
RESEARCH ARTICLE Open Access

The complement system is activated in
synovial fluid from subjects with knee
injury and from patients with osteoarthritis
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Abstract

Background: The complement system is suggested to be involved in the pathogenesis of osteoarthritis (OA), and
proinflammatory cytokines may play a role in OA development by inducing proteases. The association between
complement factors, cytokines and OA has not been investigated. The aim of the present study was to explore the
involvement of the complement system after knee trauma and in OA.

Methods: C4d, C3bBbP and soluble terminal complement complex (sTCC) resulting from complement activation
were immunoassayed in synovial fluid from subjects with healthy knees (reference), OA, rheumatoid arthritis (RA;
positive control), pyrophosphate arthritis (PPA; positive control) and knee injury; other biomarkers were previously
assessed. Magnetic resonance imaging was used to assess joint injuries.

Results: Compared with levels in the reference group, the median concentrations of C4d, C3bBbP and sTCC in the
OA, RA, PPA and knee injury groups were 2- to 34-fold increased (p < 0.001 to p = 0.044). For the knee injury group,
the median concentrations of C4d, C3bBbP and sTCC were 5- to 12-fold increased (p < 0.001) at the day of injury;
after 3–12 weeks, C3bBbP and sTCC concentrations were similar to reference levels; and C4d was still increased several
years after injury. In the 0–12 weeks period after injury, the concentrations of C4d, C3bBbP and sTCC correlated
positively with levels of interleukin (IL)-1β, IL-6 and tumour necrosis factor α (rs range 0.232–0.547); none of the
measured complement factors correlated with proteolytic fragments of aggrecan or cartilage oligomeric matrix
protein. Knees with osteochondral fracture, with or without disrupted cortical bone, had higher concentrations of
C4d (p = 0.014, p = 0.004) and sTCC (p = 0.004, p < 0.001) compared with knees without fractures.

Conclusions: The complement system is activated in OA and after knee injury. Following knee injury, this
activation is instant and associated with inflammation as well as with the presence of osteochondral fractures.
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Background
The complement system as a part of innate immunity
is one of the first lines of defence against invading
pathogens. Apart from this basic, evolutionarily con-
served function, it also plays a role in scavenging of cel-
lular debris and immune complexes, opsonisation and
guidance of adaptive immunity by anaphylatoxins and

stimulation of B and T lymphocytes [1]. Importantly,
complement is an aggressive system capable of target-
ing even its own cells and tissues when improperly reg-
ulated by endogenous inhibitors and/or autoantibodies,
or because of gain-of-function mutations in comple-
ment components [1, 2]. Such autoreactivity was shown
to be an important constituent of pathological mecha-
nisms of inflammatory and autoimmune diseases,
including rheumatoid arthritis (RA) [3]. Cartilage deg-
radation products released in the course of joint degen-
erative diseases form a separate class of potent
complement modulators [4–7].
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Joint injury is a major risk factor for the development of
post-traumatic osteoarthritis (OA) [8]. Mechanical injury
to the joint leads to haemarthrosis, death of chondrocytes
and bone cells [9, 10], as well as damage to the tissue
extracellular matrix (ECM) directly or mediated by chon-
drocytes and synoviocytes via increased expression and ac-
tivation of matrix-degrading enzymes stimulated by
proinflammatory cytokines [11]. Furthermore, comple-
ment activation has been implicated in the connective tis-
sue repair and inflammatory response initiated by trauma
[12, 13]. These observations led us to hypothesize that
mechanical joint injury may be an initial trigger of local
inflammation, including activation of complement, and
that subsequent ECM erosion of injured joints may
reinforce complement activation in a positive feedback
manner. Monitoring of the complement activation profile
after injury could give information potentially important
for the design of therapeutic strategies.

We therefore investigated complement activation in
OA and the time-dependent activation after knee injur-
ies. RA and pyrophosphate arthritis (PPA) samples were
used as positive controls for complement activation. We
measured complement activation products characteristic
of classical and/or lectin (C4d) and alternative (C3bBP)
pathways, as well as the soluble terminal complement
complex (sTCC), in the synovial fluid from different pa-
tient diagnostic groups (Fig. 1).

Methods
Subjects
In our cross-sectional convenience cohort, 294 patients
with knee injury had synovial fluid aspirated once from
their knees without lavage; of those, 112 subjects did not
fulfil the inclusion criteria of a randomized controlled trial
[14], and the remaining 182 subjects had been studied in
previous cross-sectional investigations [15–18] (Table 1).

Fig. 1 A scheme of the complement system. Complement can be activated via three different routes. The classical and lectin pathways have
their own specific pattern recognition molecules (PRMs), whereas the alternative pathway is activated by a spontaneous tick-over of C3 and
deposition of C3b molecules onto permissive surfaces, which is facilitated by properdin (P). All pathways converge at the stage of C3 convertases,
which catalyse breakdown of C3 into C3a and C3b molecules. When C3b molecules bind to the convertase complex, it gives rise to the C5
convertase. Except for the triggers indicated for each pathway in the scheme, apoptotic and necrotic cellular debris as well as degradative protein
fragments from the extracellular matrix can also trigger all three pathways [4, 32]. In red and boldface type are the markers of complement activation
analysed in our study: C4d, the end degradation product of C4b; C3bBbP, a soluble form of alternative C3 convertase including properdin; and sTCC,
soluble terminal complement complex (a soluble form of C5b-9). Factor D Serine protease that cleaves factor B, Igs Immunoglobulins, MASP Mannose-
binding lectin-associated serine protease, MBL Mannose-binding lectin
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On the basis of time between injury and synovial fluid as-
piration, the subjects with knee injury were stratified into
a recent injury group (sampling 0–83 days, or 0–12 weeks,
after injury) and an old injury group (sampling 1–37 years
after injury), and these groups were substratified by time
after injury into groups of 24–46 subjects each (Table 1).
From another convenience cohort, we used 23 reference
subjects (without a history of knee symptoms or knee in-
jury, or with normal findings in clinical, radiographic and
arthroscopic examinations), and 24 patients with OA, 32
with RA and 25 with PPA (RA and PPA, positive controls
for complement activation) who had synovial fluid aspi-
rated from their knees (Table 1). These samples have been
used in previous investigations [14–19]. For the patients
in the OA and old injury groups, an OA score (ranging
from 1 to 10) for their affected joints was assessed by
arthroscopy and radiography, with a score of 1 repre-
senting a normal joint by arthroscopy and radiography,
scores of 2–5 representing an increasing extent and se-
verity of fibrillation and clefts by arthroscopy and
appearing normal on a radiograph, and scores of 6–10
representing increasing degrees of radiographic joint
space narrowing [20].

Synovial fluid was aspirated (without lavage) from each
subject at one time point only, centrifuged at 3000 × g
for 10 minutes at 4 °C, and the supernatants were then
stored at −80 °C.

Analysis of C4d, C3bBbP and sTCC in synovial fluid
Concentrations of C4d [21], C3bBbP and sTCC (C5b-
9) [22] in synovial fluid were measured by performing
sandwich enzyme-linked immunosorbent assays (ELISAs).
Briefly, for the C4d assay, a capture antibody against a
C4d neoepitope, together with a mouse anti-C4d detec-
tion antibody (A253; Quidel, San Diego, CA, USA),
followed by peroxidase-conjugated goat anti-mouse
(P0447; Dako, Carpinteria, CA, USA) were used. For
the C3bBbP assay, a capture antibody against properdin
(A235; Quidel), together with a rabbit anti-C3c detec-
tion antibody (P0062; Dako), followed by peroxidase-
conjugated goat anti-rabbit (P0448; Dako) were used.
For the sTCC assay, we used a monoclonal capture
antibody against a C9 neoepitope (clone ae11,
HM2167; Hycult Biotech, Uden, the Netherlands), to-
gether with an in-house biotinylated monoclonal anti-
C6 antibody (A219; Quidel), followed by a streptavidin-

Table 1 Characteristics of the study subjects

Main diagnostic groups Subgroups of injury Duration, range (median) n (% women) Age in years, median (range) Differences in age,
p value

Reference subjects – NA 23 (22) 26 (15–58) –

Osteoarthritisa – 0–14.8 years (2.7) 24 (42) 64 (36–86) <0.001

Rheumatoid arthritisb – 0–43.0 years (10) 32 (63) 64 (32–83) <0.001

Pyrophosphate arthritis – 0–9.8 years (0.01) 25 (40) 75 (41–92) <0.001

Knee injuryc – 0–36.9 years (0.02) 294 (27) 29 (13–65) 0.842

Recent injury 0–83 days (4) 219 (25) 26 (13–64) 0.705

Recent injury, substratification 0 days (0) 35 (23) 30 (14–47) 0.991

1 day (1) 39 (21) 24 (13–57) 0.211

2–3 days (3) 31 (29) 26 (16–54) 0.914

4–7 days (5) 46 (28) 25 (14–64) 0.492

8–22 days (11) 44 (30) 23 (14–57) 0.151

23–83 days (32) 24 (13) 38 (21–59) 0.033

Old injuryd 1–36.9 years (3.3) 75 (33) 32 (18–65) 0.090

Old injury, substratification 1–3 years (2.0) 35 (40) 33 (18–61) 0.149

3.01–36.9 years (5.1) 40 (28) 30 (18–65) 0.121

The injury groups are presented with stratification based on time between injury and synovial fluid aspiration. Differences in age between patients and reference
groups were analysed using Student’s t test, and significant values (p < 0.05) are indicated by boldface type. Duration refers to time between injury or onset of
disease and sampling. NA Not applicable
aSymptomatic and/or radiographically diagnosed idiopathic osteoarthritis (with no history of knee trauma), with information of disease duration from 17 of 24
patients. The OA score for the OA group was as follows: median = 7, range = 3–9 (information from 15 of 24 patients)
bRheumatoid arthritis, with information of disease duration from 29 of 32 patients, taking the following medications: no information (n = 1), no medication (n = 3),
non-steroidal anti-inflammatory and/or disease-modifying drugs (n = 28)
cThe clinical diagnosis of the subjects with knee injury was as follows: isolated anterior cruciate ligament (ACL) or posterior cruciate ligament (PCL) injuries (ACL
n = 39, PCL n = 4), ACL injury with meniscal tear (n = 69), ACL injury with meniscal tear and other ligament injuries (n = 37), ACL injury with other ligament injuries
(n = 47), isolated meniscal tear (n = 58), meniscal tear with other (not ACL) ligament injuries (n = 7), patellar dislocation with or without soft tissue injuries (n = 13),
other types of injuries (medial or lateral collateral ligament tears n = 7, give-way n = 2), no signs of soft tissue injury (n = 10)
dSix patients in the old injury group had post-traumatic OA (based on OA score ≥5 [20]), and the group had the following OA score: median = 2, range = 1–8
(information from 63 of 75 patients)
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HRP reagent. The read-out of each of these assays was
given in complement activation units (CAU), a defined
arbitrary unit set for the International Complement
Standard #2 sample, which is serum pooled from ap-
proximately 1000 healthy individuals and incubated
with activators of all three complement pathways [22].

Other biomarkers and cytokines
A subset of synovial fluid samples from the recent
injury group (n = 111–181) were previously assayed
for the following biomarkers: sulfated glycosamino-
glycan (sGAG, a marker for total aggrecan); ARGS
neoepitope of aggrecan (ARGS-aggrecan from aggre-
canase cleavage at the TEGE392↓393ARGS site of
aggrecan); osteocalcin, secreted protein acidic and
rich in cysteine (SPARC), also known as osteonectin,
osteopontin, cartilage oligomeric matrix protein
(COMP); type II collagen epitope (C2C); osteopontin;
and the proinflammatory cytokines interleukin (IL)-
1β, IL-6, IL-8 and tumour necrosis factor α (TNF-α)
[14, 17, 19, 23].

Image acquisition and analysis
Magnetic resonance imaging (MRI) using a 1.5-Tesla
scanner was conducted in a subfraction of the recent in-
jury group as described elsewhere [19]. Briefly, synovial
fluid was aspirated 0–23 days after injury, and MRI
scans were acquired within a median of 8 days (range 1–
38) after injury in 98 of the 219 subjects of the recent in-
jury group. MRI studies were assessed by an experienced
musculoskeletal radiologist for anterior cruciate ligament
(ACL) tears, meniscal tears, post-traumatic bone marrow
lesions (BMLs), apparent cartilage defects (evident ir-
regularity of cartilage) and osteochondral (OC) fractures
with or without disrupted cortical bone. Such fractures
were considered a proxy for the strength of impact
forces applied over the articular surface at the time of
injury [19, 24]. These factors were classified as present
or absent for the entire knee.

Statistics and calculations
According to Shapiro-Wilk tests, synovial fluid C4d,
C3bBbP and sTCC concentrations were not normally
distributed in all diagnostic groups; therefore, when all
groups were compared, non-parametric analysis was
conducted. Between-groups comparisons were made
using Mann-Whitney rank-sum tests, and for correl-
ation analysis, Spearman’s rank correlation (rs) ana-
lysis was used. Student’s t test was used for
comparison of age between subject groups. All of
these tests were two-tailed. For a subset (n = 98) of the
recent injury group, one-way analysis of covariance
(ANCOVA) was used to investigate differences in syn-
ovial fluid C4d, C3bBbP and sTCC concentrations

with regard to structural joint damage as visualized by
MRI. After log10 transformation, the data were nor-
mally distributed according to the Shapiro-Wilks test,
and ANCOVA was done with adjustments for days be-
tween injury and synovial fluid aspiration, age and sex.
The mean and 95 % CI were calculated using log10-
transformed data, but they are presented as linear
data.
Samples with concentrations below the lower limit

of detection (LLOD) were imputed and given a value
equal to half the value of the LLOD. The synovial fluid
concentrations of C4d, C3bBbP and sTCC, as well as
the amount of samples with imputed values (between
0 and 17 % depending on groups) in the different sub-
ject groups, are provided in Additional file: Table S1.
In the group-level analysis, the imputed values were
included. In the correlation analysis, samples with and
without (measured values only) imputed values were
analysed, but significance was considered only when
both analyses showed correlation, and the presented
data (rs and p values) include imputed values. IBM
SPSS version 21 software (IBM, Armonk, NY, USA)
was used for statistical analysis, and p values less than
0.05 were considered significant. Expressions such as
“higher” and “increase” in the text are based on statis-
tically significant differences.

Results
Technical performance of the C4d, C3bBbP and sTCC
ELISAs with synovial fluid
The LLOD and upper limit of detection (ULOD) for
the C4d ELISA were 0.05 and 25 CAU, respectively
(Additional file 2: Table S2). Within this range, good di-
lution linearity was observed for synovial fluid control
samples diluted 1:5 to 1:40, mean recoveries between
97 % and 104 %, and reference and patient synovial
fluid samples were used at the same dilutions. The
LLOD and ULOD for the C3bBbP and sTCC assays
were 0.05 and 50, respectively, and 0.02 and 10 CAU,
respectively (Additional file 2: Table S2). The control
synovial fluid samples showed poor dilution linearity in
the C3bBbP and sTCC assays, mean recoveries were
54–150 % for C3bBbP and 60–141 % for sTCC; there-
fore, all analysis of the reference and patient synovial
fluid samples were done at the same dilution of 1:20.
Spiking the synovial fluid control samples with different
amounts of standards showed good recovery for the
C4d and C3bBbP assays (mean recoveries between
79 % and 99 % and between 96 % and 107 %, respect-
ively), while the sTCC assay showed lower recovery of
68–77 %. As also shown for measurements in serum
and plasma samples [21, 22], the C4d, C3bBbP and
sTCC concentrations in synovial fluid were not affected
by repeated freeze-thaw cycles, tested for up to
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15 cycles (Additional file 2: Table S2). The intra-assay
coefficient of variation (CV, within plates) for the syn-
ovial fluid control samples was approximately similar
between the C4d, C3bBbP and sTCC assays (between
9 % and 10 %), while the inter-assay CV (between
plates) was higher for the C3bBbP and sTCC assays
(both 23 %) compared with the C4d assay (16 %)
(Additional file 2: Table S2).

Concentrations of C4d, C3bBbP and sTCC in synovial fluid
were higher in the arthritis groups than in the reference
group
The concentrations of C4d, C3bBbP and sTCC were
higher in the OA, RA and PPA groups than in the refer-
ence group. Median levels increased between 4- and 34-
fold (C4d), 2- and 5-fold (C3bBbP), and 4- and 12-fold
(sTCC) (Fig. 2a, Additional file 1: Table S1). The highest

Fig. 2 Synovial fluid concentrations of C4d, C3bBbP and soluble terminal complement complex (sTCC). a Box plots with subjects ordered by the
diagnostic groups: reference, osteoarthritis (OA), rheumatoid arthritis (RA), pyrophosphate arthritis (PPA), and knee injuries split into recent injury
and old injury. b Knee injury samples ordered by days after injury in subgroups of 24–46 subjects (Table 1), showing recent injury and old injury
groups. Boxes show the quartiles (median, 25th and 75th percentiles) with error bars and whiskers for the 10th and 90th percentiles. The quartiles
of the reference group are extended as thin horizontal lines in both panels for comparison. Statistically significant group differences, determined
by Mann-Whitney U test, versus the reference group are indicated by asterisks (*) and are presented in Additional file 1: Table S1. CAU Comple-
ment activation units
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synovial fluid concentrations of C4d, C3bBbP and sTCC
were found in the RA group (Fig. 2a, Additional file 1:
Table S1).
The synovial fluid concentrations of C4d, C3bBbP and

sTCC did not differ between men and women in the dif-
ferent subject groups (Additional file 3: Table S3). The
subjects in the OA, RA and PPA groups were older than
the subjects in the reference group (Table 1). Also, there
was a positive correlation in the OA and PPA groups be-
tween age and concentrations of sTCC, and in the refer-
ence group for C4d; no other correlation between age
and concentration of complement products was found
in the subject groups (Additional file 3: Table S3). On
one hand, this suggests that, compared with the refer-
ence group, the increased levels of C3bBbP in the OA,
RA and PPA groups, as well as the increased levels of
sTCC in the RA group, were due to disease mechanisms
and not to differences in age. On the other hand, the in-
creased levels of C4d in the OA, RA and PPA groups, as
well as the increased levels of sTCC in the OA and PPA
groups, could also be due partially to differences in age
between the disease and reference groups.

Concentrations of C4d, C3bBbP and sTCC in synovial fluid
were higher in the knee injury group than in the
reference group
The concentrations of C4d, C3bBbP and sTCC were
higher in the knee injury group than in the reference
group, with median increases of 7-, 5- and 4-fold, re-
spectively (Fig. 2a, Additional file 1: Table S1). The syn-
ovial fluid concentrations of C4d, C3bBbP and sTCC did
not differ between men and women in the knee injury
group (Additional file 3: Table S3). There was no differ-
ence in mean age between the reference group and the
knee injury group (0–37 years after injury), or between
the reference group and the recent injury (0–83 days
after injury) and old injury (1–37 years after injury) sub-
groups (Table 1). This suggests that the increased levels
of activated complement products in the synovial fluid
of injured knees compared with reference knees were
due to the knee trauma.
The elevated concentrations of C4d, C3bBbP and

sTCC were seen immediately after injury (day 0, the day
of injury) as 12-, 10- and 12-fold increases of median
levels compared with the reference group, with a lower
still significantly elevated level in knees aspirated over
the first 12 weeks after injury (Fig. 2b, Additional file 1:
Table S1). As seen by using correlation analysis, the syn-
ovial fluid concentrations of C4d, C3bBbP and sTCC in
the recent injury group (0–83 days after injury) de-
creased with time after injury (Fig. 2b, Additional file 3:
Table S3), while no lower levels were observed over later
times in the old injury group (1–37 years after injury)
(Additional file 3: Table S3). Many years after injury, the

synovial fluid concentration of C4d was still elevated 2-
fold compared with levels in the reference group (Fig. 2b,
Additional file 1: Table S1), although this increase could
be due in part to the fact that some patients in the old
injury group had post-traumatic OA (Table 1).

Correlation between activated complement products
In all the subject groups, the synovial fluid concentra-
tions of C4d and sTCC showed a moderate to strong
positive correlation (Table 2). In the reference, RA and
knee injury groups, there was a moderate to strong
positive correlation between C4d and C3bBbP, and in
the RA and knee injury groups, there was also a moder-
ate positive correlation between C3bBbP and sTCC
(Table 2).

Correlation between activated complement products and
other biomarkers in the recent injury group
For the recent injury group (0–83 days after injury), we
performed a correlation analysis between synovial fluid
concentrations of the activated complement factors and
the levels of proinflammatory cytokines and biomarkers
of cartilage (sGAG, ARGS-aggrecan, COMP and C2C)
and bone (osteocalcin, SPARC and osteonectin). A weak
to moderate positive correlation was found for the C4d,
C3bBbP and sTCC concentrations and the levels of cyto-
kines, where C4d and TNF showed the strongest correl-
ation (rs = 0.547). No correlation was found between the
concentrations of activated complement products and
the levels of aggrecan markers sGAG and ARGS-
aggrecan or between activated complement products
and COMP (Table 3). A weak negative correlation was
found between the concentrations of type II collagen
epitope C2C and the level of C4d. Also, C4d, C3bBbP
and sTCC concentrations showed weak to moderate
positive correlations with the levels of SPARC, and con-
centrations of C4d and C3bBbP had a weak positive cor-
relation with the levels of osteocalcin (Table 3).

Association between activated complement products and
MRI findings in the recent injury group
For a subset of the recent injury group, we compared
MRI features with synovial fluid concentrations of the
complement factors. Knees with any OC fracture (with
or without disrupted cortical bone) had higher concen-
trations of C4d and sTCC than knees without an OC
fracture (Table 4). Knees with an OC fracture with dis-
rupted cortical bone had higher concentrations of C4d
and sTCC than knees without an OC fracture, and they
also higher concentrations of C4d than knees with an
OC fracture without disrupted cortical bone (Table 4).
There were no significant differences between knees
with an OC fracture without disrupted cortical bone and
knees without OC fracture (data not shown). There was
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no difference in the synovial fluid concentrations of the
complement factors between knees that acquired an
ACL injury and knees without an ACL injury, although
knees with a meniscal tear had lower concentrations of
sTCC than knees without a meniscal tear (Table 4).

Discussion
Using synovial fluid from subjects in different diagnostic
groups, we show that C4d, C3bBbP and sTCC concen-
trations were elevated not only in our positive controls
RA and PPA but also in OA knees and in knee injury
compared with levels in the healthy reference group
knees. In injured knees, this increase was immediate,
seen in knees aspirated on the day of injury, compared
with lower levels in knees aspirated up to weeks after in-
jury. Compared with levels of reference knees, knees

aspirated several years after injury only showed elevated
levels of C4d.
Complement C4d fragment (a proteolytic fragment

of C4 with unknown biological function) is an early-
stage marker for the classical and lectin pathways,
C3bBbP (a C3 convertase) is an early stage marker for
the alternative pathway, and sTCC (also known as
membrane attack complex [MAC]) is a late-stage
marker for all three pathways [1]. In autoimmune dis-
eases such as RA, all three pathways are activated [3].
Analysis of synovial fluid by mass spectrometry and
ELISA has shown that levels of complement compo-
nents are elevated in patients with OA compared with
levels found in healthy individuals [25–27]. Further,
patients with OA had increased synovial fluid concen-
trations of C3a, an anaphylatoxin (i.e., stimulator of
inflammation) that can be generated from all three
pathways, and of sTCC compared with levels in
healthy control subjects [27]. Our results confirm that
patients with OA have increased concentrations of
sTCC, and they extend previous findings by showing
that the alternative pathway, together with the clas-
sical and/or lectin complement pathways, was acti-
vated in the synovial fluid of patients with OA and
after knee injury.
Complement factors present in the synovial fluid after

knee trauma may originate from intra-articular bleeding
(i.e., haemarthrosis from the ligaments and/or from the
synovium) or may be produced by synovial cells (leuco-
cytes and synoviocytes) and/or chondrocytes [27–31].
Joint bleeding is very common after acute knee injury,
and 96 of the 98 recent injury samples with available
MRI data had haemarthrosis in our study. At the mo-
ment of knee trauma, impact forces can also result in
BMLs and OC fractures visualized by MRI. On the basis
of previous evidence [24], we anticipated that the pres-
ence of OC fractures could be used as a proxy for a
strong impact trauma and that disruption of the cortical
bone may be an indicator of more severe joint trauma.
Complement is involved in fracture healing, where it

Table 2 Correlation between C4d, C3bBbP and sTCC in reference and patient groups

Reference (n = 23) Osteoarthritis (n = 24) Rheumatoid arthritis (n = 32)

C4d C3bBbP C4d C3bBbP C4d C3bBbP

C3bBbP 0.428 (0.041) – 0.080 (0.710) – 0.536 (0.002) –

sTCC 0.625 (0.001) 0.409 (0.053) 0.754 (<0.001) –0.298 (0.157) 0.752 (<0.001) 0.509 (0.003)

Pyrophosphate arthritis (n = 25) Knee injury (n = 294)

C4d C3bBbP C4d C3bBbP

C3bBbP –0.085 (0.685) – 0.674 (<0.001) –

sTCC 0.496 (0.012) 0.345 (0.091) 0.643 (<0.001) 0.494 (<0.001)

sTCC Soluble terminal complement complex
Correlation using Spearman’s rho (rs) between synovial fluid biomarkers of complement system analysed in different subject groups. Significant correlations
(p < 0.05) are indicated by boldface type. The table shows rs with p values in brackets

Table 3 Correlation between C4d, C3bBbP, sTCC and other
biomarkers in the recent injury group

Biomarkers n C4d C3bBbP sTCC

IL-1β 112 0.397 (<0.001) 0.232 (0.014) 0.297 (0.001)

IL-6 112 0.364 (<0.001) 0.235 (0.013) 0.268 (0.004)

IL-8 112 0.355 (<0.001) 0.183 (0.054) 0.372 (<0.001)

TNF-α 112 0.547 (<0.001) 0.317 (0.001) 0.391 (<0.001)

sGAG 181 0.108 (0.148) 0.092 (0.218) 0.132 (0.077)

ARGS 111 −0.023 (0.811) −0.113 (0.238) 0.176 (0.065)

COMP 112 −0.019 (0.845) −0.149 (0.116) −0.057(0.549)

C2C 164 −0.181 (0.020) −0.101 (0.197) −0.085 (0.279)

Osteocalcin 112 0.265 (0.005) 0.192 (0.043) 0.016 (0.871)

SPARC 112 0.476 (<0.001) 0.221 (0.019) 0.401 (<0.001)

Osteopontin 112 0.167 (0.079) 0.098 (0.302) 0.165 (0.083)

Abbreviations: IL Interleukin, TNF-α Tumour necrosis factor α, sGAG Sulfated
glycosaminoglycan, ARGS ARGS-aggrecan, COMP Cartilage oligomeric matrix
protein, C2C Type II collagen epitope, SPARC Secreted protein acidic and rich
in cysteine, sTCC Soluble terminal complement complex
Correlation using Spearman rho (rs), between synovial fluid biomarkers was
analysed in samples from the recent injury group (0–83 days after injury).
Significant correlations (p < 0.05) are shown in boldface type. The table shows
rs with p values in brackets. References to biomarkers: cytokines, ARGS, sGAG,
osteocalcin, SPARC, osteopontin [14], COMP [19], C2C [23]

Struglics et al. Arthritis Research & Therapy  (2016) 18:223 Page 7 of 11



affects osteoblasts and osteoclasts. These bone cells also
produce C3 and C5, and type I collagen is capable of ac-
tivating platelets, forming sTCC and upregulating recep-
tors for C3a and C5a [32, 33]. At the fracture edge of
matrix cracks, the chondrocyte death rate is very high,
and damage-associated molecular patterns released from
dying cells (i.e., cellular debris such as mitochondria, his-
tones, DNA) contributes to an activation of the innate
system [10, 32, 34] and directly triggers C1q [35]. Fur-
ther, factor VII-acting serine protease, an activator of the
coagulation system that is activated by DNA and his-
tones, together with plasmin and clotting factors (e.g.,
thrombin and factor Xa) can generate C3a/C3b and
C5a/C5b [32, 36]. Together, this might explain why pa-
tients with knee injury with OC fractures who have
major cell osteocyte and chondrocyte death and intra-
articular bleeding also have increased complement factor
activation of C4d and sTCC compared with patients
without such fractures, as shown in our present study.
Previously, we showed that patients with recent knee

injury have signs of cartilage degradation, as reflected by
an increased release into synovial fluid over several
weeks of proteolytic products of aggrecan, type II colla-
gen and COMP [14–17, 19, 23, 37, 38]. Many of the
ECM proteins and their fragments, such as aggrecan,
chondroadherin, fibromodulin and osteoadherin, activate
the classical complement pathway [6, 7, 27, 39], while
others, such as COMP and type II collagen, activate the
alternative pathway [5, 40]. However, several ECM pro-
teins also inhibit complement: Proline/arginine-rich end

leucine-rich repeat protein (PRELP) and the NC4 do-
main of type IX collagen directly inhibit formation of
MAC [41, 42]; biglycan, decorin and COMP inhibit the
classical pathway via binding of C1q [5, 43]; and PRELP
inhibits the alternative pathway [41]. The ECM proteins
and their fragments thus seem to have dual effects on
complement, either activating or inhibiting it. This dual-
ity could in part explain why in the synovial fluid from
the recent injury group no correlations were found be-
tween the cartilage protein fragments and the compo-
nents of the different complement pathways.
Compared with individuals with healthy knees, TNF-

α concentrations in synovial fluid are increased in pa-
tients with OA and also in patients with recent (weeks)
as well as old (years) knee injuries [14, 38, 44–46].
Interestingly, in this study, the strongest correlation for
the recent injury group samples (0–83 days after injury)
was between synovial fluid concentrations of C4d and
TNF-α (rs = 0.547), and the levels of C4d were also
found to be elevated many years after injury. This re-
sembles what was found for patients with ACL injury,
who had elevated synovial fluid levels of TNF-α 5 years
after injury [38].
In injured knee joints, proinflammatory cytokines

are produced by chondrocytes and synoviocytes and
by infiltrated leucocytes, resulting in the production
and activation of matrix metalloproteases (MMPs) and
aggrecanases [11, 47, 48]. As a parallel route, comple-
ment components such as sublytic concentrations of
MAC stimulate chondrocytes to produce MMPs and

Table 4 C4d, C3bBbP, sTCC concentrations in the recent injury group in relation to structural features

Any OC fracture (n = 67) vs. No OC fracture (n = 31) vs. OC fracture with disrupted
cortical bone (n = 38)

vs. OC fracture without disrupted
cortical bone (n = 29)

Mean (95 % CI) p value Mean (95 % CI) p value Mean (95 % CI) p value Mean (95 % CI)

C4d 38.90 (32.01–47.29) 0.014 23.92 (15.17–37.70) 0.004 45.42 (33.95–60.79) 0.025 31.76 (25.00–40.35)

C3bBbP 235.61 (203.19–273.15) 0.478 213.60 (162.33–281.06) 0.612 237.30 (195.79–287.61) 0.637 233.35 (182.64–298.19)

sTCC 12.81 (11.35–14.47) 0.004 9.27 (7.20–11.94) <0.001 14.26 (12.20–16.68) 0.056 11.13 (9.20–13.46)

ACL injury
(n = 60)

vs. No ACL injury (n = 38)

Mean (95 % CI) p value Mean (95 % CI)

C4d 34.34 (28.39–41.52) 0.418 31.86 (20.87–48.66)

C3bBbP 231.42 (198.93–269.28) 0.417 223.67 (174.62–286.48)

sTCC 11.53 (10.26–12.97) 0.885 11.61 (9.08–14.85)

Meniscal tear (n = 43) vs. No meniscal tear (n = 55)

Mean (95 % CI) p value Mean (95 % CI)

C4d 29.36 (21.57–39.98) 0.565 36.86 (28.42–47.80)

C3bBbP 204.27 (172.78–241.49) 0.399 249.23 (205.21–302.69)

sTCC 9.91 (8.46–11.62) 0.013 13.05 (11.08–15.37)

Abbreviations: ACL Anterior cruciate ligament, OC Osteochondral, sTCC Soluble terminal complement complex
Magnetic resonance imaging results were available for a subfraction of the recent injury group (n = 98). Between-groups statistical testing was performed using analysis
of covariance of log10-transformed concentrations with adjustment for days between the injury and synovial fluid aspiration, age at injury, and sex. Significant
differences (p < 0.05) are shown in boldface type. Concentrations in complement activation units are presented as linear data as means with 95 % CI in brackets
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aggrecanases [27], and complement anaphylatoxins
(C3a and C5a) stimulate granulocytes, macrophages,
and B and T cells to produce proinflammatory cyto-
kines [3]. Further, it has been shown that C1s (a prote-
ase of the classical pathway) can activate proMMP-9,
and C1s can also cleave types I, II and IV collagens
[49, 50]. This indicates that there are several possible
routes for the induction of extracellular proteases in
these patients.
In patients with a recent knee injury (0–5 weeks), the

release into the synovial fluid of proinflammatory cyto-
kines IL-1β, IL-6 and TNF-α precedes the release of car-
tilage degradation products of aggrecan, COMP and
type II collagen [14, 19, 23, 38]. In the same patients in
the present study, we found no correlation between the
complement factors C4d, C3bBbP and sTCC and cartil-
age degradation products of aggrecan, type II collagen
and COMP; however, the complement factor concentra-
tions correlated positively with proinflammatory cyto-
kine levels of IL-1β, IL-6 and TNF-α. This supports the
concept that complement together with coagulation rep-
resents an alternative route to activation of cytokine
pathways, and together these routes drive the catabolic
process seen as cartilage degradation after joint injury
and most likely later in OA.
This study has certain limitations. First, the lack of di-

lution linearity for the C3bBbP and sTCC assays using
synovial fluid samples complicated the assessments, and
only relative comparison could be made by using the
same dilution (1:20) for all samples. Second, because the
subjects in the OA, RA and PPA groups were older than
the subjects in the reference group, we cannot exclude
the possibility that the increased levels of the comple-
ment factors found in these patient groups could be due
partly to differences in age. Third, the knee injury group
was cross-sectional, so the design precludes drawing
firm conclusions of trends in time because no repeated
sampling was done within individual patients. Hence,
our suggestions regarding differences in complement ac-
tivation over time need to be confirmed in longitudinal
studies. Finally, we measured only the soluble compo-
nents of C4d, C3bBbP and sTCC found in synovial fluid,
and these also ought to be analysed as cell-bound (e.g.,
chondrocytes, synoviocytes) components for the differ-
ent diagnostic groups.

Conclusions
We show that alternative and classical and/or lectin
complement pathways are activated in the synovial fluid
of subjects with knee injury and in patients with OA.
After an injury to the knee, the complement factors
C4d, C3bBbP and sTCC are instantly activated and are
associated with proinflammatory cytokines, while C4d
and sTCC are associated with OC fractures.

This and previous reports have suggested that
complement is activated in OA [27]. Knee injury is a
well-known and strong risk factor for rapid knee OA
development, but the driving mechanisms are not well
understood. The sudden activation of complement after
knee injury found in this study, especially among those
with more severe trauma, most likely represents one of
several important pathways involved in the onset of this
complex disease. Therefore, more clinical studies using
longitudinal cohorts are needed to elucidate these
pathological pathways to determine if or when to use
complement inhibitors as a treatment strategy for OA.

Additional files

Additional file 1: Table S1. Concentrations of C4d, C3bBbP and sTCC
in synovial fluid. (DOCX 37 kb)

Additional file 2: Table S2. Technical performance of the C4d, C3bBbP
and sTCC immunoassays using synovial fluid. (DOCX 33 kb)

Additional file 3: Table S3. The effect of age, sex and time after injury
on the concentrations of C4d, C3bBbP and sTCC in synovial fluid.
(DOCX 31 kb)

Abbreviations
ACL: Anterior cruciate ligament; ANCOVA: Analysis of covariance; BML: Bone
marrow lesion; CAU: Complement activation units; COMP: Cartilage
oligomeric matrix protein; CV: Coefficient of variation; ECM: Extracellular
matrix; ELISA: Enzyme-linked immunosorbent assay; Ig: Immunoglobulin;
IL: Interleukin; LLOD: Lower limit of detection; MAC: Membrane attack
complex; MASP: Mannose-binding lectin-associated serine protease;
MBL: Mannose-binding lectin; MMP: Matrix metalloprotease; MRI: Magnetic
resonance imaging; NA: Not applicable; OA: Osteoarthritis;
OC: Osteochondral; P: Properdin; PCL: Posterior cruciate ligament, PPA,
Pyrophosphate arthritis; PRELP: Proline/arginine-rich end leucine-rich repeat
protein; PRM: Pattern recognition molecule; RA: Rheumatoid arthritis;
sGAG: Sulfated glycosaminoglycan; SPARC: Secreted protein acidic and rich
in cysteine; sTCC: Soluble terminal complement complex; TNF: Tumour
necrosis factor; ULOD: Upper limit of detection; ARGS: ARGS-aggrecan, C2C,
type II collagen epitope C2C

Acknowledgements
We thank Tom Eirik Mollnes (Oslo University Hospital) for his kind gift of the
complement standard, and Torsten Boegård (Lund University) for assessing
the MRI scans.

Funding
Funding for this work was provided as project grants from the Swedish
Research Council (to AMB, RF, LSL), the Lund University Faculty of Medicine
(to RF, AS), the King Gustaf V 80th Birthday Fund (to AMB, AS), the Kock
Foundation (to AMB, AS), the Swedish Rheumatism Association (to AS), the
Alfred Österlunds Foundation (to AMB, AS), the Medical Training and
Research Agreement (ALF) and Skåne University Hospital (to AMB, RF, AS),
the Thelma Zoega Foundation (to RF), the Crafoord Foundation (RF) and the
National Science Centre Poland (2014/14/E/NZ6/00182; to MO).

Availability of data and materials
The dataset supporting the conclusions stated in this article is included
within the article and its additional files.

Authors’ contributions
AS designed the study, performed the statistical calculations and drafted the
manuscript. MO participated in the design of the study, carried out the
immunoassays and drafted the manuscript. PS carried out the immunoassays
and helped with the statistical calculations. RF collected the cohorts and
analysed the MRI data. TS collected the cohorts and drafted the manuscript.

Struglics et al. Arthritis Research & Therapy  (2016) 18:223 Page 9 of 11

dx.doi.org/10.1186/s13075-016-1123-x
dx.doi.org/10.1186/s13075-016-1123-x
dx.doi.org/10.1186/s13075-016-1123-x


LSL participated in the design of the study, collected the cohorts and
drafted the manuscript. AMB participated in the design of the study and
drafted the manuscript. All authors read and approved the final manuscript.
AS takes responsibility for the integrity of the work.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All subjects consented to take part in this study, which was approved by the
regional (Lund) ethics review board.

Author details
1Department of Clinical Sciences Lund, Orthopaedics, Lund University,
Faculty of Medicine, BMC C12, SE-221 84 Lund, Sweden. 2Department of
Translational Medicine, Division of Medical Protein Chemistry, Lund
University, Faculty of Medicine, Lund, Sweden. 3Department of Medical
Biotechnology, Intercollegiate Faculty of Biotechnology UG-MUG, Medical
University of Gdańsk, Gdańsk, Poland. 4Department of Clinical Sciences Lund,
Rheumatology, Lund University, Faculty of Medicine, Lund, Sweden.

Received: 27 June 2016 Accepted: 16 September 2016

References
1. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system

for immune surveillance and homeostasis. Nat Immunol. 2010;11(9):785–97.
2. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement

system part I –molecular mechanisms of activation and regulation. Front
Immunol. 2015;6:262.

3. Okroj M, Heinegård D, Holmdahl R, Blom AM. Rheumatoid arthritis and the
complement system. Ann Med. 2007;39(7):517–30.

4. Happonen KE, Heinegård D, Saxne T, Blom AM. Interactions of the
complement system with molecules of extracellular matrix: relevance for
joint diseases. Immunobiology. 2012;217(11):1088–96.

5. Happonen KE, Saxne T, Aspberg A, Mörgelin M, Heinegård D, Blom AM.
Regulation of complement by cartilage oligomeric matrix protein allows for
a novel molecular diagnostic principle in rheumatoid arthritis. Arthritis
Rheum. 2010;62(12):3574–83.

6. Melin Fürst C, Mörgelin M, Vadstrup K, Heinegård D, Aspberg A, Blom AM.
The C-type lectin of the aggrecan G3 domain activates complement. PLoS
One. 2013;8(4):e61407.

7. Sjöberg A, Onnerfjord P, Mörgelin M, Heinegård D, Blom AM. The
extracellular matrix and inflammation: fibromodulin activates the classical
pathway of complement by directly binding C1q. J Biol Chem.
2005;280(37):32301–8.

8. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence
of anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J
Sports Med. 2007;35(10):1756–69.

9. Johnson DL, Urban Jr WP, Caborn DN, Vanarthos WJ, Carlson CS. Articular
cartilage changes seen with magnetic resonance imaging-detected bone
bruises associated with acute anterior cruciate ligament rupture. Am J
Sports Med. 1998;26(3):409–14.

10. Tochigi Y, Zhang P, Rudert MJ, Baer TE, Martin JA, Hillis SL, et al. A novel
impaction technique to create experimental articular fractures in large
animal joints. Osteoarthritis Cartilage. 2013;21(1):200–8.

11. Goldring MB. The role of the chondrocyte in osteoarthritis. Arthritis Rheum.
2000;43(9):1916–26.

12. Huber-Lang M, Kovtun A, Ignatius A. The role of complement in trauma and
fracture healing. Semin Immunol. 2013;25(1):73–8.

13. Schmal H, Salzmann GM, Niemeyer P, Langenmair E, Guo R, Schneider C, et
al. Early intra-articular complement activation in ankle fractures. Biomed Res
Int. 2014;2014:426893.

14. Swärd P, Frobell R, Englund M, Roos H, Struglics A. Cartilage and bone
markers and inflammatory cytokines are increased in synovial fluid in the
acute phase of knee injury (hemarthrosis) – a cross-sectional analysis.
Osteoarthritis Cartilage. 2012;20(11):1302–8.

15. Larsson S, Lohmander LS, Struglics A. Synovial fluid level of aggrecan ARGS
fragments is a more sensitive marker of joint disease than
glycosaminoglycan or aggrecan levels: a cross-sectional study. Arthritis Res
Ther. 2009;11(3):R92.

16. Lohmander LS, Atley LM, Pietka TA, Eyre DR. The release of crosslinked
peptides from type II collagen into human synovial fluid is increased soon
after joint injury and in osteoarthritis. Arthritis Rheum. 2003;48(11):3130–9.

17. Lohmander LS, Ionescu M, Jugessur H, Poole AR. Changes in joint cartilage
aggrecan after knee injury and in osteoarthritis. Arthritis Rheum.
1999;42(3):534–44.

18. Struglics A, Hansson M, Lohmander LS. Human aggrecanase generated
synovial fluid fragment levels are elevated directly after knee injuries due to
proteolysis both in the inter globular and chondroitin sulfate domains.
Osteoarthritis Cartilage. 2011;19(8):1047–57.

19. Swärd P, Struglics A, Englund M, Roos HP, Frobell RB. Soft tissue knee injury
with concomitant osteochondral fracture is associated with higher degree
of acute joint inflammation. Am J Sports Med. 2014;42(5):1096–102.

20. Dahlberg L, Ryd L, Heinegård D, Lohmander LS. Proteoglycan fragments in
joint fluid: influence of arthrosis and inflammation. Acta Orthop Scand.
1992;63(4):417–23.

21. Blom AM, Osterborg A, Mollnes TE, Okroj M. Antibodies reactive to cleaved
sites in complement proteins enable highly specific measurement of
soluble markers of complement activation. Mol Immunol. 2015;66(2):164–70.

22. Bergseth G, Ludviksen JK, Kirschfink M, Giclas PC, Nilsson B, Mollnes TE. An
international serum standard for application in assays to detect human
complement activation products. Mol Immunol. 2013;56(3):232–9.

23. Kumahashi N, Sward P, Larsson S, Lohmander LS, Frobell R, Struglics A. Type
II collagen C2C epitope in human synovial fluid and serum after knee injury
– associations with molecular and structural markers of injury. Osteoarthritis
Cartilage. 2015;23(9):1506–12.

24. Frobell RB, Roos HP, Roos EM, Hellio Le Graverand MP, Buck R, Tamez-Pena
J, et al. The acutely ACL injured knee assessed by MRI: are large volume
traumatic bone marrow lesions a sign of severe compression injury?
Osteoarthritis Cartilage. 2008;16(7):829–36.

25. Gobezie R, Kho A, Krastins B, Sarracino DA, Thornhill TS, Chase M, et al. High
abundance synovial fluid proteome: distinct profiles in health and
osteoarthritis. Arthritis Res Ther. 2007;9(2):R36.

26. Ritter SY, Subbaiah R, Bebek G, Crish J, Scanzello CR, Krastins B, et al. Proteomic
analysis of synovial fluid from the osteoarthritic knee: comparison with
transcriptome analyses of joint tissues. Arthritis Rheum. 2013;65(4):981–92.

27. Wang Q, Rozelle AL, Lepus CM, Scanzello CR, Song JJ, Larsen DM, et al.
Identification of a central role for complement in osteoarthritis. Nat Med.
2011;17(12):1674–9.

28. Bradley K, North J, Saunders D, Schwaeble W, Jeziorska M, Woolley DE, et al.
Synthesis of classical pathway complement components by chondrocytes.
Immunology. 1996;88(4):648–56.

29. Corvetta A, Pomponio G, Rinaldi N, Luchetti MM, Di Loreto C, Stramazzotti
D. Terminal complement complex in synovial tissue from patients affected
by rheumatoid arthritis, osteoarthritis and acute joint trauma. Clin Exp
Rheumatol. 1992;10(5):433–8.

30. John T, Stahel PF, Morgan SJ, Schulze-Tanzil G. Impact of the complement
cascade on posttraumatic cartilage inflammation and degradation. Histol
Histopathol. 2007;22(7):781–90.

31. Sjöberg AP, Trouw LA, Blom AM. Complement activation and inhibition: a
delicate balance. Trends Immunol. 2009;30(2):83–90.

32. Huber-Lang M, Ignatius A, Brenner RE. Role of complement on broken
surfaces after trauma. Adv Exp Med Biol. 2015;865:43–55.

33. Ignatius A, Schoengraf P, Kreja L, Liedert A, Recknagel S, Kandert S, et al.
Complement C3a and C5a modulate osteoclast formation and inflammatory
response of osteoblasts in synergism with IL-1β. J Cell Biochem.
2011;112(9):2594–605.

34. Martin JA, Buckwalter JA. Post-traumatic osteoarthritis: the role of stress
induced chondrocyte damage. Biorheology. 2006;43(3-4):517–21.

35. Martin M, Leffler J, Blom AM. Annexin A2 and A5 serve as new ligands for
C1q on apoptotic cells. J Biol Chem. 2012;287(40):33733–44.

36. Amara U, Flierl MA, Rittirsch D, Klos A, Chen H, Acker B, et al. Molecular
intercommunication between the complement and coagulation systems.
J Immunol. 2010;185(9):5628–36.

37. Lohmander LS, Saxne T, Heinegård DK. Release of cartilage oligomeric
matrix protein (COMP) into joint fluid after knee injury and in osteoarthritis.
Ann Rheum Dis. 1994;53(1):8–13.

Struglics et al. Arthritis Research & Therapy  (2016) 18:223 Page 10 of 11



38. Struglics A, Larsson S, Kumahashi N, Frobell R, Lohmander LS. Changes in
cytokines and aggrecan ARGS neoepitope in synovial fluid and serum and
in C-terminal crosslinking telopeptide of type II collagen and N-terminal
crosslinking telopeptide of type I Collagen in urine over five years after
anterior cruciate ligament rupture: an exploratory analysis in the knee
anterior cruciate ligament, nonsurgical versus surgical treatment trial.
Arthritis Rheumatol. 2015;67(7):1816–25.

39. Sjöberg AP, Manderson GA, Mörgelin M, Day AJ, Heinegård D, Blom AM.
Short leucine-rich glycoproteins of the extracellular matrix display diverse
patterns of complement interaction and activation. Mol Immunol.
2009;46(5):830–9.

40. Hanauske-Abel HM, Pontz BF, Schorlemmer HU. Cartilage specific collagen
activates macrophages and the alternative pathway of complement:
evidence for an immunopathogenic concept of rheumatoid arthritis. Ann
Rheum Dis. 1982;41(2):168–76.

41. Happonen KE, Furst CM, Saxne T, Heinegård D, Blom AM. PRELP protein
inhibits the formation of the complement membrane attack complex. J Biol
Chem. 2012;287(11):8092–100.

42. Kalchishkova N, Furst CM, Heinegård D, Blom AM. NC4 domain of cartilage-
specific collagen IX inhibits complement directly due to attenuation of
membrane attack formation and indirectly through binding and enhancing
activity of complement inhibitors C4B-binding protein and factor H. J Biol
Chem. 2011;286(32):27915–26.

43. Groeneveld TW, Oroszlan M, Owens RT, Faber-Krol MC, Bakker AC, Arlaud GJ,
et al. Interactions of the extracellular matrix proteoglycans decorin and
biglycan with C1q and collectins. J Immunol. 2005;175(7):4715–23.

44. Higuchi H, Shirakura K, Kimura M, Terauchi M, Shinozaki T, Watanabe H, et
al. Changes in biochemical parameters after anterior cruciate ligament
injury. Int Orthop. 2006;30(1):43–7.

45. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev
Rheumatol. 2011;7(1):33–42.

46. Sohn DH, Sokolove J, Sharpe O, Erhart JC, Chandra PE, Lahey LJ, et al.
Plasma proteins present in osteoarthritic synovial fluid can stimulate
cytokine production via Toll-like receptor 4. Arthritis Res Ther. 2012;14(1):R7.

47. Bondeson J, Wainwright SD, Lauder S, Amos N, Hughes CE. The role of
synovial macrophages and macrophage-produced cytokines in driving
aggrecanases, matrix metalloproteinases, and other destructive and
inflammatory responses in osteoarthritis. Arthritis Res Ther. 2006;8(6):R187.

48. Moradi B, Rosshirt N, Tripel E, Kirsch J, Barie A, Zeifang F, et al.
Unicompartmental and bicompartmental knee osteoarthritis show different
patterns of mononuclear cell infiltration and cytokine release in the affected
joints. Clin Exp Immunol. 2015;180(1):143–54.

49. Sakiyama H, Inaba N, Toyoguchi T, Okada Y, Matsumoto M, Moriya H, et al.
Immunolocalization of complement C1s and matrix metalloproteinase 9
(92 kDa gelatinase/type IV collagenase) in the primary ossification center of
the human femur. Cell Tissue Res. 1994;277(2):239–45.

50. Yamaguchi K, Sakiyama H, Matsumoto M, Moriya H, Sakiyama S.
Degradation of type I and II collagen by human activated C1-s. FEBS Lett.
1990;268(1):206–8.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Struglics et al. Arthritis Research & Therapy  (2016) 18:223 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects
	Analysis of C4d, C3bBbP and sTCC in synovial fluid
	Other biomarkers and cytokines
	Image acquisition and analysis
	Statistics and calculations

	Results
	Technical performance of the C4d, C3bBbP and sTCC ELISAs with synovial fluid
	Concentrations of C4d, C3bBbP and sTCC in synovial fluid were higher in the arthritis groups than in the reference group
	Concentrations of C4d, C3bBbP and sTCC in synovial fluid were higher in the knee injury group than in the reference group
	Correlation between activated complement products
	Correlation between activated complement products and other biomarkers in the recent injury group
	Association between activated complement products and MRI findings in the recent injury group

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

