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Abstract: Discoveries in the last few years have emphasized the existence of an enormous breadth of communication between bone and the
immune system in maintaining skeletal homeostasis. Originally, the discovery of various factors was assigned to the immune system viz.
interleukin (IL)-6, IL-10, IL-17, tumor necrosis factor (TNF)-a, receptor activator of nuclear factor kappa B ligand (RANKL), nuclear factor
of activated T cells (NFATc1), etc., but now these factors have also been shown to have a significant impact on osteoblasts (OBs) and
osteoclasts (OCs) biology. These discoveries led to an alteration in the approach for the treatment of several bone pathologies including
osteoporosis. Osteoporosis is an inflammatory bone anomaly affecting more than 500 million people globally. In 2018, to highlight the
importance of the immune system in the pathophysiology of osteoporosis, our group coined the term “immunoporosis”. In the present
review, we exhaustively revisit the characteristics, mechanism of action, and function of both innate and adaptive immune cells with the goal
of understanding the potential of immune cells in osteoporosis. We also highlight the Immunoporotic role of gut microbiota (GM) for the
treatment and management of osteoporosis. Importantly, we further discuss whether an immune cell-based strategy to treat and manage
osteoporosis is feasible and relevant in clinical settings.
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Introduction
Osteoporosis is a systemic skeletal disease that is primarily characterized by the loss of bone mineral density (BMD) and
bone mechanical strength (BMS), leading to enhanced rates of fragility-related fractures in the wrist, hip, and spine. It is
a growing health issue, and is the fourth most burdensome chronic disease after ischemic heart disease, dementia, and
lung cancer (IOF 2021). Globally, a higher prevalence of osteoporosis has been observed in postmenopausal women.
According to the International Osteoporosis Foundation (IOF), one-third of females and one-fifth of males will suffer
from fragility-related fractures once in their lifetime." Common risk factors that are associated with the progression of
osteoporosis are age, dietary habits, menopause, long-term glucocorticoid therapy, inherited osteoporosis (osteogenesis-
imperfecta), etc.! On the basis of known causes, osteoporosis can be classified generally into two categories: 1) primary
osteoporosis that occurs typically in postmenopausal women, and 2) secondary osteoporosis, with defined etiological
mechanisms. Primary osteoporosis is the most common category of osteoporosis, that is further comprised of types 1 and
2. In Type 1 (postmenopausal osteoporosis), bone loss is observed after estrogen deficiency, whereas type 2 (senile
osteoporosis) results from systemic senescence.” Recent advancement in the field has revealed that the currently
employed therapies for the treatment of osteoporosis viz. bisphosphonates, denosumab (anti-RANKL monoclonal anti-
body), teriparatide (parathyroid hormone-PTH), and vitamin D supplementation exhibit the ability to modulate immune
mediators. Also, these anti-resorptive and bone anabolic drugs maintain bone health in osteoporotic patients by
modulating the pivotal balance of both inflammatory and immunosuppressive immune cells, thus highlighting the
interconnection between the bone and immune system in skeletal health.

Twenty years ago, the term “osteoimmunology” was coined which encompasses all the aspects of cross-regulation of
the skeletal and immune system.” In the past two decades, critical work in the field of osteoimmunology has led to the
discovery of a receptor activator of the nuclear factor kB ligand (RANKL)-osteoprotegerin (OPG) axis.* RANKL is a key
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regulator of osteoclastogenesis. Expression of RANKL is not only observed on bone-forming osteoblasts (OBs) but also
by various immune cells such as activated T cells, and B cells which play an indispensable role in the pathophysiology of
various bone-related diseases including osteoporosis. Experimental evidence suggests that pro-inflammatory cytokines
viz. IL-1B, IL-6, and TNF-a are found to be the causative agents in inducing bone loss in several bone-related diseases,
including estrogen-deficient conditions.’

These recent findings pave the path to the birth (coined by our group in 2018) of a novel field, now globally
recognized as “Immunoporosis” ie, immunology of osteoporosis.®’ Immunological insight is now more than ever
important for the treatment and management of osteoporosis in clinical applications. In the present review, we discuss
and highlight the relevance of the immune microenvironment in osteoporotic conditions with respect to both innate and
adaptive immune cells. Also, we discuss the role of various immunotherapeutic targets that inhibit the production of
inflammatory cytokines and hold promise in inducing the regeneration of bone. Undoubtedly, this body of work will form
the basis of future research and therapeutics exploiting the potential of immune cells as a novel therapeutic tool in
osteoporotic conditions.

Importance of Immune-Skeleton Interface (ISI)

Bone is a dynamic organ that undergoes continuous cycles of modeling and remodeling. These processes are governed by the
combinatorial action of three bone cells viz. osteoclasts (OCs-bone-resorbing cells), osteoblasts (OBs-bone-forming cells),
and osteocytes (OYs), which are OBs that are embedded in the matrix during mineralization.” During bone remodeling,
damaged or old bone is removed by the OCs and replaced by the new bone sculpted by the OBs; thus, the tight coupling
between these bone cells is important for skeletal homeostasis (Figure 1). Bone remodeling is a process that is initiated before
birth and continues throughout life to manage the routine micro-damage and thus bone integrity. The remodeling process is
characterized by a sequential series of the following four phases: 1) Activation phase, which is governed by the systemic
factors that induce the differentiation of hematopoietic stem cells (HSCs) derived OC precursors into mature multinucleated
OC:s. Differentiation of OCs is regulated by the permissive concentrations of two crucial factors viz. macrophage colony-
stimulating factor (M-CSF), a survival factor for OCs progenitors, and RANKL, a differentiation factor for OCs. 2) Resorption
phase, in which OCs resorb the bone and subsequently detach from the bone surface and undergo apoptosis. 3) Reversal phase,
in which mesenchymal derived OBs are recruited to the resorbed site. Differentiation of OBs is regulated by the activation of
transcription factors (Runt related transcription factor-2-Runx-2, osterix-Osx); growth factors (bone morphogenetic proteins-
BMPs), Wnt, tumor growth factor-p (TGF-B), vascular endothelial growth factor (VEGF), and matrix proteins (collagen type
I, fibronectin, laminin). 4) Formation phase, in which OBs lay down the new organic bone matrix which ultimately undergoes
mineralization, this phase lasts for several months. At the end of the formation phase, OBs are incorporated either into the bone
as OY's or remain on the surface as bone lining cells. OY's are the predominant source of sclerostin that serves to reduce bone
formation by OBs via inhibiting the Wnt signaling pathway. In 1997, the potent inhibitor of OCs differentiation OPG was
discovered that suppresses bone resorption by OCs via interacting with RANKL. OPG is a well-known decoy receptor of
RANKL and the ratio of RANKL and OPG is a crucial determinant of OCs differentiation and bone resorption. Under
physiological conditions, both B cells and OBs are important sources of OPG.® Emerging evidence has reported that
inflammatory conditions promote the development of osteoporosis.” Inflammation is exemplified by the activation of both
innate and adaptive immune cells via producing several soluble cytokines. Inflammatory molecules viz. IL-6, TNF-q
stimulates the NF-«B signaling pathway, thereby activating the downstream inflammatory cytokine levels. Thus, this vicious
cycle of NF-kB signaling facilitates OCs survival and differentiation, thereby becoming detrimental to bone health.'® A study
demonstrated that homing of T cells in bone marrow (BM) with the involvement of the C-X-C motif chemokine ligand 10
(CXCL10) and C-X-C motif chemokine receptor-3 (CXCR3), ie, CXCL10-CXCR3 axis, promotes the differentiation of OCs
ina RANKL dependent manner.'' Recently, a study proposed that pyroptosis (a programmed cell death mechanism) correlates
with inflammation and contributes to the pathogenesis of osteoporosis via the NLR family pyrin domain containing three
(NLRP3) inflammasomes mediated production of IL-1f and IL-18 cytokines which ultimately upregulate OCs
differentiation.'? Of note, along with the major producers of pro-inflammatory cytokines, monocytes, macrophages (Mos),
and dendritic cells (DCs) also acts as OCs precursors. Altogether, these studies suggest that immune cells and their secretory
cytokines are important players in skeletal homeostasis (Table 1). Recently, a study reported by Frech et al'* examined the role
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Figure | Bone Remodeling Cycle under physiological and pathological condition: The remodeling process is characterized by a sequential series of four phases: |) Activation and
Resorption phases, which is governed by the systemic concentration of RANKL and M-CSF that induce the differentiation of hematopoietic stem cells (HSCs) derived OC precursors
into mature multinucleated OCs. In resorption phase, mature osteoclasts with unique ruffled border induce resorption of bone by secreting cathepsin K, H+, and Cl- in sealing zone
and after resorption detaches from the bone surface and undergoes apoptosis (programmed cell death mechanism). 2) Reversal phase: mesenchymal derived OBs differentiate in the
presence of Wnt, BMPs, and TGF-B and are recruited to the resorbed site. 3) Formation phase: OBs lay down the new organic bone matrix which ultimately undergoes 4)
Mineralization phase. Under estrogen deficient conditions or inflammatory conditions, RANKL is also provided by other immune cells that lead to enhancement in osteoclastogenesis
and thus more bone resorption which ultimately leads to osteoporosis.

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).
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Table | Role of Immunoporotic Cytokines and Chemokines in Modulating the Bone Remodeling Process

IL-1B Monocytes, Promote maturation, differentiation, and Impaired the recruitment of OBs Increase [148-150]
Macrophages, functional activity of OCs by reducing Kindlin-3 which further influence
DCs, and Talin-1 expression in osteoclasts regeneration of bone
Neutrophils,
Mast cells
IL-6 (Dual role) Monocytes, It can induce OCs differentiation by increasing the | Impair OBs maturation by working Increase [118,151]
Macrophages, expression of RANKL or can direct suppress integratively with c-Src and IGFBP5
Mast cells, DCs osteoclastogenesis by modulating NF-kB pathway
IL-8 Monocytes, Enhance OCs differentiation either directly in an It enhances the expression of Increase [152]
Macrophages, autocrine manner or by modulating stromal cells RANKL on OBs, thus enhances
PMNs OCs mediated bone resorption
IL-15 DCs, PMNs It works in a synergistic manner with RANKL and Absence of IL-15RA negatively Increase [153,154]
enhances osteoclastogenesis via ERK signaling impacted the bone minerlization
pathway potential of OBs
IL-17 Thl7, ILC3 Enhance osteoclastogenesis via inducing autophagy | Exert a negative impact on OBs by Increase [155,156]
in bone marrow macrophages affecting the mineralization and ALP
activity
IL-18 (Dual role) Macrophages, Stimulates osteoclastogenesis by enhancing Enhance the expression of OPG on Increase [157,158]
DCs, T cells, B RANKL expression on T cells OBs and thus reduces the
cells, osteoclastogenesis
Mesenchymal
stem cells
IL-21 TFH cells, NKT | Over-expression of IL-2IR on CDI4" monocytes *N.D. *N.D. [159]
cells enhance the OCs differentiation
IL-22 Thl cells, NK Enhance osteoclastogenesis via facilitating the In the presence of an IFNy and *N.D. [110,160]
cells, Th22 cells expression of TRAP and cathepsin K TNF-a inflammatory
microenvironment it promotes the
migration and osteogenesis of
MSCs
IL-31 Th2 cells, Promote OCs differentiation either in a direct *N.D. Increase [161]
Macrophages, manner or by modulating Th17 and monocytes to
DCs, induce inflammatory cytokine and chemokine
Eosinophils expression
TNF-a Macrophages, Promote OCs differentiation via activating NF-kB Suppress osteoblastogenesis by Increase [162,163]
NK cells, T cells and stress activated protein kinase/c-jun kinase inhibiting the expression of inulin
like growth factor-1 (IGF-1)
RANKL T cells, B cells, It acts as a ligand that binds to RANK receptor Negatively regulates OBs by Increase [53,54,164]
Osteoblasts, and induce OCs differentiation reverse “RANK—RANKL” axis
ILCI
IL-4 Th2 cells, ILC2, It suppresses osteoclastogenesis and functional Along with platelet derived growth Decrease [78,165]
Macrophages activity of OCs by affecting NF-kB and Ca?* factor (PDGF)-BB it induce
signaling pathway osteogenesis via MSCs
IL-10 Tregs, Bregs, It suppresses OCs differentiation via inhibiting Via downregulating the micro-RNA Decrease [85,166]
Macrophages, NFATc| activity and Ca** mobilization 7025-5p (miR-7015-5p) it induce
ILC2 the OBs differentiation
(Continued)
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Table | (Continued).

IL-33 Mast cells, Th2 It inhibits OCs differentiation via shifting the *N.D. Decrease [711
cells balance of OCs to M2 macrophages and by
enhancing IL-4, IFNy and GM-CSF expression
TGF- Treg, Bregs, It suppressed OCs differentiation by reducing the | Via activating Smad and p38 MAPK Decrease [167,168]
Macrophages expression of RANKL on OBs, by reducing NF-kB | signaling pathways it activates OBs
and MAPK signaling pathway and it also restricts differentiation
the expression of RANK on OCs
IFNy (Dual role) Thl, NK cells, It suppressed OCs in a direct manner and It promote OBs differentiation by Decrease [82]
ILCI, APCs, promotes OCs differentiation and bone reducing adipogenesis
NKT cells resorption via stimulating T cell secretion of
RANKL and TNF-a
Chemokines
CCL3 or Neutrophils, It enhances the functional activity of OCs and It decrease OBs formation by Increase [169,170]
Macrophage DCs, fusion of mononuclear cells to generate downregulating the expression of
inhibitory protein- Macrophages, multinucleated OCs Runx2, osteocalcin, and osterix
I (MIP-1) Lymphocytes (osx)
CXCLIO or IFN- Osteocytes It promotes OCs differentiation by inducing the By producing IP-10, OBs recruites T *N.D. [171]
gamma-inducible survival of T cells and RANKL expression by T lymphocytes
protein 10 (IP-10) cells
CCL20 BM cells It OCs mediated bone resorption via recruiting *N.D. Increase [99]
Th17 and TNF* T cells into BM

Abbreviations: *N.D, not determined.

of one particular immunomodulator, butyrophilin (Btn2a2), in skeletal health and reported that Btn2a2 stimulates the
differentiation of OCs by enhancing the expression of OCs specific genes viz. RANK, NFATc1, TRAP, and cathepsin K.
Butyrophilins (BTN) are comprised of transmembrane proteins that belong to the B7 family and have shown a varied range of
functions on different immune cells either as co-stimulatory or co-inhibitory molecules. Taken together, these studies strongly
reveal and establish the contribution of immunomodulatory molecules in bone homeostasis. In further sections, we elaborately
discuss the role of both innate and adaptive immune cells along with their effector cytokines in the pathophysiology of
osteoporosis.

Immunoporosis: Immunology of Osteoporosis

Osteoporosis has traditionally being considered as a manifestation of a dysregulated bone remodeling process mainly
governed by estrogen levels. Nevertheless, recent advancements in the field have now clearly established the pivotal role
of the immune system in modulating inflammatory bone loss in osteoporotic conditions, ie, ‘“Immunoporosis”.
Immunomodulatory checkpoints and molecules mediating the autocrine, paracrine, and endocrine crosstalk among the
bone cells in osteoporosis forms one of the most attractive areas of research in immunoporosis. In further sections, we
highlight the specific roles of various innate and adaptive immune cells and their plasticity, and unravel novel therapeutic
opportunities for clinical interventions along with their applications in different bone pathological conditions including
osteoporosis (Figure 2).

Innate Immune Cells and Osteoporosis
Innate immune cells are the prime responders towards any invading pathogens within the host and are the major
producers of pro-inflammatory mediators which also act as trigger points for the development of various bone
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Figure 2 Immunopathogenesis of Osteoporosis: Schematic diagram representing the role of immune cells and their signature cytokines in the pathophysiology of
osteoporosis. Solid red arrows represent established roles whereas dotted red arrows represent the proposed mechanism of action.

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).

pathologies including osteoporosis. A study reported that M¢s, OCs, and DCs are cells of clinical significance as they all
share a common progenitor. Apart from these cells, granulocytes, innate lymphoid cells (ILCs), and natural killer (NK)

cells further stimulate the development of osteoporosis via producing various inflammatory mediators.
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Dendritic Cells (DCs)

In addition to acting as professional antigen-presenting cells (APCs), DCs also play an important role in linking both the
innate and adaptive immune system. New emerging evidence suggests that DCs promote inflammation-induced osteo-
clastogenesis and enhance bone loss by acting as an OCs precursor. Whole-genome sequencing data analysis suggested
that OCs and DCs express several overlapping genes such as dendritic cell-specific transmembrane protein (DC-
STAMP), indicating the existence of a genetic relationship between these two cells that results from their vertical
differentiation relationship.'* Both OCs and DCs express RANK receptor on their surface that leads to the activation of a
NF-kB developmental signaling pathway culminating into osteoclastogenesis. Inconsistent with this, a study demon-
strated that, upon interaction with CD4" T cells, CD11c¢" DCs can develop into functional multinucleated OCs."> Under
in vitro conditions, DCs transdifferentiate into OCs in the presence of M-CSF and RANKL. It has been observed that, in
comparison to monocyte-derived OCs, DCs derived OCs generation and fusion was faster.'® Moreover, in the presence of
an inflammatory environment (IL-1f and IL-6) provided by rheumatoid arthritis synovial fluid (RASF) DCs-derived OCs
showed higher resorption on dentine slices in comparison to monocyte-derived OCs in RA patients.'®'” In contrast to
this, recently a study reported that DCs derived interferon-A1 (IFN)-A1 inhibited OCs differentiation by preventing the
NF-kB signaling pathway and NLRP3 inflammasome formation.'® Furthermore, this effect was reversed by the addition
of the IFN-A1 monoclonal antibody.'® Thus, this novel finding paves the path towards utilization of exogenous IFN-A1 as
a therapeutic treatment for several OCs related diseases such as inflammatory osteolysis. Recently, a study reported a
novel mechanism via which estrogen modulates bone health. It has been observed that, under estrogen-deficient
conditions, DCs become long-lived and express higher levels of IL-7 and IL-15 cytokines. These cytokines together
induce antigen-independent production of IL-17A and TNF-a cytokines by memory T cells and thus induce bone loss in
osteoporotic conditions,” thereby indicating towards the indirect role of DCs in modulating bone health under estrogen
deficient conditions. In summary, these studies suggest that DCs play a dual role in regulating osteoclastogenesis but no
study to date has reported the direct role of DCs in the pathophysiology of osteoporosis.

Monocytes and Macrophages (M¢s)

Monocytes and M¢s are the innate immune cells derived from myeloid lineage and are known to be the early progenitors
of OCs. On the basis of surface antigens, human monocytes are classified under three categories such as classical
(CD14°CD16"), intermediate (CD14"CD16"), and non-classical monocytes (CD14 CD16"). Depending on the circum-
stances, different monocyte subsets can differentiate into OCs. It has been observed that, under physiological conditions,
classical monocytes act as OCs precursors, whereas under inflammatory conditions intermediate monocytes differentiate
into OCs." In blood, the major monocyte population (classical monocytes) acts as OC precursors, whereas, in BM,
intermediate monocytes are the predominant OCs precursors. Proteomic analysis revealed that peripheral blood mono-
cytes (PBM) express a novel protein ANXA?2 with predominance in subjects with low BMDs.?’ One reason for this could
be that higher expression of ANXA2 leads to migration of PBM to bone resorptive sites, thereby leading to enhanced
bone resorption and thus lower BMD in osteoporotic patients. OCs are formed by the fusion of monocyte/macrophage
precursors, and a recent study reported that knockdown of receptor interacting protein 140 (RIP140) in OCs precursors
resulted in its enhanced differentiation potential. Together these studies strongly suggest that therapeutic targeting of
these novel proteins could be employed for the treatment of osteolytic inflammatory bone loss diseases such as
osteoporosis.

Once monocytes leave the bloodstream and enter tissue sites they undergo a series of modifications and finally
differentiate into Mds. M¢s play an important role in immune surveillance and eradication of pathogens and are divided
into circulating and tissue-resident macrophages (TRMs). Based on origin, TRMs are further categorized into two
different subsets. One subset is derived from the yolk sac and the other subset derives from monocytes and hematopoietic
progenitors. In the course of embryonic development, M¢s are also found to be the first emerged immune cell of the
immune system that infiltrate into developing organs where they ultimately differentiate into TRMs such as bone resident
macrophages. Accumulating evidence suggests that, along with the immune-related functions, M¢s also play a vital role
in bone metabolism and bone tissue engineering. Bone macrophages include bone marrow macrophages (BMMs), OCs,
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and osteal macrophages. Osteomacs are osteal macrophages that are a distinctive subset of bone macrophages and are
found to be f4/80 positive and tartrate-resistant acid phosphatase (TRAP) negative. Osteomacs are seen to be localized
near OBs, thus hinting towards its bone-forming potential. Osteomacs differ from the OCs by expressing Siglec-1
(CD169). Various studies demonstrated that depletion of CD169" osteomacs compromised the bone repair mechanism by
causing a striking reduction in OBs cells.?! These studies clearly suggest that, independent of OCs, osteomacs provide
anabolic support to OBs during bone repair and in the maintenance of bone homeostasis. In response to a well-defined
panel of stimuli, immature M¢s can be cataloged into two predominant classes: M1 M¢s (pro-inflammatory) and M2
M¢s (anti-inflammatory). Even after so many years, the role of Mds in modulating the bone remodeling process is a
matter of debate. A study demonstrated that lipopolysaccharide (LPS) and IFN-y induced M1 M¢s in RAW264.7 cells or
bone marrow cells significantly suppressed RANKL induced osteoclastogenesis via secreting [FN-y and IL-12 cytokines
in comparison to M2 Mds.** It was further confirmed in a ligature induced periodontitis mouse model where the adoptive
transfer of M1 M¢s significantly lowered bone loss and reduced the TRAP-positive multinucleated cells in comparison to
adoptively transferred M2 Md¢s.*? In-line with this, a study reported that upon RANKL stimulation, CD206" M2 Mos
differentiated into OCs that further resulted in enhancement of M1/M2 ratio in an ovariectomized mice model.”*> Of note,
it has been observed that 17p-estradiol (E2) [via estrogen receptor (ER)-a signaling mediated downstream blockade of
NF-kB nuclear translocation] safeguards M2 M¢s from RANKL stimulation, thereby suppressing its differentiation into
OCs. Furthermore, it has been observed that M2 M¢s showed higher efficiency of differentiating into OCs due to the
attenuated expression of interferon regulatory factor-5 (IRF-5).2* Thus, modulating the M1/M2 ratio could be a potential
therapeutic target in treating postmenopausal osteoporosis. Moreover, it has been observed that RANKL exhibits the
potential of inducing differentiation of bone marrow-derived macrophages (BMDM) into M1 M¢s. In comparison to LPS
and IFN-y induced M1 Mds, RANKL induced M1 M¢s are actively involved in bone healing.*

Intercellular communication is a biological process that promotes cells to communicate and coordinate spatially and
temporally their responses to any physiological alterations. One such member that aids cellular communication is
extracellular vesicles (EVs). EVs are membrane-derived phospholipid bilayers with a diameter which lies between 30
and 2,000 nm.”® A predominant class of EVs is exosomes (30—150 nm) that are released by exocytosis. Exosomes
derived from the M¢s upon stimulation with bone morphogenetic protein-2 (BMP-2) showed osteogenic potential in
bone marrow-derived mesenchymal stromal cells (BM-MSCs).?” Furthermore, exosomes integration with titanium
nanotubes enhanced the bio-functionality of titanium implants that favor osteogenesis by enhancing the expression of
early osteoblastic differentiation markers such as BMP-2 and alkaline phosphatase (ALP).?” A study reported that
exosomes derived from M1 and M2 Méos contain differentially expressed micro-RNAs (miRNAs). Among various
miRNAs, miR-5106 was observed to be significantly overexpressed in M2 Mds-derived exosomes (M2D-Exos) leading
to enhanced osteogenic potential in M2D-Exos in comparison to M1 M¢s-derived exosomes (M1D-Exos).”® miR-5106
enriched in M2D-Exos induced the osteoblasts differentiation in bone mesenchymal stem cells (BMSCs) by targeting salt
inducible kinase 2 and 3 (SIK2 and SIK3) genes.”® Also, a study reported that exosomes derived from the MSCs
stimulated the M2 phenotype in M¢s that further resulted in the exosome-educated macrophages (EEMs). These EEMs
showed an acceleration in ligament ligation and reduced inflammation in the rat medial collateral ligament (MCL) injury
model.*’

These findings indicate the mechanisms of exosomes derived from macrophages that further need investigation in the
case of osteoporosis. One of the important alterations observed in macrophage to osteoclasts differentiation is the change
in the energy metabolism. A study reported that lysine promotes the polarization of BMDMs to M1 and M2 phenotypes,
whereas tyrosine and phenylalanine have different effects.* Furthermore, differentiated OCs showed enhanced biosynth-
esis of phenylalanine and tyrosine and are rich in lysine degrading enzymes. These findings altogether suggest that
inhibition of macrophage polarization enhances OCs differentiation. Moreover, a study demonstrated that both glycolysis
and oxidative phosphorylation promote osteoclastogenesis. Upon RANKL stimulation, expression of glucose transporter
viz. GLUT 1 enhances OCs.>' These reports clearly suggest that energy metabolism is enhanced during macrophage to
OCs differentiation. Altogether, these studies indicated that plasticity and heterogeneity of M¢s make them a crucial
player in maintaining bone homeostasis. Nevertheless, a more in-depth analysis is essential to understand the potential of
Mg¢s in dealing with osteoporosis.
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Innate Lymphoid Cells (ILCs)

In the past decade, an explosion of research resulted in the identification of an emerging arm of the nnate immune system
which is collectively now known as the innate lymphoid cells (ILCs). In 2013, the nomenclature of ILCs was proposed
and were classified into three groups: Group 1, Group 2, and Group 3 ILCs. Group | includes NK cells and ILC1. These
cells are reliant on T-box transcription factor (T-bet) and IFN-y cytokine for their development and function. Group 2
includes ILC2, which are dependent on transcription factors GATA binding protein-3 (GATA-3) and retinoic acid
receptor-related orphan receptor alpha (RORa) for their development and secrete IL-4, IL-5, IL-9, and IL-13 cytokines.
Group 3 includes ILC3 and lymphoid tissue inducer cells (LTi) which are dependent on transcription factor RORyt for
their development and produce 1L-17 and IL-22 cytokines. ILC3s are further divided into subsets based on the expression
of either CC chemokine receptor-6 (CCR-6) or natural cytotoxicity receptor (NCR), which consists of NKp30, NKp44,
and NKp46.>? ILCs are the growing family of lymphocytes that mirror the phenotypes and functions of T helper cells.
Also, ILCs are known to be innate counterparts of T helper cells that share a developmental origin and phenotypes
similar to that of T helper cells. In terms of origin and function, ILC1, ILC2, and ILC3 mirror the Thl, Th2, and Th17
CD4" T helper cells, respectively, of the adaptive immune system. However, in contrast to T cells, ILCs neither express
recombination activating gene (RAG) dependent diversified antigenic receptors nor the lymphoid lineage differentiation
markers (Lin ). Also, in contrast to T cells, ILCs do not endure clonal selection and expansion that leads to ILCs, getting
activated promptly in response to the signals or the inducer cytokines articulated by the tissue-resident cells. As ILCs get
activated earlier due to injury or infection, they are expected to regulate the development of the adaptive immune system.
Several studies highlighted that ILCs activate the adaptive immune response in two ways either directly or indirectly; by
expressing major histocompatibility complex-II (MHC-II), ILCs directly activate antigen-specific T cells or indirectly via
regulating DCs.*® In turn, T cells via producing IL-2 cytokine promotes the activities of ILCs, thus, spawning the
positive-feedback loop and further amplifying their responses. A study revealed that arthritogenic Th17 cells via
secreting IL-17 cytokine orchestrated the expansion of granulocyte monocyte colony-stimulating factor (GM-CSF)
producing ILCs that further augments the progression of arthritis in the RA mice model.** Notably, GM-CSF production
by ILCs is regulated by alarmin, IL-33, IL-2, and toll like receptor (TLR)-9 ligands which are released by the damaged
cells in inflamed tissues.**

ILCs are largely localized at barrier surfaces and are found to be involved in tissue remodeling, protection against
pathogens, and maintenance of tissue homeostasis.>? Various studies revealed that dysregulation in the activation of ILCs
has been associated with the pathogenesis of inflammatory and autoimmune diseases such as multiple sclerosis (MS),
inflammatory bowel disease (IBD), RA and anti-neutrophil cytoplasmic antibody (ANCA) linked vasculitis.>> >’
Abnormalities in the skeleton system are the common comorbidities associated with IBD, Crohn’s disease (CD), and
ulcerative colitis (UC). To date, very few studies have underpinned the molecular basis of IBD-associated inflammatory
bone loss conditions. A study demonstrated that heightened inflammatory immune response at intestinal tissues in IBD
promoted the NF-kB activation in intestinal epithelial cells (IECs) and enhanced frequencies of ILC1, ILC3, and myeloid
OCs precursors. In the DSS-induced colitis mice model, it has been observed that pharmacological suppression of
inhibitor kappa B kinase 2 (IKK2) effectively reduced the frequencies of ILC1 and ILC3 and thus halted the colitis
induced bone loss. These reports thus, suggest towards the bone health regulating potential of ILC1s and ILC3s.® It has
been observed that IL-23 cytokine exhibits paradoxical activities in controlling the conversion of ILC1 to ILC3 and vice
versa. In the presence of IL-23 cytokine, ILC3s were found to convert into ILC1, and this was controlled by the higher
expression of the signal transducer and activator of transcription (STAT)-4.*° Another study also showed that the
presence of IL-23 cytokine converted ILC1 to ILC3.* But the molecular basis behind the conversion of ILCs remains
mysterious. In further sections, we will discuss the different subsets of ILCs in detail and their role in the pathogenesis of
several bone pathologies including osteoporosis.

ILCI

Like Thl, ILC1 depends on T-bet for development and produces high amounts of IFN-y signature cytokine to protect
from intracellular pathogens and inflammatory pathologies. ILCls respond to the intracellular pathogen by activating
classical macrophages through IFN-y. In 2000, Takanayagi et al*' reported that, via production of IFN-y, Thl suppressed
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osteoclastogenesis and since ILC1 are a mirror image of Thl-cell type, it is plausible to suggest that, via secreting IFN-y,
ILC1 may also attenuate bone loss in an osteoporotic mice model. On the other hand, recent studies reported that ILCs
also produce RANKL and thus could further lead to enhancement in OCs differentiation.

ILC2

ILC2s are the innate counterparts of Th2 cells that depend on GATA-3 for their development and are characterized by the
production of IL-4, IL-5, IL-13, and GM-CSF signature cytokines. Recently, a study reported, via the production of IL-4
and IL-13 cytokines, ILC2s suppressed osteoclastogenesis under both in vitro and in vivo conditions.** It has been
observed that the adoptive transfer of ILC2 abrogated bone loss in a post-menopausal osteoporotic mice model.** The
anti-osteoclastogenic and anti-osteoporotic potential of ILC2 was associated with the production of IL-4/IL-13 cytokine
and STAT6 activation in OCs progenitors. These findings suggest the potential role of ILC2s in maintaining bone
homeostasis. A study demonstrated that ERa signaling via promoting secretion of IL-33 cytokine augments the
proliferation and activation of ILC2.** Moreover, it has been observed that the adoptive transfer of IL-4"/IL-13" ILC2
in the initiation phase of arthritis significantly attenuated inflammatory bone loss in both serum-induced arthritis (SIA)
and collagen-induced arthritis (CIA) mice models, on the contrary IL-4 /IL-13~ ILC2 failed to do the same.**
Importantly, at later time points, even adoptive transfer of IL-4"/IL-13" ILC2 failed to suppress arthritis in SIA and
CIA mice models.** Thus, these findings suggest that enrichment of ILC2 numbers may efficiently block the progression
of inflammatory joint diseases. Also, in RA patients, enhanced numbers of ILC2 in peripheral blood and synovial fluid
(SF) of RA patients are correlated with lesser disease severity.** Recently, a seminal study discovered a unique subset of
ILC2 named as ILC2;, population that produces a IL-10 cytokine along with downregulated expression of inflammatory
cytokines.*” Transcription factors cMaf and Blimp-1 regulate IL-10 production from ILC2;, population.*® Recently, a
study demonstrated that BM-ILC2s express a higher level of RANKL in the resting stage which in the presence of IL-7
cytokine induces the differentiation of BMMs into TRAP-positive osteoclasts. On the other hand, IL-33 activated ILC2
lowers RANKL expression, which further promotes the differentiation of macrophages into the M2 phenotype.*’ This
novel finding clearly indicates that ILC2s regulate activation of OCs in both steady state as well as in IL-33 induced

inflammation, hence, contributing towards the maintenance of bone metabolism in various inflammatory conditions.

ILC3s

ILC3s are the innate counterparts of Th17 cells that depend on RORyt for their development and contribute towards
protection against pathogens via producing IL-17 and IL-22 cytokines. Metabolic profiling studies indicate that
proliferation, activation, and effector functions of Th17 cells depend on high-rate glycolysis, whereas ILC3s rely on
the metabolic program which is integrative of glycolysis and mitochondrial lipid oxidation and on the generation of
reactive oxygen species (mROS).*® ILC3s are the crucial regulators of host-commensal mutualism and are vital
sentinels of tissue homeostasis, predominantly of the gastrointestinal tract (GUT), that rapidly respond to damage,
infection, and inflammation to restore tissue health. A study revealed the accumulation of CCR6" ILC3s and its
secretory cytokines IL-17 and IL-22 in the inflamed joints of CIA mice model and in SF of active RA patients,*
thus suggesting the arthritogenic role of ILC3s. Moreover, flow cytometric analysis of SF showed higher enrichment of
IL-17A producing CCR6" and NKp46" ILC3s than the ILC3s in the periphery of psoriatic arthritis (PsA) patients.*”
This indicates the existence of an inverse correlation between ILC3s in peripheral blood and PsA disease severity.
During inflammatory conditions, it has been observed that GUT-derived IL-17TL-22" ILC3s migrate towards inflamed
BM, SF of ankylosing spondylitis (AS) patients,”' thereby suggesting the existence of an active homing axis between
GUT and various inflamed spondylitis sites. Several studies demonstrated that Th17 cells via secreting IL-17 cytokine
enhanced the differentiation of OCs precursors into matured OCs.>* The osteoclastogenic role of IL-17 cytokine is
further proven by augmented levels of IL-17 cytokine in an osteoporotic mice model under estrogen-deficient
conditions.’*>* Altogether, these studies point towards a crucial involvement of ILC3s in regulating the bone remodel-
ing process. But to date, the role of IL-17 producing ILC3s in regulating osteoclastogenesis and in osteoporotic

conditions has not been explored.

Journal of Inflammation Research 2022:15 hetps: 1677

Dove:


https://www.dovepress.com
https://www.dovepress.com

Srivastava and Sapra Dove

ILCregs

In 2017, Wang et al®> discovered a new member in the class of the ILCs family, named regulatory innate lymphoid cells
(ILCregs). This subpopulation of ILCs reside in the GUT of mouse and humans and possess a unique gene identity that
differs from other subpopulations of ILCs and regulatory T cells (Tregs). Gene expression profile studies demonstrated
that ILCregs did not express Tregs specific transcription factor Foxp3, rather ID3 (inhibitor DNA binding 3) was found to
be the critical transcription factor that controls the development of ILCregs.’> During intestinal inflammation, TGF-p1
sustains the expansion of ILCregs in an autocrine manner. Moreover, via secretion of IL-10 cytokine, ILCregs suppressed
the activation of ILC1 and ILC3 and, thus, favors the resolution of intestinal inflammation. This finding clearly suggests
that ILCregs mediate their immunosuppressive functions via secreting IL-10, a known anti-osteoclastogenic cytokine,
thereby further signifying that ILCregs can have a vital role in regulating osteoporosis, thereby opening novel avenues
for future research.

Mast Cells (MCs)

MCs are tissue-resident effector cells and crucial sensors of the immune system well known for promoting allergic
reactions.’® MCs are localized throughout the body in various tissues including the skeletal system. MCs regulate bone
health and bone metabolism because these cells store and synthesize several mediators such as enzymes and cytokines
which are found to be involved in regulating bone homeostasis and in the pathogenesis of bone disorders. It has been
shown that synovial fluid of RA and osteoarthritis (OA) patients contain increased numbers of MCs and their mediators
including histamine and tryptase. A study revealed that histamine directly acts on OC precursors, mature OCs and OBs
and, thus, promotes osteoclastogenesis in an autocrine and paracrine manner and suggests that anti-histaminic com-
pounds can be employed to suppress osteoclastic activity.”’ Increased numbers of MCs have also been observed in the
case of postmenopausal osteoporotic patients. After fracture, MCs trigger local and systemic inflammation via inducing
the release of various inflammatory mediators. Accumulation of MCs has been shown to regulate the activity of OCs and
remodel the bone fracture callus in later stages of healing.’® Systemic mastocytosis (SM) is a rare disorder that is
diagnosed with infiltration and accumulation of MCs at different sites.”® SM was also found to be the cause of secondary
osteoporosis. MCs infiltration leads to the release of mediators that further develop osteoporosis in 37% of SM patients.
Another study demonstrated that female mice lacking mast cell chymase Mcpt4 showed higher serum bone anabolic
markers and a higher periosteal bone formation rate® suggesting the functional effect of mast cell chymase on bone
health. Recently, a study was reported by Fischer et al®' in a MCs deficient Mcpt5-Cre-R-DTA mice model where
deficiency of MCs protected mice from Ovx-induced osteoporosis and perturbed fracture healing, indicating a crucial
role of MCs in the pathophysiology of osteoporosis under estrogen-deficient conditions. In wild-type conditions, MCs
triggered fracture provoked an inflammatory response by promoting release of inflammatory molecules IL-6, CXCL10,
and midkine (Mdk) along with inducing the infiltration of neutrophils at the fracture site in ovariectomized mice.®' IL-31,
secreted by MCs, are also being employed as biomarker to monitor disease severity in various allergic diseases.
Interestingly, a study reported that increased levels of IL-31 in post-menopausal osteoporotic patients are correlated
with reduced BMD.®* Collectively, these findings suggest that MCs can also be employed as a potential target for the
treatment of inflammatory bone disorders including osteoporosis along with suppressing inflammatory bone loss
associated with allergic diseases.

Granulocytes

Granulocytes are the polymorphonuclear (PMN) cells that involve neutrophils, basophils, and eosinophils. Among these
three immune cells, neutrophils are the predominant type of granulocyte observed in the blood that plays a vital role in
protection against bacterial infection. In the circulation PMNs derived from bone marrow (BM) are referred to as
circulatory PMNs (cPMNs). In response to various inflammatory conditions such as periodontitis, diabetes mellitus
(DM), RA, and osteoporosis the percentage of cPMNs was found to be increased.®’ In 2009, Chakravarti et al®*
demonstrated that LPS activated human or murine neutrophils stimulated osteoclastogenesis and bone resorption in
human monocyte-derived OCs and RAW 264.7 cells, respectively. Moreover, flow cytometric and confocal laser
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microscopy data suggested that neutrophil aids osteoclastogenesis by expressing membrane-bound RANKL. In contrast
to this, recently a study reported limited RANKL expression on neutrophils after stimulation for 24 and 48 hours with
LPS® with limited potential for inducing osteoclastogenesis. Thus, it still remains unclear whether neutrophils play any
pivotal role in providing signals to promote differentiation of monocytes to OCs. Furthermore, it is observed that
neutrophils enhanced OCs differentiation induced by vitamin D3 in the co-cultures of BM cells and OBs.®> Moreover, it
was found that via secreting elastase as a component of neutrophil extracellular trap (NETs), neutrophils promote the
degradation of OPG, enhancing osteoclastogenesis in BM cells, thereby suggesting an important role of neutrophils in
inflammatory bone loss.®> These findings pave the path towards exploring the role of neutrophils in regulating
osteoclastogenesis, particularly in the field of immunoporosis. Under inflammatory conditions, the neutrophils-to-
lymphocyte ratio (NLR) is employed as an effective inflammatory marker that has been linked with several inflammatory
disease conditions. A study revealed the existence of a negative correlation between NLR and BMD and indicated its
utilization as a predictor for the occurrence of osteoporosis.’® Moreover, a study showed the correlation between
percentages of neutrophils and osteonecrosis in the femoral head and thus provides a new perspective for future study.®’
In contrast to these, a study recently reported that, in the case of fracture healing, neutrophils contribute to bone
regeneration by synthesizing a fibronectin positive emergency extracellular matrix (ECM).®® In addition, recruitment of
neutrophils post-fracture is important for promoting the activation of downstream processes, thereby leading to regen-
eration of bone.®” Moreover, treatment with anti-Ly-6G antibody showed reduction in the numbers of neutrophils
recruited to the fracture site, thereby further leading to impaired fracture healing.®®

Earlier osteoporosis and allergic diseases were considered to be unrelated, however, growing knowledge in the field
of osteoimmunology provided support to the existence of a correlation between bone and allergy, thereby providing a
fascinating area of research. Eosinophils and basophils are leading cells involved in the pathogenesis of airway allergic
inflammation. Recently, IL-31 has been indicated as a biomarker for allergy and several other immunologic diseases, and
is produced by CD4" T cells and in lower amounts by MCs and DCs.” Levels of IL-31 cytokine are correlated with the
disease severity in allergic diseases as it’s receptors are expressed on eosinophils. Interestingly, a study reported that
increased levels of IL-31 cytokine in post-menopausal osteoporotic patients are correlated with reduced BMD.%* In
addition, IL-33 that induces eosinophil adhesion in allergic diseases is also known to protect from inflammatory bone loss
via inhibiting RANKL mediated OCs differentiation, along with inducing secretion of anti-osteoclastogenic molecules
(IL-4, IL-10, IFN-y, and GM-CSF).”" However, further research is still needed for correlating allergic inflammation and
osteoporosis.

Natural Killer (NK) Cells

NK cells are innate immune cells that play a crucial role in the elimination of transformed, stressed, or virus-infected
cells. A study demonstrated that NK cells express M-CSF and RANKL at higher levels and were found to be linked with
CD14" monocytes in RA synovium and induced OCs differentiation in a M-CSF and RANKL dependent manner.”* The
importance of NK cells was further suggested in bone loss when depletion of NK cells in the CIA model reduces the
severity and completely prevented bone destruction. Interestingly, a study by the same group in 2015 demonstrated that
IL-15 activated NK cells suppress osteoclastogenesis by triggering apoptosis of OCs in a dose-dependent manner via
expressing leukocyte function-associated antigen-1 (LFA-1) and TNF related apoptosis-inducing ligand (TRAIL).” In
contrast to these studies, a study revealed the regulatory role of NK cells in systemic juvenile arthritis (sJIA), where NK
cells were observed to impede disease development in CFA-challenged mice in an NGK2D dependent manner.’* INF-y is
an anti-osteoclastogenic cytokine that suppresses osteoclastogenesis. NK cells are known producers of INF-y cytokine,
but in the case of RA patients it has been observed that NK cells exhibit poor capacity to produce INF-y, thereby leading
to enhanced bone deterioration.”* Moreover, apart from enhancing osteoclastogenesis it has also been observed that NK
cells via IL-15 (bone destructive) promote apoptosis in OBs in a caspase-3 dependent manner.”> Altogether, these studies

give a glimpse into the osteoclastogenic role of NK cells in osteoporosis, but it needs further investigation.
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Adaptive Immune Cells and Osteoporosis

Innate immune cells provide a first line defense against various pathogens and also play a vital role in activating adaptive
immunity. The adaptive immune system provides a versatile means of defense and also plays a vital role in providing
protection against reinfection with the same pathogens via its memory response. Lymphocytes are major representatives
of the adaptive immune system, comprised mainly of B and T lymphocytes. In further sections, we will discuss the
potential of these lymphocytes in modulating bone health in the case of osteoporosis.

T Cells

T cells are the crucial mediators of the adaptive immune system that play an important role in the regulation of bone
health. In accordance to the subunits of T cell receptor (TCR), T cells are further subdivided into distinct classes. TCR are
either comprised of af or yd subunits through which T cells recognize a wide range of antigens. T cells play a dual role in
regulating bone health, in the resting state it can prevent bone resorption by OCs, whereas activated T cells via expressing
RANKL mediate the generation of OCs and thus enhance bone resorption. Takanayagi et al*' demonstrated that
interferon-gamma (IFN-y) provides a negative correlation between T cell activation and the bone resorption process
where IFN-y interferes with RANKL-RANK signaling and induces the degradation of RANK adaptor protein, ie, tumor
necrosis receptor-associated factor 6 (TRAF6), thereby leading to inhibition of osteoclastogenesis. TRAF6 is an adaptor
protein that induces survival and differentiation of OCs by activating the downstream signaling pathways upon RANKL-
RANK interaction. In further sections, we explain the role of various T helper cells concerning osteoporosis.

Th1/Th2 Paradigm in Osteoporosis

In 1986, Mosmann et al’® discovered that CD4" T cells can be characterized by specific cytokines that led to the
emergence of the “division of labor” Th1/Th2 paradigm. Th1 and Th2 cells could be differentiated from each other on the
basis of signature cytokines and transcription factors. Concerning the cytokine expression, Thl cells express IFN-y and
IL-2 cytokines and lineage commitment depends on the T-bet transcription factor. On the other hand, Th2 cells express
IL-4 cytokine, and lineage commitment depends on the GATA-3 transcription factor. Several studies reported that, via
secreting these IFN-y and IL-4 classical cytokines Thl and Th2 cells inhibit osteoclastogenesis and, thus, are now
considered to be anti-osteoclastogenic in nature (Figure 3). Lower serum levels of IFN-y and IL-4 cytokines (low levels
would enhance bone loss) in postmenopausal osteoporotic patients further suggest its osteoprotective role and thus
targeting these cytokines could be beneficial in the treatment of postmenopausal osteoporosis.”” A study reported that IL-
4 cytokine inhibits osteoclastogenesis and bone resorption by suppressing NF-kB and Ca®" signaling in mature OCs.”®
Also, it has been observed that the IL-4 cytokine suppresses NFATc1, a transcription factor that is found to be involved in
OCs differentiation. Also, together with IL-13 cytokine, IL-4 strongly inhibited the OCs formation by enhancing the
OPG production by OBs.”” Moreover, a study demonstrated that IL-4 cytokine directly suppressed osteoclastogenesis by
inducing the peroxisome proliferator-activated receptor y1 (PPARy1) ligands that further target the PPARYy1 receptor and
thus suppressed osteoclastogenesis.®® Also, a study suggested that the IL-4 cytokine exhibits the potential to suppress
osteoclastogenesis that was induced by TNF-a via STAT6.%!

In 2007, a study revealed that IFN-y plays a dual role in regulating the bone resorption process. It has been observed that
IFN-y exhibits the potential of directly blunting osteoclastogenesis, nevertheless it can also promote OCs generation by
inducing expression of RANKL on activated T cells.*> Moreover, its direct effect on osteoclastogenesis is dependent on the
stage of OCs differentiation. In the early stage, it suppresses osteoclastogenesis by targeting the RANK—-RANKL signaling
pathway wherein at later stages it promotes differentiation by encouraging fusion of mononuclear cells to form multi-
nucleated OCs. In summary, these shreds of evidence point towards pro and anti-osteoclastogenic functions of IFN-y. Few
studies indicated that under estrogen-deficient conditions the net balance between these two opposing forces is biased
towards bone resorption.®” But few studies suggested that this balance is biased more towards the anti-osteoclastogenic
potential of IFN-y in an ovariectomy-induced post-menopausal osteoporotic mice model.”® In addition, IFN-y also
cooperates with TLRs to inhibit osteoclastogenesis via suppressing the expression of RANK receptor and CSFIR gene
that encodes the c-fims receptor for M-CSF.** Recently, a study demonstrated that IFN inhibits OCs formation via regulating
guanylate binding proteins (GBPs) such as GBP1, GBP2, GBP3, GBP5, and GBP7.** Among these GBPs, GBP2 and
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Figure 3 Immunomodulation of bone remodelling and potential therapeutic checkpoints: (A) Differentiation of osteoclasts is a multi-step process where various immune
cells viz. Breg, Treg, Thl, and Th2 by producing anti-inflammatory cytokines such as IL-10, TGF-B, IFNy, and IL-4 suppress the differentiation of osteoclasts precursors to
mature osteoclasts and thus suppress osteoclastogenesis. On the contrary, by producing inflammatory cytokines Th17 enhance osteoclastogenesis either in a direct or
indirect manner. (B) Tregs enhance osteoblastogenesis via CD8" Tregs and Th17 suppress osteoblastogenesis via IL-17 cytokine or by enhancing macrophage mediated
reduction of osteoblasts differentiation.

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).
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GBP5 inhibit OCs differentiation and out of these two, GBPS restricts both age-associated and inflammation-induced bone
loss.** The most relevant finding is that IFN-y also acts as an anabolic agent whose absence leads to a lack of bone
formation. Thus, altogether these studies shed light on the osteo-protective role of Thl and Th2 cells in bone homeostasis
that could act as a therapeutic target in the treatment and management of osteoporosis.

Tregs/Th17 Axis in Osteoporosis

Over the years, the regulatory T cells (Tregs) and inflammatory T cells (Th17) research field has undergone an incredible
boom as the balance between these cells is important for sustaining immune homeostasis. Recently, our group along with
others has reported that the imbalance between these immune cells plays a key role in the pathogenesis of bone-related

diseases including osteoporosis®>*%

(Figure 3). Th17 cells belong to T effector cell lineage, whereas both peripheral
Tregs (pTregs) and thymus derived Tregs (tTregs) belong to regulatory lineage. Recent advancements in the research led
to the discovery of markers viz. Helios and semaphorin receptor neuropilin-1 (Nrp-1) that can distinguish pTregs
(CD4"Foxp3 Nrp-1 Helios") from tTregs (CD4 Foxp3Nrp-1"Helios"). A study reported that tTregs are involved in
the maintenance of immune homeostasis and broad-spectrum autoimmune diseases, whereas pTregs are locally involved
in controlling effector functions of T cells at the site of inflammation.®® A study demonstrated that tTregs induce
tolerance against antigens that are produced by intestinal microbiota.®” It has been observed that estrogen signaling plays
a vital role in inducing pTregs in the gut. Absence of an ERP receptor in Tregs from Crohn’s disease patients induces
aberrant expression of Tsc22d3 (GILZ) protein, a glucocorticoid responsive transcription factor not expressed in Tregs,*®
suggesting that estrogen signaling suppresses the expression of GILZ protein, thereby inducing Tregs generation in the
gut. Recently, based on proteomics and transcriptomics, Rianne et al® discovered a marker GPA33 (Ig superfamily
protein) expressed on tTregs that can be employed as a marker to distinguish human tTregs and pTregs. Generally, Tregs
express the Foxp3 transcription factor and are characterized by the production of anti-inflammatory cytokines such as IL-
10, TGF-B, etc. A study reported that CD4'CD25 Foxp3" Tregs suppress osteoclastogenesis and bone resorptive
functions of OCs via TGF-B1 and IL-10 cytokines in human PBMCs.”® Moreover, E2 at a concentration of 1 nM to
100 nM further augmented the anti-osteoclastogenic potential of Tregs via promoting the secretion of TGF-B1 and IL-10
cytokines,’® representing a potential therapeutic target for the treatment of postmenopausal osteoporosis. TGF-B1 is an
abundant isoform of the TGF-B superfamily present in bone and is found to be a major modulator of OCs. OC precursors
express both type I and type II TGF-p receptors and it has been observed that TGF-B1 (1 ng/mL) promotes OCs apoptosis
by activating the intrinsic apoptosis pathway that includes caspase 9 and Bim.”' This also corresponds to the regulatory
mechanism by which TGF-Bl modulates OCs activity. A study by Fischer et al®* demonstrated that Foxp3" Tregs via
expressing cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) interacts with costimulatory molecules CD80/86
expressed on OCs precursors and suppressed its differentiation. Upon this interaction, OCs precursors express a
programmed death ligand-1 (PD-L1) that interacts with PD-1 on T cells, thus representing a crucial immune checkpoint.
Moreover, osteoanabolic compound viz. teriparatide (parathyroid fragment) is reported to augment bone health in mice
and humans by promoting 2-3-fold enhancement of the Tregs population.”> Thus, pharmacological enhancement of
Tregs represents a novel bone anabolic therapy. Remarkably, via Foxp3 fate mapping, a study revealed that one particular
type of Th17 cells (exFoxp3" Th17 cells), derived from the Foxp3™ T cells showed much stronger osteoclastogenic
potential as compared to the conventional Th17 cells.”* Moreover, it has been observed that IL-6 further aids in the
conversion of Tregs to Th17 cells.

After the discovery of Th17 cells, Ivanov et al”” identified a Roryt transcription factor that promotes differentiation of
Th17 cells. Roryt expression in Th17 cells is induced by the combinatorial action of TGF-f and IL-6 cytokines via
STAT3. Th17 cells are osteoclastogenic subsets of T cells that are personified by the production of inflammatory
cytokines such as IL-6, IL-17, TNF-a, RANKL, etc.’ In the case of autoimmune arthritis, bone loss is associated with
the IL-23/IL-17A cytokine axis that links the activation of T cells with bone destruction.”® A study demonstrated that IL-
17A is a crucial modulator of cortical bone loss rather than trabecular bone loss after ovariectomy. It has been observed
that loss of trabecular bone in IL-17A knockout mice is associated with enhanced adipogenesis shown by the increased
leptin levels.”” One of the severe complications associated with hyperparathyroidism is enhanced bone loss. By

employing antibiotic-treated mice and germ-free mice, Yu et al®® demonstrated that PTH induced bone loss in the
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study having enriched microbiota with Th17 inducing segmented filamentous bacteria (SFB). SFB" microbiota enabled
the PTH to promote egress of TNF' T cells and Th17 cells from the intestine to BM via a sphingosine-1-phosphate (S1P)
receptor-1 mediated mechanism.”® The significance of Gut in modulating Th17 and TNF' T cells in BM under
ovariectomy conditions is further documented by Pacifici et al. They showed that the absence of estrogen hormone led
to egress of intestinal Th17 and TNF" T cells from the intestine via a SIP mediated mechanism and subsequently
increased their migration to BM via CXCR3 and CCL-20.%° This study suggests that migratory blockade of intestinal
Th17 cells could also be employed as a potent therapeutic strategy for the treatment of osteoporosis. Recently, a study
reported that high frequencies of Thl7 cells and IL-17 cytokine levels are correlated with lower BMDs in post-
menopausal osteoporotic patients.'’® Altogether, these studies clearly indicate that the homeostatic balance of the
“Tregs-Th17 cells” axis is crucial for the maintenance of bone health in the case of osteoporosis.

Gamma-Delta (y5) T Cells
A small subpopulation of T cells bears the T-cell receptor (TCR) composed of gamma (y) and delta (3) subunits. yo T
cells are innate-like lymphocytes that bridge innate and adaptive immunity. Unlike the conventional aff T cells, yd T cells

191 v§ T cells are abundant

are minor subpopulation of T cells present in low number in the peripheral circulation (1-5%).
at barrier sites such as the gut, skin, reproductive tract, and lungs: almost 20% of human colonic intraepithelial
lymphocytes (IELs) express y8 TCR on its surface.'”’ The role of y8 T cells is well studied in inflammatory and
autoimmune disease conditions but its role in bone biology needs investigation. Amino bisphosphonates which are being
used as an anti-osteoporotic drug are found to be potent activators of Y5 T cells. Interestingly, a study showed that freshly
isolated yd T cells enhanced osteoclastogenesis, whereas activated y6 T cells [a-CD3/CD28+rhIL-2 or BrHPP (phos-
phoantigen) + rhIL-2] suppressed osteoclastogenesis.'’> Furthermore, cytokine analysis and neutralization assays
revealed that IL-6 and INF-y cytokines dictate both pro and anti-osteoclastogenic roles of y8 T cells, respectively'®
(Figure 3). In 2009, Colburn et al'®®> demonstrated that the development of fracture in v T cells knock out mice improved
the biomechanical strength and stability at repair site due to a rise in the expression of bone sialoprotein and BMP. In
contrast to this, a study reported that IL-17A producing yd T cells contributes to the healing process after tissue injury
associated with bone fracture and muscle damage.'* y817" T cells are the versatile subset of cells that react quickly to
innate stimuli and further strengthen the inflammatory functions of lymphoid and myeloid cells in various inflammatory
and autoimmune diseases. In mice and humans, under inflammatory conditions, strong IL-23 signals induce de-novo
differentiation of y817" T cells even from uncommitted precursors. Based on these studies, it is probable to suggest the
bone protective effect of y317" T cells in osteoporosis, but unfortunately no study to date has ever investigated the

potential of y817" T cells in postmenopausal osteoporosis.

Th9 Cells

A recent identified subset of CD4" T cells is Th9 cells that play a pivotal role in various inflammatory diseases, parasitic
infection, anti-tumor immunity, etc. In the presence of IL-4 and TGF-B cytokines, naive T cells differentiate into Th9
cells. In mice, Th9 cells secrete IL-9 and IL-10 cytokines whereas human Th9 only secretes the IL-9 cytokine.
Differentiation of Th9 cells requires the involvement of transcription factors such as STAT6, interferon response factor
4 (IRF4), PU.1, and GATA-3.""> A study demonstrated that Th9 cells are found to be positively correlated with RA.
Higher levels of IL-9 cytokine in synovial fluid of RA patients promote the survival of neutrophils and induce the
differentiation of Th17 cells which are evidenced by the increase in RORyt and STAT3 phosphorylation. Th9 cells are
known to harbor both inflammatory and anti-inflammatory potential, thus indicating functional heterogeneity. Of note, a
single-cell gene expression analysis revealed the existence of two subsets of Th9 cell lineage: CD96"™E" (low inflamma-
tory) and CD96'°Y (high inflammatory). It has been observed that adoptive transfer of CD96'™ Th9 cells into Rag—/—
mice led to chronic inflammation, whereas CD96™€" did not show colitis development, suggesting the inhibitory role of
CDY6 in Th9 cells.'® Recently, a study reported by Kar et al showed higher levels of IL-9 cytokine in serum and SF of
RA patients, pointing towards an inflammatory role of IL-9 in the pathophysiology of bone related diseases. In addition,
they observed that IL-9 cytokines modulates the expression of several genes involved in osteoclastogenesis such as
matrix metalloproteinases (MMPs) and significantly enhanced the OCs differentiation.'”” This study strongly suggests
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that blocking of IL-9 cytokine could be an attractive target to prevent bone deterioration in several bone pathologies
including osteoporosis. However, the role of Th9 cells in the case of osteoporosis is still lacking and warrants further
research.

Th22 Cells

Another novel subset of T cells is Th22 cells whose differentiation is positively regulated by RORyt and negatively
regulated by T-bet transcription factors.'”® Recently, the aryl hydrocarbon receptor (AhR) is found to be associated with
its differentiation and functional activity. One study showed that the IL-21 cytokine induces IL-22 expression in CD4" T
cells by activating STAT3 which in turn regulates the epigenetic status of i/22 promoter and its interaction with the
AhR.'” Since the IL-22 cytokine is produced by ILCs and CD4" T cells and plays a crucial role in host defense and
mucosal immunity, highlighting its possible contribution to bone-related disease. A study demonstrated that Th22 cells
by secreting IL-22 cytokine promote OCs differentiation by inducing NFATc1 expression in CD14" monocytes and
enhanced bone deterioration in RA patients. The data indicated that, via expressing chemokine receptors viz. CCR4,
CCR6, and CCR10, Th22 migrates to the inflamed synovial site where the ligands of these chemokine receptor CCL28
are highly expressed, suggesting a pivotal role of Th22 in bone destruction observed in RA patients.''® Th22 cells are
also known to induce Th17 cell differentiation via DCs.'!! Further, a study found that the IL-22 cytokine via enhancing
the RANKL expression induced the OCs differentiation and caused bone resorption in sub-chondral bone in tempor-
omandibular joint osteoarthritis (TMJ-OA) and in periodontitis.''* Altogether, these studies indicate that blockade of the
IL-22 cytokine may be employed as a therapeutic strategy for the treatment of bone-related diseases including
osteoporosis.

T Follicular Helper Cells (Tg)—T Follicular Regulatory Cells (Tgr) Axis in Osteoporosis

Try differentiation is a multi-step procedure that involves B cell lymphoma-6 (Bcl-6) transcription factor. Ty is a
special T cell help provider to B cells that are important for germinal center reaction, affinity maturation, and high-
affinity antibody production along with the generation of memory B cells. In RA patients, it has been observed that
frequencies of CD4"CXCR5 TCOS™e" Ty cells are positively correlated with the anti-cyclic citrullinated peptide (CCP)
antibodies. Tgy cells mediate its inflammatory function by producing IL-21 cytokines, thus pointing towards the possible
involvement of Tgyy in RA progression.''® In auto-immune diseases viz. RA, Tgy promotes the auto-antibody generation
by B cells and leads to the progression of disease whereas recently discovered Trr suppress the generation of
autoantibodies in RA. One study revealed that enhanced IL-6/pSTAT3 signaling was found to be responsible for the
elevated Tgy/ Trgr cell ratio in inflammatory bone loss conditions.'"* Surprisingly, in parasitic infections, Ty was found
to be the source of RANKL cytokine that further enhance bone loss in parasite-infected patients.''> ERa is a receptor for
female sexual estrogen hormone that inhibits the Tgy response by suppressing the expression of Bcl-6 and IL-21
cytokine, thereby inhibiting autoantibody production in autoimmune diseases.''® ERa is found to be crucial for bone
homeostasis that modulates the RANKL expression and thus suppresses RANKL mediated osteoclastogenesis.
Deficiency of ERa leads to enhanced bone loss in ERa knock-out mice.''” Altogether, these studies indicate the
probable contribution of Tgy in bone destruction associated with osteoporosis. To date, only one study reported the
role of Tgr in the prevention of inflammation-induced bone loss in RA, however, studies in osteoporosis still need
further investigation.

Memory T Cells

Memory T cells are generated after first antigenic exposure and are crucial to sustain long lasting immunological
responses against these antigens. Memory T cells normally reside in BM as it provides an appropriate niche for their
self renewal. Recently, a study reported a novel mechanism via which estrogen modulates bone health. It has been
observed that in estrogen-deficient conditions, DCs become long-lived and express higher levels of IL-7 and IL-15
cytokines. These cytokines together induce antigen-independent production of IL-17A and TNF-a cytokines by memory
T cells.’ Recently, Ohmachi et al''® demonstrated that Th2 dominant OVA-specific T cells induced bone loss in a food
allergic enteropathy mice model via increasing effector memory T cells (CD4"CD44"CD62L'°) in mesenteric lymph
nodes and BM. This novel report thus provides the crucial role of effector memory T cells in allergy and bone loss. These
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studies indicate that there could be the possibility of an existence of an antigenic entity against which memory T cells are
specifically generated, but further studies are required for identification of this antigenic entity which would thereby
prime osteoporosis to be included under the category of autoimmune diseases.

Invariant Natural Killer T (iNKT) Cells

iNKT cells or classical NKT cells are a distinct population of T cells that express invariant TCRVa14Jal18 chain on cell
surface. iNKT cells are activated by glycolipids which are presented by MHC-class I like molecules (ie, CD1d). iNKT
cells exhibit the potential to modulate both innate and adaptive immunity via activating myeloid DCs and M¢s. In the
Innate Immune Cells section, we discussed that both DCs and M¢s can give rise to OCs which orchestrate the bone
remodeling process. Interestingly, a study demonstrated that activation of iNKT cells with a-galactosylceramide enhances
the egress of myeloid cells, OCs progenitor, and enhances the bone resorptive activity of OCs.''” These data thus
demonstrate the novel mechanism of iNKT cells where it couples the osteoclastogenesis process with the egress of
myeloid cells during immune activation conditions. In consistent to this, recently it has also been observed that iNKT
cells showed higher expression of RANKL in osteoporotic patients having a T score of —2.5 in comparison to control
groups,'?° suggesting the critical contribution of iNKT cells in inducing bone loss even under osteoporotic conditions.

B Cells

In addition to the immune-related functions, B cells share a multifaceted relationship with the bone cells. Emerging
evidence highlights the potential of B cells in osteo-immunological regulation that is further supported by the physio-
logical and anatomical coexistence of B cells and bone cells in BM.'?! Recently, several findings suggested that B cells
are the active modulator of the RANKL/OPG axis and the production of RANKL by B cells further augmented bone loss
in ovariectomy induced bone loss.'?* Interestingly, a report suggested that along with enhancing the OCs differentiation
RANKL also increases B cell number that further acts as an OCs supporter cell.'?> Along with affecting the OCs
differentiation, B cells also negatively affect the differentiation of OBs. It has also been observed that by producing
higher levels of OBs inhibitors such as CCL3 and TNF, B cells suppress OBs differentiation by activating extracellular
signal-regulated kinase (ERK) and NF-«xB signaling pathway that leads to dysfunctioning of OBs which in turn causes
the inhibition of bone formation in a RA mice model.'** Bone deterioration potential of B cells is further augumented in
an osteoporotic mice model where treatment with E2 enhanced bone health by reducing the percentages of B cells
throughout its developmental stages in an ovariectomized mice model.'?® Extensive research revealed the ability of B
cells to mediate their immunomodulatory properties independent of secreting antibodies, ie, “non-humoral” functions of
B cells. In further sections, we discuss the regulatory effect of B cells in inflammatory bone loss conditions. Among B
cell lineage, regulatory B cells (Bregs) are the immunosuppressive subset of B cells that are known to suppress
inflammation in various autoimmune and inflammatory conditions.

Regulatory B Cells (Bregs)

The discovery of suppressor B cells dates to the 1970s and later after 30 years, these suppressor B cells were termed as
Bregs. In the last few years, the number of different subsets of Bregs has increased steadily which confirms the emerging
interest in understanding the significance of Bregs in modulating immune responses in various inflammatory diseases
including osteoporosis. Bregs are potent regulators of immune response which prevents unwarranted inflammation after
infection or injury. Various studies in murine models and clinical settings have reported that Bregs exhibits distinct
phenotypic markers which could be grouped into distinct subsets and the action of these Bregs depends on specific
pathological conditions. In the arthritis model, it has been observed that, via producing IL-10 cytokine, Bregs suppressed
the development of disease.'”® In 2008, Tedder et al'?’ identified a subpopulation of Bregs, ie, CD19°CD1d"CD5" B
cells, which is greatly enriched for IL-10 cytokine. Recently, our group demonstrated for the first time that IL-10
producing CD19"CD1d"CD5" Bregs possess anti-osteoclastogenic properties.®> Of note, our group also revealed that
reduction in the frequency of CD19"CD1d™CD5" Bregs along with their tendency to produce IL-10 cytokine is
significantly reduced in an osteoporotic mice model. This pioneer study thereby opens novel avenues in the field of

cellular immunotherapy for the treatment and management of osteoporosis. Inconsistent to our study, Wang et al'?®
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further demonstrated that adoptive transfer of B10 cells in ovariectomized mice decelerated the development of
osteoporosis. During the normal healing process, it has been observed that frequencies of IL-10 producing Bregs
(IgM'CD27") were observed to be significantly enhanced during the early healing state (6 weeks post-surgery) in
bone fracture patients, highlighting the ability of Bregs in mediating the fracture healing process. The inhibitory
mechanism of Bregs is primarily but not exclusively associated with the IL-10 cytokine. The IL-35 cytokine is a new
emerging immunomodulator that belongs to the IL-12 cytokine family.'*® One of the mechanisms by which IL-35
mediates its immunosuppressive functions is by inducing Breg cell development. It also suppresses bone resorption by
inducing OPG production along with simultaneously reducing RANKL expression. Wang et al'*° reported that IL-35
converts human B cells into IL-35 producing Bregs (IL-35" Bregs) by activating the STAT1/STAT3 signaling pathway
via an IL-35 receptor. To date, multiple subsets of Bregs have been identified in both humans and mice but, unfortunately,
only limited studies reported the potential of a particular subset in modulating bone health in various bone-related
anomalies (Table 2).

Table 2 Subsets of Bregs in Mice and Humans

Murine Bregs

Plasma B cells CDI38*MHC-11'" B220* IL-10 and IL-35 *N.D. [172]

B-1 cells CD5* IL-10 Pathogenic role in RA and in [173]

Osteoporosis not known

BR2 (mTGFB*Bregs) CDA40"TGFp TGF-B *N.D. [174,175]

BI10 cells cbI9"cDld"CDs" IL-10 Bone protective role in RA and [85]

Osteoporosis

Transitional type 2-marginal zone B CDI9"CD21"CD23"CD24" IL-10 Suppressive function in experimental [172,176]
cells (T2-MZP B cells) arthritis
TIM-17 B cells Tim-1"CDI9* IL-10 Bone protective effect in RA and in [177]

osteoporosis not known

Human Bregs

Brl cells CDI9*CD25*CD71*CD73" IL-10 and 1gG4 #N.D. [172]

Transitional BI0 cells CD19*CD24"CD38" IL-10 and TGF-B Bone protective effect in RA and in [126]

osteoporosis not known

Plasmablasts CDI9"CD27™CD38" IL-10 *N.D. [172]

Memory BI0 cells CDI9*CD24"CD27* IL-10 Bone protective effect in RA and in [178]

osteoporosis not known

Bras IDO, TGFB IL-10, TGFB and N.D. [172]
IDO
GrB* Bregs CDI9°CD38"CDId*IgM*CD 147" Granzyme B Bone protective effect in RA and in [179]

osteoporosis not known

PD-LI" Bregs CDI9*PD-LI* PD-LI Bone protective effect in RA and in [180]

osteoporosis not known

Abbreviations: *N.D, not determined; OCs, osteoclasts; OBs, osteoblasts; OYs, osteocytes; RANK, receptor activator of nuclear factor kappa B; RANKL, receptor
activator of nuclear factor kappa B ligand; Th, helper T cells; Treg, regulatory T cells; Breg, regulatory B cells; TFH, follicular T helper cells; TFR, regulatory T follicular cells;
NK, natural killer cells; ILCs, innate lymphoid cells; IL, interleukins; TGF-B, tumor growth factor-f; yd T, gamma-delta T cells.
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Currently Available Treatment Strategies Highlighting Immunoporosis
Currently, various pharmacological therapies are being employed for the treatment of osteoporosis. These therapeutic
agents are further categorized under two divisions: Anti-resorptive drugs that reduce bone resorption via suppressing
OCs activity and bone anabolic compounds that enhance the formation of bone via stimulating OBs function. Anti-
resorptive drugs include denosumab, bisphosphonates, hormonal therapy, calcitonin, vitamin D, and calcium supple-
mentation. Bone anabolic drugs include strontium ranelate, teriparatide, and recently available romosozumab.
Bisphosphonates (BPs) are the first-line therapy for the treatment of osteoporosis. BPs include zoledronic acid,
alendronate, risedronate, and ibandronate, which reduce the risk of vertebral fractures in postmenopausal osteoporosis.
Recently, concern has been raised with the long-term administration of BPs. Apart from inducing well-recognized
inhibitory effects on OCs functional activity, it also exhibits immunomodulatory potential where treatment with BPs
reduced the levels of IL-6, IL-17, IL-23, and IFNy cytokines along with simultaneously inducing significant enhance-
ment in the levels of IL-4, IL-10, and TGF-B cytokines in postmenopausal osteoporotic patients.'*' Thus, it can be
considered that BPs might be affecting the Breg/ Treg /Th17 cell balance via modulating their signature cytokines
(Figure 3).

Denosumab, a human monoclonal antibody, prevents the interaction of RANKL with its RANK receptor on OCs
precursors, thereby suppressing the maturation and functional activity of OCs. In addition to OCs precursors, RANK
receptors are also expressed on monocytes, macrophages, and DCs; and RANKL plays a vital role in the development of
the immune system which forms the reason behind the observed enhanced risk of serious infections in denosumab treated
patients. Teriparatide, which is a recombinant fragment of PTH, exhibits potent osteoanabolic potential. Along with
inducing bone formation by OBs, teriparatide causes 2—3-fold enhancement in the frequencies of Tregs in both mice and
humans® (Figure 3). Moreover, a study revealed that blockade of Tregs enhancement also abolished the bone-forming
potential of parathyroid hormone, representing a novel osteo-anabolic therapeutic strategy. Altogether, these studies
further highlight the importance of the immune system in maintaining skeletal homeostasis as the majority of the first-
line therapies that are currently being employed for the treatment of osteoporosis exhibit immunomodulatory potential
via regulating the “Immunoporotic axis”.

Inflammaging: A Driving Force in Osteoporosis?

With advancing age, low grade inflammation creeps in and contributes towards the pathogenesis of several age-related
diseases, termed “Inflammaging”. Inflammaging is a low grade chronic inflammation which is characterized by a
complex network of inflammatory and anti-inflammatory responses. Age-related diseases such as osteoporosis and
ageing share the fundamental mechanistic pillars which largely congregate on inflammation. The major contributor of
inflammatory stimuli is represented by the self/endogenous, pathogens (non-self), altered molecules resulting from the
damaged or dead cells, and gut microbiota (quasi self)'*?. These molecules are recognized by the immune cells (viz.
macrophages) which are key players in the process of inflammaging.'*? Levels of altered molecules increase with age
along with declined removal of these molecules by proteasomal degradation pathways (autophagy or mitophagy).'** In
old age, this may lead to remarkable enhancement in bone resorption (decline in BMD) which is predominantly due to
the transition from osteoblastogenesis to adipogenesis in BM."** Remarkably, a study reported that aging also led to
enhancement in the numbers of BMDMs skewed more towards the M1 phenotype indicating towards enhanced
osteoclastogenesis and thus more bone resorption.'>> Moreover, inflammaging cytokines such as IL-17 and IFN-y
enhance osteoclastogenesis in BMMs. Altogether inflammaging should be considered as one of the crucial unexplored
niches for therapeutic targeting of osteoporosis (Figure 4).

Harnessing the Immunoporotic Role of Gut Microbiota (GM)

Cumulative data from recent reports clearly emphasize the role of the immune system in the pathophysiology of
osteoporosis. Multiple parameters regulate the development of the immune system, among them Gut-Microbiota (GM)
plays a vital role in the development of the host’s innate and adaptive immune system. GM are the colonized indigenous
microorganisms that inhabit the bodies of animals and humans and are collectively referred to as microbiota. Recently,
our group reported that interplay between GM and the immune system is believed to contribute to the pathogenesis of
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Figure 4 Inflammaging and Osteoporosis: (A) Various factors such as dysfunctioning of mitochondria, autophagy/mitophagy, dysbiosis of gut microbiota (GM), senescence of
cells, cell debris, pathogen associated molecular patterns (PAMPs), death associated molecular patterns (DAMPs) and altered metabolites promote the activation of NLR
family pyrin domain containing 3 inflammasome in macrophages. Activation of macrophages leads to conversion of the inactive form of IL-1p cytokine to the active form
along with IL-18 cytokine. These osteoclastogenic cytokines further skew the balance towards bone resorption, thereby enhancing bone loss. (B) Dogma representing the
nexus between ageing, Inflammaging, and age-related diseases including osteoporosis.

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).

various immune-mediated diseases including osteoporosis.'*® Rosser et al'*”'** demonstrated that GM via producing IL-
6 and IL-1B cytokines promotes the development of IL-10 producing Bregs, and in RA dysbiosis of GM impaired the
immunosuppressive abilities of Bregs. Dysbiosis of the GM and loss of gut permeability were also found to be the
profound causative factors for the development of osteoporosis.'** Our group, along with others, reported that modifica-
tion of the GM, via probiotics (a viable micro-organism), could be a potential therapeutic strategy in regulating bone
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health, ie, Osteomicrobiology.'*® Among various immune cells, the intricate balance between Tregs and Th17 plays a
vital role in bone homeostasis. Our group has reported that probiotics administration viz. Lactobacillus acidophilus,
Bacillus clausii and Lactobacillus rhamnosus attenuates inflammatory bone loss in an osteoporotic mice model by
modulating the Th17/Tregs cell balance.>>*!4?

Under physiological conditions, it has been observed that differentiation of naive T cells into Tregs and Thl7 is
further regulated by Bregs. Several studies reported that, via IL-10 and TGF-f cytokines, Bregs restrains differentiation
of Th17 cells along with simultaneously inducing differentiation of Foxp3™ Tregs. In both mice and human studies, it has
been observed that the immunosuppressive phenotype of Bregs is controlled by the expression of the AhR transcription
factor. AhR is a ligand stimulated transcription factor that perceive signals from microbial, dietary, and metabolic stimuli
that binds to the /L/0 locus in Bregs. Relevance of AhR in inducing Bregs is further supported by a study where B cell-
specific deletion of AhR aggravated arthritis in a mice model by reducing the differentiation of Tregs along with
enhancing the expansion of Th17 cells.'*! In search of identifying a suitable stimulus apart from cytokine stimuli that
activate AhR in B cells, Rosser et al demonstrated that microbial derived short chain fatty acid (SCFA) viz. butyrate
supports Bregs functionality by amplifying the activation of AhR and by reprogramming the differentiation of B cells
towards Bregs. Notably, butyrate promotes Bregs differentiation via enhancing the production of a tryptophan derived
metabolite viz. 5-hydroxyindole-3-acetic acid (5-HIAA). Markedly, other SCFAs such as acetate and pentanoate also
enhanced IL-10 production by B cells. Acetate increased IL-10 production in mice by Bla cells and
CD19°CD24"CD27" B cells in humans via enhancing the production of acetyl coenzyme A, ultimately fueling the
tricarboxylic acid (TCA) cycle for energy metabolism. In addition, a fiber rich diet intervention can also enhance acetate
levels and thus B10 Breg differentiation in human PBMCs. Pentanoate potentiate IL-10 production in CpG stimulated
mice B cells by enhancing glycolysis and mTOR activation in B cells. Activation of Bregs via these metabolites further
enhances the downstream differentiation of Tregs along with inhibition of Th17 cells. These studies along with our own
work clearly highlight that modulation of dietary habits could be exploited as a novel, safe, and effective approach in
modulating the pivotal “Bregs-Treg-Th17” cell axis in osteoporosis (Figure 5).

In 1995, Marcel Roberfroid and Glenn Gibson introduced the concept of prebiotics, which is described as non-
digestible food that imparts beneficial affects on the host by promoting the growth and activity of gut microbial species in
the colon and thus maintains host health. In comparison to probiotics, the use of prebiotics has been observed to be more
valuable due to the susceptibility and vulnerability of probiotics to environmental stresses such as heat and the vanishing
conditions during storage.'** These novel dietary fibers enhance calcium, inorganic phosphorus (Pi), and magnesium
absorption in the intestine of both preclinical and clinical models. These effects are primarily due to the interaction of
prebiotics and GM in the large intestine. Prebiotics enhance mineral absorption in the intestine via regulating various
modifications in the host including GM composition, SCFAs production, immune cells regulation, altering the intestinal
pH, etc. Prebiotics include non-digestible oligosaccharides such as galacto-oligosaccharides, inulin type fructans, fructo-
oligosaccharides (FOS), oligofructose, etc., and exhibit bone health modulating potential.'** These prebiotics exhibit the
potential to stimulate the growth of bifidobacteria and to a lesser extent lactobacillus. In addition, a study reported that
treatment with FOS significantly enhanced bone health in Ovx rats by enhancing the butyrate levels in serum.'**

To overcome the survival difficulties of probiotics, the concept of synbiotics was further introduced. Synbiotic is the
mixture of prebiotics and probiotics that imparts beneficial effects on the host by enhancing the survival and functional
activity of gut microbiota. Bacterial genes are responsible for encoding the enyzmes that produce the metabolites such as
SCFAs, branched chain fatty aids, vitamins, and bile acid derivatives. Interestingly, the production of these metabolites is
dependent on the accessibility of substrate produced by the prebiotics and GM. A study investigated the effect of
synbiotic fermented milk comprising Lactobacillus paracasei and inulin on bone health in post-menopausal osteoporotic
women.'*® It was observed that consumption of synbiotic fermented milk followed by a single dose of soy significantly
increased the bioavailibity of isoflavones that further improved the metabolism of estrogen hormone and bone health in
post-menopausal women, thereby alleviating the risk of osteoporosis.'** Altogether, these studies provide potential
checkpoints which can be targeted for the treatment and management of osteoporosis.

Journal of Inflammation Research 2022:15 hetps: 1689

Dove:


https://www.dovepress.com
https://www.dovepress.com

Srivastava and Sapra Dove

é}%‘v GAMs
= SCFAs: C2,C3, C4,

l ) C5, C6 etc.
Q Secondary Bile
‘——# « Y Acids: Lithocholic

NDOs: FOS, GOS etc. Digestion & conversion 0 acid (LCA) etc.
Primary Bile Acids: Cholic /,---° 0
acid, Deoxycholic acid etc. T o
& H
< {
GUT Lumen () )

Lamina Propria

Q@
IL10, o <+ g0 GAM

TGF-§ 00 @

Th17 cell

o2

v Bone Marrow

sssssssssssssssssnnnnnnnnnnnnnnnn, O)
e
.

/

f

iL-10, O
' 00
TGF-B 00O
S et
@ E ® g

Tregs EOSteocIasts Osteoblast

| 4

™
/

*

Figure 5 Harnessing “GUT-IMMUNE-BONE” axis in Bone Health: GUT microbiota (GM) acts on the non-digestible carbohydrates (NDOs) such as fructo-oligosaccharides (FOS),
galacto-oligosaccharides (GOS) etc. and convert them into various Gut Associate Metabolites (GAMs): Short chain fatty acids (SCFAs), ie, acetate (C2), propionate (C3), butyrate (C4),
pentanoate (C5), and hexanoate (C6). Moreover, primary bile acids produced by liver such as cholic acid and deoxycholic acid are converted into secondary bile acids (by the GM) such
as lithocholic acid (LCA), etc. These GAMs can cross the intestinal lining and upon entry into lamina propria modulate Breg, Tregs, and Th17 cells which further regulate bone
remodelling after reaching BM. Also, GAMs can directly regulate bone remodelling via the peripheral circulation, thereby maintaining bone health.

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).
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Immunoporotic role of ILCs ?
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Figure 6 Immunoporotic role of ILCs: Schematic representation of proposed mechanism of the role of ILCs in Osteoporosis. GM modulation strategies (prebiotics,
probiotics, and synbiotics) can be employed for enhancing bone health via modulating the plasticity of ILCs (ILCI, ILC2, and ILC3).

Notes: Figure created with the help of https://smart.servier.com. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/legalcode).

Conclusion and Future Outlook
In the past two decades, growing advancements in the field of osteoimmunology have enhanced our understanding of the
interrelation between immune and bone cells in maintaining skeletal health. Nevertheless, the full realization of various
immune cells with immunoporotic potential such as DCs, ILCs, Th9, Th22, Tgy, Bregs, etc., will require deeper insight,
thereby opening novel avenues for future research. Existing research has primarily focused on the role of both innate and
adaptive immunity in bone destruction observed in osteoporosis, but studies reported by Cline-Smith et al’ and Iseme et al'*®
strongly hint towards the role of memory T cells and auto-antibodies in the pathophysiology of osteoporosis. These studies
suggest that osteoporosis could have an autoimmune component, but further research is required to confirm the same.
Current therapies available for the treatment of osteoporosis have long-term adverse health affects. Recently, the
Food and Drug Administration (FDA) has approved Evenity®™ (romosozumab-aqqg) for treatment of osteoporosis. It
is a monoclonal antibody which blocks the protein sclerostin (secreted by osteocytes to suppress bone formation)
and thus enhances bone formation. However, it has been observed that it may also enhance the risk of cardiovas-
cular diseases and stroke, thereby cautioning its use in patients with cardiac history. Recently, a study also
highlighted the novel role of sclerostin in regulation of inflammation and myelopoiesis in BM. It has been observed
that short-term depletion of sclerostin alters immune cell development in the BM and spleen.'*’ In addition,
depletion of sclerostin correlates with enhanced levels of inflammatory cytokines such as MCP-1, TNF-a, etc,'?’
thereby, questioning the employment of sclerostin in postmenopausal osteoporotic patients. Thus, in search for a
safe, novel, and cost-effective therapeutic strategy our group along with other’s have reported that probiotics exhibit
immunoporotic potential, thereby enhancing bone health in several bone anomalies including osteoporosis.
Generally, biotics (prebiotics, probiotics, or synbiotics) work by modulating the GM and the significance of GM
in modulating the immune system has already been established. Various evidences suggests that GM plays a vital
role in maintaining the homeostatic balance of different subsets of ILCs and vice versa. Loosening of the gut barrier
integrity is also one of the major causative factors for the onset and progression of osteoporosis. Thus, it is plausible
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to suggest that the dysregulated “ILC1-ILC2-ILC3-ILCreg” axis would increase the risk of osteoporosis (Figure 6).
In summary, we conclude that alterations in the dietary interventions would be a better strategy to enhance bone
health via modulating the “GUT-IMMUNE-BONE” axis.
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