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Introduction

Summary

Thorough understanding of the complex pathophysiology of osteoarthritis
(OA) is necessary in order to open new avenues for treatment. The aim
of this study was to characterize the CD4" T cell population and evaluate
their activation and polarization status in OA joints. Fifty-five patients
with end-stage knee OA (Kellgren-Lawrence grades III-IV) who underwent
surgery for total knee arthroplasty (TKA) were enrolled into this study.
Matched samples of synovial membrane (SM), synovial fluid (SF) and
peripheral blood (PB) were analysed for CD3*CD4*CD8" T cell subsets
[T helper type 1 (Th1), Th2, Th17, regulatory T cells] and activation status
(CD25, CD69, CD45R0O, CD45RA, CD62L) by flow cytometry. Subset-
specific cytokines were analysed by cytometric bead array (CBA). SM and
SF samples showed a distinct infiltration pattern of CD4* T cells. In com-
parison to PB, a higher amount of joint-derived T cells was polarized
into CD3*CD4*CD8" T cell subsets, with the most significant increase for
proinflammatory Thl cells in SF. CBA analysis revealed significantly in-
creased immunomodulating cytokines [interferon (IFN)-y, interleukin
(IL)-2 and IL-10] in SF compared to PB. Whereas in PB only a small
proportion of CD4* T cells were activated, the majority of joint-derived
CD4" T cells can be characterized as activated effector memory cells
(CD69*CD45RO*CD62L"). End-stage OA knees are characterized by an
increased CD4* T cell polarization towards activated Th1 cells and cytokine
secretion compared to PB. This local inflammation may contribute to
disease aggravation and eventually perpetuate the disease process.

Keywords: bi-compartmental knee osteoarthritis, synovial fluid, synovial
membrane, T cell polarization, T helper cells

It is now accepted that OA pathophysiology cannot
be sufficiently described simply by wear and tear. OA

Osteoarthritis (OA) is the most prevalent joint disease
worldwide. It is the predominant cause for chronic pain
and immobility leading to a significant impairment of
quality of life years [1]. There are currently no therapies
to halt disease progression and therapeutic strategies are
limited to treating major symptoms during onset and
progression of the disease. Total knee arthroplasty (TKA)
is the treatment of choice in end-stage disease, and due
to the increasing life expectancy, numbers of TKA pro-
cedures have been rising continually [2,3]. Socio-economic
costs of OA comprising direct and indirect costs are
inevitably increasing worldwide [4-7].

is a heterogeneous articular disease, leading to chon-
drodegeneration, inflammation and periarticular destruc-
tion. Reflecting recent literature, a central theory
postulates that OA is a result of misbalance between
anabolic and catabolic mechanisms, which are mediated
via proinflammatory cytokines and cellular pathways
[8]. There is compelling evidence that synovial inflam-
mation is not only responsible for the main clinical
symptoms in OA, but also contributes significantly to
disease progression [9]. Magnetic resonance imaging
(MRI) studies have emphasized the value of synovitis
as a prognostic factor for disease progression [10].
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Immunohistological studies have confirmed infiltration
of activated inflammatory cells and production of pro-
inflammatory cytokines in the synovium, with CD4* T
cells being the major constituent [11-14]. Flow cytometry
analysis by our group has rendered similar results, with
CD4* T cells being one of the most prevalent mono-
nuclear cells in end-stage OA [15]. Further, recent
animal studies have unveiled the therapeutic potential
of altering the immune response as a treatment option
in OA [16].

However, before this approach can be applied to
human disease a much better understanding of the
complex cellular and cytokine interactions is necessary.
Thus, the aim of this study was to further characterize
the CD4" T cell population and evaluate their activation
and polarization status in OA joints. This knowledge
is pivotal for evaluation whether immunomodulatory
therapy in OA joints could provide an alternative treat-
ment option for OA.

Materials and methods

Study population

A total of 55 patients with primary knee OA (38 women,
17 men) were enrolled into this study with a mean age
of 68-4 + 9-9 years; 26 of those were analysed for intra-
cellular markers and cytokine secretion and 29 were
analysed for cell surface markers. OA was defined accord-
ing to the American College of Rheumatology criteria.
All patients had Kellgren-Lawrence (K&L) grades III-IV
[17] and were scheduled for total knee replacement sur-
gery at the University Hospital of Heidelberg. None of
the patients had a history of underlying inflammatory
pathology, intake of disease-modifying anti-rheumatic
drugs (DMARD) or intra-articular injection of corticos-
teroids or hyaluronic acid. Systemic inflammatory param-
eters [C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR) and white blood cells (WBC)] were within
the physiological range at the time of surgery. Only few
patients reported occasional intake of non-steroidal anti-
inflammatory drugs (NSAID) [5], none of them on a
daily basis. No significant differences regarding demo-
graphic parameters were found between male and female
study participants. The local ethics committee approved
this study (S-333/2007). Informed consent from all
patients were obtained prior to study enrolment.

Sample collection

Synovial membrane (SM), synovial fluid (SF) and periph-
eral blood (PB) were harvested at the time of surgery.
SF was removed prior to arthrotomy by needle aspiration
into sterile tubes and further processed as described below.
SM was taken from the suprapatellar pouch

intra-operatively. Heparinized PB samples were taken
concurrently during the operation.

Sample preparation

SF samples were treated with bovine testicular hyaluro-
nidase (10 mg/ml; Sigma-Aldrich, Darmstadt, Germany)
for 30 min at 37°C and washed twice with phosphate-
buffered saline (PBS). SM samples were rinsed twice with
PBS, minced finely with sterilized scissors and digested
with collagenase B (1 mg/ml; Roche, Tucson, AZ, USA)
and bovine testicular hyaluronidase (2 mg/ml) at 37°C
for 2 h in RPMI-1640 culture medium supplemented with
10 pg/ml penicillin-streptomycin (Invitrogen, Carlsbad,
CA, USA) and 5% fetal calf serum (FCS) (Biochrom AG,
Berlin, Germany). The cell suspension was filtered through
a 100-pm (BD Biosciences, San Jose, CA, USA) and a
40-um pore-size cell strainer (EMD Millipore, Temecula,
CA, USA) to remove any undigested tissue. The filtered
cell suspension was washed twice with PBS. These SF
and SM cell suspensions and the heparin anti-coagulated
whole blood were treated with Ficoll-Paque™ PLUS (GE
Healthcare, Chicago, IL, USA) density gradient centrifuga-
tion in order to isolate mononuclear cells. Further, T
cells were isolated from mononuclear cells by CD3 mag-
netic-activated cell sorting (MACS) bead separation
(Miltenyi Biotec, Bergisch Gladbach, Germany), based on
a previously described protocol [18].

Flow cytometry analysis of cell surface markers and
intracellular staining

Multi-colour flow cytometry was used to analyse activa-
tion status and to identify CD3*CD4"CD8" T cell subsets
by their distinct expression of surface and intracellular
markers. In brief, for staining of regulatory T cell (T,,,)-
specific surface markers, CD3* MACS-isolated T cells from
PB, SF and SM were washed twice in staining bulffer,
blocked with FcR blocking reagent (Miltenyi Biotec) and
then stained for 30 min at 4°C with fluorescein isothio-
cyanate (FITC)-labelled monoclonal antibody (mAb)
against CD4 (clone RPA-T4; BD Biosciences), phycoeryth-
rin (PE)-labelled mAb against CD25 (clone M-A251; BD
Biosciences) and peridinin-chlorophyll-cyanin 5.5 (PerCP-
Cy5.5)-labelled mAb against CD127 (clone RDRS5; eBiosci-
ence, San Diego, CA, USA).

For staining of intracellular markers, MACS CD3
isolated T cells from PB, SF and SM were taken into
culture at a final density of 10° T cells/ml and incubated
for 10 h at 37°C/5% CO,. Cell cultures were stimulated
with phorbol-myristate-acetate (PMA) (50 ng/ml) and
ionomycin (1 pg/ml; BD Biosciences). After 4 h of acti-
vation 50 pl supernatant was harvested for cytometric
bead array (CBA) analysis (see below) and brefeldin A
(5 pg/ml; Sigma-Aldrich) was added for another 6 h
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to prevent secretion and allow intracellular detection
of cytokines. After a total of 10 h of activation, T cells
were collected, washed twice in fluorescence-activated
cell sorter (FACS buffer) and blocked with FCS block-
ing reagent.

For surface marker expression, PE-Cy7 conjugated
mAb against CD3 (clone SK7, BD Biosciences), allo-
phycocyanin (APC)-Cy7 conjugated mAb against CD4
(clone RPA-T4; BD Biosciences) and VioBlue-labelled
mAb against CD8 (clone BW135/80; Miltenyi Biotec)
were used and staining was performed at 4°C for 30 min.
Following surface staining, T cells were fixed and per-
meabilized using cytofix/cytoperm  reagent (BD
Biosciences) and then stained with APC-labelled anti-
interferon (IFN)-y (clone B27; isotype control clone
MOPC-21; BD Biosciences), FITC-labelled anti-IL-4
(clone MP4-2502; isotype control clone R3-34; BD
Biosciences) and PE-labelled anti-IL-17A (clone N49-
653; isotype control clone MOPC-21; BD Biosciences).
Cytokine values for CD3*CD4*CD8" T cells were meas-
ured by flow cytometry. CD3*CD4*CD8" T cell subsets
were defined by intracellular cytokine staining and surface
marker expression, respectively, and described as: IFN-y
[T helper type 1 (Th1)], IL-4 (Th2), IL-17A (Th17) and
CD25*/highCD 127w/~ (T,)- Cut-off was defined based
on isotype controls.

Analysis of the activation markers was performed with
FITC-labelled mAb against CD4 (clone RPA-T4; BD
Biosciences) and PE-labelled mAb specific for one of the
activity markers CD45RA (clone HI100; BioLegend, San
Diego, CA, USA), CD45RO (clone UCHLI; BioLegend),
CD69 (clone FN50; Miltenyi Biotec) and CD62L/L-selectin
(clone DREG56; BD Biosciences). After staining the cells
were washed again and taken into a final volume of 200 ul
MACS staining buffer. Before flow cytometric detection,
0-5 pg/ml 7-aminoactinomycin D (7-AAD) (eBioscience)
was added to the cell suspensions to exclude cell debris
and dead cells. Flow analysis was performed using a
MACSQuant Analyser (Miltenyi Biotec). Data analysis was
performed using FlowJo version 9.6 (Treestar, Ashland,
OH, USA). The cut-off for all cell surface markers was
defined based on fluorescence minus one (FMO) controls,
as described previously [19].

Cytometric bead array

Concentrations of multiple cytokines from supernatants
of MACS isolated and stimulated CD3* T cell cultures
from PB, SF and SM (see above) were determined using
the human Th1/Th2/Th17 CBA kit (BD Biosciences). This
allowed the simultaneous detection of IFN-y, IL-2, IL-4,
IL-6, IL-10, IL-17A and tumour necrosis factor (TNF)-a.
CBA analysis was performed according to the manufac-
turer’s instructions. In brief, a total sample volume of

50 pl supernatants of activated T cell culture (see above)
from PB, SF and SM was mixed with 50 pl of antibody-
coated capture beads and 50 pul of PE-conjugated detection
antibodies. This mixture was incubated for 3 h in the
dark at room temperature. The samples were washed with
1 ml buffer at 1100 rpm for 5 min and resuspended in
300 ul wash buffer. Data acquisition by flow cytometry
was performed using a MACSQuant Analyser (Miltenyi
Biotec).

Statistical analysis

Data are presented as arithmetic mean + standard error
of the mean (s.e.m.), if not stated otherwise. Gaussian
distribution was assessed using the Kolmogorov-Smirnov
test. To compare concurrent SM, SF and PB samples, we
used one-way analysis of variance (anova) followed by
Bonferroni correction or Kruskal-Wallis test followed by
Dunn’s post-hoc test, as appropriate. P-values < 0-05 were
considered significant. Statistical analysis was performed
using spss version 22.0 (IBM SPSS Inc., Armonk, NY,
USA).

Results

Description of the study population

The study population consisted of 69-1% females with an
average body mass index (BMI) of 30-2 + 6-3 kg/m?
(Table 1). The analysis of peripheral blood inflammatory
parameters confirmed that patients had no signs of sys-
temic inflammation. Statistical analysis showed no sig-
nificant correlation of BMI or age with inflammatory
parameters (leucocytes, CRP, ESR; data not shown). Two
representative plane radiographs confirmed that patients
had advanced OA and presented with K&L grade III
(20%) and K&L grade IV (80%).

Presence of CD4* T cells in OA joints and peripheral
blood

The frequencies of joint-derived mononuclear cells (SF
and SM) were analysed by flow cytometry and com-
pared to corresponding samples from peripheral blood
from the same patient. First, the total lymphocyte cell
count after MACS CD3" T cell isolation was quantified
and compared between joint-derived and PB samples.
Total lymphocyte cell count was significantly higher
in PB compared to SF and SM, with a mean of 118
049 + 7929 T lymphocytes per sample compared to
17 832 £ 9902; respectively, 30 063 + 12 018 T lym-
phocytes per sample.

This was further put in relation to the acquired sample
volume/weight (Table 2). Further, CD4* T lymphocytes
were calculated based on the cell surface marker
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Table 1. Characteristics of the study population

Total study population Male Female P-values
Number of patients, n 55 17 (30-9%) 38 (69-1%)
Age at surgery, years 68-4 +9:9 70-2 + 8.7 677 +10-5 0-390
Mean = s.d. (range) (40-87) (56-87) (40-83)
BMLI, kg/m? 302+63 29-4 £ 5.0 30-2 + 6-8 0-910
Mean = s.d. (range) (19-5-50-1) (22-7-40-8) (19:5-50-1)
Leucocytes/nl 67+1-8 6516 6-8+1.9 0-552
Mean = s.d. (range) (3-0-12-1) (4-1-9-4) (3-0-12-1)
C-reactive protein, mg/dl 41+36 33425 44+41 0-327
Mean =+ s.d. (range) (1-1-20-8) (1-1-10-2) (1.9-20-8)
K&L score, 1 (%)
il 11 (20%) 3 (17-6%) 8 (21-1 %) 0-775
v 44 (80%) 14 (82-4%) 30 (789 %)
Medication
DMARD 0 (0%) 0 (0%) 0 (0%)
NSAID (occasional) 5(9-1%) 2 (11.8%) 3(7.8%)
NSAID (regular) 0 (0%) 0 (0%) 0 (0%)

Demographic and clinical parameters of the study population are shown. Values are shown as mean + standard deviation (range) or as number
(P %). Demographic parameters between male and female study participants were compared using the unpaired t-test for parametric data [age, body
mass index (BMI)] and 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. K&L score = Kellgren and Lawrence score; DMARD = disease-modifying anti-rheumatic drug; NSAID = non-steroidal anti-in-
flammatory drug; s.d.= standard deviation.

Table 2. CD4" T cell infiltration in peripheral blood (PB) and joint-derived samples (SF, SM)

P-values
PB SF SM PB:SF PB:SM SE:SM
Sample volume/weight 814 +0-55 10-64 +2-3 2:94+0-14 na. na. na.
(PB/SF: ml; SM: g) (7-5-8-8) (5-4-15-8) (2:7-3-2)
Cell count of CD3* 118 049 + 7929 17 832 £ 9902 30063 +12018 <0-001** <0-001** 0-789
MACS-isolated (101 717- (4230-39895)  (5310-54 816)
T lymphocytes 134 380)
CD4* T cells % of T 780+ 1-8 49-4 + 3-8 747+ 1.3 0-116 0-842 0-260
lymphocytes (74-3-81-6) (40-9-57.9) (722-77-3)
Cell count of T lympho- 14212 14+ 05 113 £4-8 0-105 1.000 0-300
cytes per sample (11-8-16-7) (0-3-2-5) (1-3-21-4)
volume/weight (PB/SF:
cells/pl; SM: cells/mg)
Cell count of CD4* T cells 113+1.1 0-7 +0-28 9:0 +4-1 <0-001** 0-105 0-132
per sample volume/ (9-1-13-5) (0-08-1-3) (0-6-17:5)

weight (PB/SF: cells/pl;
SM: cells/mg)

Mean volume and weight of acquired and analysed samples are given (n = 55). Further, mean cell count of CD3* MACS-isolated T lymphocytes and
mean percentage rate of CD3* magnetic-activated cell sorting (MACS) isolated T lymphocytes stained positive for CD4 (CD4" T cells) in peripheral
blood (PB), synovial fluid (SF) and synovial membrane (SM) of end-stage osteoarthritis (OA) patients are shown (n = 29). The cell count was taken in
relation to the acquired sample volume/weight to illustrate the amount of inflammatory T cells in the different tissues. In brief, mononuclear cells were
isolated from PB, SF and SM by density gradient centrifugation. Further, T lymphocytes were isolated by CD3" magnetic cell separation (MACS),
stained with fluorescein isothiocyanate (FITC)-labelled monoclonal antibody (mAb) against CD4 (clone RPA-T4, BD Biosciences) and analysed by
flow cytometry. Data are shown as mean =+ standard error of the mean (s.e.m.) (confidence interval). Significant differences are marked with asterisks:
*P < 0-05; **P < 0-01; n.a. = not applicable.
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expression and displayed as percentage of the lymphocyte
gate and in relation to sample volume/weight. The articular
samples showed a substantial infiltration of CD4* T cells,
with 74.7% CD4* T cells in SM and 49-4% CD4* T cells
in SF. There were no significant differences compared to
78% CD4" T cells in PB. The percentage of CD4* T cells
in SM was comparable to peripheral blood and consider-
ably higher than SF.

T cell polarization in OA joint-derived samples

In order to further characterize the T cell population,
we utilized flow cytometry analysis of intracellular and
cell surface markers to define the following CD4* T
cell subsets: Thl (IFN-y), Th2 (IL-4), Th17 (IL-17A)
and T, (CD25*/highCD127""~) (Fig. 1) and compared
the joint-derived samples to concurrent samples of PB
(Table 3, Supporting information, Fig. S1). Whereas in
PB only a small proportion of T cells stained positive
for the specific markers of the subsets (Thl: 6-1%,
Th2: 1-7%, Th17: 0-4%, Treg: 9:6% of total CD4" T cells),
a significant increase of Thl, Th2 and Th17 cells was
detected in SF (Thl: 51-8%, Th2: 4.4%, Th17: 1.9%; P
< 0-0001). The highest increase was measured for Thl
with 8.49 times, Th2 with 2.59 and Th17 with 4.75 as
high as in PB samples (Table 3, Supporting informa-
tion, Fig. S1). Thus, the Th1/Th2 and the Th17/Treg
balance was shifted notably towards the inflammatory
CD4* T cell subsets in SF. No significant differences
were detected between SM and PB, although proinflam-
matory CD4* T cell subsets were slightly increased
compared to PB (Th17, 1-5-fold; Thl, 1-31-fold increase
compared to PB). The amount of T, was comparable
between PB, SF and SM. None of the T cell subsets
showed a statistically significant correlation with BMI
or age (data not shown).

T cell cytokines in OA synovial fluid and membrane
analysed by cytometric bead array

We used CBA to further analyse the secretion of addi-
tional T cell cytokines with either proinflammatory (e.g.
TNF-a, IL-17A, IL-2) or anti-inflammatory (IL-4, IL-10)
effects, as shown in Fig. 2, Supporting information, Table
S1. As in the aforementioned analysis, the secreted
cytokines of stimulated SF-derived T cells showed high
enrichment, with significantly increased concentrations
for proinflammatory IFN-y and IL-2, but also anti-
inflammatory IL-10 compared to PB and SM. IL-6 was
significantly increased in supernatant of stimulated
SM-derived T cells compared to both PB and SM. IL-17A
and IL-4 were comparable in PB and synovial tissues.
TNF-a values were notably highest in SF and both SF
and SM were higher than PB, albeit not significantly.
Overall, supernatant of stimulated PB-derived T cells

showed the lowest secretion of most cytokines, again
indicating the local tissues SF and SM to be the source
of inflammation in OA.

Activation status of CD4* T cells in synovial
membrane and peripheral blood

CD4" T cells from peripheral blood and synovial fluid
and synovial membrane were analysed for early, inter-
mediate and late activation markers (Fig. 3, Table 4).
Only a small proportion of PB CD4* T cells expressed
CD69 (1-63 + 0-63%), a common marker for early T cell
activation. In SM CD4*" T cells, CD69 expression was
significantly increased (76-9 + 15-3%, P < 0-001), confirm-
ing a higher proportion of activated T cells. CD25 as an
intermediate activation marker was expressed on
25-0 + 18:56% in PB and 31-45 + 9:-81% in SM but did
not reach statistical significance. A significantly higher
amount of joint-derived CD4* T cells could be identified
as memory cells, as shown by their higher expression of
CD45RO (SM, 79-1 + 5-24; PB, 5578 = 16-4%, P < 0-05)
and lower expression of CD45RA (SM, 15-82 + 6-11; PB,
619 + 20-53%, P < 0-0001) in comparison to PB. The
significantly higher activation status of SM-derived T cells
was further supported by the expression profile of the
cell adhesion molecule L-selectin (CD62L). CD62L was
expressed by 85-9 + 10-2% of PB CD4" T cells but decreased
significantly in the SM samples to 0-79 £ 0-06%, P < 0-001.

Discussion

Even though some studies have described systemic changes
in OA patients regarding C-reactive protein and T cell
subsets [20], OA inflammation affects primarily the joint
itself. For this reason the analysis of joint-derived samples
has been our focus in order to map the pattern of synovial
inflammation [21]. The SM is the main site of inflam-
matory cell interaction, as shown through macroscopic
changes (e.g. hypertrophy in end-stage OA) as well as in
MRI studies [10,13]. SF is easily accessible, and its analysis
has contributed significantly to the understanding of other
inflammatory joint diseases. SF and SM could host dif-
ferent cell populations and play a different role in joint
biology and pathology, which is why we utilized matched
samples of all three compartments (PB, SF, SM) in this
study.

Our data reveal that in end-stage OA an inflammatory
milieu with a significant increase of proinflammatory Th1
cells is present in SF when compared to PB and SM.
We did not find any significant increase of T, cells.
Even though Th2 was also significantly increased in SF,
the ratios were shifted towards an inflammatory environ-
ment with Thl : Th2 ratios of 3-59 in PB and 11.77 in
SF and Th17 : T, of 0-051 in PB and 0-25 in SF.
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Fig. 1. Flow cytometry analysis of CD4* T cell subsets from samples of peripheral blood, synovial fluid and synovial membrane. Flow cytometry

analysis of mononuclear cells derived from synovial membrane (SM), synovial fluid (SF) and peripheral blood (PB) of representative end-stage OA

patients are shown. After isolation and stimulation, T cells were stained with phycoerythrin-cyanin 7 (PE-Cy7)-conjugated monoclonal antibodies
(mADb) against CD3 (clone SK7) and VioBlue-labelled mAb against CD8 (clone BW135/80). Allophycocyanin (APC)-Cy7-conjugated mAb against
CD4 (clone RPA-T4) was used to confirm CD4 expression. After permeabilization, cells were stained with APC-labelled anti-interferon (IFN)-y
(clone B27), fluorescein isothiocyanin (FITC)-labelled anti-interleukin (IL-4) (clone MP4-2502) and PE-labelled anti-IL-17A (clone N49-653).
Mononuclear cells were gated based on their forward-/side-scatter (FSC/SSC) profile [numbers in the boxes represent percentage rates (%)] and
further defined by cell surface markers as CD3*CD4*CD8" T cells. Th cells were defined by production of their specific cytokines [T helper type 1
(Th1): IFN-y, Th2: IL-4, Th17: IL-17A) by flow cytometry. Cut-off was defined by isotype controls (shown as black overlay population). Regulatory T
cells (T,,) were identified as CD4*CD25*M8hCD127°%/~ T cells by flow cytometry after staining with FITC-labelled mAb against CD4 (clone
RPA-T4), PE-labelled mAb against CD25 (clone MA251) and peridinin chlorophyll (PerCP)-Cy5.5-labelled mAb against CD127 (clone RDR5). Cell
debris and dead cells were previously excluded [7-aminoactinomycin D (7-AAD) staining and FSC profile]. Cut-off was defined by fluorescence

minus one (FMO)/isotype controls, as previously described [19]. Representative dot-plots are shown.

The percentage of CD4* T cells in SM was comparable
to PB and higher than SF. This is remarkable, especially
in light of the fact that synovial membrane comprises

400
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Table 3. Comparison of T cell polarization in peripheral blood and joint-derived samples

P-values
PB SF SM PB:SF PB:SM SE:SM
Thi 6-1+14 51.8 £4-5 8:0+£22 0-0001** 0-925 0-0001**
(IFN-y) (2:9--9-2) (43-4-60-5) (3-6-17-5)
Th2 1.7+£0-2 4-4+04 1.9+0-3 0-0001** 1-000 0-0001**
(IL-4) (12-2-1) (37-5-2) (1-3-2:6)
Th17 04 +£0-1 1.9+0-3 0-6 +0-2 0-0001** 1-000 0-001**
(IL-17A) (0-2-0-6) (1-4-2.7) (0-3-1.0)
reg 96+1-1 7-1+12 7-8+1-1 0-449 0-468 0-937
(CD25*highCD 1 2710w/-) (7-3-12.0) (4-3-9-8) (5-6-9-9)
Th1/Th2 ratio 3.59 11.77 421 n.a. n.a. n.a.
Th17/T,, ratio 0051 025 0076

Percentage rates of CD3*CD4"CD8" T cells stained positive for interferon (IFN)-y [T helper type 1 (Th1)], interleukin (IL)-4 (Th2), IL-17A (Th17)
and CD3*CD4" T cells stained positive for CD25*/M"CD127'""~ [regulatory T cells (T,,)] are shown for peripheral blood (PB), synovial fluid (SF) and
synovial membrane (SM) of patients with bi-compartmental end-stage osteoarthritis (OA) (ICS: n=17; ng: n = 24). Intracellular markers were stained
with allophycocyanin (APC)-labelled anti-IFN-y (clone B27), fluorescein isothiocyanate (FITC)-labelled anti-IL-4 (clone MP4-2502) and phycoeryth-
rin (PE)-lableled anti-IL-17A (clone N49-653). Surface markers were stained with PE-labelled anti-CD25 (clone M-A251) and peridinin chlorophyll
(PerCP)-cyanin (Cy5.5)-labelled anti-CD127 (clone RDR5). Cut-off was defined by fluorescence minus one (FMO) controls. T helper type 1 (Th1)/Th2
ratios were calculated by mean of Th1 divided by mean of Th2, Th17/T,, ratios were calculated accordingly. Data are shown as mean =+ standard error

of the mean (s.e.m.) (confidence interval). Significant differences are marked with asterisks: *P < 0-05; ** P < 0-01; n.a. = not applicable.

cell polarization status to PB. This highlights the fact
that SF and SM present different compartments, and
analysis of both is essential in order to understand
inflammatory pathways. It is imaginable that T cells
migrate between SF and SM and in end-stage OA accu-
mulate in the SF [22].

We utilized intracellular staining of cytokines to clearly
identify and detect T cell subsets. Even though this is
an elegant method to identify cells, it is possible that the
cytokine production ability of T cells deteriorates in a
chronic inflammatory setting such as the OA joint, which
could lead to a detection bias. Our data are in accord-
ance with a recent study by Penatti et al., which showed
a Thl infiltrate and no enrichment of T, in SF of OA
patients by using cell surface markers [23]. Thus, the
observed inflammatory milieu in OA joints is not a phe-
nomenon of detection strategy. Further, it should be taken
into account that the total CD4* T cell concentration
was higher in SM, which means that the total amount
of CD4" T cell subsets also remain higher in SM. The
majority of previous reports either solely analysed SF
samples or utilized histology when SM samples were
included [24-27]. Although a number of studies demon-
strated dominant Th1 polarization and cytokine secretion
in OA joints with quantitatively negligible Th2 and Th17
infiltration [14,25,28], quantitative analysis of T cell sub-
populations comparing joint-derived and peripheral sam-
ples are missing. Our findings complement these
immunohistological reports by providing in-depth analysis
of matched SF and SM sample analysis through flow

cytometry, which clearly identifies CD4* T cell subsets
and provides quantitative data.

What triggers the infiltration of inflammatory cells
into OA joints remains unclear at this stage. A histo-
logical study has revealed that infiltrating T cells in the
synovium of OA patients were mainly localized in the
sublining layer, suggesting that these cells were derived
from vessels [25]. Degenerative joint pathologies such
as meniscopathies or cartilage defects could be a source
for the chemotaxis of leucocytes into the SM through
increased expression of adhesion molecules and
chemokines in the endothelium [22,29]. If and how
these cells are released from the SM into the SF remains
unknown.

The shift towards proinflammatory subsets in SF could
be due to either polarization processes taking place in
the joints or to selective recruitment of inflammatory cells.
We previously showed the abundant presence of CD14*
macrophages in the SM of patients with uni- and bi-
compartmental OA, which have the ability of antigen
presentation [15]. The study by Nakamura et al. showed
oligoclonality of the T cell receptor of joint-infiltrating
T cells through sequencing analysis, suggesting an antigen-
driven immune reaction in the synovium of OA patients.
Degradation products of cartilage matrix and secreted
proteins from chondrocytes [cartilage intermediate layer
protein (CILP) and YKL-39] could act as autoantigens
in OA [30-32]. Conversely, activated T cells in the joints
might accumulate in an antigen-non-specific manner in
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Fig. 2. Cytometric bead array (CBA) analysis of secreted cytokines in phorbol-myristate-acetate (PMA)/ionomycin-stimulated T cell culture
supernatants. Amounts of T cell secreted cytokines were analysed using the human T helper type 1 (Th1)/Th2/Th17 CBA kit (BD Biosciences) in
PMA/ionomycin-stimulated CD3*CD8" T cell culture supernatants of peripheral blood (PB), synovial fluid (SF) and synovial membrane (SM) from
patients with OA (n = 17). The work steps were performed according to the manufacturer’s instructions. Values in pg/ml are standardized for 1000
cells and shown in scatter dot-plots as mean + standard error of the mean (s.e.m.). Significant differences are marked with asterisks: *P < 0-05; **P <
0-01.
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Fig. 3. Activation status of CD4" T cells in in peripheral blood and synovial membrane. Flow cytometry analysis of activation markers from one
representative end-stage bi-compartmental osteoarthritis (OA) patient is shown for peripheral blood (PB) and synovial membrane (SM). Samples
were stained with anti-CD4-fluorescein isothiocyanate (clone 2A3) to identify CD4" cells. The cells were further stained for the following surface
markers: CD25 (clone RDR5), CD45RA (clone HI100), CD45RO (clone UCHL1), CD69 (clone FN50) and CD62L (L-selectin, clone DREG-56). Cells

stained with isotype controls are shadowed in the histograms. The bold-type line represents the CD4* T cells.

Table 4. Activation status of CD4" T cells in peripheral blood and joint-derived samples

P-values
PB SE sM PB:SF PB:SM SE:SM
CD25 25.0 + 18:56 3228 £11-1 3145 +9-81 n.s. n.s. n.s
(18:9-31.2) (27-4-37-2) (27-2-35.7)
CD45RA 61-9 + 20-53 17-1 + 6:59 1582 +6-11 <0-0001** <0-0001** n.s
(51-93-72-1) (12-5-29:6) (11-6-27-4)
CD45R0O 55.78 £ 16-4 779 £ 55 79-1 £5-24 n.s <0-05* n.s
(47-9-63-6) (72-3-84-4) (73-9-83-4)
CD69 1-63 + 0-63 71-4 £21-5 76:9 £ 15-3 <0-001** <0-001** n.s
(1-2-1-8) (63-4-90-3) (63-4-90-2)
CDe62L 859 +£10-2 0-79 = 0-09 0-77 £ 0-06 <0-05* <0-05* n.s
(81-11-90-8) (0-64-0-89) (0-7-09)

Percentage rates of CD4* T cells stained positive for activation markers from patients with OA (n=16) are shown. Samples were stained with
anti-CD4-fluorescein isothiocyanate (clone 2A3) to identify CD4" cells. The cells were further stained for the following surface markers: CD25 (clone
RDR5), CD45RA (clone HI100), CD45RO (clone UCHL1), CD69 (clone FN50), and CD62L (L-selectin, clone DREG-56). Values are shown as
mean + standard error of the mean (s.e.m.) (confidence interval). Significant differences are marked with asterisks: *P < 0-05; **P < 0-01; ***P < 0-0001.

response to local inflammation, as shown in rheumatoid
arthritis (RA) [33].

The enrichment of T cells in the joints, and the shift
towards an inflammatory milieu raises the question of
the contribution of these cells to OA onset and pro-
gression. Functional studies evaluating the role of T
cells on the target tissues such as cartilage, ligaments
and bone are rare. Nakamura et al. described the
enhanced production of matrix metalloproteinases
(MMP)-1, MMP-3 and MMP-13 in direct co-culture
experiments of chondrocytes with autologous T cells
[34]. An imbalance of Th1/Th2-type cytokines has been

© 2018 British Society for Immunology, Clinical & Experimental Inmunology, 195: 395-406

known to play a crucial role in autoimmune diseases
such as RA. Our results indicate that T cell recruitment
and activation, especially of Th1 cells, is present in end-
stage bi-compartmental OA. The moderate increase of
Th17 cells in OA SF and the fact that CBA analysis
did not show a significant increase of IL-17A in OA
joints suggest that these cells play a subordinate role
in OA inflammation. It should be taken into account
that this study is representative of end-stage OA patients.
IL-17 has been shown to play a crucial role in the
initiation of RA [35]. Therefore, it would be of utmost
interest to analyse T cell polarization in early OA. It

403



N. Rosshirt et al.

should also be taken into account that the quantity of
cells does not necessary translate into quality in terms
of their involvement in disease pathogenesis. The exact
impact and role of these cells can only be tested in
functional studies.

In contrast to these proinflammatory CD4" T cells,
naturally occurring regulatory T cells have been shown
to play an essential role in establishing the balance
between pro- and anti-inflammatory mechanisms in the
periphery and maintaining self-tolerance [36]. The sup-
pressive function of T & and their ability to regulate
immune reactions ascribes them a key role in the patho-
physiology of autoimmune diseases and makes them an
interesting target for treatment [37]. In this study, there
was no enrichment of T, in the affected joints. This
is contrary to our previous report, where patients with
earlier stages of OA were included [24]. Thus, the increase
of synovial T, could be a footprint feature of earlier
OA stages.

Some groups have proposed TNF-a as a key player
in OA pathogenesis [38], while others have suggested
IL-1B [39] and IL-6 [39,40]. We could not detect sig-
nificant differences of TNF-a in our samples, which is
contrary to these reports. TNF-a 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. This hypothesis is strengthened further
by a recent study showing that serum levels of IL-1p
and TNF-a are increased in early compared to advanced
OA [29,41], concluding 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 IFN-y
and IL-2 are relevant in maintaining and increasing
the proinflammatory milieu in end-stage OA, thereby
attracting the migration of inflammatory cells into the
synovial membrane.

We further aimed to analyse the activation status of
CD4" T cells. The majority of the PB CD4* T cells were
naive cells, as shown by their high expression of CD45RA
and low expression of CD45RO. CD45RO is associated
with proliferative responses to recall antigens, whereas
CD45RA is a marker for naive T cells. In contrast, SM
CD4" T cells showed the expression profile for memory
cells with a significantly higher expression of CD45RO.
Significant differences between the periphery and the SM
were also observed when analysed for activation markers
CD69 and CD62L. Due to the fact that the aforementioned
activation marker status (activated effector memory T cell)
of SM-derived T cells is largely transient, it could be
supposed that these cells might be recently activated cells,
reacting on antigens in the intra-articular environment.
The presence of activated T cells with a proinflammatory

regs

polarization in patients with OA suggests that T cells
contribute to chronic inflammation in a large proportion
of these patients [24]. Consistent with our results, Yamada
et al. found that almost all CD4" T cells in OA joints
express activation markers [28].

We did not include healthy joint-derived samples due
to ethical considerations. Histological studies have shown
that lymphocyte infiltration is hardly present in healthy
joint samples [13]. Despite these limitations, to our best
knowledge this is one of a very limited number of studies
using flow cytometry to analyse the inflammatory pattern
in OA. Whereas conventional studies in SM are focused
on immunohistochemical analysis, our approach permits
a much more detailed study of lymphocyte infiltration.
We were able to generate a homogeneous study popula-
tion in terms of affected joint and disease stage and included
a high number of matched peripheral blood and joint-
derived samples, which we consider to be the relevant
site of cell interaction. It should be considered that OA
remains a heterogeneous disease, and our study population
of patients with end-stage OA might represent only a
fraction of OA pathophysiology. A previous report by our
group showed significant differences between joint-derived
samples of patients with different OA subtypes [15]. In
accordance with this, histological examination by Benito
et al. has shown that increased mononuclear cell infiltra-
tion and over-expression of mediators of inflammation
were seen in early OA, compared with late OA [42]. This
suggests that mononuclear cell infiltration and polarization
shows a temporal pattern and changes with OA stage.

It is important to elucidate the mechanism of chronic
inflammation in OA to identify possible new therapeutic
approaches. Our study provides insight into mechanisms
driving inflammatory infiltration. Even though it remains
unclear at this stage whether inflammation predates OA
development or is a consequence of it, we consider this
not to be the most urgent question. Inflammation clearly
contributes to OA pathophysiology and is associated with
symptoms and progression of cartilage loss. Further inves-
tigation on T cell function to elucidate immunomodulatory
treatment options, especially in early OA, are urgently
required.
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