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Abstract
Objective—In contrast to rheumatoid arthritis (RA), Jaccoud arthritis (JA) joint inflammation in
systemic lupus erythematosus (SLE) is nonerosive. Although the mechanism responsible is unknown,
the anti-osteoclastogenic cytokine interferon-alpha (IFN-α), whose transcriptome is present in SLE
monocytes, may be responsible. To test this, we examined effects of IFN-α versus lupus disease on
osteoclasts and erosion in the NZBxNZW F1 SLE mouse model with K/BxN serum-induced arthritis
(SIA).

Methods—Elevated systemic IFN-α levels were obtained by administration of an adenoviral vector
expressing IFN-α (Ad-IFN-α). SLE disease was marked by anti-dsDNA antibody titer and
proteinuria, and Ifi202 and Mx1 expression represented the IFN-α transcriptome. Micro-CT was used
to evaluate bone erosions. Flow cytometry for CD11b and CD11c was used to evaluate the frequency
of circulating osteoclast precursors (OCP) and myeloid dendritic cells (mDC) in blood.

Results—Administration of Ad-IFN-α to NZBxNZW F1 mice induced osteopetrosis. Pre-
autoimmune NZBxNZW F1 mice are fully susceptible to focal erosions in the setting of SIA.
However, NZBxNZW F1 mice with high anti-dsDNA antibody titers and the IFN-α transcriptome
were protected against bone erosions. Ad-IFN-α pre-treatment of NZW mice before K/BxN serum
administration also resulted in protection against bone erosion (r2=0.4720, p<0.01), which was
associated with a decrease in circulating CD11b+CD11c− OCP, and a concomitant increase in CD11b
+CD11c+ cells (r2=0.6330, p<0.05) that are phenotypic of mDC.

Conclusion—These findings suggest that IFN-α in SLE shifts monocyte development toward mDC
at the expense of osteoclastogenesis thereby resulting in decreased bone erosion.
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Inflammatory arthritis is one of the most common clinical features in autoimmune disorders
(1), and radiologic evidence of joint damage (erosions and joint space narrowing), is observed
in almost all patients with rheumatoid arthritis (RA) followed for more than five years (2,3).
Pro-inflammatory mediators in RA joints stimulate the production of monocyte/macrophage
osteoclast precursors (OCP), which migrate to the bone-pannus interface, and differentiate in
response to elevated levels of receptor activator of nuclear factor κB-ligand (RANKL) to
become bone-resorbing osteoclasts (OCs) that mediate focal erosions (4–7). Despite the
presence of joint deformities on physical examination, not all forms of inflammatory arthritis
involve degradation of cartilage and bone resorption. For example, patients with systemic lupus
erythematosus (SLE) often complain of musculoskeletal symptoms, with 50% of patients
reporting articular pain on presentation (8,9). Additionally, these patients often develop RA-
like deformities (ulnar deviation, tendonopathies and subluxation), but only 4–6% of patients
display erosive changes on plain radiographs, and histological assessment of their joint tissue
shows mild to moderate synovial hyperplasia, microvascular changes and perivascular
inflammation with mononuclear cellular infiltrate (10,11). The joint disease in these SLE
patients, commonly referred to as Jaccoud arthritis (JA), is characterized by an absence of
radiographic erosive changes, and has a relatively benign prognosis (12). Thus, elucidating the
mechanism of non-erosive arthritis in JA could have significant implications for the unmet
needs of individuals that suffer from destructive RA.

Interferon-alpha (IFN-α) has emerged as the dominant cytokine that is dysregulated in SLE.
IFN-α is mainly expressed by plasmacytoid dendritic cells (pDC), and simulates the
differentiation and activation of myeloid dendritic cells (mDC) to present autoantigens (13,
14). Increased serum IFN-α correlates with both lupus disease activity and severity (15–17),
and PBMC isolated from these patients express a unique gene expression pattern known as the
IFN-α transcriptome (18,19). Intriguingly, this transcriptome reverts to a pattern similar to that
expressed in healthy controls following effective steroid therapy (18), which simultaneously
causes glucocorticoid-induced osteoporosis (20), thus explaining why this non-erosive SLE
phenotype in many patients is broadly overlooked.

Convincing preclinical evidence for an IFN-α model of autoimmunity has also been generated
using the New Zealand black (NZB)×New Zealand white (NZW) F1 mouse model of lupus
(21,22). These mice develop severe immune complex-mediated glomerulonephritis associated
with high serum levels of antinuclear autoantibodies evident at 5 months of age. Moreover,
IFNAR1−/− mice have severe osteopenia due to increased circulating OCP and uncontrolled
bone resorption (23). Interestingly, the genetic component of the NZB lupus-susceptibility
locus on distal chromosome 1 is known to contain the interferon-inducible gene Ifi202 (24),
the up-regulation of which is correlated with disease in these mice and is now used as a
surrogate reporter of the IFN-α gene expression profile.

We reasoned that the increased mDC differentiation seen in human SLE and NZBxNZW F1
mice must occur at the expense of osteoclastogenesis, as these cells are derived from the same
myelomonocyte precursor (25). Based on this information, we proposed an IFN-α-biased
myelopoiesis model to explain the non-erosive nature of JA. In this model, concomitant
inflammatory arthritis and lupus stimulate the production and release of myelomonocyte
precursors from the bone marrow, which are irreversibly committed toward CD11b+CD11c+
mDC differentiation. Furthermore, we postulated that the mDC precursors have lost all
osteoclastogenic potential as a direct result of exposure to elevated systemic IFN-α (25). As
such, these cells fail to respond to RANKL in inflamed joints, and focal erosion becomes
impossible due to the lack of mature OCs. Here we directly test this hypothesis with serum-
induced arthritis (SIA) experiments in NZBxNZW F1 mice, and by injecting Ad-IFN-α into
NZW non-SLE mice followed by administration of arthritogenic K/BxN serum. The results
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demonstrate that IFN-α is sufficient to induce the non-erosive phenotype observed in JA by
prevention of osteoclastogenesis due to myeloid differentiation towards mDC.

MATERIALS AND METHODS
Animals, Serum Induced Arthritis, and Ad-IFN-α treatments

NZBxNZW F1 and NZW/LacJ mice were obtained from Jackson Laboratories (Bar Harbor,
ME). Experiments were performed on 2-, 5-, and 9-month- old female NZBxNZW F1 mice,
and age-matched NZW/LacJ controls. Arthritogenic serum was derived from K/BxN mice and
assessed for SIA by intraperitoneal (IP) injection of Balb/c mice (Jackson Laboratories), which
are a highly susceptible strain for SIA. Serum was administered by IP injection at a dose of
250 µL per mouse. The recombinant adenovirus vector containing the mIFN-α subtype 5 cDNA
(Ad-IFN-α) was propagated as previously described (22). IFN-α expression from the Ad-IFN-
α vector was assessed by ELISA on supernatants from 293T cells cultured with the virus
compared to uninfected and Ad-Null infected controls. No IFN-α was detected in control
cultures, while the supernatant from Ad-IFN-α treated cells expressed 641.5 pg/mL at 24hrs
(data not shown). A titer of 1011 virus particles/mL was retro-orbitally injected into mice 7
days before harvesting organs, blood and limbs for analysis. The mice were handled in
accordance with protocols approved by the Institutional Animal Care and Use Committee of
the University of Rochester (Rochester, NY, USA).

Ex vivo osteoclastogenesis
All organs were harvested using aseptic technique. Splenocytes were obtained by
homogenizing the spleen over a cell-strainer into 1x PBS. Red blood cells (RBCs) in the
collected suspension were lysed with ammonium chloride solution (Stem Cell Technologies,
Vancouver, BC, Canada), and the collected cells were cultured in alpha-MEM supplemented
with 10% fetal calf serum, 5% penicillin / streptomycin, and 5% nonessential amino acids
(Invitrogen, Carlsbad, CA, USA) with a final pH of 7.4. To generate OCs, 10 ng/mL of M-
CSF (Cell Sciences, Canton, MA, USA) and 5 ng/mL of RANKL (Cell Sciences) were added
to the cells for 7 days with fresh media and cytokines added every 2 days. Cells were then fixed
and stained for tartrate-resistant acid phosphatase (TRAP) activity (Sigma-Aldrich, St. Louis,
MO, USA) to identify OCs (TRAP+ cells with >3 nuclei).

Histology
Long bones from one leg of each mouse were fixed in 10% phosphate-buffered formalin,
decalcified in 10% EDTA solution for two weeks at room temperature with gentle stirring and
embedded in paraffin. Histology sections were prepared from three contiguous 3 mm sections
500 mm apart, which were stained with ABH/orange G or for TRAP using the Diagnostics
Acid Phosphatase Kit (Sigma, St. Louis, MO, USA). OCs were quantified from TRAP stained
sections.

Antibodies and flow cytometry
Blood was obtained by cardiac puncture and placed in 0.5% EDTA to prevent clotting. Flow
cytometry was then performed on PBMC after lysing RBCs. PBMC were stained for 30 min
with CD11b-APC clone M1/70 (BD Pharmingen) and CD11c-PE Cy5.5 clone N418
(eBioscience, San Diego, CA, USA) in 1x PBS containing 4% FCS (for flow cytometry) or
sterile 1x PBS without FCS (for FACS) after adding anti-CD16/CD32 to block Fc-receptors
(BD Pharmingen, San Jose, CA, USA) for 15 min. If cells could not be analyzed by flow
cytometry the same day, they were fixed in 1% PFA and analyzed the following day. Flow
cytometry was performed using a FacsCalibur (Becton Dickinson). FACS was performed using
either a FACS Vantage or a FACS Aria (Becton Dickinson Immunocytometry Systems,
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Bedford, MA). Data analysis was done with WinMDI 2.9 software (Scripps Research Institute,
La Jolla, CA, USA).

Micro-CT and histology analyses of trabecular bone and focal erosions
Tibia obtained from our original SLE study in which NZBxNZW F1 and Balb/c mice were
untreated, injected with an empty vector (Ad-Null) or Ad-IFN-α (22) were scanned at high
resolution (10–12.5 microns) in an Explore Locus SP scanner (GE Healthcare Technologies,
London, ON), and the metaphyseal trabecular bone was analyzed by manual segmentation of
gray scale slices using the GE Microview software. The bone volume fraction was determined
by contouring a ROI in the metaphyseal trabecular region of the tibia excluding cortical bone,
and normalizing the volume of the trabecular bone volume in the ROI to the total volume of
the ROI as previously described (26). The Structural Model Index (SMI) was quantified as a
measure of the morphology of the trabecular bone, where a SMI of 0 signifies that the structure
is mostly plate-like (abnormal osteopetrotic), and a value of 3 indicates a mostly rod-like
structure (normal trabeculi) from randomly sampled regions (800 µm×800µm×480 µm) of
tibial trabecular bone approximately 100 µm distal to the growth plate were quantified. Talus
bone volume was quantified via high-resolution in vivo micro-CT (VivaCT 40; Scanco,
Southeastern, PA, USA) as previously described (27). Briefly, each joint was scanned at an
isotropic resolution of 17.5 µm at 55 keV with cone beam mode. The data were reconstructed
via Scanco software into Dicom files for analysis. Amira 3.1 software was used to segment
and visualize the bones on the micro-CT scans. The talus was specifically labeled using the
Segmentation Editor feature. A density threshold >11,000 AU was set as representing bone,
and the labels were reconstructed using the SurfaceGen module to visualize the bone. The
threshold was kept constant throughout the study. Since the entire talus is scanned, the volume
of this bone, as determined from the TissueStatistics module, was used as a quantitative
measure of bone erosion. Osteoclasts numbers in the tibial metaphyses were quantified as
TRAP+ multinucleated cells as we have previously described (28).

Anti-dsDNA antibody ELISA and proteinuria measurement
To measure anti-dsDNA antibody titers in the serum of the NZBxNZW F1 and NZW mice in
all treatment groups, blood was obtained by cardiac puncture and centrifuged at 10,000 rpm
at room temperature for 5 min. The serum was then transferred to a new tube and used with a
mouse anti-dsDNA total Ig ELISA kit (Alpha Diagnostic International, San Antonio, TX,
USA) according to manufacturer's instructions.

Urine was collected from mice in all treatment groups at time of death. Proteinuria was assessed
by dipstick analysis with Chemstrip® 2 GP Urine Test Strips (Roche Diagnostics, Branchburg,
NJ, USA) by applying 15 µl of urine to the dipstick and comparing the reading to the scale on
the side of the kit as previously described (22). FCS was used as a positive control for protein
while distilled water served as a negative control.

RNA Analysis
Total RNA was extracted from splenocytes using the Qiagen RNeasy mini kit (Qiagen,
Valencia, CA, USA) and subsequently reverse-transcribed into cDNA using the iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA). To detect Ifi202 gene expression, triplicate real-
time quantitative RT-PCR reactions were performed using the Rotor-Gene 3000 thermal cycler
(Corbett Life Science, Sydney, NSW, Australia). SYBR Green I (Applied Biosystems, Foster
City, CA, USA) was used for detection of DNA synthesis. The primers used for Ifi202 were
5'-CAAGCCTCTCCTGGACCTAA -3' (forward) and 5'-
CTAGGATGCCACTGCTGTTG-3' (reverse). Mx1 primers were 5'-
CAGAGGTCAGCAGGACATCC-3' (forward) and 5'-
TCGCTTGCACTCTGATGACT-3' (reverse). β-actin served as the internal house-keeping
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gene control (forward primer sequence 5'-AGATGTGGATCAGCAAGCAG-3', reverse
primer sequence 5'-GCGCAAGTTAGGTTTTGTCA-3'). The following cycling conditions
were used: 95 °C, 10 min followed by 45 cycles of 95 °C, 15 sec; 58 °C (annealing temperature),
60 sec; 72 °C 15 sec.

Statistical Analysis
Data are presented as means ± standard error of the mean. Student's t-test or analysis of variance
(ANOVA) were performed with a significance level of P<0.05. Linear regression analyses
were performed with a minimum confidence level of 95%. Statistics were calculated using
either Microsoft Excel 9.0 software (Microsoft, Redmond, WA, USA) or the GraphPad PRISM
software package (GraphPad Software, La Jolla, CA, USA).

RESULTS
Lupus susceptibility and systemic IFN-α contribute to osteopetrosis in NZBxNZW F1 mice

As a prelude to the arthritis studies, we first investigated the effects of Ad-IFN-α and genetic
background on normal bone remodeling via micro-CT, bone histomorphometry, and histology
of tibiae from the mice in our previous SLE study, in which NZBxNZW F1 and Balb/c mice
were injected with Ad-IFN-α (22). As previously reported, IFN-α was detected only in the
serum of mice treated with Ad-IFN-α, and the serum levels were similar in both strains, peaking
at ~700 pg/ml on day 3 and plateauing at ~200 pg/ml by day 10. No differences in metaphyseal
OC numbers were observed in any of the control groups as assessed by TRAP stained histology
(Balb/c untreated 70±8; Balb/c Ad-Null empty vector 73±9; NZBxNZW F1 untreated 73±7;
NZBxNZW F1 Ad-Null empty vector 73±9). However, Balb/c mice treated with Ad-IFNα had
a significant decrease in the number of metaphyseal OC (26±6; P<0.01), which inhibited
resorption of the primary spongiosa as evidenced by irregular trabeculi (Figure 1). Thus,
demonstrating the direct effects of IFNα on OC numbers in vivo. The NZBxNZW F1
background markedly enhanced the Ad-IFN-α effects, as OC numbers were significantly lower
than controls and Balb/c mice (4±2; P<0.05), and the mice had severe osteopetrosis.

NZBxNZW F1 mice with signs of lupus and elevated Ifi202 expression are resistant to bone
erosions during inflammatory arthritis

To assess the effects of lupus genetics, lupus disease and IFN-α on erosive inflammatory
arthritis independently and collectively, we investigated OCP, OC numbers and bone loss in
NZBxNZW F1 mice with and without SIA: before the onset of lupus (2-month-old), with
established lupus (5-month-old) and with severe lupus (9-month-old). We evaluated age- and
gender-matched NZW mice as controls, rather than Balb/c, because they are a parental strain,
and used the results from our Ad-IFN-α Balb/c studies as the control to interpret the direct
effects of IFN-α alone in WT mice. Moreover, the Ifi202 gene polymorphism within the Nba2
locus is contributed by the NZB parental strain, and its expression is not detected at elevated
levels in the NZW parental strain. It has also been shown that NZW mice congenic for the
Nba2 locus develop high anti-nuclear autoantibodies characteristic of SLE (24). Based on this,
we used NZW and NZW injected with Ad-IFN-α as negative and positive controls respectively,
and utilized Ifi202 gene expression as a marker of the IFN-α transcriptome in SLE.

First, we confirmed the presence of lupus disease and the IFN-α transcriptome status of these
mice by measuring their serum anti-dsDNA antibody titers, urine protein levels, and Ifi202
expression levels in splenocytes (Figure 2). The results demonstrated the predicted age-
dependent disease progression in NZBxNZW F1 mice, and the complete absence of these lupus
markers in NZW mice. However, consistent with the congenic Nba2 studies, we found that
NZW mice given Ad-IFN-α had serum anti-dsDNA autoantibodies, proteinuria, and Ifi202
levels that were significantly higher than age- and gender-matched control NZW mice.
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Moreover, these markers of lupus were induced to similar levels in NZW mice given Ad-IFN-
α irrespective of age, demonstrating a direct effect of this cytokine. In order to test if there is
a direct correlation between the IFN-α transcriptome and lupus markers in our mouse model,
we performed a linear regression analysis, which showed that increased Ifi202 gene expression
is significantly correlated with increased anti-dsDNA autoantibody titers (Figure 2D). We also
evaluated the association between anti-dsDNA autoantibody titers and expression levels of
Mx1, another IFN-α-inducible gene, to be sure that our observations were representative of
other markers of the IFN-α transcriptome and not solely Ifi202. Mice with low anti-dsDNA
autoantibody titers had low Mx1 gene expression levels, while those with high anti-dsDNA
autoantibody titers and proteinuria had significantly higher Mx1 gene expression (data not
shown).

To study the erosive nature of inflammatory arthritis in the setting of SLE, we used the serum
transfer model. In this model, arthritogenic serum from K/BxN mice is transferred to
susceptible strains in order to induce arthritis (29). Interestingly, Ji et al. have previously used
clinical assessment of ankle swelling to define the NZW, NZBxNZW F1, and NZB strains as
susceptible, moderately susceptible and non-susceptible, respectively, to this model of serum
induced arthritis (SIA) (30). However, the effects of SIA on bone mass, OCP or OC in these
strains has yet to be determined. To test this effect, we performed micro-CT on the ankles of
untreated controls and mice with SIA, to determine the degree of arthritic erosions in the talus
as we have previously described (27). Figure 3A shows representative 3D micro-CT
reconstruction images of the talus from 5-month-old animals. Consistent with prior results on
joint inflammation, we found marked bone erosions in NZW + SIA mice, but not in the control
NZW and NZBxNZW F1 mice, nor the NZBxNZW F1 + SIA mice. Quantification of the talus
bone volume by 3D-CT reconstruction confirmed these significant differences, which were
age-dependent in the NZBxNZW F1 mice. Figure 3B shows that at 2 and 5 months, untreated
NZBxNZW F1 mice had a higher bone volume compared to gender- and age-matched female
NZW mice (1.16±0.02 mm3 vs. 1.07±0.04 mm3) and (1.19±0.07 mm3 vs. 1.04±0.06 mm3).
Talar bone volume was similar between NZBxNZW F1 mice and NZW mice aged 9 months
(1.08±0.05 mm3 vs. 1.09±0.04 mm3). Significant talar bone loss and erosions were observed
on micro-CT at 5 days post-injection with K/BxN serum in NZW mice compared to NZW mice
not receiving K/BxN serum at all ages tested (2 mo.: from 1.07±0.04 mm3 to 0.94±0.06
mm3, 5 mo.: from 1.04±0.06 mm3 to 0±0.03 mm3, and 9 mo.: from 1.09±0.04 mm3 to 0.88
±0.03 mm3). In contrast, NZBxNZW F1 mice showed a significant decrease in talar bone
volume after K/BxN serum transfer only at 2 months of age (from 1.16±0.02 mm3 to 0.97±0.10
mm3). Though they did show evidence of slight ankle thickening on gross observation, 5- and
9-month-old NZBxNZW F1 mice injected with K/BxN serum were resistant to erosive
inflammatory arthritis (talar bone volume pre- and post-SIA: 1.19±0.07 mm3 vs. 1.18±0.07
mm3 and 1.08±0.05 mm3 vs. 1.13±0.13 mm3 respectively).

To demonstrate the direct effects of strain and systemic IFN-α on OC in this model, we analyzed
histology from the ankle and knee joints of these mice (Figure 3C). The results showed that
NZBxNZW F1 mice treated with K/BxN serum had less inflammatory infiltrate in
juxtaarticular regions compared to NZW mice with SIA, where inflammatory infiltrate is
prominent. Moreover, TRAP staining showed increased numbers of OC in the juxtaarticular
region of NZW mice with SIA, but not in this region in NZBxNZW F1 mice.
Histomorphometric quantification confirmed the significant decrease in OC numbers in
NZBxNZW F1 versus NZW mice at all time points (Figure 3D - left). However, when we
evaluated the circulating OCP frequency in these mice via ex vivo formation of TRAP+ MNC
from splenocyte cultures, we found the significant decrease in NZBxNZW F1 to be age-
dependent (Figure 3D - right), similar to the age dependent presentation of lupus markers
(Figure 2).
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NZBxNZW F1 lupus mice and NZW mice given Ad-IFN-α have a decrease in CD11b+CD11c−
OCP and an increase in CD11b+CD11c+ mDC precursors in their PBMC

In addition to seeing a decrease in the number of OC in NZBxNZW F1 mice in the setting of
SIA, we also observed that the OC arising from NZBxNZW F1 with SIA were significantly
smaller than those from NZW with SIA (Figure 4A). Furthermore, very few OC were observed
from ex vivo osteoclastogenesis from splenocytes cultured from NZW mice given Ad-IFN-α
in the setting of SIA (Figure 4A). These data in conjunction with the data in Figure 3 suggest
that the major inhibitory effects of IFN-α and lupus on focal erosions are exerted on the
circulating OCP population. OC derive from a monocytic precursor that can also give rise to
macrophages and mDC under the appropriate cytokine stimulation (31). As IFN-α has been
shown to drive monocyte precursor development towards mDC differentiation in SLE (32),
we hypothesized that the decreased osteoclastogenesis observed in the NZBxNZW F1 and
NZW mice given Ad-IFN-α was a result of biased circulating monocyte differentiation away
from OC and toward mDC. Since cell-surface co-expression of CD11b and CD11c is a known
immunophenotype of mDC in PBMC (33), we tested our hypothesis by measuring the
percentage of CD11b+CD11c+ versus CD11b+CD11c− PBMC in the mice. The results
showed that 9-month-old NZBxNZW F1 mice with SLE-like disease had a higher proportion
of CD11b+CD11c+ PBMC relative to age- and gender-matched NZW mice (Figure 4B).
Moreover, the 7-fold increase in CD11b+CD11c− PBMC observed in NZW mice with SIA,
was completely absent in NZBxNZW F1 mice with non-erosive SIA (Figure 4C). Furthermore,
NZW mice with SIA and Ad-IFN-α only had a 3-fold decrease in CD11b+CD11c- PBMC,
with a concomitant 5-fold increase in CD11b+CD11c+ PBMC, compared to NZW + SIA
controls (Figure 4D). These data confirm the ex vivo osteoclastogenesis results (Figure 3D &
4A), and demonstrate the dramatic effects of IFN-α on circulating monocyte populations.

Presence of an elevated IFN-α transcriptome correlates significantly with a greater CD11b
+CD11c+ population and decreased bone loss from erosions in inflammatory arthritis

We performed linear regression analyses comparing Ifi202 gene expression levels, talar bone
volume and the percentages of CD11b+CD11c− and CD11b+CD11c+ PBMC in the mice we
studied. First, we found a statistically significant inverse correlation between circulating OCP
versus mDCP (Figure 5A). Next, we found that higher talar bone volume correlated
significantly with a greater percentage of CD11b+CD11c+ PBMC (Figure 5B). We also found
that there was a statistically significant positive correlation between Ifi202 gene expression
and both the percentage of CD11b+CD11c+ PBMC and talar bone volume (Figure 5C and
5D). Similarly, higher average talar bone volume was observed among mice with high Mx1
expression levels (Figure 5E). Thus, although the molecular mechanisms for these associations
remain to be elucidated, the results presented here provide the first direct evidence that the
IFN-α transcriptome induced during lupus dominantly shifts myeloid differentiation towards
mDC in a manner that is non-permissive for osteoclastogenesis and focal erosion.

DISCUSSION
It is established that the common myelomonocyte progenitor cell can differentiate into CD11b
+CD11c+ mDC or CD11b+CD11c− OCP depending on the cytokine milieu. Previous research
demonstrated that elevated levels of IFN-α influence myelomonocyte development into mDC,
and that mDC are a major cellular mediator of SLE pathology (13). It has also been shown that
inflammatory erosive arthritis can be marked by an elevation in the CD11b+CD11c−
population. While it is known that JA is typically non-erosive, and that IFN-α is considered
the dysregulated cytokine in SLE, knowledge of a potential link between these two factors and
myelopoiesis is scarce. Using the SIA model in conjunction with the NZBxNZW F1 model,
we were able to add to the existing literature on SLE, myelopoiesis, and bone, by studying the
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effect of SLE disease and the effect of IFN-α in particular on the development of bone erosion
in inflammatory arthritis.

The current etiologic model for the role of dysregulated IFN-α in SLE suggests that
pathologically elevated levels of IFN-α are released from pDC after stimulation by an unknown
factor (13). Though early evidence of this came from detection of elevated serum levels of
IFN-α, ELISA for IFN-α has been reported not to be very sensitive or reliable for measuring
naturally elevated IFN-α levels because the range of detection antibodies would need to account
for the approximately 14 known IFN-α isoforms. A more widely accepted method of
determining IFN-α levels in SLE is to measure the levels of IFN-α-inducible genes since all
IFN-α isoforms bind the same receptor and induce the same signaling cascade leading to gene
expression (34). Though many IFN-α-inducible genes have been identified as correlating with
SLE pathophysiology, the Ifi202 gene has been best characterized as a susceptibility gene in
the NZBxNZW F1 model we used in this study (24). In NZB mice, natural levels of serum
IFN-α were undetectable by ELISA, and CpG ODN injection was needed to see significant
serum IFN-α levels detectable by ELISA compared to Balb/c controls (35). Despite this, NZB
mice have elevated expression of Ifi202 compared to Balb/c and C57Bl/6 mice (24). The
NZBxNZW F1 mice in our study exhibited elevated levels of Ifi202 mRNA expression
compared to NZW controls at all ages. This is in accordance with previous literature that
showed this gene not to be elevated in NZW mice (24). Interestingly, the Ifi202 gene expression
level was elevated even at 2 months of age though anti-dsDNA antibodies and proteinuria were
not significantly different at this age from that seen in NZW mice. This may be explained by
a gradual skewing of the monocyte differentiation program toward mDC with the age-related
accumulation of IFN-α, and increasing numbers of circulating mDC presenting autoantigens,
thereby breaking self-tolerance over time. Additionally, variables such as estrogen status and
environmental factors likely contribute to the timing of autoantibody formation which precedes
disease onset. Nevertheless, in these pre-autoimmune mice, induction of systemically elevated
IFN-α via injection of Ad-IFN-α resulted in SLE disease features suggesting that innate barriers
to a break in tolerance can be overcome if these mice exceed threshold levels of IFN-α.

As seen in human disease, the presence of SLE protected NZBxNZW F1 mice from developing
bone erosions in the setting of inflammatory arthritis. When these mice were at an age where
they did not exhibit SLE disease features (anti-dsDNA autoantibodies or proteinuria), they
displayed a similar susceptible to SIA bone erosions as the non-SLE NZW mice were at all
ages. To explain this, we examined osteoclastogenesis in these animals. We observed that
NZBxNZW F1 mice had lower numbers of OC in vivo at the site of resorption compared to
NZW mice. This could be the result of decreased circulating OCP, and/or expression of local
factors at the site of resorption that inhibit osteoclastogenesis in mice with SLE-like disease.
To address this, we also examined the ex vivo osteoclastogenic potential of circulating OCP
from NZBxNZW F1 mice. Our results show that although SIA is capable of inducing
osteoclastogenesis in both NZW and NZBxNZW F1 strains, it is more effective in mice without
SLE. These data demonstrate that the reduced degree of bone erosion seen in inflammatory
arthritis in NZBxNZW F1 mice is the result of a more global anti-osteoclastogenic process and
not solely a local effect. Furthermore, our finding that NZBxNZW F1 mice with SLE-like
disease had a greater percentage of circulating mDCP compared to the percentage of circulating
OCP supports the idea that the global deficit in osteoclastogenesis seen in these mice is from
a skewing of myelomonocytic differentiation.

The osteoclastogenesis, bone erosion, and mDCP frequency findings in the NZBxNZW F1
mice could be explained by events associated with SLE, or could represent another direct effect
of IFN-α in SLE pathophysiology. The injection of Ad-IFN-α induced Ifi202 gene expression
and the development of SLE disease markers in the NZW mice whereas Ad-Null and uninjected
mice did not show these findings. Our results show that the presence of elevated IFN-α levels
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was able to mitigate the erosive nature of inflammatory arthritis by globally reducing the
number of OC. These findings were explained by an elevation in the relative proportion of
mDCP to OCP in the blood. Thus, the artificial induction of elevated systemic IFN-α is capable
of replicating the findings we saw in NZBxNZW F1 mice with naturally high levels of IFN-
α-inducible Ifi202 and SLE disease markers. This supports a direct effect of IFN-α on OCP
frequency and bone erosion in inflammatory arthritis rather than general events related to SLE.

It is important to note that most of the research on interactions between SLE disease processes
and bone pathology has focused on steroid-induced osteoporosis and avascular necrosis of
bone, which are prominent side-effects of effective SLE therapy (20). The mechanisms
responsible have largely been attributed to glucocorticoid activation of osteoclastogenesis,
direct inhibition of osteoblasts, and prolonged suppression of osteogenesis (36–38). Since
glucocorticoid therapy reverses the elevation in the IFN-α transcriptome (18), it consequently
mitigates the associated protection against bone erosions we have described here. Thus, the
studies on steroid-induced bone loss in SLE patients do not conflict with our findings. However,
steroid-independent osteopenia is also known to occur in SLE patients, which is somewhat
inconsistent with our mouse models. Thus, the complexities of this disease may have dual
inhibitor effects on both osteoclasts that results in decrease erosions, and osteoblasts that results
in osteopenia, of which the later warrants further investigation.

Taken together, our findings support a new mechanism for the non-erosive nature of
inflammatory JA in SLE. We have shown that a naturally elevated or experimentally induced
IFN-α transcriptome directly correlates with protection from bone erosions in inflammatory
arthritis as a result of biased myelopoiesis toward mDC and away from OC in a mutually
exclusive manner. Further research to uncover how IFN-α influences the molecular interactions
that promote this skewed differentiation program will help in identifying therapeutic targets
for RA and other inflammatory erosive arthritides.
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Figure 1. Systemic IFN-α and NZBxNZW F1 genetic background induce osteopetrosis
Histology and micro-CT of the tibiae metaphysis from NZBxNZW F1 and Balb/c mice (n=5)
untreated, or given 1011 viral particles of Ad-Null or Ad-IFN-α (22). (A) Representative H&E
sections at 10x magnification. Note normal trabeculi (*) in Ad-Null NZBxNZW F1, and their
absence in the Ad-IFN-α, which contains an expanded growth plate (bracket). A region of
interest (ROI; box in H&E) of a parallel TRAP sections (40x magnification) demonstrating
normal numbers in Ad-Null (red cells), and the complete absence of OC (severe osteopetrosis)
in Ad-IFN-α NZBxNZW F1 tibia. (B) The bone volume fraction and the (C) Structural Model
Index (SMI) were quantified as described in Methods. (D) TRAP+ multinucleated cells
(osteoclasts) per growth plate were quantified to confirm osteopetrosis in Ad-IFN-α treated
NZBxNZW F1 tibia. The data are presented as the mean ± SEM for each group (* p<0.05 vs.
untreated and Ad-Null, ** p<0.05 vs. Balb/c).
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Figure 2. Lupus disease marker levels and Ifi202 gene expression correlate in aging NZBxNZW F1
mice and Ad-IFN-α treated NZW mice independent of age
NZW (white bars), NZBxNZW F1 (black bars), and NZW mice given Ad-IFN-α and SIA
(stripped grey bars), were analyzed at the indicated age for: (A) total serum anti-dsDNA
autoantibody titers, (B) urine protein levels, and (C) splenocyte Ifi202 gene expression. The
data are presented as the mean ± SEM (n = 3–5 mice per group; * p<0.05 versus NZW, **
p<0.05 versus NZW + SIA, # p<0.05 versus NZBxNZW F1). Serum titers of anti-dsDNA
antibodies, proteinuria and Ifi202 expression data were also obtained for NZW and NZBxNZW
F1 mice with SIA, but no differences were found compared to untreated controls (data not
shown). (D) Linear regression analysis of the mean anti-dsDNA autoantibody titer versus the
mean Ifi202 gene expression for all 15 groups of mice demonstrates a significant relationship
between the lupus markers in these mice.
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Figure 3. NZBxNZW F1 mice and Ad-IFN-α treated NZW mice are resistant to arthritis-induced
focal erosions and have deceases in OCP and OC
NZW, NZBxNZW F1, and NZW mice given Ad-IFN-α were untreated or given SIA at the
indicated age. (A) Representative reconstructed 3D-CT images of the right taluses are shown
to highlight the presence (arrows) or absence of erosions in 5-month-old mice. (B) Individual
talar bone volumes of mice (n=the number of symbols) at 2-months (circles), 5-months
(triangles), and 9-months (squares) of age, and the mean ± SEM for each group (bar) quantified
via 3D-micro-CT (* p<0.05 versus NZW, # p<0.05 versus NZBxNZW F1). (C) Representative
ABH/OG sections at 5x (inset; T=talus) and 10x magnification to highlight SIA-induced
inflammation (bracket). Representative TRAP sections of knees at 10x highlight OC (arrows)
at the erosion front of the pannus (bracket) in NZW + SIA, while OC could only be found in
the growth plate of NZBxNZWF1 + SIA. (D) The number of OC/tibial area (top) and
circulating OCP frequency determined by in vitro splenocyte osteoclastogenesis (bottom) and
are presented as the mean ± SEM for the group (* p<0.05 versus NZW).
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Figure 4. Non-erosive NZBxNZW F1 mice and Ad-IFN-α treated NZW mice with SIA have a
decrease in CD11b+CD11c− OCP and an increase in CD11b+CD11c+ DCP PBMC frequency
The circulating OCP frequencies in NZW, NZBxNZW F1 and NZW mice given Ad-IFN-α
and SIA (n=3 to 5 per group) were determined by ex vivo osteoclastogenesis assays performed
on splenocytes harvested on day 5. Representative photographs of the TRAP stained cultures
(A) are shown to demonstrate the remarkable difference in OC size (indicated by red arrows),
which is also presented as mean ± SEM OC area (mm2) for the group. Blood was pooled from
9-month-old NZW (B), NZBxNZW F1 mice (C), and NZW mice treated with Ad-IFN-α and
SIA (D), as described in Figure 2, and PBMC were stained with fluorescently labeled antibodies
specific for CD11b and CD11c, and analyzed by flow cytometry as described in Methods.
Representative dot plots are shown to highlight the percentage of CD11b+CD11c− OCP and
CD11b+CD11c+ DCP in the indicated quadrants.
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Figure 5. There is an inverse relationship between OCP and DCP frequency, and a direct
correlation between the IFN-α transcriptome in PBMC and bone volume
To demonstrate that the non-erosive phenotype of inflammatory arthritis during concomitant
lupus is mediated by IFN-α stimulated monocyte differentiation that is non-permissive of
osteoclastogenesis, we performed linear regression analyses using the flow cytometry, real
time RT-PCR, and micro-CT data described in this study. (A) Linear regression analysis of the
percentage of CD11b+CD11c− versus CD11b+CD11c+ PBMCs for NZW mice with arthritis
and mice with an elevated IFN-α transcriptome. (B) Linear regression analysis of percentage
of CD11b+CD11c+ PBMCs and talar bone volume. (C) Linear regression analysis of
percentage of CD11b+CD11c+ PBMCs and Ifi202 gene expression data. (D) Linear regression
analysis of talar bone volume and Ifi202 gene expression data. (E) Mx1 mRNA levels in PBMC
were determined by real time RT-PCR and the samples were divided based on a threshold
expression level of 101 and compared to the average talar bone volume of the mice in that
group. Individual points and bars represent mean value for 3–5 mice. * p<0.05 versus Mx1
gene expression <101.
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