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Introduction

Summary

It is still controversial which cell types are responsible for synovial inflamma-
tion in osteoarthritic (OA) joints. The aim of this study was to quantify the
mononuclear cell populations and their cytokines in patients with different
knee OA subtypes. Synovial membrane (SM), synovial fluid (SF) and periph-
eral blood (PB) were harvested from patients with unicompartmental (UC)
and bicompartmental (BC) knee OA. Frequencies of mononuclear cells were
assessed by flow cytometry in PB and SM. Naive SF samples were analysed
for a broad variety of cytokines by multiplex analysis. SM of both groups dis-
played a distinct mononuclear cell infiltration, with CD14* macrophages
being the major cell population, followed by CD4* T cells and only small
numbers of CD8" T, CD19*" B and CD16"CD56"* natural killer (NK) cells.
Between the two groups, SM of BC OA showed significantly higher amounts
of mononuclear cells (135-7 & 180 versus 805 £ 675 cells/mg, P = 0-0009) and
higher CD4* T cell presence (3-4+4:6 versus 9-1+7:5%, P=0-0267). SF
of BC OA displayed significantly higher concentrations for a number of
proinflammatory cytokines [CXCL1, eotaxin, interferon (IFN)-y, interleukin
(IL)-7, IL-8, IL-9, IL-12]. UC and BC OA show significant differences in their
synovial inflammatory pattern. Whereas in UC OA CD14" macrophages are
the predominant cell population, BC OA has a higher inflammatory profile
and seems to be driven by CD14* macrophages and CD4" T cells. Inclusion
of clinical information into the analysis of cellular and molecular results is
pivotal in understanding the pathophysiology of OA.

Keywords: bicompartmental, inflammation, osteoarthritis, synovial mem-
brane, unicompartmental

This has remained unchanged, despite the description of
inflammatory cells and cytokines in OA joints through the

Osteoarthritis (OA) is the most common type of arthritis
and is a heterogeneous disease. Its pathophysiology is
complex and far from understood. Although, clinically,
subtypes can be defined by their aetiology, clinical presen-
tation and radiographic evaluation, it remains unknown
how this translates into the cellular and molecular path-
ways of joint degradation. While it is understood that the
pathophysiology includes biomechanical, hereditary and
molecular factors, none of these mechanisms have provided
enough information to halt disease progression. Although a
clinically relevant number of OA patients present with
signs of inflammation, e.g. joint swelling and effusion, OA
has long been interpreted as a ‘non-inflammatory’ disease.
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last decades reaching back to the 1980s [1]. These inflam-
matory processes were interpreted mainly as a bystander,
and not as a driving force in OA pathogenesis. A set of new
studies has raised interest in this topic and aimed to map
these inflammatory processes more precisely, both in
human OA [2-9] and in animal models [10,11]. Magnetic
resonance imaging (MRI) studies have shown that patients
with inflammation show faster OA progression [12], con-
firming the hypothesis that inflammation has an impact on
disease progression. This was supported further by reports
in animal models, which showed that modulation of the
inflammatory pathways have the potential to alter disease
progression [13]. Understanding the biology of synovial
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inflammation and the disturbed homeostasis in OA may
ultimately reveal directions for new therapies. Further, it is
pivotal to combine clinical and cellular parameters when
trying to resolve the pathophysiology of this heterogeneous
disease. To date, however, our knowledge of these inflam-
matory processes is insufficient and lacks answers to very
basic questions, such as: which cell types are responsible for
maintaining synovial inflammation in OA joints, and does
the inflammatory pattern differ between OA subtypes?
Studies by Sakkas et al. suggest that T cells are the predomi-
nant cell type in OA synovium and especially underline the
role of T cells with an activated phenotype, as well as T
helper type 1 (Th1) polarized cells [14,15]. Conversely, the
study by Bondeson etal. favoured the role of synovial
macrophages and their main proinflammatory cytokines
[interleukin (IL)-1, tumour necrosis factor (TNF)-a] in
driving OA synovitis [16]. The majority of previous reports
either analysed synovial fluid (SF) samples or utilized his-
tology, when synovial membrane (SM) samples were
included. The SM is the main site of inflammation where
cell-cell interaction takes place. Thus, it is of utmost inter-
est to analyse this tissue in OA pathology. Clinical data
of disease subtypes have received little attention when
analysing OA joint samples for cellular and molecular
parameters.

The overarching aim of the current project was to: (i)
quantify the mononuclear cell infiltrate and their cytokines
in the affected joints of OA patients; and (ii) assess how

Table 1. Study population.

this differs in two common knee OA subtypes. Using SM
samples in a unique study population we demonstrate,
for the first time to our knowledge, that CD14* macro-
phages are the major cell population in unicompart-
mental (UC) OA, whereas in bicompartmental (BC) OA
CDI14" macrophages are accompanied by significantly
higher CD4" T cell concentrations. Furthermore, our
study shows a significant increase of proinflammatory
cytokines in BC compared to UC OA. Including clinical
data in the interpretation of cellular and molecular analy-
sis is pivotal in further resolving the complex pathophysi-
ology of OA.

Material and methods

Study population

Fifty-nine patients with primary knee OA (35 women, 24
men) were enrolled into this study (Table 1). OA was diag-
nosed according to the criteria defined by the American
College of Rheumatology. Based on anterior—posterior,
sagittal and varus—valgus stress radiographs, two distinct
groups were defined as medial UC OA and BC OA
(Fig. 1). The Kellgren and Lawrence (K&L) scoring system
was used to assess the radiographic severity of OA [17].
The diagnosis was re-evaluated intra-operatively. Patients
with UC OA were scheduled for UC and those with BC
OA for total knee arthroplasty. None of the patients

Total study population

UC OA BC OA P-values

Number of patients
n
Gender, n (%)
Male
Female
Age at surgery, years
Mean = s.d. (range)
Operation side
n (%)
Right
Left
BMI kg/m?
Mean * s.d. (range)
Leucocytes cells/nl
Mean = s.d. (range)
C-reactive protein mg/l
Mean * s.d. (range)
K&L score, 1 (%)
3
4

59

24 (40-7%)

35 (59-3%)

67-2 + 106 (40-89)

25 (42-3%)

34 (57-7%)

30-3 56 (19-8-43-2)

7-12£1-6 (3-4-12)

4-5+5-7 (2-39)

50 (84-7%)
9 (15-3%)

30

29

16 (53-3%) 8 (27-5%) 0-0641

14 (46-7%) 21 (72-5%)
0-1024

65-0 + 107 (41-89) 69-5 + 101 (40-85)
10 (33-3%) 15 (51-7%) 0-1923

20 (66-6%) 14 (48-3%)
0-3659

29-6 + 4-8 (20-6-40-1) 30-9+ 61 (19-8-43-2)

0-9999

7-1 £ 1-2 (5-5-10-9) 7-14 1.9 (3-4-12)
0-1160

3.3 421 (2-9-6) 5.6 + 7-6 (2-39)

0-0797

28 (93-3%)
2 (6:7%)

22 (75:9%)
7 (24-1%)

Demographic and clinical parameters of the study population are shown. Values are given as mean * standard deviation (s.d.; range). Demo-

graphic parameters between study groups were compared using the unpaired -test for parametric data [age, body mass index (BMI)] and the Fisher’s

exact test for proportions. All reported P-values are two-tailed. A P-value <0-05 was considered to show a statistically significant difference.

OA = osteoarthritis; UC = unicompartmental; BC = bicompartmental; K&L score = Kellgren and Lawrence score.
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Fig. 1. Radiographs of patients with
unicompartmental and bicompartmental knee
osteoarthritis (OA). Representative radiographs
of patients with unicompartmental OA and
bicompartmental OA (right) are shown. In
unicompartmental OA the medial compartment
is obliterated with (a) varus stress, and the
lateral compartment is preserved with (b)
valgus stress. In bicompartmental OA the
medial and lateral compartment are affected
(¢), as shown by a reduced to obliterated joint
space.

had an underlying inflammatory pathology or signs of
systemic inflammation as determined by blood analysis.
None of the patients were taking corticosteroids or any
other kind of disease-modifying anti-rheumatic drugs. The
local ethics committee of the University of Heidelberg
approved the study (approval code: S333/2007) and
informed consent from all patients was obtained prior to
study enrolment.

Sample collection and cell preparation

Peripheral blood (PB) samples were taken prior to surgery
and joint samples at the time of surgery. SF was removed
prior to arthrotomy by needle aspiration into heparinized
tubes and stored at —80°C until further analysis. SM was
taken from the suprapatellar pouch intra-operatively. SM
samples were rinsed twice with phosphate-buffered saline
(PBS), minced finely with sterilized scissors and digested
with collagenase B (1 mg/ml; Roche Applied Science, Indi-
anapolis, IN, USA) and bovine testicular hyaluronidase
type IV (2 mg/ml; Sigma-Aldrich, St Louis, MO, USA) at
37°C for 2h in RPMI-1640 culture medium (Invitrogen,
Carlsbad, CA, USA), supplemented with 10 pg/ml
penicillin—streptomycin (Invitrogen) and 10% fetal calf
serum (FCS) (Biochrom AG, Berlin, Germany). The cell
suspension was filtered through a 100 um (BD Biosciences,
Heidelberg, Germany) and a 40-um pore-size cell strainer
(EMD Millipore, Billerica, MA, USA) to remove any undi-
gested tissue. The filtered cell suspension was washed twice
with PBS. PB and SM mononuclear cells were isolated from
heparin anti-coagulated whole blood and SM cell suspen-
sion using Ficoll-Paque™ PLUS (GE Healthcare, Cleveland,
OH, USA) density gradient centrifugation.

Flow cytometry analysis and gating strategy

Multi-colour flow cytometry was used to identify
mononuclear cells according to their cell surface markers. In
brief, mononuclear cells were washed twice in magnetic
affinity cell sorting (MACS) staining buffer, blocked with

Mononuclear cells in knee OA

FCS blocking reagent and then stained (30 min at
4°C) with monoclonal antibodies (mAb) against CD4-
allophycocyanin  (APC)-cyanin 7 (Cy7) (BD clone:
RPA-T4), CD8-VioBlue (Miltenyi clone: BW135/80), CD14-
fluorescein isothiocyanate (FITC) (BD Pharmingen clone:
M5E2), CD16-phycoerythrin (PE)-Cy7 (BD clone: 3GS8),
CD19-PE (Miltenyi clone: LT19) and CD56-APC (Miltenyi
clone: AF12-7H3). The cells were washed again and taken
into a final volume of 200 pul MACS staining buffer. Imme-
diately before flow cytometric detection, cells were stained
with 7-aminoactinomycin D (7-AAD; eBioscience, San
Diego, CA, USA) with a final concentration of 0-5 pg/ml.
A total of 10° events were assessed and analysed with a
MACS-Quant flow cytometer (Miltenyi, Bergisch Gladbach,
Germany). Data analysis was performed using FlowJo
version 9-6 (TreeStar, Inc., Ashland, OR, USA). Cell debris
and dead cells were excluded (7-AAD staining and forward-
scatter profile) and mononuclear cells were gated based on
their forward- and side-scatter profiles. Mononuclear cell
subsets were defined by their surface marker expression as
CD4" T cells, CD8" T cells, CD14" macrophages, CD19* B
cells and CD16"CD56" natural killer (NK) cells. The cut-off
for all cell surface markers was defined based on isotype
controls.

Multiplex cytokine analysis

The Pro-Human Cytokine Multiplex Assays (Bio-Rad,
Munich, Germany) was used to analyse the cytokines in
synovial fluid samples. The 27-plex analyses for IL-1f, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-8 (CXCL8), IL-9, IL-10, IL-12,
IL-13, IL-15, IL-17, eotaxin (CCL11), macrophage colony-
stimulating factor (M-CSF), interferon (IFN)-y, monocyte
chemotactic protein 1 (MCP-1; CCL2), macrophage inflam-
matory protein-1o. (MIP-1a; CCL3), MIP-1f (CCLA4), regu-
lated upon activation normal T cell expressed and activated
(RANTES) (CCL5), TNF-0. and vascular endothelial growth
factor (VEGF). The 21-plex contains, inter alia, IL-16,
IL-18, leukaemia inhibitory factor (LIF) and macrophage
migration inhibitory factor (MIF). Multiplex assays were
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carried out according to the manufacturers’ instructions
and run on the Luminex 200 platform. Bio-Plex Manager
version 5-0 was used for data processing. Cytokine and
chemokine concentrations were calculated by reference to
the standard curve. The sensitivity of the multiplex kit was
<5 pg/ml.

Statistical analysis

Demographic parameters between study groups were com-
pared using the unpaired ¢-test for parametric data and
Fisher’s exact test for proportions. The unpaired ¢-test was
used for analysis of mononuclear cell frequencies between
study groups and the paired ¢-test for comparisons between
concurrent PB and SM samples. The unpaired t-test was
also performed to assess the differences between SF samples
due to the predominantly Gaussian distribution. For
cytokines which did not show Gaussian distribution, a
Mann-Whitney U-test was performed. Correlation analysis
between radiographic scores and inflammatory cells and
cytokines was performed by Spearman’s correlation analysis
for non-parametric data and Pearson’s correlation analysis
for parametric data. All reported P-values are two-tailed. A
P-value <0-05 was considered to show a statistically signifi-
cant difference. Statistical analysis was performed using
Prism version 5 software (GraphPad Software, Inc., San
Diego, CA, USA) and spss version 22-0 (IBM SPSS, Inc.,
Chicago, IL, USA).

Results

Description of the study population

The demographic parameters and representative radio-
graphs of the study population are shown in Table 1 and
Fig. 1. The two study groups were comparable regarding
clinical and demographic parameters. Even though there
was a tendency towards higher K&L scores in the BC
OA group, this was not statistically significant. The basic

—
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=

laboratory parameters [C-reactive protein (CRP), leuco-
cytes] were within the standard range and did not show any
signs of systematic inflammation at the time of surgery.

The SM shows a distinct mononuclear cell infiltration

Mononuclear cells of PB and the SM of the affected OA
joints were evaluated for surface marker expression by flow
cytometry; frequencies are shown in Fig. 2. The frequency
of mononuclear cells in PB did not show any significant dif-
ference between the two groups. In PB the distribution of
mononuclear cells showed that CD14" macrophages were
the largest population (UC OA: 42-2+4-7%; BC OA:
42 +2-8%), followed by CD4" T helper cells (UC OA:
25:8+6:2%; BC OA: 262+ 8:1%) and CD8" cytotoxic T
cells (UC OA: 9-2 +2-4%; BC OA: 10-1 + 4-4%). Frequen-
cies of CD19* B cells were 3-4 + 3% in UC OA and 4 + 3-2%
in BC OA. CD16'CD56" NK cells were within the same
range, with 4 +2-5% in UC OA and 4-8 £ 0-9% in BC OA.
All mononuclear cells displayed significantly smaller fre-
quencies in SM samples when compared to concurrent PB
samples in both groups, except for CD19" B cells, as shown
in Fig. 2a,b. As shown in Table 2 CD14" macrophages and
CD4* T cells were the two main populations, followed by
CD19* B cells and CD8" cytotoxic T cells. Hardly any
CD16"CD56" NK cells were detected in the SM.

Synovial mononuclear cells infiltration differs between
OA subtypes

In order to assess the mononuclear infiltrate pattern
between OA types we compared the SM of the affected
joints. Dot-plots of representative SM samples from UC
and BC OA are shown in Fig. 3. Total mononuclear cell
infiltration of the SM was significantly higher in BC OA
than UC OA (P=0-0009) with a mean concentration of
805+ 675 cells/mg in BC and 137-7 £ 180 cells/mg in UC
OA (Table2). There was a significant higher amount
of CD4* T cells in BC OA (9:1 £7:5%, P=0:0267) when

—~
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Fig. 2. (a,b) Percentage of mononuclear cells in S 30l g 30l
peripheral blood (PB) and synovial membrane 8 ] *
(SM) of patients with unicompartmental and § 20+ § 20+
bicompartmental knee osteoarthritis (OA). § 1ol * § 1ol *
Frequencies of the different cell populations are ® ’l‘ * °
shown as the percentage of mononuclear cells oLl .; " Ill.; |l|. ol
for PB (white) and SM (black) for (a) ) ¥ ) o® ] oF ) o ) o ] ¥ ) ¥ ) ¥ ] ¥ ] ¥
unicompartmental and (b) bicompartmental > Qb‘ ) & XX Qb‘ OQ; 8 S
OA. Mean values and standard deviation are Qo O 00 ; QO QQ S S C)O . OQ
plotted for both groups. Significant differences O\Q’ o\Q’
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are marked with asterisks.
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Fig. 3. (a,b) Flow cytometry analysis of synovial mononuclear cells from unicompartmental and bicompartmental osteoarthritis (OA). Synovial

membrane (SM) mononuclear cells were analysed by flow cytometry after staining with CD4 allophycocyanin (APC) cyanin 7(Cy7) (BD clone:

RPA-T4), CD8 VioBlue (Miltenyi clone: BW135/80), CD14-fluorescein isothiocyanate (FITC) (BD Pharmingen clone: M5E2), CD16 phycoerythrin
(PE)"Cy7 (BD clone: 3G8), CD197PE (Miltenyi clone: LT19) and CD56"APC (Miltenyi clone: AF12-7H3). Representative dot-plots for (a) one
unicompartmental and (b) one bicompartmental OA patient are shown. Cell debris and dead cells were previously excluded [7-aminoactinomycin D
(7-AAD) staining and forward-scatter profile] and mononuclear cells were gated based on their forward- and side-scatter profiles. Mononuclear cell
subsets were defined by cell surface markers as CD4" T cells; CD8" T cells; CD19" B cells; CD14" macrophages; CD16"CD56" natural killer (NK)
cells, as indicated by the red gates. The cut-off for all cell surface markers was defined based on isotype controls.

compared to UC (3-4+4-6%). No significant differences
were found for CD19* B cells and CD16'CD56" NK cells.
Taking the higher amount of total mononuclear cells into
account, the concentrations of all cell populations were

higher in BC OA compared to UC OA, as shown in Table 3.
Correlation analysis between the radiographic scores and
the frequency of mononuclear cells did not show any sig-
nificant correlation.

Table 2. Frequencies of mononuclear cells in synovial membrane (SM) of unicompartmental and bicompartmental osteoarthritis (OA).

UC OA BC OA P-values
Sample volume (g) 1-3+0-7 (0-5-2-4) 1-2+0-4 (0-4-1-8) 0-6988
Total mononuclear cells, cells/mg 135-7 £ 180 (7-731) 805 % 675 (12-1998) 0-0009***
CD14" macrophages, % of mononuclear cells 17-6 £ 10-2 (3-8-39:2) 14-8 = 89 (4-6-30) 0-4983
CD14" macrophages, cells/mg 28-1+54-7 (0-227) 112 £ 128 (2-416) 0-0307*
CD4" T cells, % of mononuclear cells 3:4+4-6 (0-3-169) 9-1+75(0-8-22) 0-0267*
CD4" T cells, cells/mg 2:6 £2:9 (0-9) 85-1 £ 138 (1-440) 0-0232*
CD8" T cells, % of mononuclear cells 2-1£2-1(0-4-81) 1-4 +1-3 (0-34—4) 0-3761
CD8* T cells, cells/mg 2 £2:6 (0-10) 99492 (0-25) 0-0035**
CD19* B cells, % of mononuclear cells 2:8 £3-5(0-:02-13-4) 3.7+3:8 (0-2-12) 0-5552
CD19" B cells, cells/mg 3.8+ 64 (0-24) 39 + 78 (0-246) 0-0810
CD16"CD56" NK cells, % of mononuclear cells 0-02 + 0-04 (0-0-14) 0-01 £ 0-01 (0-0-04) 0-4722
CD16"CD56" NK cells, cells/mg 0-0085 + 0-0101 (0-0-0-0414) 0-0679 + 0-1045 (0-0016—0-2798) 0-0313*

Significant differences are indicated with asterisks: *P < 0-05; **P < 0-01; ***P < 0-001. Collected sample volumes and frequencies of the different
cell populations are shown as the percentage of mononuclear cells and cell concentration (total cell counts per pl or pg) for peripheral blood (PB) and
synovial membrane (SM). Values are shown as mean + standard deviation (range). The unpaired #-test was used for analysis of mononuclear cell fre-
quencies between study groups. All reported P-values are two-tailed. A P-value <0-05 was considered to show a statistically significant difference.
OA = osteoarthritis; UC = unicompartmental; BC = bicompartmental; NK = natural killer.
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Table 3. Cytokines in synovial fluid.

UC OA BC OA

Mediator n=14 n=20 P-values
CXCL1 216-1 + 438 (54-8—1 733) 243-7 £ 206-4 (70-2-733-2) 0-011*
Eotaxin 5.93 + 14-6 (0-40-7) 14-17 +21-1 (0-82-3) 0-045*
IFN-y 112-4 £37-3 (55-1-189) 164 + 851 (45-5-406-9) 0-042*
IL-2 0-05 £ 0-2 (0-0-6) 0-5+1-1(0-4-2) 0-171
IL-4 0-4+ 0-2 (0-2-0-7) 0-5+0-2 (0-2-1-2) 0-558
IL-5 0-1+0-2 (0-0-9) 0-5+1 (0-3-1) 0-268
IL-6 207-7 £273-1 (7-2-803-7) 326-2 423 (22-9-1 666) 0-365
IL-7 29:7 £ 9-1 (14-5-50-1) 39-2+14-2 (22-8-69-7) 0-035*
IL-8 360 £ 9233 (13-2-3 420) 436:6 £ 5029 (19-6-1 576) 0-039*
IL-9 3-1+1-5(0-5-5) 57 +4-6 (0-8-18) 0-048*
IL-10 27-3 £ 81 (13-7-456) 41-1£18:6 (16-9-88-3) 0-014*
IL-12 213-7+61-1 (145-9-369-1) 333-3 +174-9 (123-8-786-8) 0-020*
1L-13 30-7 £11-4 (16:5-59-4) 43-4 £17-9 (24-97-1) 0-026*
IL-15 8:6 +4-9 (2-8-22-7) 9-4+3-9 (2-8-17-7) 0-565
IL-16 1127 +594-8 (421-1-2 672) 1119 + 868-6 (378-2-4256) 0-975
IL-18 90-3 +29-7 (48-6-152-1) 108-1 £ 65-2 (43-321-6) 0-349
TNF-o 4+2-8 (0-5-10-5) 5:6 +3-1 (1-7-12-2) 0-135
LIF 44-4 £23-9 (16-4-85-8) 49-1£26-5 (10-1-108-6) 0-602
MCP-1 52:7 £39-7 (12-4-140-6) 158 +378-7 (8:9-1 656) 0-847
M-CSF 76 £ 63-9 (28:4-283-8) 92:6 £ 419 (31:4-177-3) 0-367
MIF 5177-5 £ 4499-4 (1461-14 415) 8929-7 £ 25 029-5 (1000-114 827) 0-753
MIP-1a. 1-1£1-2 (0-3) 2:4+2-8 (0-9-8) 0-069
MIP-18 33-3+42-3 (12-8-59-2) 44-6 289 (16-24-133-1) 0-190
RANTES 121-2 £211+6 (0-1-672-5) 112-1£397-5 (1-29-1 791) 0-700
VEGF 1318-8 £ 6555 (569-4-2 967) 2783-3 £2519-2 (756-8-10 160) 0-012%
IL-10, IL-1B, IL-17 Below detection level Below detection level n.a.

Significant differences are indicated with asterisks: *P < 0-05; **P < 0-01; ***P < 0-001. The Pro-Human Cytokine Multiplex Assay (Bio-Rad) was
used to analyse the cytokines in synovial fluid (SF) samples. Cytokine and chemokine concentrations were calculated by reference to the standard

curve. The sensitivity of the multiplex kit was <5 pg/ml. The unpaired t-test was also performed to assess the differences between unicompartmental

(UC) and bicompartmental (BC) osteoarthritis (OA) SF samples due to the predominantly Gaussian distribution. For cytokines which did not show

Gaussian distribution, a Mann—Whitney U-test was performed. All reported P-values are two-tailed. A P-value <0-05 was considered to show a statis-

tically significant difference. IFN = interferon; IL = interleukin; TNF = tumour necrosis factor; LIF = leukaemia inhibitory factor; MCP = monocyte

chemotactic protein; M-CSF = macrophage colony-stimulating factor; MIP = macrophage inflammatory protein; RANTES = regulated upon activa-

tion normal T cell expressed and secreted; VEGF = vascular endothelial growth factor; n.a. = not applicable.

Higher proinflammatory cytokine concentration in
synovial fluid of BC OA patients

Naive synovial fluid samples of patients (14 UC OA and 20
BC OA) were collected and analysed for their cytokine
profile by multiplex analysis. The overall cytokine secretion
pattern is shown in Fig. 4. IL-16 and VEGF showed the
highest concentration, followed by CXCL1, IEN-y, IL-6,
IL-8, IL-12, IL-16, IL-18, MCP-1 and RANTES. Significant
differences in cytokine expression were detected between
the two patient groups, as shown in Table 3. Of the 28
measured cytokines, 10 were present at significantly higher
levels in BC compared to UC OA. Seven of those 10 media-
tors possess proinflammatory characteristics (CXCLI,
eotaxin, IL-7, IL-8, IL-9, IL-12, IEN-y), while only two anti-
inflammatory cytokines (IL-10, IL-13) were increased sig-
nificantly in BC compared to UC OA. Other soluble
mediators showed comparable levels between the groups.

Only IL-16 was higher in UC than in BC OA, but this differ-
ence was not significant. Interestingly the Th17 cytokine,
IL-17 and the predominantly macrophage-derived IL-lct
and IL-1P were below detection levels. The cytokine con-
centrations did not show any significant correlation with
the radiographic scores.

Discussion

A growing body of evidence indicates that synovial inflam-
mation is not only responsible for the main clinical symp-
toms but also contributes significantly to OA pathology.
From RA treatment strategies we know that the modulation
of inflammatory pathways holds a strong promise in
opening new treatment avenues. In order to map the
pattern of synovial inflammation in OA the analysis of joint
samples, and in particular the SM, as the main site for
mononuclear cell infiltration, is pivotal. Until the present,
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Fig. 4. Cytokine pattern in synovial fluid (SF) of patients with unicompartmental and bicompartmental osteoarthritis (OA). The Pro-Human

Cytokine Multiplex Assay (Bio-Rad) was used to analyse the cytokines in SF samples. Cytokine and chemokine concentrations were calculated by

reference to the standard curve. The sensitivity of the multiplex kit was <5 pg/ml. Mean values and standard deviation are plotted for both groups.

The unpaired ¢-test was also performed to assess the differences between unicompartmental and bicompartmental OA SF samples due to the

predominantly Gaussian distribution. For cytokines, which did not show Gaussian distribution, a Mann-Whitney U-test was performed. All

reported P-values are two-tailed. A P-value <0-05 was considered to show a statistically significant difference. Significant differences are indicated

with asterisks.

synovitis in OA has not been decoded sufficiently and our
knowledge is based mainly on histological studies of end-
stage OA patients [3,4]. The heterogeneous nature of OA
has not been addressed adequately, and studies analysing
OA subgroups based on clinical and radiographic param-
eters are missing. In this study we provide flow cytometric
data about the quantity of mononuclear cells in OA SM and
compare this between two different OA subtypes.

Mononuclear cells in OA synovium

This is one of a very limited number of studies using flow
cytometry to analyse the inflammatory pattern in the SM,
which we consider to be the relevant site of cell interaction.
We show, for the first time, that the inflammatory pattern of
UC and BC knee OA differs significantly regarding the
amount of mononuclear cells and the involved cell lines.
Whereas, in UC OA, mononuclear cells displayed a concen-
tration of 135-7 + 180 cells/mg, this was increased signifi-
cantly more than fivefold in BC OA with 805+ 675 cells/
mg. Further characterization of this mononuclear infiltrate
showed that CD14" macrophages were the largest cell popu-
lation in UC OA, which were accompanied by a significant
amount of CD4" T cells in BC OA. Quantitative analysis
showed that in UC OA, the macrophage population was
almost sixfold as high as the CD4" T cell population. This
predominance was reduced in BC OA. While macrophages
remained at the same level, the CD4" T cells were increased
significantly in bicompartmental OA to an average of
9-1£7-5%.

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 180: 143-154

Comparison of our data to previous reports is limited,
due to utilization of different techniques and different study
populations. Previous immunohistological studies indicated
that CD68" macrophages were detectable in the lining layer
and CD4" cells were present at the sublining layer of the
synovium, and these were of higher frequency than CD8*
cells and CD19* cells [3,4]. Interestingly, a recent flow
cytometric study of the infrapatellar fat pad showed that
CD14" macrophages were the most abundant immune cells
present in both adipose tissues, followed by CD3" T cells,
mast cells and B cells [7]. Our results amend these studies
by identifying the different mononuclear cell populations
and providing quantitative data about their frequency in
OA synovium and by showing that the composition of
inflammatory cells differs in OA subgroups. A previous
study showed that macrophages contribute to OA inflam-
mation by demonstrating that depletion of these cells in
OA synovium led to a decrease of macrophage-derived
cytokines (IL-1 and TNF-a.), but also of fibroblast-derived
cytokines [IL-6, IL-8, matrix metalloproteinases (MMP)-1
and MMP-3] [16]. As shown by our results, the functional
analysis performed in this study could be of relevance in
UC OA, as macrophages were the predominant cell line.
Interestingly, depletion of T cells in this study did not result
in any changes which, to our understanding, is due primar-
ily to the fact that the authors could not detect any T cells in
OA synovium. This differs significantly from our findings in
BC OA, where CD4" T cells were the second-largest popula-
tion. It would be of pivotal interest to analyse further the
role of synovial CD4" T cells through functional studies in
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BC OA, which will be the focus of further studies by our
group. Our findings in BC OA are in support of some
immunohistological reports of OA joint samples, which
have shown the presence of activated phenotypes of CD4* T
cells in the SM [2,15]. This was supported further by studies
reporting clonal expansion of the T cell receptor, and a
decreased expression of the CD3( chain in OA synovial
membrane, which may reflect activation and chronic anti-
genic stimulation of T cells [2,14].

Role of cytokines in OA affected joints

The cellular changes detailed above accompanied a shift of
the cytokine profile towards a proinflammatory milieu in
BC OA, as shown by the analysis of naive SF samples. Here,
a significant increase of a broad variety of proinflammatory
cytokines was observed when comparing UC to BC OA.
Some groups have proposed TNF-o. as a key player [8,18] in
OA pathogenesis, while others have suggested IL-1 and IL-6
[6,19-21]. We could not detect high concentrations of IL-1
or TNF-o. in our samples, which is contrary to these
reports. Interestingly, IL-1 as the main macrophage
cytokine, and IL-17 as the main Thl7 secreted cytokine,
which had been reported by others to be involved in OA
progression [9,22,23], were also not detectable in our
samples. These cytokines could play a more relevant role at
earlier stages of OA, and may have contributed to the
expression of downstream mediators in late-stage OA, as
described for CXCLI1, eotaxin and IL-7 [9,22,24,25]. This
hypothesis is strengthened further by a recent study
showing that serum levels of IL-1B and TNF-o are
increased in early compared to advanced OA [26,27], con-
cluding that they play a more important role in developing
OA, while subsiding with disease progression. The synovial
analysis performed in our study suggests that the
proinflammatory cytokines CXCLI, eotaxin, IL-7, IL-8,
IL-9, IL-12 and IFN-y are major players in maintaining and
increasing the proinflammatory milieu in mid- to BC OA,
thereby attracting the migration of inflammatory cells into
the synovial membrane. Our data are in accordance with
studies from other groups that have shown increased levels
of CXCLI, eotaxin, IL-7, IL-8, IL-9, IL-10, IL-12 and IL-13
[25,28-33] in OA compared to healthy controls. Further-
more, we detected a significant increase of the pro-
angiogenetic growth factor VEGE which might play a role
in maintaining synovial hypertrophy and mononuclear
infiltration by increasing blood flow in the joint tissues
[34,35]. Some specific pathogenic mechanisms have already
been described for the above-mentioned mediators.
CXCL-1 and IL-8 induce differentiation and calcification of
articular cartilage, leading eventually to increased apoptosis
and chondral degradation [36-39]. IL-12 is produced by
macrophages and is known to induce primarily IFN-y pro-
duction from T cells, thus enhancing the proliferation of
Th1 cells [10,40]. The significant increase of IL-12 in BC

OA in our study could serve as an explanation for the
increasing T cell response in end-stage OA, as shown above.
It is also notable that the overall expression of a broad
variety of proinflammatory mediators such as MIE, MIP,
LIF and MCP1 is present in OA joints, although these
cytokines did not increase significantly with OA stage.

UC and BC OA - different OA subtypes or stages of the
same disease?

Until now it has been unknown if UC and BC knee OA are
different stages of the same disease, or if they should be
viewed as completely different OA subtypes with a different
pathophysiology. Demographic data, and especially age at
the time of surgery, were similar in both groups, which runs
counter to the theory that these groups are consecutive
stages of the same disease. Even though there was a ten-
dency towards higher K&L scores in the BC OA group, this
did not reach statistical significance. Interpretation of our
data is dependent upon how these two knee OA subtypes
are viewed. If they were viewed as different OA stages, then
our data would provide a temporal pattern of mononuclear
cell infiltration, showing that mononuclear cells increase
with OA progression and the composition of cells is
shifted from the macrophage lineage to a macrophage and
lymphocyte interaction. The increased concentration of
mononuclear cells from UC to BC OA and the fact that
cytokine concentrations increased significantly in BC OA is
in support of this hypothesis. Thus, assuming this, we
hypothesize that synovial macrophages play a relevant role
in OA initiation and are the first mononuclear cell lines in
place. Studies analysing SM samples from healthy donors
indicate that macrophages are part of the normal SM com-
position [19,21]. These resident macrophages can be acti-
vated by mechanical, cellular or soluble stimuli [9,22].
Thus, activation of resident macrophages could be the first
part of the adaptive immune response in UC OA joints,
which is supported by our data showing that macrophages
were the major cell population in these joints. The slight
decrease in BC OA could indicate that at later time-points
macrophages play a less important role. Considering BC OA
as the advanced stage of OA, it can be concluded that CD4*
T cells infiltrate the SM with disease progression and seem
to contribute to OA pathology at later stages. From rheuma-
toid arthritis (RA) studies we know that macrophages and T
lymphocytes contribute to the chronic inflammation by a
very close bilateral interaction [13,36]. A study by Shen
et al. supports the hypothesis that T helper cells contribute
to disease progression in OA by inducing the expression of
MIP-1y and nuclear factor-kB (NF-xB) [10,16]. In this
study CD4" T cell knock-out mice showed less expression of
MIP-17 and slower cartilage degeneration.

Few studies have looked at the inflammatory pattern in
different OA stages [3-5,41,42]. The study by Benito et al.
showed that the synovial membrane from patients with
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early OA demonstrated significantly greater CD4" and
CD68" cell infiltration, blood vessel formation, VEGF and
intercellular adhesion molecule-1 (ICAM-1) expression.
The number of cells producing TNF-o. and IL-1 were also
significantly greater in early OA [3,4,41]. This seems con-
trary to our results, but it should be taken into account that
our study population utilized techniques different to these
previous reports. In the study by Benito et al., the early
study group was generated from patients undergoing
arthroscopic procedures, which can be considered an even
earlier stage of OA than in our study. This could mean that
the initiating step of OA is accompanied by a high inflam-
matory pattern, which decreases in midterm OA and
increases further towards BC OA. Nair et al. showed that the
joint fluid sCD14 levels in early OA were comparable to BC
OA [7,42]. The study by Scanzello et al. suggested that IL-15
is elevated in early OA. In summary, these studies confirm
that a temporal pattern exists in OA inflammation, which
we think is of pivotal importance in order to understand
OA pathophysiology.

Viewing these study groups as different OA subtypes with
an individual pathophysiology could lead to the interpreta-
tion that BC OA is a significantly more inflammatory
disease than UC OA, as shown by the higher presence of
mononuclear cells and higher cytokine concentrations.
Further, it suggests that inflammation in UC OA is primar-
ily macrophage-driven, while in BC OA macrophages and
CD4" T cells are the predominant cell lines and contribute
to disease progression. The fact that radiographic scoring
showed comparable results in both groups would further
support the hypothesis that the observed differences are due
to a different pathophysiology rather than to progression of
the disease. Conversely, it should be mentioned that there
was a tendency towards higher K&L scores in BC OA.
Further studies with a prospective set-up following the pro-
gression of the disease in patients with UC OA would be of
particular interest to answer this question.

What triggers this infiltration is a question that arises
immediately when acknowledging the infiltration of OA
joints by inflammatory cells. Because the joint-derived
samples did not mirror the PB, and the pattern of
mononuclear cell infiltration was different in UC and BC
OA, we believe that further distinct mechanisms are in place
for the selective recruitment of mononuclear cells into the
joints. Joint trauma has been shown to lead to an elevated
level of chondrodestructive cytokines, such as IL-1f and
TNF-o [2-9,26]. These chondrodestructive cytokines may
play an important role in the attraction of mononuclear
cells and the development of an inflammatory milieu.
Further, it is thought that the recruitment of effector cells is
orchestrated in part by chemokines [10,11,28,29]. A study
by Scanzello etal. indicated that synovia of traumatic
meniscal injury exhibit a unique chemokine signature,
which could further initiate and drive synovial cell influx
[12,34].

Mononuclear cells in knee OA

Low amounts of other mononuclear cells

The quantities of CD19" B cells and CD8" cytotoxic T cells
were within the same range as CD4" T cells in UC OA. The
relative number of these cells (shown as percentage of
mononuclear cells) remained constant, although with OA
progression their total cell number increased as a result of
the higher total mononuclear cell infiltration. Thus, CD8* T,
CD19" B and CD16'CD56" NK cells seem to be of minor
importance for synovial inflammation if taken by their
amounts in the joints. However, cell numbers alone prob-
ably do not translate directly to their role in OA pathology.
The study by Da et al. reported on B cells in OA synovium
and could detect these in half the patients. A higher T cell
count was also shown in these patients, suggesting that
infiltration perpetuates a chronic influx of other cells
[16,43]. The prevalence of autoantibodies to various
arthritis-related proteins in early-stage knee OA supports
the involvement of a specific immune response in initial
cartilage degeneration in OA [2,15,44]. Hardly any
CD16*CD56" NK cells were detected in our samples. The
study by Huss et al. confirmed the presence of CD4" T cells
in OA joints but showed significantly higher numbers of
NK cells, which is in striking contrast to our data [2,14,45].

Downstream effect of mononuclear cells and cytokines

Both the mononuclear cells described above and the
cytokines detected in OA joints could not only have a direct
effect on joint tissues, but could also lead to a downstream
effect that perpetuates and promotes OA pathology. The
study by Scanzello et al. demonstrated that MMP transcript
levels in the synovium of OA patients correlated with CD3
and CD68 gene expression [5,10]. The increasing inflam-
matory milieu in BC OA joints may be the end-point of a
vicious cycle, in which release of cartilage breakdown forms
the initial step leading to activation of inflammatory cells
and the release of cytokines. In return, these cytokines may
contribute to joint inflammation and destruction by pro-
moting the influx and activation of inflammatory cells
[5,41,42,46,47] and by the induction of chondrodestructive
mechanisms through the release of matrix-degrading
enzymes, such as MMPs [7,25,41], and the suppression of
proteoglycan synthesis [39,41,48-50]. The quantitative data
concerning the cytokine pattern and the differences
between OA subtypes provided in this study could help to
further dissolve the inflammatory pattern in OA.

Strength and limitations

A major strength of this study is the generated study popu-
lation, which included patients of different OA subtypes
and shows for the first time, to the best of our knowledge,
that the inflammatory pattern differs between OA
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subgroups. Even though we assessed and included all avail-
able clinical and radiographic data, it should be taken into
account that human OA develops over decades and clinical
assessment can lack accuracy regarding memorable
numbers of joint traumas, etc. Nevertheless, the inclusion of
clinical and radiographic parameters in the interpretation
of cellular and molecular data is pivotal when analysing
human samples. It would be of special interest to compare
our findings to healthy controls, but this could not be per-
formed due to ethical considerations and remains a limita-
tion of this study.

Future prospects

The methodology established and described in this study
can now be used to further analyse the subsets of these
mononuclear cells in the affected joints. This is of utmost
interest, as the polarization towards inflammatory or regu-
latory cells is critical in understanding the inflammatory
pathways. Ishii et al. reported a Thl polarization pattern in
OA synovium [4,42], which was also confirmed by another
study [8,43]. In a recent study by our group, we report the
significant accumulation of regulatory T cells into OA joints
[44,51]. Further, functional studies are needed in order to
evaluate the role of these mononuclear cells in OA pathol-
ogy and analyse how their quantity translates into func-
tional properties.
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