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ARTICLE INFO ABSTRACT

Keywords: Patients with rheumatoid arthritis (RA) have very different outcomes, particularly with regard to bone erosions.
Rheumatoid arthritis Since osteoclasts are responsible for bone destruction adjacent to rheumatoid synovium, profiling osteoclasts
Erosion from circulating precursors in RA could help identify patients at risk for bone destruction. In this study, we
Osteoclast

sought to determine whether the functional characteristics of osteoclasts generated from their blood precursors
were modified by RA activity or were intrinsic to osteoclasts and associated with the RA phenotype (erosive or
not).

Osteoclasts were generated in vitro from peripheral blood mononuclear cells (PBMCs) of subjects with RA
(n = 140), as well as sex- and age-matched healthy controls (n = 101). Osteoclastic parameters were analyzed
at baseline and during the follow-up for up to 4 years, with regular assessment of RA activity, bone erosions, and
bone mineral density (BMD). As a validation cohort, we examined RA patients from the Early Undifferentiated
PolyArthritis (EUPA) study (n = 163).

The proportion of CD14™ PBMC was higher in RA than in control subjects, but inversely correlated with the
28-joint disease activity score (DAS28). Also surprisingly, in osteoclast cultures from PBMCs, active RA was
associated with lower osteoclastogenic capacity, while in vitro bone resorption per osteoclast and resistance to
apoptosis were similar in both active and quiescent RA. In a small subgroup analysis, osteoclasts from subjects
with recent RA that had progressed at four years to an erosive RA exhibited at baseline greater resistance to
apoptosis than those from patients remaining non-erosive.

Our findings establish that when RA is active, circulating monocytes have a reduced potential to generate
osteoclasts from PBMCs in vitro. In addition, osteoclasts associated with erosive disease had resistance to
apoptosis from the start of RA.

CD14 + monocytes

1. Introduction destruction in RA (Schett and Gravallese, 2012). Mouse models har-

boring defective osteoclastogenesis have provided new insights into the

Rheumatoid arthritis (RA) is associated with a high risk of pro-
gressive bone and joint destruction caused by chronic synovitis, and
still remains a leading cause of disability (McInnes and Schett, 2011). In
experimental models of arthritis and in RA, multinucleated giant cells
are observed at the synovium-bone interface (Roux and Brown, 2009).
These cells express phenotypic markers of osteoclasts, and it is now
widely accepted that osteoclasts are responsible for the bone

mechanisms of arthritis-related bone destruction. Indeed, osteopetrotic
mice lacking osteoclasts, such as RANKL- or RANK-deficient mice
(Tnfsf11~/~ and Tnfrsflla™’~, respectively) or Fos™/~ transgenic
mice, can develop arthritis (collagen-induced or TNFa-mediated ar-
thritis) but do not have the expected bone erosions (Li et al., 2004;
Pettit et al., 2001; Redlich et al., 2002). The presence of activated os-
teoclasts at the sites of bone resorption is a result of the recruitment and
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differentiation of osteoclast precursors arising from newly recruited
blood monocytes within the inflamed synovium (Hasegawa et al.,
2019), which provides a suitable microenvironment for the formation
of fully differentiated osteoclasts (Gravallese et al., 2000; Lubberts
et al., 2002).

Early control of RA activity leads to better outcomes (Goekoop-
Ruiterman et al., 2008). Moreover, an overall correlation exists be-
tween joint inflammation and resulting joint destruction at the popu-
lation level, although this is far less true at the individual level (Miossec
et al., 2011). Joint inflammation by itself is insufficient to cause bone
erosions, as evidenced by patients with systemic lupus erythematosus
and some RA patients with decades of chronic joint inflammation who
never develop bone erosions. So far, no prognostic biomarker of ero-
siveness has been validated in RA.

Osteoclasts are derived from CD14" precursors belonging to the
monocyte-macrophage lineage. In a mouse model of arthritis, a parti-
cular subpopulation of osteoclastic precursors has been identified as the
source of the osteoclasts that will develop in the inflamed synovium and
cause resorption of periarticular bone (Hasegawa et al., 2019). There
might be clinical value in identifying these CD14™ osteoclastic pre-
cursors in the blood of subjects with RA to identify cases that will have
a propensity to destroy joints and to differentiate these forms of ar-
thritis from those that will not be destructive.

Osteoclasts formed from their circulating precursors in RA patients
show increased lacunar bone resorption in vitro compared to osteoclasts
generated from healthy controls (Gengenbacher et al., 2008; Hirayama
et al.,, 2002). Similarly, in a previous publication, we compared the
formation of osteoclasts from peripheral blood mononuclear cells
(PBMCs) in 3 groups: RA (active or not), osteoarthritis, and age- and
sex-matched controls. CD14" peripheral precursors were more nu-
merous in RA patients, with a greater capacity to form mature osteo-
clasts, which displayed higher numbers of nuclei and greater resistance
to apoptosis (Durand et al., 2011). However, the generation of osteo-
clasts from their PBMC-derived precursors could be altered by the
systemic inflammation that would exist at time of blood sampling in a
patient with active arthritis.

In this new study, we assessed the impact of inflammation (RA ac-
tivity) on the number of PBMC-CD14" cells, and on their ability to
differentiate into mature osteoclasts in vitro, as well as on the survival
and bone resorption capacity of the PBMC-derived osteoclasts.
Parameters associated with the development of erosion without being
influenced by inflammation or time (“intrinsic” characteristics) might
be good biomarker candidates for a destructive outcome in RA.
Likewise, the osteoclast precursor profile could also influence the de-
velopment of systemic bone loss (BMD). For this study, we used the
same cohort of RA patients and controls used in our previous study
(Durand et al., 2011). The RA cohort was monitored up to 4 years, with
regular collection of data on RA activity, severity (erosive status), bone
mineral density (BMD), and PBMC-derived osteoclast parameters
(CD14™ precursors, in vitro osteoclastogenesis, bone resorption and
apoptosis). We also validated our findings in an independent cohort of
RA patients from the Early Undifferentiated PolyArthritis (EUPA) study
(Carrier et al., 2009).

2. Patients and methods
2.1. Clinical investigation and phenotype classification

The In Vitro Osteoclast Differentiation in Arthritis (IODA) study
involved subjects with RA recruited from outpatient clinics in one of
our institutions, the Centre Hospitalier Universitaire de Sherbrooke
(CHUS) (n = 140). Sex- and age-matched healthy controls were also
recruited locally through newspaper advertisements (baseline cohort
described in (Durand et al., 2011)). All participants signed an informed-
consent form before entering the study. This study was approved by the
Ethics Review Board of the CHUS.
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RA diagnosis was based on the 2010 American College of
Rheumatology criteria (Aletaha et al., 2010). The clinical assessment
consisted of a physical examination and a questionnaire, the Health
Assessment Questionnaire Disability Index (HAQ). Blood samples were
obtained at the initial visit (V1) for all patients and controls, and also
for patients only at subsequent annual visits (V2, V3 and V4). Rheu-
matoid factor (RF) and anti—cyclic citrullinated peptide (anti-CCP2)
were determined by a clinical laboratory (CHUS) using immuno-turbi-
dimetric measurement (RF) or enzyme-linked immunosorbent assay
(ELISA) (anti-CCP2); serum 25 (OH) D levels were determined as well.
Erosion scores from the Sharp/van der Heijde modified method (SHS)
(van der Heijde, 2000) were available for RA patients, as were BMD
values at baseline and annual visits.

Osteoclasts were derived from PBMCs in in vitro cultures at each
annual visit. RA activity was defined using the Disease Activity Score in
28 joints (DAS28) expressed as a continuous variable. For baseline
analyses only, two groups of patients were constituted according to
their level of RA activity (remission or active RA) using DAS28 as a
categorical variable, with a standard cut-off of 2.6 above which RA was
considered as active (Fransen et al., 2004). Erosive disease was defined
as a score of at least 5 on the erosion component of the SHS. Con-
comitant malignancy, immune dysfunction or any other autoimmune
disease were considered as exclusion criteria.

2.2. Validation cohort: EUPA

The prospective recruitment of recent-onset polyarthritis in an on-
going longitudinal cohort of patients with early arthritis (the EUPA
study) has been described in detail previously (Carrier et al., 2009).
Briefly, clinical and biological variables were assessed regularly (at
inclusion, 12, 18, 30, 42 and 60 months), including demographic fea-
tures, DAS28, modified HAQ, levels of serum C-reactive protein, com-
plete blood count, serum levels of RF and anti-CCP2 antibodies, and
medications. Hand and foot X-rays were obtained at each visit and
scored according to SHS (van der Heijde, 2000). For the validation
study, we included 163 consecutive patients at time of their inclusion in
the observational EUPA cohort. Osteoclast cultures from PBMCs were
generated at inclusion and at 30 months.

2.3. Reagents

Fetal bovine serum (FBS) was purchased from Gibco (Thermo Fisher
Scientific, Waltham, MA), macrophage-colony stimulating factor (M-
CSF) from MJS BioLynx Canada (Brockville, ON, Canada), and fluor-
escent-dye-coupled anti-human CD14, CD16 and osteoclast-associated
receptor (OSCAR) antibodies from BioLegend (San Diego, CA). Soluble
human RANKL (sRANKL)- glutathione S-transferase (GST) fusion pro-
tein was generated in one of our labs as described elsewhere (Manolson
et al., 2003). Tunnel assay was performed using the TACS Blue Label kit
from R&D Systems (Minneapolis, MN). All other reagents were pur-
chased from Sigma-Aldrich Canada, Ltd.

2.4. Staining for cell surface markers and flow cytometry

PBMCs were counted using standard flow cytometry to detect the
expression of CD14 and CD16. PBMCs were incubated for 30 min in the
dark in a 1:10 solution of fluorescently tagged monoclonal antibodies
against human CD14, CD16 and OSCAR in phosphate-buffered saline
plus 1% bovine albumin. Cells were washed once, then analyzed using a
FACScan from Becton Dickinson (Mississauga, ON, Canada).

2.5. In vitro osteoclastogenesis
Mature human osteoclasts were generated in vitro from overall

PBMCs isolated by density-gradient centrifugation, washed, and sus-
pended in a-MEM with antibiotics, glutamine, and 10% FBS. After
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Table 1
Patient demographics and baseline disease characteristics.

Non-active RA Active RA Total RA Controls

(n = 64) (n = 75) (n = 140)* (n = 101)
Age (years), mean (SD) 59 (11.6) 62.2 (11) 60.6 (11.4) 61.1 (6.1)
Female n (%) 37(57.8) 57 (76) 94 (67.6) 58 (57.4)
BMI kg/mz, mean (SD) 27 (5.4) 26.1 (4.9) 26.5 (5.1) 26.5 (4.5)
Activity (min/week) Mdn (IQR) 240 (0-360) 30 (0-240) 180 (0—300) 360 (225-480)
Ethnicity - Caucasian 64 (100) 72 (96) 136 (97.8) 97 (98.0)
Menopause n (% of all patients) 19 (29.7) 32 (42.7) 51 (36.7) 27 (35.5)
Tobacco use (ever smoked), n (%) 31 (48.4) 30 (40.0) 62 (44.3) 21 (20.8)
Alcohol use (yes/no) n (%) 33 (51.6) 33 (44) 66 (47.1) 83 (82.2)
Serum 250H D, nmol/L Mdn (IQR) 70.6 (22.1) 75.6 (34.4) 73.4 (29.3) 69.8 (18.7)
RA duration years, Mdn (IQR) 4 (7.5-14) 12 (5-23) 9.5 (4.3-17) N/A
PGA (mm), Mdn (IQR) 10 (4.25-19.75) 39 (21-61) 22 (10-48) N/A
PhGA (mm), Mdn (IQR) 12.5 (4.25-29.75) 42 (25-63) 28.5 (8.25-54.25) N/A
Morning stiffness (min), Mdn (IQR) 0(0—-10) 25 (0-60) 5 (0—-30) N/A
HAQ, Mdn (IQR) 0.125 (0-0.594) 1.125 (0.5-1.5) 0.625 (0-1.25) N/A
DAS28, mean (SD) 2.0 (0.5) 3.9(1.1) 3.0(1.1) N/A
Total SHS, Mdn (IQR) 13 (2.5-36.6) 31.3 (5.3-74.1) 18.5 (3.8-60.8) N/A
Erosion SHS, Mdn (IQR) 5.8 (1-24.3) 16.3 (2.5-37.3) 10 (1.5-31.0) N/A
Rheumatoid factor (titer), Mdn (IQR) 80 (0—320) 40 (0-320) 80 (0-320) N/A
Anti-CCP (titer), Mdn (IQR) (n = 49) (n = 56) (n = 106) N/A

163 (38.5-275) 181.5 (16.75-267) 164.5 (20.25-269.5)
DMARD use, n (%) 54 (84.4) 68 (90.7) 122 (87.8) N/A
Biologic use, n (%) 16 (25) 22 (29.3) 38 (27.3) N/A
Prednisone use, n (%) 7 (10.3) 16 (25.3) 26 (18.7) N/A
Bisphosphonate use, n (%) 15 (23.4) 30 (40.0) 45 (32.4) N/A

Mdn: median, SD: Standard deviation, IQR: Interquartile Range (25th-75th percentiles).
Anti-CCP: Anti-cyclic citrullinated peptide; DAS28: disease activity score (28 joints); DMARDs: Disease-modifying antirheumatic drugs; HAQ: health assessment
questionnaire; PhGA: Physician global assessment; PGA: Patient global assessment; RA: Rheumatoid arthritis; Total/Erosion SHS: Total/Erosion score from the Sharp/

van der Heijde modified method.
Non-Active RA and Active RA groups were compared
*p < 0.05.
= p < 0.001.
2 DAS28 status could not be evaluated at baseline in 1 patient.

incubating overnight, the cells were washed to remove non-adherent
cells. The selected PBMCs were then seeded at a density of 1.6 x 10°
cells/cm? in plates or on bone slices and cultured for 21 days in the
same medium supplemented with M-CSF (10 ng/mL) and GST-sRANKL
(50 ng/mL). The medium was changed every 2-3 days. We had pre-
viously shown that under these conditions fully-differentiated osteo-
clasts are formed, which are able to resorb bone, the only specific
marker of osteoclast terminal differentiation (Durand et al., 2011;
Durand et al., 2013).

2.6. Bone resorption

PBMCs were settled on devitalized bone slices (two slices per in-
dividual), and then cultured for 3 weeks under the same conditions as
above, and then in presence of 10% CO, for 10 additional days. The
bone slices were then removed, washed, and stained with 0.2% tolui-
dine blue. Optical light microscopy with epi-illumination was used to
determine bone resorption (resorbed area quantified by ImageJ).

2.7. TRAP staining

At the end of the cultures, mature osteoclasts were fixed in for-
maldehyde (3.7%) for 15 min and stained for tartrate-resistant acid
phosphatase (TRAP) activity using a leukocyte acid phosphatase kit
according to the manufacturer's protocol (Sigma-Aldrich Canada),
which produces a purple cytoplasmic stain. TRAP-positive multinucleated
cells (=3 nuclei) were counted as osteoclasts. The results are the mean
of five random fields of view.

2.8. Apoptosis assay

Osteoclast apoptosis was assessed using the TACS Blue Label kit (R&

D Systems). This TUNEL technique allows in situ visualization of DNA
fragmentation at the single cell level. Briefly, cells were deprived of M-
CSF and RANKL survival factors and FBS was reduced to 1% 24 h prior
to apoptosis assessment. Cells were then fixed and permeabilized.
Biotinylated nucleotides were incorporated using a terminal deox-
ynucleotidyl transferase enzyme (TdT). Streptavidin-HRP conjugate
was then added, followed by the substrate, TACS Blue Label. The re-
sulting enzymatic reaction generated an insoluble blue-colored pre-
cipitate where DNA fragmentation had occurred (Chamoux et al.,
2008). The stained samples were examined using a light microscope.
Osteoclasts with two or more positive nuclei were counted as apoptotic.

2.9. Statistical analyses

All statistical analyses were undertaken using SPSS 16.0 software
and presented as median * error type. Baseline demographics, and
clinical and biological variables were compared using Chi-squared,
Fisher's exact, or nonparametric Kruskall-Wallis tests, where appro-
priate. Pearson or Spearman tests (in non-normal distributions) were
used for correlation analyses. Significance was set at p < 0.05, using
the Bonferroni correction for multiple comparisons (p.gg < 0.05),
when appropriate.

Analysis using the general linear model (GLM) with continuous
outcomes, established correlations between initial osteoclastic para-
meters and the evolution of RA. Osteoclastic parameters and RA evo-
lution parameters were evaluated in 4 consecutive yearly visits from
baseline to 4 years, which allowed the use of the model of generalized
estimating equations (GEE) analysis of repeated measures with cate-
gorical variables for outcomes (Hanley et al., 2003). For the correlation
analysis between osteoclast profile and RA activity over time, the “Last
observation carried forward” (LOCF) method was used to compensate
for missing data by imputing the last observed value to subsequent time
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points where data are missing.
3. Results
3.1. Demographics of the cohort and RA characteristics

We used a well described cohort of RA patients and their age- and
sex- matched controls (Durand et al., 2011) to probe for the influence of
disease activity on the in vitro formation and survival of osteoclasts
generated from subjects’ PBMCs. In addition, we explored potential
correlations between the number of PBMC-CD14 ™ cells or in vitro os-
teoclastic parameters and bone erosions. All 140 individuals with RA
and 101 healthy controls were included in the present study. All in-
dividuals were evaluated at V1, 80 patients with RA were evaluated at
V2 132 =+ 1.7 months later, 76 patients at V3 after
25.6 = 2.5 months, and 102 patients at V4 after 41.6 = 3.3 months
(mean #+ SD). The median of follow-up was 40 months (IQR:
29.3-43.2, range: 0-48.2).

Demographics and the characteristics of both RA groups (active
disease and remission), as well as those of the control group are shown
in Table 1. According to DAS28 (cut-off 2.6), RA was active in 75 of 139
patients at baseline; DAS28 status could not be calculated in 1 patient at
baseline. More than two thirds of patients were females, half of whom
were postmenopausal. Anti-CCP2 antibodies were positive in 75% of
RA patients. Patients with active RA were less physically active and
most often female. Median duration of the disease at baseline was
9.5 years, higher in the group with active RA. As well, most patients
were taking disease-modifying antirheumatic drugs (DMARDs) in both
groups, but prednisone use was greater in patients with active RA
(25%) as was the use of bisphosphonates (40%). There were no other
significant differences between the two groups of RA, except for para-
meters of disease activity (PGA, PhGA, morning stiffness, HAQ), and
joint erosive damage.

More than 5 erosions (destructive RA) were present at the end of the
study (V4) in 82 patients of the 98 (83%) who had X-rays in this long-
term visit. Baseline characteristics of patients with erosive damage at
4 years included an older age, a longer disease duration with erosions
already present at V1 in 70.7%, and a greater likelihood of being po-
sitive for anti-CCP2 (Suppl. Table S1).

3.2. Differences in CD14™ monocyte fractions of PBMCs (osteoclast
precursors) associated with RA activity

Osteoclast precursors are included in the CD14 ™ monocyte fraction
of PBMCs (Nicholson et al., 2000). Therefore, we sought to determine
the relative abundance of CD14" PBMCs in patients with RA and
control subjects. At baseline, higher numbers of CD14* monocytes/10*
PBMCs were found in patients with active RA (median [IQR]: 1605
[1159-2266]) and with non-active RA (1812 [1257-2626]) compared
to healthy controls (1353 [850-1752] CD14*/10* PBMCs, p = 0.0001,
all RA vs. controls). When RA activity was evaluated as a categorical
value, the proportion of CD14" monocytes did not differ whether RA
was active or not (p = 0.24) (Fig. 1a). However, a significant inverse
correlation was found with DAS28 used as a continuous variable
(r = —0.191, p = 0.025) (Fig. 1b and Suppl. Table S2). Similar results
were obtained after adjustment for baseline treatments (prednisone,
DMARDs, biologics or bisphosphonates) (data not shown).

The observation that, at baseline, fewer CD14 " precursors were
present in PBMCs as RA activity increased, prompted us to evaluate the
proportion of CD16™ cells in peripheral monocytes in addition to
CD14% cells at the following visits. Indeed, the proportion of CD14 ™"
monocytes expressing CD16 may expand during inflammation and
CD14 expression may decrease, giving rise to cell states less capable of
osteoclast differentiation (Seeling et al., 2013). Although an inverse
correlation was found at baseline between the proportion of CD14™
monocytes and DAS28 (Fig. 1a), the proportion of CD14* or CD16™"
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positive cells were not associated with concomitant DAS28 over time
(Suppl. Table S3). Nevertheless, both CD14* and CD16 ™ single positive
cells were highly correlated with each other and with CD14*CD16™"
double-positive cells at all follow-up visits (Suppl. Table S3).

3.3. Differences in osteoclastogenic potential associated with RA activity at
baseline

The potential for osteoclast differentiation from in vitro cultured
precursors was quantified as the number of multinucleated TRAP-po-
sitive cells per culture well (Fig. 2a). We previously reported that os-
teoclast formation was significantly greater in cultures from patients
with RA than controls (Durand et al., 2011). In the present study, our
results indicated a greater number of osteoclasts generated by PBMCs
from patients with non-active RA compared to those with active RA
(median [IQR]: 458 [232-778] vs. 267 [114-477], respectively,
Dagi = 0.006) and compared to control cultures (248 [57-463],
Dagi < 0.001) (Fig. 2b). Furthermore, an inverse correlation was ob-
served at baseline between the number of osteoclasts formed in culture
and the DAS28 score used as a continuous variable (r = —0.202,
p = 0.017) (Fig. 2c and Suppl. Table S2). Similar results were obtained
after adjustment for baseline treatments (prednisone, DMARDs, biolo-
gics or bisphosphonates) (data not shown).

Taken together, these results suggested a decreased potential to
generate osteoclasts from PBMC-derived CD14" cells from patients
with active RA compared to those with inactive disease. In fact, the
number of CD14* cells required to generate osteoclasts in vitro was 6.6
[3-14.7] CD14 " cells/osteoclast in active RA compared to only 4
[1.8-9] in non-active RA (active vs. non-active p,q; = 0.04), and 4.7
[2.6-14.6] in controls (active RA vs. controls p,q; = 1.0). Thus, at
baseline, active RA was associated with the formation of fewer osteo-
clasts from peripheral precursors compared to non-active RA, and this
low potential was not different to that observed in cells from controls.

3.4. Relationship of osteoclast apoptosis and bone resorption with RA
activity at baseline

Cells from both active and non-active RA patients exhibited intrinsic
resistance to serum starvation-induced apoptosis when compared to
controls, with no difference between active and non-active states of RA
(Fig. 3). After 24 h, apoptosis reached 22% [18-30] in healthy controls
compared to 10% [4.25-18] in RA patients (p < 0.001), with apop-
tosis rates of 9% [4-18] in active RA and 12% [5-19.5] in non-active RA
(active vs. non-active pog; = 1.0). Finally, bone resorption by PBMC-
derived osteoclasts was evaluated (Fig. 4a) and expressed as the area
resorbed per osteoclast. There were no differences in the resorptive
capacity of osteoclasts from subjects with active or non-active RA,
compared to that of controls (Fig. 4b).

Thus, at baseline, RA activity was associated with the formation of
fewer osteoclasts from peripheral blood precursors compared to non-
active RA, while in vitro bone resorption per osteoclast was similar, and
osteoclasts were found to be resistant to apoptosis in RA regardless its
activity.

Since peripheral inflammation may contribute to systemic bone loss
(Kleyer et al., 2014; Tanaka and Ohira, 2018), we also assessed the
association of inflammation and osteoclastic markers with BMD. We
observed a negative correlation between in vitro bone resorption and
25-OH vitamin D serum levels (r = —0.191, p = 0.028) (Suppl. Table
S2). Although no correlation was found between inflammation (DAS28)
and BMD (T-score or gr/cm2) at the spine or femoral neck, we observed
at baseline that BMD at the lumbar spine correlated positively with the
resorption area obtained in vitro (r = 0.288, p = 0.001) (Fig. 4c and
Suppl. Table S2).
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Fig. 1. CD14™" cells in peripheral blood. PBMCs from patients with active or
non-active RA or healthy controls were collected at baseline. 1a: CD14™ cells:
From PBMGs, CD14" mononuclear cells were counted using standard flow
cytology. Results are expressed as the number of CD14" cells/10000 cells
(mean * SD). All graphs are presented as Box-and-Whisker Plots [median, IQR
(25-75)]. *p < 0.05, ***p < 0.001 (comparisons as indicated). 1b:
Correlation analysis: Correlation between RA activity (DAS 28) and the number
of CD14™ cells/10000 cells was presented graphically (95% confident bands of
the best fit diagonal line are shown).

3.5. No predictive value of osteoclastic parameters (PBMC CD14™" cells,
PBMC-derived osteoclasts) on RA activity

Since RA activity had an impact on some osteoclastic parameters
(decrease in the proportion of PBMC-CD14* and in osteoclast forma-
tion in vitro), we investigated whether these parameters, like other
clinical and biological factors, could predict the activity of the disease
at the next visit. In a multivariate analysis, age, BMI and being treated
with prednisone were independent predictors of active RA at the next
visit. RA activity at time of assessment was the best predictor of the risk
for active RA at the next visit (p < 0.001) (Table 2).

When combining RA current activity with in vitro osteoclast for-
mation (osteoclast number/well) or proportion of CD14% cells in
PBMCs (%), RA activity remained strongly predictive of RA activity at
the subsequent visit regardless of the number of osteoclasts in uni- and
multivariate analyses (p < 0.001). In the case of non-active disease/
remission (DAS28 < 2.6), a high level of osteoclast formation from
PBMCs in vitro was also associated with the risk of having active RA at
the next visit (RR [95% CI] = 2.06 [1.03-4.13], p = 0.042) (Table 2).
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3.6. Association between osteoclast parameters and RA bone phenotype
(erosions)

While RA activity fluctuated with time at the individual level, the
average cohort disease activity scores (DAS28) remained stable.
However, RA progression was illustrated by the accumulation of bone
erosions over time (erosion SHS scores) (Suppl. Table S4). Analyses of
osteoclastic parameters at baseline and each visit up to a median of 40-
months confirmed earlier data (Durand et al., 2011) that, among those
parameters, in vitro bone resorption and apoptosis rates of mature os-
teoclasts remain constant over time. On the other hand, the number of
PBMC-derived CD14™" osteoclast precursors and the number of osteo-
clasts formed in PBMC cultures, which were shown to be inversely re-
lated to RA activity, varied independently over time (Suppl. Table S4).
Therefore, some osteoclastic parameters may reflect intrinsic char-
acteristics of osteoclasts that remain stable over time, whereas other
characteristics may change in parallel with the activity of RA, such as
the number of osteoclasts formed in vitro and the proportion of CD14™*
cells among PBMCs.

Analyses using the GLM or GEE models comparing the data with
respect to baseline values and those at the previous visit, found inverse
correlations of the number of PBMC-derived CD14" cells and the
number of osteoclasts differentiated in vitro with erosion SHS scores.
Similarly, in vitro bone resorption was inversely correlated with changes
in erosion SHS scores over time, as was apoptosis. In the analysis using
the GLM model, changes in femoral neck BMD and T-score correlated
negatively with the number of osteoclasts formed in vitro (increasing
bone density was associated with the formation of fewer osteoclasts)
(Suppl. Table S5).

To verify whether some osteoclastic parameters were associated
with long-term bone erosions and a destructive RA phenotype, we then
compared the profile of the osteoclast parameters obtained initially
(V1) to the erosive (erosion score more of at least 5 at V4) or non-
erosive (erosion score < 5 at V4) status of RA patients at 4 years. Of the
102 patients evaluated at V4, 98 had X-rays, 82 had erosive RA and 16
had non-erosive RA. There was no association between the osteoclastic
profile at baseline and the erosive status at V4 (Table 3).

However, since bone erosions typically occur more rapidly during
the course of RA (Barra et al., 2014), we analyzed the correlation be-
tween baseline osteoclast parameters and the final RA phenotype
(erosive or not) separately in subjects with RA of < 5 years duration at
baseline (“early” RA) and in subjects with RA of longer duration. In-
terestingly, in subjects who did evolve to long-term erosive status at V4,
osteoclasts were already more resistant to apoptosis at baseline com-
pared to those of subjects who remained non-erosive, even after DAS28
adjustment. Osteoclast resistance to apoptosis was thus already present
at baseline, defining de facto a more aggressive phenotype in patients
with recent RA (< 5 years). None of the other baseline osteoclast
parameters (proportion of CD14" cells in PBMCs, in vitro osteoclast
number and resorptive activity) were associated with long-term erosive
status (Table 3).

3.7. Validation cohort: EUPA study

Considering our result showing a decrease in osteoclast formation
from PBMCs of subjects with active RA versus those with non-active RA,
we wondered whether this result would be reproduced in a cohort of
patients with early RA. To this end, we studied the formation of os-
teoclasts from PBMCs of subjects included in the EUPA study, an in-
dependent cohort with recent RA (Suppl. Table S6). At inclusion in the
EUPA study, with a median of 4 months after onset of inflammatory
symptoms, all patients had active RA (Carrier et al., 2009).

Using a GEE or a GLM model, there was an inverse correlation be-
tween the number of osteoclasts derived from PBMCs at baseline (V1)
and the occurrence of erosions or Sharp score variations over follow-up
(Table 4). We also observed an increase in the number of osteoclasts
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Fig. 2. Osteoclastic phenotype at baseline: TRAP staining. PBMCs from patients with active or non-active RA or healthy controls were differentiated for 21 days with
RANKL and M-CSF. 2a: TRAP-staining: Representative micrograph showing TRAP-stained osteoclast cultures, with arrows pointing at positive multinucleated cells
(scale bar 50 um). 2b: Number of TRAP-positive MNCs: the number of multinucleated cells (MNCs) (three or more nuclei) TRAP positive cells per well was evaluated in
all groups. All graphs are presented as Box-and-Whisker Plots [median, IQR (25-75)]. **p < 0.01, ***p < 0.001 (comparisons as indicated). 2c: Correlation
analysis: Correlation between RA activity (DAS 28) and the number of TRAP-positive MNCs was presented graphically (95% confident bands of the best fit diagonal

line are shown).

derived from PBMCs between baseline (V1) and 30 months, con-
comitant with a general decrease in disease activity (DAS28 remission
present in 70% at 30 months), further supporting the observations
made in the IODA cohort.

4. Discussion

In the rheumatoid synovium, proinflammatory mediators en-
compass potent osteoclastogenic factors, acting through an increase in
RANKL expression by stromal/osteoblastic cells or lymphoid cells
(Roux and Brown, 2009), or synergistically with or independently of
RANKL, as has been reported for IL-1, TNFa (Kobayashi et al., 2000;
Lam et al., 2000), IL-6 and IL-11 (Kudo et al., 2003). Noteworthy, some
anti-inflammatory mediators can also promote osteoclastogenesis, such
as TGF-B, which can act via RANKL expression or independently
(Itonaga et al., 2004). Nevertheless, effective in vivo osteoclastogenesis
requires far more than just appropriate cytokines; it requires a spatially
and timely orchestrated recruitment of CD14" circulating osteoclast
precursors to the bone, their activation and their fusion to produce
mature osteoclasts. The egress of the CD14 ™" osteoclast precursors from
blood is directed by a myriad of factors diffusing from within the joints,
including TNF-a (Ming et al., 1987), MIP-1a (Oba et al., 2005) and
RANKL (Breuil et al., 2003), which are among the cardinal mediators of
inflammation and osteoclast-mediated periarticular bone destruction.

We previously found that the phenotype of osteoclast precursors
isolated from PBMCs of RA patients carries a “rheumatoid imprint”,
with a higher proportion of CD14% cells and a greater potential for
their differentiation into mature osteoclasts, which are more numerous
and resistant to apoptosis, compared to controls (Durand et al., 2011).
In the current study, we investigated correlations between disease ac-
tivity and PBMC-derived osteoclast parameters. While in vitro bone
resorption and osteoclast apoptosis were not influenced by variation in

the RA disease activity score, we observed that at baseline the number
of osteoclasts formed in vitro was inversely correlated to the DAS28
(fewer osteoclasts in active RA compared to non-active RA), and a si-
milar trend emerged when looking at the proportion of CD14* cells in
PBMCs.

Thus, the formation of osteoclasts in vitro was decreased when blood
was sampled in an inflammatory context (active RA), with a decrease in
the potential to generate osteoclasts from PBMC-derived CD14™ cells.
One explanation for our findings could be related to the recruitment of
osteoclast precursors from the blood to the periarticular tissues when
disease is active, leading to depletion of osteoclast precursors in the
blood, although only a small proportion of blood monocytes are ulti-
mately recruited to the inflamed synovium. The lower potential to
generate in vitro osteoclasts could also be related to a different com-
mitment of peripheral CD14" monocytes during rheumatoid in-
flammation with an expansion of CD16* monocytes and an increase in
a subpopulation of CD14'°"CD16* cells whose ability to produce os-
teoclasts is diminished (Seeling et al., 2013; Kawanaka et al., 2002;
Wong et al., 2012). However, we did not refine our analysis with
CD14"°*/high and CD16 expression at baseline, while an inverse corre-
lation of CD14™ proportion and osteoclast formation with RA activity
was observed at that time.

It is also possible that, in active RA, a systemic proinflammatory
factor such as IL-12 could inhibit the osteoclastogenic capacity of per-
ipheral monocytes (Furst and Emery, 2014; Horwood et al., 2001).
Alternatively, when RA is more quiescent, a systemic factor with anti-
inflammatory potential may bias monocyte development toward the
osteoclastic lineage. TGF-R could be a candidate cytokine in this con-
text. Indeed, TGF-R is increased in the blood of patients with RA
(Mieliauskaite et al., 2009) as well as in the synovium (Gonzalo-Gil
et al., 2013) and has the intrinsic capacity to promote osteoclastogen-
esis independently of RANKL (Itonaga et al., 2004). Interestingly, TGF-
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Fig. 3. Osteoclastic phenotype at baseline: Apoptosis. PBMCs from patients
with active or non-active RA or healthy controls were differentiated for 21 days
with RANKL and M-CSF. 3a: Apoptosis: At the end of the PBMC cultures, 24 h
after the M-CSF and RANKL had been removed, osteoclast apoptosis was
evaluated using a TUNEL-derived method (TACS Blue). Nuclei appeared dark in
apoptotic cells (fine arrows), clear in non-apoptotic cells (thick arrows) (scale
bar 50 um). 3b: Number of apoptotic MNCs: Results are expressed as the number
of apoptotic MNCs over total MNCs. All graphs are presented as Box-and-
Whisker Plots [median, IQR (25-75)]. ***p < 0.001 (comparisons as in-
dicated).

R has also been shown to modulate the expression of CD16, with an
induction of CD16 on CD14* monocytes in RA synovial fluid (Yoon
et al., 2014).

In the prospective analysis of the cohort, the vast majority of asso-
ciations between osteoclastic parameters and a later progression of RA
activity or erosion scores went in an unexpected direction, with fewer
precursors, less in vitro osteoclast formation or bone resorption pre-
dicting increases in activity or erosive scores later. This “anti-osteo-
clast” profile was associated with RA activity, and most likely induced
by rheumatoid inflammation, as discussed above. Indeed, and as ex-
pected, RA activity at time of evaluation was the best predictor of the
risk of having active RA at a subsequent visit. Importantly, our results
were validated in an independent longitudinal cohort from the EUPA
study, in which all subjects had active polyarthritis at inclusion, and
marked decrease in disease activity at each subsequent follow-up
(Carrier et al.,, 2009). In these subjects, the number of osteoclasts
formed from PBMCs was inversely correlated with erosion scores and
disease activity at subsequent visits.

In a Canadian multicenter study, bone erosions were present in a
quarter of patients at first presentation and new erosions developed
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in > 20% of seropositive patients over the next 12 months (Barra et al.,
2014). Early identification of patients at risk of evolution toward an
erosive phenotype is crucial as structural damage is strongly associated
with loss of function. Among the different osteoclast parameters eval-
uated, we found that resistance to apoptosis observed in mature os-
teoclasts of patients with recent RA onset correlated with a long-term
erosive phenotype. However, the number of patients in the non-erosive
IODA subgroup was low, limiting the strength of the results, that should
be to confirmed in a larger study. An increase in osteoclast survival
could explain at least in part a more aggressive (erosive) profile of RA
and could be related to the underlying rheumatoid process affecting
already genetically or epigenetically primed osteoclasts. Indeed, the
inflammatory microenvironment in arthritis can alter the sensitivity of
osteoclasts to apoptosis; for example, TNFa can stimulate anti-apop-
totic Bcl-xL protein expression in osteoclasts via the transcription factor
Est-2 and thus modulate apoptotic threshold (Zhang et al., 2005).

Our results also support an impact of the osteoclast phenotype on
BMD at the femoral neck or lumbar spine, although they show some
inconsistencies. At baseline, lumbar spine BMD correlated positively
with in vitro osteoclast bone resorption, a surprising relation, none-
theless fully consistent with the inverse correlation observed at baseline
between inflammation and in vitro osteoclast formation. However, in
the GLM model, establishing correlations between initial osteoclastic
parameters and systemic or local bone loss during the evolution of RA, a
negative correlation was observed between femoral neck BMD and the
number of osteoclasts formed in vitro. While systemic inflammation
contributes to systemic bone loss (Kleyer et al., 2014), it is likely that
additional factors play a major role (i.e., the classic factors of osteo-
porosis such as hypogonadism or corticosteroid therapy). Conversely,
postmenopausal status could contribute to periarticular bone loss
(Guler-Yuksel et al., 2009).

Nonetheless, our in vitro study also has some limitations. We did not
evaluate cells at multiple times during osteoclast differentiation, which
could have provided information on the early stages of osteoclast for-
mation and the impact of disease activity on apoptosis and osteoclast
number. In addition, although the ability to resorb bone represents a
defining marker for terminal osteoclastic differentiation, its quantifi-
cation is challenging, particularly in primary culture of human cells.
Indeed, variability among cells from individual donors could have ac-
counted for the absence of a major impact of disease activity on bone
resorption in vitro.

5. Conclusions

We studied several parameters of osteoclasts derived in vitro from
peripheral blood of patients with RA and controls. We observed fewer
osteoclasts generated in vitro from PBMCs, and less PBMC CD14 " pre-
cursors when blood was sampled in active RA, and this anti-osteoclastic
profile was associated with subsequent RA flare-ups. This reduced po-
tential to generate osteoclasts could be linked to rheumatoid in-
flammation itself. As expected, the strongest predictive factor of RA
activity at the next annual visit was RA activity itself, limiting the
utility of these osteoclast parameters to predict resistance to treatment
and subsequent erosions. However, the erosive phenotype of RA was
associated with resistance to apoptosis of PBMC-derived osteoclasts, a
parameter not influenced by RA activity and stable over time in the
patients. Thus, resistance to apoptosis is a potential biomarker for
predicting erosiveness in RA. Special care should be paid during the
development of biomarkers derived from peripheral blood cells. Indeed,
the relationship between in vitro osteoclast parameters and in vivo
erosiveness can be altered by factors such as inflammation that influ-
ence the distribution and phenotypes of peripheral cells. Therefore, the
utility of osteoclast characteristics in the definition of the long-term RA
phenotypes, alone or as part of a composite index, remains to be con-
firmed.

Supplementary data to this article can be found online at https://
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Table 2
Univariate and multivariate model to evaluate the predictive value of having active RA at the subsequent visit.
Univariate analysis Multivariate analysis
RR (95% CI) p-Value RR (95% CI) p-Value
RA activity 3.35 (2.48-4.52) < 0.001 - -
Osteoclasts (OCs) > 248/well 1.07 (0.89-1.28) 0.479 - -
PBMC CD14 + 1.12 (0.90-1.38) 0.304 - -
RA activity and in vitro OC formation (median 248)
Remission and OCs < 248/well 1 1
Remission and OCs > 248/well 2.06 (1.03-4.13) 0.042 1.84 (0.93-3.63) 0.079
Active and OCs < 248/well 5.41 (2.87-10.17) < 0.001 4.88 (2.65-8.96) < 0.001
Active and OCs > 248/well 5.21 (2.79-9.73) < 0.001 4.56 (2.48-8.40) < 0.001
RA activity and PBMC CD14 +
(median 13.5%)
Remission and CD14+ < 13.5% 1 1
Remission and CD14+ > 13.5% 0.96 (0.54-1.71) 0.896 0.94 (0.51-1.70) 0.826
Active and CD14+ < 13.5% 2.82 (1.75-4.55) < 0.001 2.72 (1.65-4.51) < 0.0001
Active and CD14+ > 13.5% 3.37 (2.06-5.51) < 0.001 3.28 (1.96-5.51) < 0.0001

RA: Rheumatoid arthritis; OC: Osteoclasts; PBMCs: peripheral blood mononuclear cells.
@ Median set as cut-off to differentiate between high and low values of the parameter of interest.
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Table 3
Osteoclast parameters and the erosive progression in RA.
Erosion SHS < 5 at V4 Erosion SHS = 5 at V4 P p-adj
n median (IQR) n median (IQR)
All n =16 n = 82
OCs/well V1 16 286.5 (210.0-744.5) 82 372.5 (153.0-668.0) 0.5446 0.5307
CD14% PBMCs V1 16 15.0 (9.9-19.6) 82 17.4 (12.6-23.7) 0.1440 0.2792
Resorption (um?) V1 15 82,484 (0-1,264,508) 82 0 (0-836,372) 0.3865 0.7158
Apoptosis (%) V1 13 17.0 (12.0-18.0) 58 7.5 (4.0-15.0) 0.1081 0.2531
RA > 5 years
OCs/well V1 5 592.0 (306.0-783.0) 64 334.5 (124.0-682.5) 0.2467 0.4193
CD14% PBMCs V1 5 19.1 (12.3-21.6) 64 17.3 (12.5-23.7) 0.9631 0.8562
Resorption (umz) A%t 4 85,782 (33411-684,625) 64 0 (0-404,559) 0.5374 0.6845
Apoptosis (%) V1 4 0.0 (0.0-8.5) 44 8.0 (4.5-16.5) 0.1144 0.1957
RA < 5 years
OCs/well V1 11 258.0 (191.0-706.0) 18 487.0 (229.0-535.0) 0.6691 0.9243
CD14% PBMCs V1 11 14.9 (7.7-18.6) 18 17.8 (12.9-25.9) 0.1265 0.1817
Resorption (um?) V1 11 82,484 (0-2,733,971) 18 482,357 (0-1,410,990) 0.7816 0.9137
Apoptosis (%) V1 9 18.0 (17.0-21.0) 14 5.0 (3.0-12.0) 0.0036 0.0287

IQR: Interquartile Range (25th-75th percentiles).

Erosion SHS: Erosion score from the Sharp/van der Heijde modified method; OC: osteoclast.

* p adjusted for DAS28.

Table 4
Osteoclast numbers derived from PBMCs in the EUPA cohort.

GLM model Osteoclast number Osteoclast number > 248 V1°

V1

Estimate (SE) Estimate (SE)

Erosion SHS (log)

AErosion SHS from
V1

DAS28-CRP (log)

—0.0001 (0.0001)*
—0.0006 (0.0002)

—0.2287 (0.0575)
—0.7558 (0.2067)

—0.000004
(0.00001)

0.0009 (0.0161)

GEE model Osteoclast number Osteoclast number > 248 V1°

V1

RR (95% CI) RR (95% CI)

Erosion SHS = 5 1(1-1 0.18 (0.07-0.47)

AErosion SHS > 5 from 1 (0.99-1) 0.21 (0.03-1.66)
)21

DAS28-CRP remission 1(1-1) 1.18 (0.95-1.47)

Erosion SHS: Erosion score from the Sharp/van der Heijde modified method.
Analysis using the general linear model (GLM) with continuous outcomes, es-
tablished correlations between initial osteoclastic parameters (V1) and the
progression of RA (activity, erosion). Osteoclastic parameters and RA progres-
sion (DAS28, erosions) were evaluated during yearly visits from baseline to
4 years, a design allowing the use of generalized estimating equations (GEE)
analysis with repeated measures using categorical variables for outcomes.
p adjusted for DAS28.

*p < 0.05.

= p < 0.01.

= p < 0.001.

@ Median set as cut-off to differentiate between high and low values of the
parameter of interest.
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