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Stromal cell-derived factor-1 as a potential
therapeutic target for osteoarthritis and

rheumatoid arthritis
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Abstract: With age, joints become subject to chronic inflammatory processes that lead to
degeneration of articular cartilage. Although multifactorial, cytokines have been shown to
play a role in the pathogenesis of these chronic disease states. Stromal cell-derived factor
1 (SDF-1]) is a chemokine that has been shown to be active in homeostatic mechanisms

and developmental processes throughout the body, such as endochondral bone formation.
SDF-1 plays a role in the transition from cartilage to bone. Although it has been shown to
be a factor in normal development, it has also been shown to involve in the pathogenesis of
rheumatoid arthritis (RA) and osteoarthritis (OA). In RA, SDF-1 has been shown to stimulate
the recruitment of proinflammatory cells, as well as osteoclasts to the synovium, aiding in
the facilitation of synovial degradation. Similarly, in OA, SDF-1 has been shown to regulate
key proteins involved in the degradation of the cartilage of the joint. Because of its role in
degenerative joint disease, SDF-1 has been investigated as a potential therapeutic target.
Animal studies have been employing SDF-1 inhibitors, such as AMD3100 and T140, to study
their effects on attenuating degenerative joint disease. These studies have shown promising
results in slowing the progression of cartilage degradation and could potentially be used as

therapeutic target for humans OA and RA.
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Introduction

Cytokines are small molecules first identified
for their chemoattractant properties and central
role in promoting cell mobilization, but also are
now recognized for their many roles in recruit-
ment, development, homeostasis, and tissue engi-
neering. Consequently, dysregulated expression
of cytokines can have various implications in regards
to pathological conditions.! Among cytokines,
stromal cell-derived factor 1 (SDF-1) is an impor-
tant chemokine that has been shown to be active
in numerous homeostatic mechanisms and devel-
opmental processes of mature and immature cell
types.? SDF-1 binds to the receptor, CXCR4,
which activates a G-protein, initiating a cascade
of signaling molecules, which prompts various
biological processes.!

SDF-1 signaling has broad implications in multi-
ple tissue types. The highest levels of SDF-1 have
been detected in the liver, heart, pancreas, and
spleen.! SDF-1 has been shown to have dose-
dependent effects on cardiomyocytes by acting as
an attractant for stem cells for tissue repair for
the ischemic heart, but can paradoxically interact
with inflammatory cytokines, contributing to cel-
lular injury.? CXCR4 is found to be constitu-
tively expressed in hepatocytes, and contributes
to liver homeostasis and injury responses.* SDF-1
also has major implications in the progression of
cancer. It has the ability to affect tumor angio-
genesis, cell proliferation, and chemotherapy
resistance and its binding to CXCR4 has been
widely implicated in targeting secondary sites for
tumor growth.!»>
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Recent studies have shown the role of SDF-1 on
musculoskeletal development and pathogenesis.
SDF-1 plays a critical role in bone marrow mesen-
chymal stem cell differentiation, migration, recruit-
ment, and engraftment as well as their survival,
and proliferation.® With age, the SDF-1-CXCR4
axis becomes dysregulated, possibly playing a role
in age-related cartilage pathology and osteoarthri-
tis (OA). SDF-1 is well known for regulating
inflammatory and immune responses, suggesting
its role in RA. In this paper, we aimed to review
the role of SDF-1 in cartilage pathobiology spe-
cifically rheumatoid arthritis (RA) and OA.

SDF-1 and endochondral bone development
SDF-1 has been shown to play multiple roles during
embryogenesis. These roles include lymphopoie-
sis, hematopoietic stem cell homing, heart ventricu-
lar septum formation, cerebellar and hippocampal
neuron migration, structuring of the intestinal vas-
culature, and limb skeletal muscle cell migration.”
The primary role of SDF-1 during these processes
is regulating cell migration, even during gastrula-
tion in early embryonic development. Migrating
cells, mesoderm and definitive endoderm, contain
CXCR4, whereas embryonic ectoderm expresses
the SDF-1 ligand. This pattern of complementary
CXCR4 and SDF-1 has not only been shown to
be present in the early stages of embryogenesis,
but also in many other developing tissue types,
including vascular endothelium/mesoderm, thyroid
endodermal epithelial/mesenchyme, and nasal ecto-
dermal epithelium/mesenchyme.® A growing area
of interest is the implications of SDF-1 in the early
development of the musculoskeletal system.

During early musculoskeletal development, endo-
chondral ossification occurs when the cartilage
matrix is replaced by bone. Hypertrophic chondro-
cytes undergo apoptosis followed by the resorption
of the mineralized matrix by matrix metallo-
proteinase (MMP)-9 and MMP-13. Osteoblastic
cells then migrate from the underlying bone mar-
row to form the new bony layer.® There are two
major transition points: the entry of the cartilagi-
nous hypertrophic stage from the proliferation
stage, and the departure from the hypertrophic
stage to bone, which occurs at the growth plate.
Recent studies have shown the complementary
pattern of the SDF-1-CXCR4 axis on chondro-
cyte hypertrophy at the growth plate to stimulate
this transition process.!? The expression of SDF-1
and CXCR4 at the chondro-osseous junction

provides evidence for these molecules plays impor-
tant role in transition from cartilage to bone.

The distribution pattern of SDF-1 and CXCR4
at the growth plate is important in order to under-
stand the differentiation process of chondrocytes
to bone during endochondral bone formation.
Hypertrophic cartilage has been shown to be pos-
itive for CXCR4, whereas its neighboring bone
marrow expresses SDF-1.10 Wei and colleagues
demonstrated that the transfection of CXCR4
into pre-hypertrophic chondrocyte increased the
expression of MMP-13 and type X collagen,
which are markers for hypertrophic cartilage, in
response to SDF-1. This suggests that SDF-1 in
bone marrow has the diffusing capabilities to
infiltrate the cartilage and aid in the progression
of endochondral bone growth. In addition, when
tibia growth plate was incubated with SDF-1, it
helped in elongation of the hypertrophic zone at
the distal end of the growth plate toward the
proximal end, which points to the possibility that
the SDF-1-CXCR4 axis is involved in the closure
of the growth plate.!® Murata and colleagues!!
was able to show similar results. Their study
showed that embryonic humeri of SDF-1-- mice
were shorter than those of wild-type mice. In fact,
this study was able to look at the actin cytoskele-
ton of the cells and found that in SDF-1-- mice,
the actin cytoskeleton was interrupted. With
the addition of SDF-1 these impairments were
reversed, suggesting that SDF-1 can regulate
actin polymerization and stimulate bone growth
through managing chondrocyte hypertrophy.
Because of the role of SDF-1 in development, it
has implications in the pathogenesis of degenera-
tive joint disease, such as RA and OA.

RA pathogenesis

RA is a chronic, progressive inflammatory auto-
immune disease that affects the lining of joints.
Although the exact cause remains partly unknown,
studies show a strong genetic basis developed
from the HLA-DRB1*04 cluster as well as envi-
ronmental factors, including smoking and infec-
tion, which can influence the progression and
severity of disease.!? Early in the disease process,
damage of the synovial lining is initially caused by
the innate immune response through presenta-
tion of specific antigens and the secretion of sev-
eral proinflammatory cytokines. These cytokines
not only mediate several destructive processes,
but also orchestrate the migration of other cell
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Figure 1. Schematic diagram showing CXCL1-12/SDF-1 signaling in osteoarthritis and rheumatoid arthritis

pathophysiology.

IL, interleukin; MMP, matrix metalloproteinase; SDF-1, stromal cell-derived factor 1.

types, such as macrophages and T-lymphocytes
to the synovium.!?

A number of cytokines play key roles in the
destructive processes such as tumor necrosis fac-
tor (TNF)-a, interleukin (IL)-1, IL-6, IL-2, and
interferon (IFN)-y. These cytokines infiltrate the
synovial membrane and produce an inflammatory
response and drive cell migration. Additionally,
these cytokines can activate synoviocytes, stimulat-
ing the release of MMPs into the synovial fluid,
causing cartilage degradation. Macrophage-driven
osteoclastogenesis requires the interaction between
receptor activator of nuclear factor kB (RANK)
and its ligand (RANKL), which is regulated by
cytokines such as TNF-a, IL-1, IL.-6, and IL-17.12

In RA, there are massive increases in synovial
cellularity, hyperplasia of synovial cells, known as
fibroblast-like synoviocytes (FLSs), and activation
/proliferation/differentiation of infiltrating immune
cells leading to the formation of the pannus,
which is found at the interface of the cartilage and
bone.!2:13 FLSs mediate joint destruction in RA
and are able to invade collagenous structures by
secreting factors that promote inflammation, neo-
vascularization, and cartilage degradation. Though
there are many moving parts of this autoimmune
attack on the synovial lining, there is a push for

new and more effective therapies and so other
factors involved in pathogenesis are being stud-
ied. One of those molecules is SDF-1, which has
been shown to play a role in the progression of
this disease process.

SDF-1 and RA pathogenesis

SDF-1 has been shown to be a key factor in reg-
ulating many of the molecules involved in the
pathogenesis of RA (Figure 1). As mentioned
above, important steps in the disease process of
RA are cell migration into the synovium and oste-
oclastogenesis. Migration of T-cells, B-cells, and
macrophages into the inflamed synovium is pro-
moted by various chemokines, especially SDF-1.
In addition, because osteoclasts are highly positive
for CXCR4, SDF-1 can stimulate the recruit-
ment of circulating osteoclast precursor cells
directly and promote their activity within the syn-
ovium by increasing their precursor numbers,
multinucleated cell fusion, cell size, tartrate-
resistant acid phosphatase (TRAP) activity, and
prevent osteoclast apoptosis.!* SDF-1 also inter-
acts with other cell types and cytokines. Kim and
colleagues have shown the interaction between
SDF-1 and FLSs and a link with T-cell-derived
I1.-17.15 Moreover, SDF-1 has been shown to
upregulate certain cytokines important in the
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pathogenesis of RA, such as IL-6.16 Specifically,
the IL-6 signaling pathway shows the recruitment
of inflammatory mononuclear cells, which con-
tribute to joint destruction by secreting proteo-
lytic enzymes and reactive oxygen intermediates
as well as promoting T-cell recruitment by regu-
lating chemokine secretion during inflammation.

In osteoclastogenesis, RANKL is a major mediator
of osteoclast differentiation and activation. As the
RANK receptor is stimulated by RANKL, osteo-
clasts become activated, and resorption of bone is
initiated. Kim and colleagues cultured RA synovial
fibroblasts with CD4* cells and found a synergistic
effect on the production of SDF-1, which, in
turn, increased the production of RANKL. They
were able to identify the intracellular signaling
pathways mediating the effects of SDF-1-induced
RANKL expression through various inhibitors of
intracellular signal molecules. Furthermore, they
showed that SDF-1 induces phosphorylation of
Akt, p38 MAPK, JNK, and IkBa in CD4" T-cells,
further upregulating RANKL expression.!# In addi-
tion, Grassi and colleagues demonstrated that
osteoclasts grown in the presence of SDF-1 dis-
played a two-fold increase in their ability to resorb
bone-like mineral matrix, and secreted increased
amounts of MMP-9, one of the major proteolytic
enzymes involved in the bone mineral matrix.!?

SDF-1 has been shown to have multiple effects
on the proinflammatory cytokines responsible for
the damage done to the synovium. IL-17 is a
cytokine derived from helper T (Th)17 cells that
stimulates the production of proinflammatory
cytokines from monocytes and macrophages and
RA synovial fibroblasts. In addition, it contrib-
utes to bone erosion and tissue destruction in RA
by inducing chondrocytes and synovial fibroblasts
to produce prostaglandin E2. Kim and colleagues
demonstrated that IL-17, induced the production
of SDF-1. This process occurs by first secreting
SDF-1 by FLSs and then recruiting T-cells to the
inflamed synovium. The T-cells produce IL-17
and stimulate more production of SDF-1 from
the FLSs. This overproduction of SDF-1 results
in augmentation and acceleration of the inflam-
matory response and bone destruction in RA.15
In chronic inflammatory conditions, IL-6, a pre-
dominant mediator of the acute-phase response,
is elevated. Chen and colleagues showed that
SDF-1a-CXCR4 stimulates the activation of the
PI3K, Akt, and activator protein (AP)-1 path-
ways leading to upregulated IL-6 expression.

This supports the hypothesis that SDF-1 pro-
motes the inflammatory response.!® SDF-1 has
been shown to play a major role in RA, but it also
has implications in age-related degenerative joint
disease, such as OA.

Therapeutic use of SDF-1 in RA animal

studies

By identifying the role of SDF-1 in the pathogen-
esis of RA, current and past research has sought
to identify potential therapeutics to aid in the
attenuation of RA-associated joint inflammation
(Table 1). Several promising agents have been
manufactured to target specific cytokines, such as
IL-1, IL-6, INF-y, and TNF-«a and have produced
promising results in clinical therapy of patients
with RA. Furthermore, several agents have been
identified in antagonizing the SDF-1-CXCR4
axis. These include the peptide T140, AMD?3100,
plant-based celastrol, and microRNA-137.18-21
The T140 analog, 4F-bonzoyl-TN14003, also
implicated as an HIV-entry inhibitor and anticancer
metastatic agent, shows potential as a promising
agent in inhibiting SDF-1-mediated chemotaxis.
One study used human Jurkat cells, an immortalized
line of human T-cell lymphocytes, and mice sple-
nocytes that both contain CXCR4, to demon-
stratetheinhibitoryeffectsof4F-bonzoyl-TN14003
on cell migration. In another study, mice were
injected with bovine type II collagen to create col-
lagen-induced arthritis (CIA), an autoimmunity-
driven inflammatory disease of joints, and used as
a study model. 4F-bonzoyl-TN14003 was osmot-
ically pumped into the joint spaces of CIA joints.
Comparedwith the control,4F-bonzoyl-TN14003
inhibited SDF-1-induced cell migration. Symp-
toms of RA were lower in the 4F-bonzoyl-
TN14003-treated mice, which included an evalua-
tion of the CIA score. When compared with indo-
methacin and methotrexate, both known thera-
peutic agents against RA symptoms, 4F-bonzoyl-
TN14003 mirrored their inhibitory activity against
RA symptoms.!8

Matthys and colleagues used AMD?3100, which is
also a CXCR4 antagonist.!® They used the CIA
model in IFN-yR-deficient mice that can develop
joint lesions identical to wild-type mice in addition
to increased SDF-1 mRNA in inflamed joints
versus asymptomatic joints. They showed that in
mice treated with phosphate-buffered saline (PBS),
arthritis started to appear on day 19 after immuni-
zation. AMD3100-treated mice began showing
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Table 1. Use of SDF-1-CXCR4 inhibitors in rheumatoid arthritis.

Author Animal Species Inhibitor Results

Tamamura and Mice BALB/c mice 4F-benzoyl- Inhibits cell migration, lowers CIA

colleagues™ TN14003 score, body weight loss, ankle
swelling, and limbs, weight gain

Matthys and Mice IFN-yR KO mice AMD3100 Delayed onset of clinical

colleagues® of DBA/a strain disease, decreased clinical
scores, reduction of leukocytes,
hyperplasia of the synovium, and
pannus formation

Du and Rats Wistar rats miRNA miR-137 Inhibited RA-FLS proliferation,

colleagues?! migration, and invasion, decreased
expression of TNF-q, IL-6, IL-8,
and IL-1B, decreased total level of
SDF-1 mRNA and protein

Liand Human RA fibroblast- Celastrol Suppresses hypoxia-induced

colleagues?? like synoviocytes

FLS migration and invasion,

inhibits hypoxia-induced CXCR4
expression, binds to the CXCR4
promoter and inhibits binding of
HIF-1a preventing transcription

CIA, collagen-induced arthritis; FLS, fibroblast-like synoviocytes; IFN, interferon; IL, interleukin; RA, rheumatoid arthritis;
SDF-1, stromal cell-derived factor 1; TNF, tumor necrosis factor.

arthritis-like symptoms 2 weeks later. In addition
to delaying the onset of disease, with AMD3100
initiated 7 days after immunization, clinical dis-
ease scores were lower and the overall incidence
of RA was decreased. Histologically, AMD3100-
treated mice revealed a reduction in the infiltra-
tion of leukocytes, as well as reduced hyperplasia
of the synovium, and pannus formation.!° Du
and colleagues demonstrated an inhibitory role
of microRNA-137 on SDF-1 expression in FLSs.
MicroRNAs are small, noncoding RNAs that
regulate gene expression. The aim of that study
was to examine the proliferation, migration, inva-
sion, and expression of inflammatory cytokines
within the inflamed synovium when exposed to
miRNA, specifically, miR-137. miR-137 targets
the 3’-untranslated region of the C-X-C motif,
CXCLI12 (SDF-1). Using male Wistar rats, they
found that miR-137 expression was upregulated
in RA-FLSs, suggesting it may be involved in the
pathogenesis of RA. However, when overex-
pressed, miR-137 significantly inhibited RA-FLS
proliferation, migration, and invasion compared
with the control. The rats also exhibited decreased
expression levels of TNF-a, IL.-6, and IL-1B as
well as decreased SDF-1 mRNA and protein
compared with the control.?®

Li and colleagues studied the effects of the plant-
derived pentacyclic-triterpene extract, celastrol,
as it has also been shown to produce antiarthritic
effects. By studying the effects of celastrol under
hypoxic physiological conditions of the joint
space, they were not only able to show that cel-
astrol suppressed the migration and invasion of
hypoxia-induced FLSs, but also its mechanism
through CXCR4-SDF1 signaling. Hypoxia-
inducible factor-1a (HIF-1a) is a protein impor-
tant for the transcriptional activity of cells to allow
them to survive in a hypoxic microenvironment.
Li and colleagues observed that celastrol inhibits
the binding of HIF-1a to the promotor on the
CXCR4 gene, halting its transcription, therefore,
suppressing SDF-1-CXCR4-induced migration
and invasion of proinflammatory cells into the
joint space.?! These studies all show the promis-
ing effects of different agents and their proposed
mechanisms of actions at combating the influx of
inflammatory cytokines and cells that damage the
joints and cause RA.

OA pathogenesis
OA is the most prevalent joint disease and is the
leading musculoskeletal cause of impaired mobility
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in the elderly. Clinically, this disease results in
chronic pain, joint instability, stiffness, deformi-
ties, and joint space narrowing. It mainly affects
the articular cartilage of large joints such as
knees, hips, and spines, but can affect the smaller
joints in the hands causing synovial inflammation,
alteration of periarticular bone, and osteophyte
formation.22:23 Articular cartilage is composed of
type II collagen, proteoglycans, and other extra-
cellular matrix components. It forms the architec-
ture of the collagen matrix composed of interwoven
cartilage fibrils containing a dense meshwork
with tensile and resilient strength, allowing the
joint to maintain its stability and biomechanical
function. As the articular chondrocytes mature,
they are able to synthesize matrix components
and degrading enzymes that allows for minimal
flux of the overall cartilage support system.?2

Progression to osteoarthritis begins through
damage to the articular cartilage, chondrocytes,
which typically have little regenerative capacity,
by abnormal mechanical loading or injury.?? The
changes in the structure and composition of the
articular cartilage further stimulate the articular
chondrocytes to secrete more catabolic and
degenerative factors. Further breakdown stimu-
lates the articular chondrocytes to undergo apop-
tosis, leading to reduced joint space and friction
between the bones, causing pain and limited
mobility.22

There is growing evidence for the role of osteo-
blasts in the progression of the pathogenesis of
OA. Osteoblasts are key cells in the regulation
of bone metabolism and homeostasis by syn-
thesizing bone matrix that becomes mineralized
over time. One of their main functions is to
stimulate the differentiation of osteoclast pre-
cursor cells to mature osteoclast through the
RANK-RANKL axis. Evidence suggests that
osteoblast dysregulation plays a key role in OA
through abnormal expression of the RANK-
RANKL axis and osteoprotegerin (OPG), which
is responsible for abnormal bone remodeling and
decreased mineralization.?> Maruotti and col-
leagues noted that two groups of osteoblasts
have been identified in OA. Low OA osteoblasts
have decreased OPG and increased RANKL,
whereas high OA osteoblasts have elevated OPG
and lower levels of RANKL, suggesting that
low OA osteoblasts are more involved in bone
resorption. However, high OA osteoblasts
exhibit higher levels of proinflammatory

cytokines, such as PGR-2 and IL-6. This abnor-
mal osteoblast metabolism may be responsible
for the abnormal mineralization of subchondral
bone in OA.23 Osteoblast dysregulation can fur-
ther be explained by the consequences of SDF-1
acting on the RANK-RANKL pathway as well
as its ability to increase cartilage destroying
enzymes.

SDF-1 and OA pathogenesis

As mentioned above, chondrocytes are capable of
expressing various proteolytic enzymes such as
aggrecanases and MMPs. Under normal condi-
tions, these enzymes maintain homeostasis via
regulating the very low matrix turnover responsi-
ble for cartilage remodeling.2* However, in OA,
due to the disruption of the homeostasis environ-
ment, aggrecanases and MMPs become upregu-
lated. Li and colleagues were able to simulate the
chondrocyte microenvironment by creating a
hypoxic environment for the cells to more accu-
rately describe this mechanism. Under hypoxic
conditions, CXCR4 was shown to be upregulated
in OA chondrocytes. By binding to CXCRA4,
SDF-1 upregulated the expression of MMP-13
mRNA expression and enzyme activity. MMP-13
is paramount to the pathogenesis of OA, as it
degrades type II collagen.?> Chiu found that one
of the possible explanations for the increase in
degradation enzymes is, in fact, the chemokine
SDF-1. SDF-1 is found in the synovium, and its
receptor, CXCR4, is located on the surface of
chondrocytes. By binding to CXCR4, SDF-1
activates the ERK signaling pathway and its
downstream transcription factors. This results in
the activation of AP-1 on the MMP-13 promoter
and the upregulation of MMP-13, allowing it to
further contribute to cartilage destruction in
OA .24 This supports the idea that SDF-1 plays a
role in regulating the specific transcription factors
that are important for the regulation of the MMP
family of proteins and the overall pathogenesis of
OA (Figure 1).

SDF-1 has also been found to have implications
as OA progresses over time with its interaction
with osteoblasts. We previously discussed the
dysregulation of osteoblasts in the pathogenesis
of OA with the abnormal expression of the
RANK-RANKL pathway.?> By isolating cells
from mouse bone marrow, Goto and colleagues
studied the effects of the SDF-1-CXCR4 axis in
the presence of RANKL and macrophage-colony
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Table 2. Use of SDF-1-CXCR4 inhibitors in in osteoarthritis.

Author Animal Species Inhibitor Results

Wang and Guinea Hartley T140 Decreased SDF-1 in serum, attenuated

colleagues® pigs severity of OA cartilage damage in vivo,
downregulated expression of MMPs,
upregulated mMRNA expression of type I
collagen and aggrecan, reduced degradation
of type Il collagen

Dong and Mice C57Blacké/J AMD3100 Attenuated tibial subchondral bone loss,

colleagues® decreased TRAP-positive multinucleated
cells, attenuated the degeneration of
articular cartilage, decreased serum SDF-1a,
decreased osteoclastogenesis

Thomas and Mice C57Blacké/J AMD3100 Preserved intact cartilage, decreased

colleagues®? expression of MMPs, decreased extent of OA
damage

Wei and Guinea Hartley AMD3100 Attenuates severity of OA cartilage damage,

colleagues® pigs decreased SDF-1, MMPs, IL-B1, GAGs

GAG, glycosaminoglycans; IL, interleukin; MMP, matrix metalloproteinase; OA, osteoarthritis; SDF-1, stromal cell-derived
factor 1; TNF, tumor necrosis factor; TRAP, tartrate-resistant acid phosphatase.

stimulating factor. In their study, they found that
by removing the CXCR4+CD45 cells in the
presence of RANKIL, osteoclastogenesis was
strongly suppressed.2® Lisignoli and colleagues?”
found evidence that SDF-1 significantly induced
proliferation of osteoblasts in patients with OA as
well as the upregulation of collagen type I.
Although this may seem like a protective mecha-
nism to counteract the damaged bone resulting
from the articular cartilage degeneration, it leads
to enhanced bone density, increased subchon-
dral bone metabolism, and osteophyte forma-
tion.?> As the mechanism for the role of SDF-1
becomes clearer, it has potential to be used as a
target for therapeutic drugs in hope for attenuat-
ing the disease process of OA.

Therapeutic use of SDF-1 in OA animal

studies

As more research is done on the SDF-1-CXCR4
axis and its role in OA and other degenerative
joint disease, it has become an area of research
for its potential as a target for therapeutics. As
several studies have shown increases in either
CXCR4 and SDF-1 in the pathogenesis of OA,
these same studies have addressed the use of
CXCR4 inhibitors to block the effect of SDF-1
in the synovium to prevent OA pathogenesis
(Table 2).28:2° Of those inhibitors, AMD3100

and T140 are popular choices. Both AMD3100
and T140 have been approved for human use in
HIV and cancer therapy, with T140 being impli-
cated in the treatment of chronic inflammatory
diseases.?%:30 Dong and colleagues transected the
anterior cruciate ligament (ACLT) in C57BL/6]
mice and infused AMD3100, a CXCR4 inhibi-
tor to study its effects on the subchondral bone
in post-traumatic OA. Using micro computed
tomography, it was found that treatment with
AMD3100 in ACLT mice significantly slowed
the progression of tibial subchondral bone loss
compared with the mice treated with a vehicle.28
Wei and colleagues showed similar results
through India ink staining of the medial tibial
plateaus, which showed deep and wide fissures
in PBS-treated guinea pigs and a significant
improvement in the AMD3100 treated guinea
pigs, where cartilage damage was much less.3!

In addition, ACLT mice treated with AMD3100
showed a reduction in the number of CXCR4*
cells and TRAP™ multinucleated cells within the
tibial subchondral bone, as well as attenuating
the degeneration of articular cartilage through
reduced expression of MMP-13.28 Thomas and
colleagues demonstrated, through immunohisto-
chemistry, that the expression of MMP-13 after
destabilizing medial meniscectomy of the right
knee in C57BL6/] mice treated with AMD3100
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was significantly reduced compared with the
destabilizing medial meniscectomy/PBS-treated
group and the sham control.3? When treated with
an alternative CXCR4 inhibitor, T140, a small
peptide that is antagonist of CXCRA4, the outcomes
were similar. Wang and colleagues demonstrated
that guinea pigs treated with T140 showed down-
regulation of the expression of several members
of the MMP family, such as MMP-3, MMP-9
and MMP-13 but showed upregulation in the
expression of type II collagen and aggrecan.2®
Both type II collagen and aggrecan are thought
to be protective factors that help maintain the
elasticity and hardness of collagen.?® These stud-
ies even addressed the changes in osteoclast dif-
ferentiation with the use of a CXCR4 inhibitor.
It is understood that SDF-1 promotes osteoclast
differentiation through the interaction between
RANK-RANKIL; however, when treated with
AMD3100, it neutralizes the effect of SDF-1 in
both in vivo and vitro studies.?® These studies
suggest that post-traumatic osteoarthritis associ-
ated with articular cartilage degradation can be
attenuated with AMD3100 and other CXCR4
antagonists.3?

Many of these therapeutic options for inhibiting
the SDF-1-CXCR4 axis in RA and OA have
been shown to be efficacious against other path-
ological conditions. There is a growing body of
work in which AMD3100 has been implicated
in the treatment of HIV and many different can-
cers, including several types of leukemias and
solid tumors and has demonstrated clinical effi-
cacy through the mobilization of hematopoietic
stem cells.32 Similarly, T140 analogs were first
discovered through the antagonism of CXCR4
in patients with HIV to prevent entry of the
virus into the cell. It has also been studied for
efficacy against malignancy, such as breast can-
cer, melanoma and several other blood-related
cancers.>??

Many of the clinical trials performed with CXCR4
inhibitors have been in the field of hematologic
malignancies and their ability to make the tumor
cells more chemosensitive in addition to stem cell
mobilization. Only a few clinical trials are under-
way in evaluating the efficacy against solid tumors.
Many of these clinical trials have shown these
drugs to be well tolerated, but are still evaluating
for clinical efficacy.3* With success shown in ani-
mal studies against both RA and OA, these thera-
pies have the potential to be studied on human

patients, as they are already being studied in
humans with other pathologies.

Conclusion

SDF-1 is a cytokine that has been shown to have
many different functions, from the anabolic effects
of endochondral bone formation to playing a role
in the development of both RA and OA. In RA,
SDF-1 contributes to the migration of osteoclast
precursor cells within the synovium as well as
increasing cell size, TRAP activity, and preventing
osteoclast apoptosis. Similarly, in OA, SDF-1 con-
tributes to the degeneration of cartilage through
the upregulation of proteolytic enzymes, such as
aggrecanases and MMP-13, in addition to contrib-
uting to the induction of osteoblast proliferation.
In proving that SDF-1 contributes to these degen-
erative diseases, it has a potential to be used as a
therapeutic target. Several SDF-1-CXCR4 antag-
onists, such as AMD3100 and T140 have been
shown to be beneficial in slowing the progression
of subchondral bone loss by reduction in the for-
mation of proteolytic enzymes, such as MMPs.
Further studies need to be done to solidify the
therapeutic effects in large animal models, which
then can hopefully progress from the bench to
bedside in patients with RA and OA.
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