2
and TLR9. Flow cytometry would be a useful approach in categorizing how stages of the immune
response are altered in the absence of specific TLRs. We have previously reported that neutrophil
abundance in the bone marrow peaks during osteomyelitis at day 5 post-infection (51). Because
neutrophils are essential to abscess formation and bacterial containment during S. aureus
osteomyelitis, examining how their expansion and infiltration into the bone is altered by loss of TLR2
and TLR9 signaling is an appropriate starting point in assessing immune responses (51,225). A
limitation of the studies presented in Chapter Il is that we did not thoroughly characterize the immune
response in TLR2- and TLR9-null mice, since bacterial burden control was not impaired. This does not
mean that biologically significant changes to the host response do not occur when TLR2 and TLR9 are
absent.

In evaluating what other innate immune pathways contribute to the host response to S. aureus
in the bone, it is important to consider the established role of IL-1R1 in driving neutrophil-based
responses in osteomyelitis and to promoting osteoclast-associated trabecular bone loss (51). Because
my preliminary experiments showed that IL-183 levels in the infected femurs were comparable between
WT and TIr2/9-/- mice, it is possible that there are other detection mechanisms that can promote IL-
1R1 signaling to drive osteoclastogenesis. For instance, inflammasome activation through intracellular
peptidoglycan sensing by a PRR like hexokinase could be driving IL-1B-dependent osteoclastogenesis
in the trabecular bone (159). To understand the relative contribution of TLR2- and 9-independent
immune responses, it would be useful to more comprehensively profile cytokine responses in knockout
mice. To do this, we could carry out mock and S. aureus osteomyelitis infections in WT, TIr2/97- and
TIr2-- mice. We could collect infected/mock-infected femurs at 1-, 5-, and 14-days post-infection and
then measure abundance of a panel of cytokines of interest. Using TLR2-single knockout mice would

allow for a comparison between the relative contributions of TLR2 and TLR9 to cytokine responses.
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The cytokine profile would point to whether a specific family of cytokines, like the TLR9-associated type
| interferon response, is altered by lack of TLR2 and/or TLR9. From this information, more targeted

hypotheses could be generated regarding the specific PRRs that are compensating for TLR2 and TLR9.

Chapter Ill: Summary

Data presented in Chapter Il demonstrates that osteoclasts, which undergo RANK-mediated
molecular reprogramming during differentiation from monocytes, can mount an NLRP3 inflammasome
response to lipopolysaccharide (LPS) priming followed by stimulation with nigericin. The magnitude of
inflammasome induction in osteoclasts is less than in macrophages, particularly when staphylococcal
supernatants are used as priming agents. Overall, these results demonstrate that osteoclasts can
generate IL-13, an IL-1R1 cytokine that has long been known to promote osteoclastogenesis and bone
loss in inflammatory disease (102). These findings present the possibility that osteoclast-lineage cells
auto-regulate differentiation and function through IL-1 and other inflammasome-dependent processes.
However, my in vitro studies with infected osteoclasts do no suggest that inflammasome activation
readily occurs in response to intracellular infection. Thus, although these studies have caveats and
require confirmation, the findings suggest inflammasome activation by osteoclasts is not a direct
regulator of the osteoclast response during S. aureus osteomyelitis. Therefore, future studies will work
to elucidate how negative regulation of the inflammasome in osteoclasts restricts caspase-1 activation
and subsequent proteolytic activation of IL-13 and gasdermin D and to understand how osteoclast cell
death is induced by S. aureus infection.

The mouse model studies presented in Chapter Il followed up on published findings showing
that IL-1R1 signaling promotes host bacterial containment and drives trabecular osteoclastogenesis
and bone loss (51). Our results show that IL-1, not IL-1a, promotes increased osteoclastogenesis and
bone loss in response to S. aureus. | predicted that NLRP3 would be upstream of IL-13 potentiation,
and thus an NIrp37- mouse would phenocopy the ll1b’- mouse. | expected NLRP3-deficiency would
result in increased trabecular bone volume / total volume (BV/TV) during osteomyelitis. Contrary to this
expectation, NLRP3-deficient mice had no significant differences in callus formation, cortical bone
destruction or trabecular BV/TV, compared to WT mice. Caspase-1/11-deficient mice infected with a
lower inoculum sustained significant bone damage. Trabecular BV/TV in caspasel/11-deficient mice
was significantly lower than in WT mice. Initially, this was a confusing result. However, caspase-1, in

addition to IL-18 and IL-1B maturation, also potentiates cell death and is suspected to have regulatory
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roles in the bone (195,196). Thus, further study of the caspase-1/11-deficiency phenotype may lead to

an enhanced understanding of how the inflammasome functions in the bone.

Chapter lll: Future directions

Confirm NLRP3 assembly in osteoclast-lineage cells

Experiments in Chapter Ill were performed using LPS + nigericin as canonical activating agents
of the NLRP3 inflammasome. Many studies have shown that LPS with a K* efflux-inducing signal results
in NLRP3 oligomerization, assembly, and speck formation via ASC (173). We still need to confirm that
this general process proceeds in osteoclasts and that it is responsible for the IL-1B maturation we
measure. One way to do this is to repeat the ELISA and immunoblot experiments using NIrp3- cells.
Additionally, since NLRP3 oligomerizes during inflammasome activation, we can use immunoblotting
to detect NLRP3 activation. To do this, osteoclasts will be stimulated with LPS + nigericin. Lysates will
be collected for immunoblot and a crosslinking reaction will be used to preserve oligomerization of
NLRP3. After running the protein on a non-denaturing gel and transferring to a membrane, NLRP3 can
be detected by antibody staining and visualized on the blot as either a monomer or a higher molecular
weight oligomer. Additionally, measuring speck formation would not only help to confirm NLRP3
activation, but will also offer clues as to how the cytoskeletal actin structure in osteoclast influences the
localization and assemble of NLRP3. Speck formation can be visualized by performing NLRP3
activation experiments with cells from ASC-citrine mice (Jax stock # 030744). The ASC in these cells
fluoresces weakly in the green channel, and this becomes significantly stronger when ASC is
assembled in the inflammasome. It would be useful to also visualize actin using immunofluorescent
antibody staining with a DAPI counterstain. Then speck formation can be identified in cells in the culture
that are multinucleated and have an actin ring. It would be very interesting to observe and quantify how
many of the cells with 3 or more nuclei are also speck-positive. Heterogeneity within the osteoclast
culture is a difficult variable to entirely control. A culture of mature osteoclasts will still have some
mononuclear cells and, due to the kinetics of fusion and fission, there is inter-experiment variation. This
proposed study has the potential to show whether the more differentiated osteoclasts in the culture
have speck formation.
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Identify post-translational requlatory mechanisms of the osteoclast inflammasome

The results from gRT-PCR and immunoblot experiments demonstrate that osteoclasts
upregulate transcription and translation of NLRP3 inflammasome components in response to LPS, S.
aureus supernatants, and live infection with S. aureus. Despite this, osteoclasts cleave caspase-1 at a
lower rate compared to macrophages, and staphylococcal supernatants are relatively weak inducers
of the inflammasome response in osteoclasts. Thus, there is a block in the activation of NLRP3
somewhere between synthesis of the components and assembly of the complex. To understand this
nuance, first it would be useful to determine whether protein synthesis is required for osteoclast
inflammasome activation. In macrophages, protein synthesis is not required, but can boost the
magnitude of activation (177). To test whether this is the case in osteoclasts, we could use
cycloheximide, which blocks mMRNA translocation to the ribosome (260). If treating osteoclasts with
cycloheximide before LPS priming inhibits subsequent IL-18 cleavage, then we could conclude that
translation is required for priming. Since the data in Chapter Ill suggests that transcriptional and
translational priming occur in osteoclasts, new data from the described experiment would confidently
direct focus toward post-translational mechanisms of control of NLRP3 activation and away from
continued examination of how priming signals influence pro protein accumulation.

Additionally, it is important to begin to identify post-translational modifications that negatively
regulate the inflammasome in osteoclasts. The first post-translational modification | would examine is
ubiquitination of NLRP3. This can be done by immunoprecipitating NLRP3 from the cell lysate following
LPS treatment or LPS + nigericin treatment. Additionally, testing different TLR2, TLR4, and TLR2/4
stimulating agents as primers in this experiment will help elucidate how the strength and specificity of
the TLR signal may control this priming step. Ubiquitination should decrease following TLR priming and
disappear following nigericin (177). Thus, comparing how the TLR stimulus and the amount of priming
time influences NLRP3 ubiquitination in osteoclasts versus macrophages will determine the signals
needed for osteoclasts to perform this step of post-translational priming. Ubiquitination can be
visualized by immunoblotting with an anti-ubiquitin antibody post-precipitation of NLRP3.

Assess requlatory roles for gasdermin D in osteoclast inflammasome activation

Recently, a novel role for gasdermin D was identified in osteoclasts. The p20 cleavage product
of gasdermin D regulates osteoclast resorption (196). This occurs through activation of caspase-8 and
receptor interacting protein kinase 1 (RIPK1) which then activate caspase-3 to cleave gasdermin D
(196). | have not observed this p20 fragment in any of my immunoblots. This is likely because it requires

an antibody that can detect multiple cleavage products, such as Abcam catalog # ab209845. We have
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observed cleavage of gasdermin D into its N-terminal, p31, membrane pore-forming subunit. Thus, it
would be extremely interesting to understand if a cell that is actively cleaving gasdermin D into the p20
species through caspase-8/caspase-3 can also activate caspase-1 to cleave gasdermin D at a different
site. If this does occur, then defining the mechanism by which a switch from p20 to p31 cleavage occurs
is an important future direction. Importantly, caspase-8 can induce pyroptosis by directly cleaving
gasdermin D (261). Caspase-1 is activated downstream of gasdermin D pore formation. In fact, K*
efflux from the pores acts as a second signal for NLRP3 activation. This is not dissimilar to non-
canonical inflammasome induction through caspase-11 (261,262). It will be important to discern
whether the IL-13 maturation we observed is a result of crosstalk between caspase-1 and caspase-8.

A first step toward defining the relationship between gasdermin D-mediated regulation of
osteoclast function and inflammasome activation would be to blot for the p20 cleavage unit in our cells.
We could then measure how the relative abundance of this cleavage species changes when
inflammasome inducing stimuli (LPS + nigericin) are administered. Examining whether caspase-3
activation via a cleavage product is occurring in osteoclasts stimulated with LPS + nigericin will also be
interesting. If results suggest the p20 fragment is produced by osteoclasts that are also cleaving the
p31 species, then the question of whether crosstalk between caspase-1 and caspase-8 is occurring
would be addressed next. If cells producing the p20 species cannot activate the inflammasome, then
there is strong rationale to interrogate how osteoclast differentiation enforces restriction of caspase-1

activation.

Determine the mode of cell death occurring in S. aureus-infected osteoclasts

In vitro infection data presented in Chapter Il show that osteoclasts die in response to infection
with S. aureus. Our current experimental evidence suggests this death is not pyroptosis. These
experiments need to be repeated with additional parameters to strengthen this preliminary conclusion.
Based on current findings, it is necessary to consider whether RANK-induced molecular reprogramming
biases osteoclasts toward a certain type of cell death program. This question can be addressed in
combination with follow up experiments to confirm that pyroptosis is not responsible for osteoclast death
during S. aureus infection. To investigate this, we could start by performing a time course of infection
with an MOI of 50 and 100. Cell supernatants and lysates and would be collected for use in
immunoblotting at 6, 12, 18, and 24 h post-inoculation. To assay the signaling pathway associated with
apoptosis, we would then immunoblot for caspase-3, caspase-9, and caspase-7, which are involved in
intrinsic apoptosis. As a control, one set of cells would receive the apoptosis-inducing stimuli tumor

necrosis alpha (TNFa) and cycloheximide treatment. To assess necroptosis, we would immunoblot for
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caspase-8, RIPK1, RIPK3, mixed lineage kinase domain-like (MLKL), and phosphorylated MLKL.
Phosphorylated MLKL is the highest confirmatory evidence of necroptosis (263). We would induce
pyroptosis using the positive control TNFa + Smac mimetic (birinipant 100 nM) + zVAD(OMe)-FMK
(264). Since many cell death signaling proteins are labile, identifying target proteins involved in a
programmed cell death cascade may require multiple time courses. Additional experiments would be
carried out to define the peak of LDH release (proxy for cell death) in osteoclasts over a time course of
infection with S. aureus. This information would be used to plan a follow up experiment where ZVAD-
fmk (pan-caspase inhibitor) and necrostatin-1 (RIPK1 inhibitor that blocks necroptosis and RIPK1-
mediated apoptosis) would be used to test how blocking cell death pathways influences overall
cytotoxicity. We would then repeat these experiments using other clinically relevant strains of S. aureus
to determine the ubiquity of the osteoclast response to infection. This could also lead to insights on how

staphylococcal interactions with osteoclasts induce cell death.

Determine the inflammasome sensor responsible for bacterial burden control during S. aureus

osteomyelitis
The mouse model studies presented in Chapter Ill must be interpreted with caution because

experiments performed in NIrp37-and Casp1/11/- mice were done only once with one S. aureus strain
with one bacterial inoculum. Thus, replicate experiments are needed to ensure the results are rigorous.
If upon repeating, NLRP3-deficient mice still have no changes to bacterial burden control compared to
WT, then it will be interesting to test whether the absent in melanoma 2 (AIM2) inflammasome is
involved in IL-1[3 elaboration during osteomyelitis. AIM2 is activated by dsDNA and thus is relevant to
S. aureus infection (165). Performing osteomyelitis experiments in AIM2-deficient mice may
recapitulate the abrogation of trabecular osteoclastogenesis and bone loss observed in IL-13-deficient
mice. It will be important to establish a link between inflammasome-sensor deficiency and changes to
IL-1B8 maturation in the bone. This can be done by using ELISA to measure total pro and cleaved IL-
1B, or by immunoblot to measure cleaved IL-1 protein relative to pro protein. A proximity ligation assay

can also be used as a more specific way to confirm inflammasome activation in vivo.

Concluding remarks

In closing, the results | presented in Chapters Il and Il of my dissertation contribute to the greater
understanding of how innate immune processes govern bacterial burden control and pathological
dysregulation of bone homeostasis during S. aureus osteomyelitis. The results of Chapter Il suggest

that TLR2 and TLR9 are not major regulators of the host response to S. aureus in the bone. These
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results implore greater study into how redundancy in the innate immune system enables a sufficient
immune response in the absence of TLR2 and TLR9. Results in Chapter Ill demonstrate that
osteoclasts can activate the inflammasome in response to specific stimuli. There is significant potential
for follow up work to expand upon these findings to build a more detailed model of the regulatory

mechanisms that control the osteoclast inflammasome.

Thank you for reading this dissertation. Your time and consideration are greatly appreciated.
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