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ABSTRACT: Focal erosions of cartilage and bone, which occur in the joints
of patients with autoimmune inflammatory arthritis (i.e., rheumatoid
arthritis (RA) and psoriatic arthritis [PsA]), represent the most debili-
tating and irreversible components of the disease. Over the last decade,
seminal breakthroughs in our understanding of the cells and signal trans-
duction pathways central to this process have been elucidated. From this
information an established paradigm has been developed to explain focal
erosions in which osteoclasts responsible for erosions are derived from
bone marrow-derived myeloid precursors. Using the tumor necrosis fac-
tor (TNF) transgenic mouse model of erosive arthritis and anti-TNF
clinical trials with PsA patients, we have demonstrated that systemic
TNF induces the migration of CD11b* osteoclast precursors (OCP) from
the bone marrow into peripheral blood. These OCP can then enter the
joints in blood vessels, translocate across the receptor activator of NF-
kB ligand (RANKL) rich inflamed synovium, and differentiate into ac-
tive osteoclasts. In direct contrast to this, systemic lupus erythematosus
(SLE) patients appear to have an innate resistance to bone resorption.
Our hypothesis to explain this phenomenon is that systemic interferon-o
(IFN-) diverts the bone marrow-derived myeloid precursors away from
the osteoclast lineage and stimulates their differentiation into dendritic
cells (DC). In support of this model, several labs have used microarray
analyses to define the IFN-induced transcriptome in peripheral blood
mononuclear cells (PBMC) from SLE patients. Here we propose the hy-
pothesis that systemic TNF induces osteoclastic differentiation of PBMC
in PsA patients that correlates with their erosive disease, and that the
innate immune TNF/IFN axis in patients with autoimmune disease dic-
tates their erosive phenotype. To demonstrate this, we injected wild-type
C57B/6 and TNF-Tg mice with poly I:C, which is known to induce sys-
temic IFN responses, and show its dominant effects on increasing the
number of circulating CD11b*/CD11c¢™ precursor dendritic cells (pDC),
concomitant with a dramatic reduction in CD11b*/CD11¢~ OCP. Thus,
systemic factors produced by autoimmunity have a dramatic impact on
active myelopoiesis and bone homeostasis.
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TNF IN AUTOIMMUNE DISEASE

It is now firmly established that the proinflammatory cytokine, tumor necro-
sis factor (TNF), is a central mediator of inflammation and tissue catabolism.
Although this article focuses on autoimmunity and bone, no discussion on the
subject would be complete without highlighting the remarkable success of anti-
TNF therapy in the treatment of rheumatoid arthritis (RA), psoriatic arthritis
(PsA), ankylosing spondylitis (AS), psoriasis (PS), and Crohn’s disease (CD).
For their seminal role in defining TNF at the apex of the proinflammatory
cytokine cascade and their pioneering work in anti-TNF clinical trials, Drs. M.
Feldmann and R.N. Maini received the 2003 Lasker Clinical Medical Research
Award.! Beyond these specific achievements, the success of anti-TNF therapy
via injection of a recombinant soluble receptor (etanercept, Enbrel,™ Wyeth
Pharmaceuticals Inc., Philadelphia, PA) or antibody (infliximab, Remicade,™
Centocor, Inc., Horsham, PA and adalimumab, Humira,™ Abbott Laborato-
ries, Abbott Park, IL) exemplifies the ultimate goal of biotechnology and dra-
matically underscores how complex autoimmune diseases can be effectively
suppressed using a targeted therapeutic approach.

IMMUNE-MEDIATED INFLAMMATORY DISORDERS (IMIDS)

Perhaps the most remarkable feature of anti-TNF therapy is its efficacy in
various autoimmune diseases, which have completely different pathologies. In
an effort to simplify public awareness, the pharmaceutical industry devised a
concept to explain a group of unrelated disease that share the common etiology
of dysregulated TNF, and termed these conditions IMIDs.? We have attempted
to elucidate the common mechanism through which TNF drives IMIDs, and
how anti-TNF therapy ameliorates them and have pursued the central hypoth-
esis that all autoimmune diseases lead to systemic TNF expression as a result
of end organ pathology. This systemic TNF stimulates myelopoiesis and re-
lease of monocytes from the bone marrow into the blood. These peripheral
blood mononuclear cells (PBMC) then home to sites of inflammation where
they translocate into the parenchymal tissue and differentiate into activated
macrophages, dendritic cells (DC), or osteoclasts (OC) depending on the local
cytokine milieu to mediate the end organ pathology. Monocyte precursors stim-
ulated with granulocyte macrophage colony-stimulating factor (GM-CSF) plus
interleukin (IL)-4 differentiate into DC,? but can also form OCs ifexposed to re-
ceptor activator of NF-kB ligand (RANKL) and monocyte colony-stimulating
factor (M-CSF).* Treatment of monocytes with M-CSF alone produces tis-
sue macrophages, and interferon-y (IFN-vy) or IL-6 treatment shifts monocyte
precursor differentiation to macrophages rather than DC and OC.3
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THE EROSIVE VERSUS THE NONEROSIVE
PHENOTYPE IN PsA AND SLE

Inflammatory arthritis is one of the most common clinical features in autoim-
mune disorders manifesting as pain, stiffness redness, and swelling. Radiologic
evidence of joint damage (erosions and joint space narrowing) is observed in
almost all patients with RA followed for more than 5 years.%” Joint damage
is also very common in PsA, an inflammatory joint disease that occurs in
10-15% of psoriasis patients.® Gladman and colleagues noted that two-thirds
of PsA patients had bone erosions on initial presentation to a rheumatologist.’
Radiographs often show extensive bone loss manifesting as eccentric erosions,
frank tuft resorption, and pencil-in cup deformities.!? Many PsA patients have
aggressive synovitis confirmed histologically as marked synovial hyperpla-
sia, extensive vascular proliferation with a tortuous morphology, and pannus
tissue penetrating deep into cartilage and bone.!! In addition, OCs are promi-
nently situated at the bone—pannus junction and in bone marrow-derived deep
resorption cavities traversing the bone matrix,'? which is consistent with the
bi-directional attack originally described by Wooley in severely affected RA
joints.!3

Despite the presence of joint deformities on physical examination, not all
forms of inflammatory arthritis degrade cartilage and resorb bone. For ex-
ample, systemic lupus erythematosus (SLE) is a systemic autoimmune dis-
order with diverse clinical manifestations, but musculoskeletal symptoms are
usually the chief complaint, with 50% of patients reporting articular pain on
presentation.!*!> Lupus patients often develop rheumatoid-like deformities
(ulnar deviation, tendinopathies, and subluxation) but only 4-6% of patients
display erosive changes on plain radiographs.'®!” Histopathologic analysis of
SLE synovium shows mild-to-moderate synovial hyperplasia, microvascular
changes, and perivascular inflammation with mononuclear cells.'32° Notably,
aggressive synovial tissue-invading cartilage or bone is not described in these
studies. Indeed, Bywaters noted the similarity of the SLE joint pattern to that
reported by Jaccoud in rheumatic fever. In Jaccoud’s arthropathy, joint de-
formities are manually reducible and radiographs do not depict bone or joint
damage. In one large study of 939 SLE patients, Jaccoud’s arthropathy was
identified in 43% of the patients and was associated with a benign prognosis.!

TNF AND IFN ARE THE MASTER CYTOKINES
OF INNATE IMMUNITY

Innate immunity is a rapidly mobilized, non-antigen-specific response to
pathogens or injury that markedly changes the local tissue to defend against
infection and damage, and is effectively terminated when the initiating stimu-
lus is removed. The temporal and spatial demands of this system require that all
cells contain a common germline-encoded signaling pathway that will enable
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them to uniformly respond immediately. Research over the last 30 years has
identified two critical cytokine pathwaysthat are indispensable for mammalian
innate immunity. The first of these is the TNF pathway, derived from the phy-
logenetically ancient Toll receptor family, whose evolutionary conservation
extends from drosophila to man.??> Essentially, all mammalian cells express
TNF receptors and are capable of responding within seconds to appropriate
ligands (TNF and lymphotoxin), primarily through NF-kB, JNK, and p38 sig-
naling.?* The other potent molecules regulating the innate immune response
are the type-I INF, which were originally discovered as the intracellular im-
mune defense against viral infection.?* Similarly, the IFN pathway relies on a
ubiquitously expressed receptor that signals through an immediate biochemical
cascade known as the JAK-STAT pathway.?> More recently it has been recog-
nized that when these innate immune responses are chronically activated, the
host becomes highly susceptible to a variety of IMIDs. As described above,
overexpression of TNF leads to IMIDs. It has been discovered that dysreg-
ulation of IFN-« is a major component of SLE.3 The most compelling data
to support this come from microarray studies of PBMC from SLE patients,
which demonstrated a remarkably consistent IFN-induced transcriptome.?%2
Preclinical studies also support an important role for IFN signaling in the devel-
opment of lupus nephritis as the susceptibility genes in lupus-prone mice have
been mapped to IFN-inducible loci.?®* Banchereau and colleagues have pro-
posed a unifying hypothesis to explain the presence and etiologic role of IFN in
SLE.** In this model, an environmental insult (i.e., viral infection) stimulates
plasmacytoid DC differentiation, which processes high levels of IFN. This IFN
drives myeloid DC differentiation, which thus provides the antigen-presenting
cells for autoantibody production. These autoantibodies then induce B-cell
stimulation and plasmacytoid DC differentiation to complete the autoimmune
vicious cycle.

Considering the role of IFN in DC differentiation and its critical role as a
negative regulator of osteoclastogenesis to maintain bone homeostasis,*> here
we propose that the IFN axis controls the erosive versus nonerosive phenotypes
of arthritis in SLE patients. In most of these patients, systemic IFN dominantly
biases myelopoiesis toward DC and away from OC such that there are very few
osteoclast precursors (OCP) in an inflamed joint that have the potential to form
bone-resorbing OC. Here we provide the first experimental evidence for this
model by stimulating systemic IFN in wild-type C57B1/6 and TNF-transgenic
(TNF-Tg) mice.

METHODS
Animal Studies and Collection of PBMC

Under an approved protocol by the University of Rochester Committee
for Animal Resources, we induce systemic IFN in five 12-week-old female
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C57B1/6 (Jackson Labs, Bar Harbor, ME) or TNF-Tg mice,*® via administra-
tion of acute poly (I:C) (Sigma, St. Louis, MO), as described previously.?’
Briefly, PBS placebo or 100 mg of polyl:C was injected into the mice via
intraperitoneal (i.p.) injection once daily for 3 days. Afterward, the mice were
euthanized, and pooled PBMC were collected via a ficoll gradient, as we de-
scribed previously.3®

CDI11b*/CD11ct pDC and CD11bT/CD11c¢~ OCP Frequency and
TRAP Osteoclastogenesis Assays

OCP and precursor dendritic cells (pDC) frequency were determined simul-
taneously, immediately after monocyte purification of PBMC, by two-color
FACS, as we described previously.*® The murine-specific antibodies used were
CD11b-PE (clone M1/70), CD11c-APC (clone HL3), (BD Biosciences, San
Jose, CA). The percentage of CD11b*T/CD11c¢*™ pDC and CD11b*/CD11¢™
OCP was determined by gating on the populations that contained a fluorescence
signal greater than 99% of the isotype controls.

TRAP Staining and Quantitation of Osteoclasts

Tartrate-resistant acid phosphatase (TRAP) osteoclastogenesis was per-
formed, as we described previously.*® Briefly, PBMC from TNF-Tg mice
and their wild-type littermates were cultured in a-modified essential medium
(GIBCO BRL, Grand Island, NY) with 10% fetal calf serum (FCS, Hyclone
Laboratories, Logan, UT), RANKL (100 ng/mL), and M-CSF (10 ng/mL) for
4 and 6 days, respectively. Cells were fixed and stained for TRAP using the
Diagnostics Acid Phosphatase Kit (Sigma) to identify OCs. The OCs were
quantified by manual tracing of the photographed OC area, as we described
previously.>

RESULTS AND DISCUSSION

Systemic IFN Increases the Circulating pDC Frequency and
Reduces OCP Frequency

In order to test our hypothesis that systemic IFN mediates a decrease in
erosions by biasing myelopoiesis away from OC and toward DC differentiation,
we used the well-established polyl:C injection model, which induces an IFN
antiviral innate immune response. Wild-type C57B/6 mice and their TNF-Tg
littermates were given X injections of poly I:C for 3 days and then PBMC
were harvested for analysis by fluorescence-activated cell sorting (FACS) to
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FIGURE 1. Polyl:C treatment alters pDC and OCP frequency in PBMC. Wild-type
C57Bl/6 mice and their TNF-Tg littermates (n = 5) were treated with PBS placebo or
polyl:C (100 mg i.p./day for 3 days) and PBMC from each strain were isolated and pooled
together. The PMBC were labeled by antibodies against CD11b and CD11c, and analyzed
by two-color FACS, as described in “Methods” section. The percentage of single and double
positive cells in each quadrant is indicated.

determine the CD11b%/CD11c¢* pDC and CD11b%/CD11¢~ OCP frequency.
Consistent with our previous reports,*®*’ FIGURE 1 shows that TNF-Tg mice
with erosive arthritis have a significant increase in circulating CD11b* PBMC
compared to their nontransgenic littermates. Here, we see that this is due
to an increase in both CD11b*/CD11c¢* pDC and CD11b*/CD11¢~ OCP.
Also evident are the effects of the polyl:C treatment, which resulted in a 2.4-
fold increase in CD11b™/CD11c™ pDC in wild-type mice. This increase was
associated with a 38.8% decrease in CD11b*/CD11¢~ OCP in wild-type mice
and a 43.4% decrease in TNF-Tg mice.

To confirm these findings, the PBMC were cultured in M-CSF and RANKL
to induce osteoclastogenesis, which was quantified by TRAP staining. Consis-
tent with our previous findings,**4? osteoclastogenesis in the TNF-Tg PBMC
cultures peaked on day 4, while osteoclastogenesis in the wild-type PBMC
cultures peaked on day 6. Quantification of the TRAP™ OC in these cultures
demonstrated that the polyl:C treatment significantly reduced the number of
OCP in both strains (F1G. 2). This finding suggests that systemic IFN can bias
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FIGURE 2. Polyl:C treatment dramatically reduces the osteoclastogenic potential of
PBMC. The PBMC from C57B/6 and TNF-Tg mice treated with PBS placebo or polyl:C
described in FIGURE 1 were cultured in M-CSF and RANKL until the peak in osteoclasto-
genesis (day 6 and day 4, respectively), and then were fixed and stained for TRAP activity.
Representative microphotographs of the cultures (n = 4) are shown together with the quan-
tified mean osteoclast area = SEM. The osteoclast area in the cultures of PBMC from
polyl:C-treated mice was significantly less than that of the PBS controls (P < 0.05).

myelopoiesis toward DC differentiation at the expense of OCP, even under
conditions that favor osteoclastogenesis. Although future studies are needed
to determine the precise stage of myelopoiesis that is affected by IFN and
whether the IFN has a direct effect on the inhibition of erosive arthritis, these
findings support our hypothesis that high IFN levels in SLE patients pushes
myeloid differentiation away from osteoclastogenesis.
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