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Abstract 11 

 12 

Objective: Innate immune response and particularly terminal complement complex 13 

(TCC) deposition are thought to be involved in the pathogenesis of posttraumatic 14 

osteoarthritis. However, the possible role of TCC in regulated cell death as well as 15 

chondrocyte hypertrophy and senescence has not been unraveled so far and was 16 

first addressed using an ex vivo human cartilage trauma-model. 17 

 18 

Design: Cartilage explants were subjected to blunt impact (0.59 J) and exposed to 19 

human serum (HS) and cartilage homogenate (HG) with or without different potential 20 

therapeutics: RIPK1-inhibitor Necrostatin-1 (Nec), caspase-inhibitor zVAD, 21 

antioxidant N-acetyl cysteine (NAC) and TCC-inhibitors aurintricarboxylic acid (ATA) 22 

and clusterin (CLU). Cell death and hypertrophy/ senescence-associated markers 23 

were evaluated on mRNA and protein level.  24 

 25 
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Results: Addition of HS resulted in significantly enhanced TCC deposition on 26 

chondrocytes and decrease of cell viability after trauma. This effect was potentiated 27 

by HG and was associated with expression of RIPK3, MLKL and CASP8. Cytotoxicity 28 

of HS could be prevented by heat-inactivation or specific inhibitors, whereby 29 

combination of Nec and zVAD as well as ATA exhibited highest cell protection.  30 

 31 

Conclusions: Our findings imply crucial involvement of the complement system and 32 

primarily TCC in regulated cell death and phenotypic changes of chondrocytes after 33 

cartilage trauma. Inhibition of TCC formation or downstream signaling largely 34 

modified serum-induced pathophysiologic effects and might therefore represent a 35 

therapeutic target to maintain the survival and chondrogenic character of cartilage 36 

cells. 37 

 38 

Keywords: Cartilage trauma; terminal complement complex; Aurintricarboxylic acid; 39 

Regulated cell death; Hypertrophy; Senescence 40 



 1

Introduction 1 

 2 

The complement system represents a major effector of the innate immunity and plays 3 

a crucial role in trauma response 1. Complement activation finally leads to the 4 

formation of the terminal complement complex (TCC), comprising the complement 5 

factors C5b, C6, C7, C8 and C9 (C5b-9), which incorporates into the cell membrane, 6 

mediating cell death and, in sublytic amounts, further pathophysiological processes 7 

including inflammation 2-4. It has been shown that the soluble form of the TCC (sTCC) 8 

and other components of the complement system, such as anaphylatoxins and 9 

C3bBbP (the C3  convertase  of  the  alternative  pathway), are enhanced in synovial 10 

fluids of patients after knee injury or suffering from osteoarthritic (OA) disease, 11 

implying complement activation (compare Fig. 1) 5, 6.  12 

Trauma-related activation of the complement cascade and subsequent TCC 13 

formation is thought to be triggered by damage-associated molecular patterns 14 

(DAMPs), released after tissue injury 7. In regard to cartilage trauma, extracellular 15 

matrix components like fibromodulin or cartilage oligomeric matrix protein,5 as well as 16 

intracellular high mobility group box 1 (HMGB1) 4, 8, are not only linked to the 17 

pathogenesis of OA disease but also represent typical inducers of the complement 18 

cascade 9-11. Indeed, we previously observed enhanced TCC deposition on the 19 

membrane of chondrocytes after blunt cartilage trauma in a rabbit in vivo model, 20 

which was further increased by concurrent intraarticular bleeding (hemarthrosis) 12. 21 

Moreover, blood exposure potentiated trauma-related cell death as well as catabolic 22 

and pro-inflammatory processes after ex vivo traumatization of human cartilage 23 

explants12, indicating additive effects of cartilage trauma and serum components. In 24 

line with that, Wang et al. described some cytotoxic effects after excessive C5b-9 25 

deposition, while sublytic concentrations induced the gene expression of several 26 
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mediators, such as matrix metalloproteinases (MMPs) and chemokines, known to be 27 

associated with osteoarthritis, consequent chondrocyte hypertrophy and senescence 28 

5, 13, 14. Although, these findings imply an involvement of the TCC in the development 29 

of OA disease, and in particular posttraumatic OA (PTOA), the specific complement-30 

mediated pathomechanism remains unclear.  31 

Besides the catabolic and pro-inflammatory response, C5b-9 has been found to 32 

influence cell fate, ranging from pro-survival signaling up to different modalities of 33 

regulated cell death 15-17. In fact, Lusthaus et al. identified receptor-interacting protein 34 

kinase 1 (RIPK1) and 3 (RIPK3), and mixed-lineage kinase domain-like protein 35 

(MLKL) as important regulators in complement-induced cell death in human cell lines 36 

15, indicating that C5b-9 might lead to necroptosis, which we recently evidenced in 37 

human OA cartilage 18. The necroptotic signaling pathway usually depends on 38 

activation of death receptors and the absence of caspase 8 (CASP8), which enables 39 

RIPK1 phosphorylation and its interaction with RIPK3, forming the necrosome 19. 40 

Subsequent phosphorylation of MLKL initializes the oligomerization of the protein and 41 

incorporation into the plasma membrane. The resulting ion influx results in the 42 

rupture of the plasma membrane and release of DAMPs triggering an inflammatory 43 

response, wherefore necroptosis is considered as “dirty” mode of regulated cell death 44 

20.  45 

Thus, we proposed that the TCC not only causes cartilage-destructive effects, but 46 

also promotes regulated cell death as well as phenotypical change of the surviving 47 

chondrocytes after cartilage trauma. In the following, we addressed this hypothesis in 48 

a human ex vivo cartilage trauma-model and provide first evidence of complement-49 

mediated cell death and senescence of the affected cartilage cells. In order to clarify 50 

and alleviate the potentially detrimental mechanisms of serum exposition, different 51 

therapeutic approaches were tested – the antioxidant N-acetylcysteine (NAC), pan-52 
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caspase inhibitor z-VAD-FMK (zVAD) and RIP1 inhibitor necrostatin 1 (Nec) as well 53 

as aurintricarboxylic acid (ATA) 21 and clusterin (CLU) as inhibitors of TCC formation.  54 

 55 

Methods 56 

 57 

Specimen preparation and cultivation conditions: Human cartilage was obtained from 58 

donors undergoing total knee joint replacement due to OA. Informed consent was 59 

obtained from patients according to the terms of the Ethics Committee of the 60 

University of Ulm (ethical approval number 353/18). Overall, macroscopically intact 61 

tissue (International Cartilage Repair Society (ICRS) 22 score ≤1) from 20 patients 62 

(mean age 63 years, ranging 48-82 years) as well as highly degenerated tissue 63 

(ICRS ≥3) from 8 patients (mean age 63 years, ranging 54-75 years),  was included 64 

in the study. Full-thickness cartilage explants (Ø= 6 mm) were harvested and 65 

cultivated in serum-containing medium (Supplementary material S1) for at least 24h 66 

at 37°C, 5% CO 2 and 95% humidity. Afterwards, the explants were traumatized and 67 

cultivated in serum-free medium (Supplementary material S1). Highly degenerated 68 

tissue was immediately fixed and cryo-conserved, respectively, without cultivation. 69 

Detailed information about the sample allocation is provided as supplementary 70 

material S2. 71 

 72 

Impact loading and subsequent treatment: Cartilage explants were subjected to a 73 

defined impact energy of 0.59 J by using a drop-tower model as previously described 74 

23, 24. Unimpacted explants served as controls. Impacted/unimpacted cartilage 75 

explants were stimulated with 10%-20% (v/v) pooled human serum (HS; Innovative 76 

Research, Novi, MI, USA) with and without homogenized cartilage (HG; 20 µg/mL) 77 

and treated with 2 mM NAC (Sigma), 40 µM Nec-1 (Sigma), 2.5 µM 78 
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necrosulfonamide (NSA; Tocris Bioscience, Bristol, UK), 20 µM zVAD (R&D 79 

Systems, Wiesbaden, Germany), 75 µg/mL ATA (Sigma) or 30 µg/mL CLU (R&D 80 

Systems) for 4 days. Fresh additives were provided after 24 h. 81 

 82 

Immunohistochemical (IHC) analysis: For IHC, paraffin-embedded sections (3.5 µm) 83 

were dewaxed and rehydrated. Antigen retrieval was performed by incubation in 84 

sodium citrate buffer pH 6.0 at 65 °C overnight. Un specific antigens were blocked 85 

with the DAKO blocking reagent (Dako, Glostrup, Denmark), followed by overnight 86 

incubation with primary antibody against human C5b-9 (Quidel, San Diego, CA, USA, 87 

1:250 diluted), CASP8 (ab25901, abcam, Cambridge, UK, 1:500 diluted), cleaved 88 

CASP8 (NB100-56116; NOVUS Biologicals, Centennial, CO, USA), p-MLKL 89 

([EPR9514] phospho S358; abcam, Cambridge, UK) or RIPK3 (GTX107574; 90 

GeneTex, Irvine, CA, USA, 1:250 diluted) at 4°C. Se ctions were treated with 3% 91 

hydrogen peroxide before starting the staining with the Dako LSAB2 System-HRP kit 92 

(Dako, Glostrup, Denmark). In all samples a final staining of cell nuclei by Gill's 93 

hematoxylin No 3 (Sigma) was performed. 94 

 95 

Live/Dead Cell Cytotoxity Assay: To determine the percentage of viable cells, a 96 

Live/Dead® Viability/Cytotoxity Assay (Molecular Probes, Invitrogen, Darmstadt, 97 

Germany) was performed as previously described 24. In short, unfixed tissue sections 98 

(0.5 mm thickness) were stained with 1 µM calcein AM and 2 µM ethidium 99 

homodimer-1 for 30 minutes. After washing in PBS, they were microscopically 100 

analyzed by means of a z-stack module (software AxioVision, Carl Zeiss, Jena, 101 

Germany). 102 

 103 
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mRNA Isolation and cDNA Synthesis: For total RNA isolation, cryopreserved 104 

cartilage explants were pulverized with a microdismembrator S (B. Braun Biotech, 105 

Melsungen, Germany). Subsequently, RNA was isolated using the Lipid Tissue Mini 106 

Kit (Qiagen, Hilden, Germany). RNA was reverse transcribed with the Omniscript RT 107 

Kit (Qiagen) and used for quantitative real-time PCR-analysis (StepOnePlus™ Real-108 

Time PCR System, Applied Biosystems, Darmstadt, Germany).  109 

 110 

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR): Determination of the 111 

relative expression levels was performed by means of qRT-PCR analysis (2-∆∆Ct 112 

method). To detect desired sequences, TaqMan® Gene Expression Master Mix for 113 

TaqMan® Gene Expression Assay (both Applied Biosystems) was used for probes 114 

listed in supplementary material S1. Additionally, Power SYBR® Green PCR Master 115 

Mix (Applied Biosystems) was used for 18S rRNA, 5’-116 

CGCAGCTAGGAATAATGGAATAGG-3’ (forward) and 5’-117 

CATGGCCTCAGTTCCGAAA-3’ (reverse), and Platinum® SYBR® Green qPCR 118 

SuperMix-UDG (Invitrogen) for GAPDH, 5’-TGGTATCGTGGAAGGACTCATG-3’ 119 

(forward) and 5’-TCTTCTGGGTGGCAGTGATG-3’ (reverse). Target mRNA-120 

expression was normalised to the endogenous controls 18S rRNA, GAPDH and 121 

HPRT1. 122 

 123 

CH-50 Assay - Complement hemolytic serum activity: Hemolytic activity of HS in the 124 

absence and presence of the ATA, CLU, NAC, Nec or zVAD was assessed as 125 

previously described 25. Briefly, sheep erythrocytes (Oxoid, Wesel, Germany) were 126 

sensitized with hemolysin (Colorado Serum Company, Denver, CO) and exposed to 127 

dilutions of serum samples in TBS (pH 7.35, 37 ̊C, 60 min). The complement reaction 128 

was stopped by the addition of ice-cold TBS followed by a centrifugation step (700 x 129 
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g, 5 min). Absorption values of the supernatant fluids were determined by 130 

spectrophotometry at 541 nm. The complement hemolytic serum activity (CH-50) 131 

defines the exact serum concentration that results in complement-mediated lysis of 132 

50% of sensitized sheep erythrocytes. 133 

 134 

Chondrocyte isolation: Chondrocytes were enzymatically isolated from 135 

macroscopically intact human cartilage of 7 patients (mean age 69, range 56-82 136 

years). In short, full-thickness cartilage was minced and digested for 45 min with 0.2 137 

% pronase (Sigma) and overnight with 0.025 % collagenase (Sigma). After washing 138 

with PBS and filtration through a 40 µm cell strainer (BD GmbH), cells (passage 0) 139 

were cultured in serum-containing chondrocyte medium (see above). Chondrocytes 140 

were split at a confluence of 80 % and used at passage 1 to 3. 141 

 142 

C5b-9 cell-ELISA: Quantification of membrane-bound C5b-9 on the cell surface of 143 

isolated chondrocytes was performed in 96-well culture plates (protocol adopted from 144 

Jeon et al. 26). In short, 6,000 cells/well were seeded and cultivated overnight. Cells 145 

were stimulated with 20% HS (v/v) with and without HG (20 µg/mL) at 37 °C for 2 h.  146 

Afterwards, cells were fixed with 4% paraformaldehyde (15 min) and incubated in 147 

blocking buffer (5% bovine serum albumin, Sigma) for 1 h at 37 °C, before incubation 148 

with a rabbit polyclonal C5b-9 antibody (abcam) diluted 1:4000 at 37 °C for 2 h. After 149 

incubation with an HRP-conjugated anti-rabbit IgG (1:10000; Sigma) for 1 h, 3,3′,5,5′-150 

tetramethylbenzidine (TMB, Sigma) was added and the absorbance was measured 151 

at 450 nm. Data values were normalized to the DNA content of the cells, determined 152 

by subsequent Hoechst staining. 153 

 154 
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Senescence-associated (SA)-β-galactosidase (gal) staining: SA-β-gal staining was 155 

done using a SA-β-gal staining kit according to the manufacturer's protocol (Cell 156 

Signaling Technology, Danvers, MA, USA). In short, cells were seeded on cover 157 

slides (15.000 cells/ cm2) and cultivated overnight. Cells were stimulated as 158 

described in the figure legends for 24 h fixed in a 2% formaldehyde and 0.2% 159 

glutaraldehyde solution for 15 minutes. After washing with PBS, cells were stained 160 

overnight in an X-gal staining solution at 37°C.  161 

 162 

Statistical Analyses: Experiments were analyzed by using GraphPad Prism version 163 

8.1.1 (GraphPad Software). Data sets with n ≥ 5 were tested for outliers with the 164 

Grubbs outlier test. Outliers were not included in statistical analyses. For parametric 165 

data sets, a 1-way analysis of variance (ANOVA) with Bonferroni posttest was used. 166 

In case the gene expression ratio for CLU and CD59, respectively (figure 2E), 167 

statistical analysis was performed by an unpaired multiple t test. Data values are 168 

depicted as boxplots (median; whiskers: min to max) and in case of the CH-50 assay 169 

(figure 4B) as bars (mean with SD). The significant level was set to α= .05.  170 

 171 

Results 172 

 173 

TCC deposition and chondrocyte defense in OA cartil age and ex vivo 174 

 175 

IHC staining of C5b-9 in highly degenerated cartilage (ICRS grade ≥3; Fig. 2A) 176 

revealed increased TCC deposition on chondrocytes, as compared to 177 

macroscopically intact tissue (ICRS grade ≤ 1; Fig. 2B). TCC-positive cells were 178 

mainly located in proximity to the surface of the cartilage, gradually diminishing 179 

towards the lower layers (Supplementary material S3). The same allocation could 180 
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be found for cleaved CASP8 and RIPK3 positive cells, while p-MLKL was 181 

predominantly associated to the middle and lower zones (Supplementary material 182 

S3). Ex vivo traumatization and serum exposition of macroscopically intact tissue 183 

resulted in high TCC deposition which was evenly distributed over the entire explant 184 

(Fig. 2C), which corresponded to the expression of apoptosis- and necroptosis-185 

associated proteins (Supplementary material S4). 186 

Moreover, the gene expression of the endogenous complement regulators CD59 and 187 

CLU were significantly enhanced in highly degenerated cartilage ([vs C] CD59: 2.6-188 

fold, p = 0.012; CLU: 4.2-fold, p≤ 0.0001; Fig. 2E). Equivalent cellular defense 189 

towards the C5b-9 complex could be observed after ex vivo exposition towards HS 190 

and was found to arise in a concentration-dependent manner (Fig. 2F, G). 191 

 192 

Serum exposure and cartilage trauma have additional  effect on cell death 193 

 194 

Cell viability was significantly decreased after cartilage trauma ([vs C] -20.8%; p ≤ 195 

0.0001, Fig. 3A). Addition of HS enhanced trauma-related cell death in a 196 

concentration-dependent manner. Furthermore, decrease in cell viability was highly 197 

associated with the gene expression of necroptotic markers ([vs C] RIPK3: 2.3-fold, p 198 

= 0.007; MLKL: 1.7-fold, P = 0.0007).  199 

Interestingly, serum exposure had no significant effect on cell viability and gene 200 

expression of apoptosis and necroptosis markers in unimpacted cartilage, implying 201 

additive effects between HS and preceding blunt trauma, as also shown for gene 202 

expression of CD59. 203 

Stimulation with heat-inactivated HS had no significant effect on the gene expression 204 

of cell death-associated markers and complement regulators, respectively. 205 

 206 
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TCC deposition on isolated chondrocytes is enhanced  by DAMPs and can be 207 

alleviated by ATA or CLU 208 

 209 

To investigate potential triggers and inhibitors of TCC formation, membrane-bound 210 

C5b-9 was determined by a specific cell ELISA, allowing relative quantification of 211 

TCC deposition on the cell surface. 212 

Addition of HS (20% v/v) lead to a 1.8-fold increase of the relative TCC deposition as 213 

compared to cells incubated under serum-free conditions (Fig. 4A). Addition of 214 

trauma-conditioned medium (TCM), obtained 24h after trauma from untreated 215 

traumatized cartilage explants, or addition of cartilage homogenate (HG) further 216 

enhanced the amounts of membrane-bound C5b-9, leading to a 2.6-fold and 2.8-fold 217 

increase, respectively. Heat-inactivation of the HS, as well as addition of TCC-218 

inhibitors ATA and CLU significantly prevented TCC deposition on the surface of 219 

chondrocytes ([vs HS+HG] ATA: -1-fold, p = 0.004; CLU: -1.2-fold, p = 0.0004). 220 

Furthermore, hemolytic activity of the HS and potential inhibition of the therpeutics 221 

was evaluated by means of a CH-50 assay (Fig. 4B). While addition of NAC, Nec-1 222 

or zVAD had no significant effect on TCC formation and the CH-50 values, 223 

respectively, TCC-inhibitors ATA or CLU considerably decreased hemolytic activity of 224 

the HS, which approximately reached the zero value (TBS control). 225 

 226 

Complement-mediated cytotoxicity can be prevented b y inhibition of regulated 227 

cell death or TCC formation 228 

 229 

Serum-mediated cell death was further enhanced after addition of cartilage 230 

homogenate ([vs T+30%HS] -7.7%), which itself had no cytotoxic effect after trauma 231 

(Fig. 5A). Compared to T+30%HS+HG, cell viability was largely maintained by 232 
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treatment with TCC-inhibitors ATA or CLU as well as NAC, Nec, zVAD or NSA. 233 

Additive cell protective effects were observed after combining Nec and zVAD. Heat-234 

inactivated HS revealed rather beneficial effects regarding the cell viability. 235 

In line with the results of the live dead assay, gene expression of apoptotic and 236 

necroptotic markers was significantly enhanced after stimulation with HS and HG ([vs 237 

C] CASP8: 1.7-fold, p = 0003; RIPK3: 2.3-fold, p = 0.0002; MLKL: 1.9-fold, p ≤ 238 

0.0001) (Fig. 5C, D, F). Gene expression levels of RIPK1 and CASP3 were not found 239 

to be significantly increased (Fig. 5B, E).  240 

While monotherapeutic application of Nec suppressed serum-mediated gene 241 

expression of RIPK3 by 1.6-fold (p = 0.047), MLKL by 1.6-fold (p = 0.0003) and 242 

CASP8 by 1.5-fold (p = 0.026), the combined treatment with zVAD exhibited additive 243 

effects and attenuated mRNA levels of  RIPK3 by 1.8-fold (p = 0.028), MLKL by 2.2-244 

fold (p ≤ 0.0001) and CASP8 by 2-fold (p = 0.0006). Treatment with ATA, NAC and 245 

zVAD, resulted in significant effects only in the case of MLKL (ATA: 1.8-fold, p ≤ 246 

0.0001; NAC: 1.4-fold, p = 0.0033; zVAD: 1.6-fold, p = 0.0008). TCC-inhibitor CLU 247 

significantly suppressed the gene expression of RIPK3 by 2.8-fold (p = 0.0006), 248 

though, had no effect on that of MLKL. 249 

Overall, ATA exhibited higher cell protective effects as compared to CLU in the 250 

tested concentrations, which was in line with mRNA levels of MLKL. 251 

 252 

Serum exposition promotes gene expression of hypert rophic and senescence 253 

markers 254 

 255 

To investigate the influence of HS on the phenotype of the surviving chondrocytes 256 

after cartilage trauma, gene expression of different markers associated with 257 

chondrocyte hypertrophy and/ or senescence was evaluated (Fig. 6A-F).  258 
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Even without preceding traumatization, stimulation with HS and HG increased mean 259 

mRNA levels of COL10A1 (2.7-fold; p = 0.395), MMP-13 (3.1-fold; p = 0.115), CXCL1 260 

(17.5-fold; p = 0.81), IL-8 (18.7-fold; p = 0.964), VEGFA (2.1-fold; p = 0.083) and 261 

RUNX2 (7.9-fold; p = 0.002), though this was only statistically significant in case of 262 

RUNX2. As compared to cartilage trauma alone, additional stimulation with HS (30%) 263 

and HG further enhanced the gene expression of COL10A1 by 2.7-fold, MMP-13 by 264 

2.4-fold, CXCL1 by 45.6-fold (p = 0.002), IL-8 by 54-fold (p = 0.02), RUNX2 by 5.8-265 

fold (p = 0.0034) and VEGFA by 1.7-fold (p= 0.047). These effects were alleviated by 266 

the therapeutic approaches to different degrees, though zVAD exclusively attenuated 267 

the gene expression of COL10A1. Overall, CLU had stronger anti-hypertrophic 268 

effects as compared to ATA.  269 

 270 

Serum exposition leads to secretion of SASP markers  and enhanced SA-ß-gal 271 

staining 272 

 273 

Trauma- and serum-related secretion of senescence-associated secretory phenotype 274 

(SASP) markers MMP-13 and IL-6 into the culture medium was determined by 275 

specific ELISAs (Fig. 7A, B).  276 

Serum exposition enhanced trauma-induced secretion of MMP-13 by about 141 277 

pg/mL (p = 0.37) and IL-6 by about 10 pg/mL (p = 0.0012). Release of MMP-13 was 278 

significantly suppressed by treatment with NAC (-206 pg/mL), Nec (-291 pg/mL,) and 279 

CLU (-173 pg/mL).  280 

In contrast to the secretion of MMP-13, additive effects of Nec and zVAD were found 281 

regarding the release of IL-6 which was reduced by 13 ng/mL (p ≤ 0.0001). It should 282 

be noted that the serum-levels of MMP-13 and IL-6 were below the detection limit of 283 

the ELISAs (MMP-13: 6 pg/mL; IL-6: 2 pg/mL) at a concentration of 30% (v/v).  284 
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Moreover, serum exposition resulted in enhanced SA-β-gal activity in isolated 285 

chondrocytes and was associated with morphological changes of the cells, 286 

characterized by a roundish shape (Fig. 7C). Heat-inactivated HS and/ or stimulation 287 

with HG also increased the percentage of SA-β-gal-positive cells, though to a lesser 288 

extent (Fig. 7D). 289 

 290 

Discussion 291 

 292 

Complement components and in particular membrane-bound C5b-9 is thought to 293 

play a central role in OA progression 5, 12. In the present study we found evidence of 294 

novel aspects in TCC-mediated pathophysiology, comprising regulated cell death as 295 

well as phenotypical changes of the surviving chondrocytes in a human ex vivo 296 

cartilage trauma-model.  297 

 Recently, we observed significantly increased incidence of necroptotic cell death in 298 

highly degenerated human cartilage tissue 18. However, necroptotic processes could 299 

not be induced by sole ex vivo traumatization and required co-stimulation with TNF-a 300 

and cycloheximide under serum-free conditions. Of note, all studies addressing 301 

necroptosis are either based on special stimulation cocktails (containing i.e. TNF-a, 302 

cycloheximide or SMAC mimetics and zVAD) or were investigated in vivo 27-29. In the 303 

present approach, including human serum, necroptosis-associated gene expression 304 

was significantly increased after ex vivo trauma, suggesting that the serum might 305 

represent the missing link between mechanical stress and necroptosis. Finally, 306 

Lusthaus et al. reported clear evidence for C5b-9 mediated necroptotic cell death 15. 307 

Although we observed equal allocation of TCC-, RIPK3-, and CASP8-positive cells in 308 

highly degenerated cartilage as well as a concurrent increase of cell death 309 

associated markers after ex vivo trauma and serum exposition, chondrocytes were 310 
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predominantly positive for cleaved CASP8 while insignificant staining was found for 311 

p-MLKL.  312 

Moreover, the live dead staining revealed additive effects of trauma and serum 313 

exposition, which was enhanced by co-stimulation with cartilage homogenate. 314 

Interestingly, HS and HG did not result in significant cytotoxicity in unimpacted 315 

cartilage explants, suggesting that a mechanical impact was required for TCC-316 

associated cell death signaling. In accordance with Shi et al., we assume that serum 317 

exposition and subsequent TCC deposition might be a crucial parameter in regulated 318 

cell death, most likely in a sensitizing manner 3. Serum- and trauma-induced 319 

chondrocyte death could be attenuated by Nec and zVAD – and especially in 320 

combined application – indicating that both apoptotic and necroptotic cell death might 321 

be involved despite poor staining of p-MLKL. Since cell protective effects of Nec are 322 

not limited to its anti-necroptotic features but might also result from inhibition of 323 

apoptosis and autophagy 30, 31, an specific MLKL-inhibitor, NSA, was additionally 324 

tested and exhibited significant decrease of complement-dependent cytotoxicity. 325 

Ziporen et al. corroborated that TCC-induced regulated cell death could be alleviated 326 

by pan-caspase inhibitor zVAD and concluded that C5b-9 is able to activate two 327 

different cell death pathways, one involving caspase-dependent cleavage of Bid and 328 

one which is caspase-/ Bid-independent. Moreover, they suggested that Bid might 329 

also play a role in regulated necrosis 16, which could refute the common paradigm of 330 

the necroptotic pathway. This might explain why we found evidence of both caspase 331 

activity and necroptotic markers after trauma and serum exposition. Anyhow, the 332 

precise mode of TCC-induced cell death and the underlying mechanisms still remain 333 

unclear and, therefore, further analysis are needed. 334 

Regarding the cell protective effects of the TCC-inhibitors, it is striking that ATA 335 

treatment was more efficient as compared to CLU, which “only” prevents from C5b-9 336 
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formation. ATA, by contrast, not only inhibits C9 polymerization but also generation of 337 

the C3 convertase and subsequent formation of alternative pathway C5 convertase 338 

by binding Factor D 21. While CLU exhibits additional antiapoptotic effects, mainly 339 

based on the inhibition of the nuclear factor-κB (NF-κB) pathway 32, ATA has been 340 

found to attenuate various intracellular signaling pathways, such as activation of  341 

activator protein-1 (AP-1) and NF-κB as well as IκB kinase (IKK), extracellular signal-342 

regulated kinase (ERK), and p38 mitogen-activated protein kinase (MAPK) 33, which 343 

are also involved in the progression of PTOA 34, 35. Moreover, previous studies 344 

demonstrated that CLU represents an important mediator in cell protection after 345 

tissue injury and subsequent oxidative stress 36, and is significantly enhanced in early 346 

stages of OA disease 37. 347 

Our results indicate that serum exposition might cause hypertrophy and expression 348 

of SASP markers, which did not necessarily depend on preceding traumatization. 349 

Under physiological conditions, TCC components C5 and C9 were found to be 350 

predominately located in the hypertrophic zone, associated with endochondral bone 351 

formation (ossification) – a process which results in chondrocyte apoptosis 38. 352 

Besides the hypertrophic markers type X collagen and MMP-13, ossification is 353 

thought to be driven by excessive expression of chemokines CXCL1 and IL-8, 39 as 354 

well as VEGFA and RUNX2, the master transcription factor in chondrocyte 355 

hypertrophy 40, 41. Moreover, SA-ß-gal staining confirmed that the phenotypical 356 

change of the chondrocytes was not limited to hypertrophy but was also connected to 357 

senescence. In fact, cellular senescence has been associated to hypertrophy of 358 

fibroblasts 42, but has also been found to be relevant in hypertrophic chondrocytes in 359 

OA 43, 44. In the end, both chondrocyte hypertrophy and senescence are linked to 360 

apoptosis in the context of terminal differentiation – thus completing the circle 45.  361 
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Interestingly, we found that serum-induced gene expression of IL-8 and RUNX2 362 

could not be prevented by heat-inactivation, implying that other heat-stable serum 363 

components might act as a trigger. In fact, our analysis of heat-inactivated HS 364 

revealed for example enhanced concentration of anaphylatoxin C5a, which might be 365 

generated during the heating process (data not shown). Since C5a has been 366 

reported to directly increase the IL-6 and IL-8 secretion in porcine chondrocytes 46, it 367 

should be considered that the anaphylatoxin is also somehow involved in our model. 368 

However, possible effects of C5a in heat-inactivated serum could not be confirmed in 369 

case of IL-6 release, therefore, further experiments addressing the implication of 370 

other serum components are required to unravel the respective contribution. 371 

It should be noted that inhibition of caspase-induced apoptosis by zVAD did not 372 

attenuate the expression of SASP components, but exhibited additive effects with 373 

Nec, which had generally more beneficial effects as compared to zVAD. This 374 

corresponds to our recent study that zVAD leads to pro-inflammatory effects after 375 

cartilage trauma probably by enhancing necroptotic processes due to CASP8-376 

inhibiton 18. According to previous findings, Nec reduces chemokine and catabolic 377 

enzyme expression by suppression of the JNK/AP-1 and NF-κB signaling pathways 378 

30, 47. Previously, we reported similar features for the antioxidant NAC after cartilage 379 

trauma 24, which also attenuated most of the TCC-induced processes in the present 380 

study. In fact, TCC binding has been shown to induce both translocation of NF-kB 381 

and activation of different MAPK pathways 2. 382 

Overall, we demonstrated that complement activation and subsequent TCC 383 

deposition plays a crucial role in different modes of regulated cell death as well as 384 

phenotypical changes of surviving chondrocytes after cartilage trauma (Fig. 1). 385 

These processes could be attenuated by corresponding upstream and downstream 386 

treatment strategies. In this context, we found novel evidence for the connection 387 
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between hypertrophy, senescence and apoptosis as central processes related to 388 

enchondral ossification and potential involvement of the complement system. 389 

Prevention of TCC-mediated pathomechanisms might maintain cartilage integrity and 390 

stabilize the chondrogenic phenotype of surviving chondrocytes. Consequently, the 391 

complement cascade and in particular the TCC represents a promising therapeutic 392 

target. 393 
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Figure 1: Schematic illustration of the current con cept of complement involvement in 1 

cartilage damage and degeneration after trauma. Cartilage trauma and subsequent 2 

release of DAMPs triggers activation of the complement cascade and oxidative stress. 3 

Cleavage of the central factor C3 generates anaphylatoxin C3a and C3b, a component of the 4 

C5-convertase PC3bBbC3b, which can be inhibited by ATA. Subsequent cleavage of C5 into 5 

C5a (another anaphylatoxin) and C5b initiates C5b-9 formation. While CLU specifically binds 6 

to TCC-components C7, C8 and C9, ATA inhibits the polymerization of C9 to the C5b-8 7 

complex. Integration of the TCC into the plasma membrane leads to cell death signaling, 8 

including apoptosis and necroptosis, as well as expression of hypertrophy and senescence 9 

markers in chondrocytes. Downstream signaling of the TCC can be differentially modulated 10 

by the antioxidant NAC, RIPK-1 inhibitor Nec-1 and pan-caspase inhibitor zVAD.  11 

Abbreviations: ATA = aurintricarboxylic acid, COL10A1 = type X collagen (alpha 1 chain), 12 

MMP-13 = matrix metalloproteinase 13, CXCL1 = chemokine (C-X-C motif) ligand 1, DAMPs 13 

= damage-associated molecular pattern, IL-6/-8 = interleukin 6/ 8, NAC = N-acetyl cysteine, 14 

Nec-1 = Necrostatin-1, ROS/RNS = reactive oxygen/nitrogen species, PC3bBb = properdin-15 

C3b-Factor B complex, zVAD = z-VAD-FMK. 16 

 17 

Figure 2: TCC deposition and endogenous inhibitors in native osteoarthritic cartilage 18 

and ex vivo tissue culture. IHC staining of membrane-bound TCC and gene expression of 19 

complement regulators CD59 and CLU were determined in (A,E) highly degenerated 20 

cartilage tissue (ICRS grade ≥ 3; n=8) as well as (C,F,G) ex vivo traumatized and HS-21 

stimulated macroscopically intact cartilage (ICRS grade ≤ 1; n ≥4). (B) Unimpacted cartilage 22 

(ICRS grade ≤ 1) served as control; (D) IgG isotype control; gray filled bars = OA tissue, 23 

blank bars = unimpacted control; black patterned bars = traumatized; striped bars = 24 

traumatized and exposed to HS; hi = heat-inactivated human serum (HS). Bars in the IHC 25 

images represent 100 µm. Significant differences between groups were depicted as: ** p < 26 

0.01, ****p ≤ 0.0001. Significant differences vs C were depicted as: C p < 0.05, CC p < 0.01, 27 

CCCC p ≤ 0.0001. 28 



 29 

Figure 3: Effects of HS and cartilage trauma on cel l viability and gene expression of 30 

necroptotic and apoptotic markers. Traumatized cartilage explants were exposed to 31 

different concentrations of HS (10-30% v/v). (A) Cytotoxicity was evaluated by live dead 32 

staining and gene expression of necroptosis- ((B) RIPK1, (C) RIPK3 and (D) MLKL) and 33 

apoptosis-related ((E) CASP3, (F) CASP8) proteins was determined. Unimpacted cartilage 34 

explants served as control; n ≥4. Blank bars = unimpacted control (C); black patterned bars = 35 

traumatized; striped bars = traumatized and exposed to HS; hi = heat-inactivated human 36 

serum (HS). Significant differences between groups were depicted as: * p < 0.05, ** p < 0.01. 37 

Significant differences vs C were depicted as: CC p < 0.01, CCC < 0.001, CCCC p ≤ 0.0001. 38 

 39 

Figure 4: Evaluation of potential triggers and inhi bitors of TCC formation. (A) TCC 40 

deposition on isolated chondrocytes was quantified by a specific C5b-9 cell-ELISA. Values 41 

are given in relation to the levels of the serum-free (SF) control; n ≥ 4. blank bars = no 42 

additional HG/ TCM as trigger included; black patterned bar = trauma-conditioned medium 43 

(TCM) added; striped bars = HG added; hi = heat-inactivated human serum (HS), HG = 44 

homogenized cartilage; z = zVAD. Significant differences between groups were depicted as: 45 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Significant differences vs SF were 46 

depicted as: # p < 0.05, #### p ≤ 0.0001. (B) Hemolytic activity of the serum w/ and w/o 47 

addition of different therapeutics was determined by a CH-50 assay (n ≥ 2); TBS control = no 48 

HS added (zero value), HS control = no treatment applied.  49 

 50 

Figure 5: Effects of therapeutic treatment on serum -mediated regulated cell death after 51 

cartilage trauma. Traumatized cartilage explants were exposed to HS (30% v/v) and 52 

cartilage homogenate (HG; 20 µg/mL). (A) Cytotoxicity was evaluated by live dead staining 53 

and gene expression of necroptosis- ((B) RIPK1, (C) RIPK3 and (D) MLKL) and apoptosis-54 

related ((E) CASP3, (F) CASP8) proteins was determined. Additionally, different therapeutics 55 

were tested: NAC (2 mM), Nec (40 µM), NSA (2.5 µM), zVAD (z; 20 µM), ATA (75 µg/mL) 56 



and CLU (30 µg/mL). Unimpacted cartilage explants served as control (C); n ≥5. Blank bars 57 

= unimpacted control; striped bars = traumatized and exposed to HS; hi = heat-inactivated 58 

human serum (HS). Significant differences between groups were depicted as: * p < 0.05, ** p 59 

< 0.01, *** p < 0.001, **** p < 0.0001. Significant differences vs C were depicted as: ### p < 60 

0.001, #### p ≤ 0.0001. Significant differences vs T were depicted as: ttt p < 0.001. 61 

 62 

Figure 6: Effects of HS and therapeutic treatment o n the gene expression of 63 

hypertrophy and senescence markers after cartilage trauma. Traumatized cartilage 64 

explants were exposed to HS (30% v/v) and cartilage homogenate (HG; 20 µg/mL). 65 

Phenotypical changes were assessed by gene expression analysis of hypertrophy- and 66 

senescence-associated markers ((A) COL10A1, (B) MMP-13, (C) CXCL1, (D) IL-8, (E) 67 

RUNX2 and (F) VEGFA). Additionally, different therapeutics were tested: NAC (2 mM), Nec 68 

(40 µM), zVAD (z; 20 µM), ATA (75 µg/mL) and CLU (30 µg/mL). Unimpacted cartilage 69 

explants served as control (C); n ≥5. Significant differences between groups were depicted 70 

as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Significant differences vs C were 71 

depicted as: CCC p < 0.001. Blank bars = unimpacted cartilage, black patterned bars = 72 

traumatized cartilage, striped bars = impacted and serum-/ HG-stimulated cartilage; hi = 73 

heat-inactivated human serum (HS). 74 

 75 

Figure 7: Effects of HS and therapeutic treatment o n SA-ß-galactosidase activity and  76 

secretion of hypertrophy and senescence markers aft er cartilage trauma. Traumatized 77 

cartilage explants were exposed to HS (30% v/v) and cartilage homogenate (HG; 20 µg/mL). 78 

Phenotypical changes were assessed by secretion of hypertrophy- and senescence-79 

associated markers (A) MMP-13 and (B) IL-6. Additionally, different therapeutics were 80 

tested: NAC (2 mM), Nec (40 µM), zVAD (z; 20 µM), ATA (75 µg/mL) and CLU (30 µg/mL). 81 

(C) SA-ß-galactosidase (gal) was determined in isolated chondrocytes in different passages 82 

stimulated with HS (30% v/v) and HG for 48 h. (D) Quantification of SA-ß-gal-positive cells. 83 

Unimpacted cartilage explants served as control (C); n ≥5. Significant differences between 84 



groups were depicted as: * p < 0.05, *** p < 0.001, **** p < 0.0001. Significant differences vs 85 

C were depicted as: C p < 0.05, CC p < 0.01, CCC p < 0.001, CCCC p ≤ 0.0001. Blank bars = 86 

unimpacted cartilage, black patterned bars = traumatized cartilage, striped bars = impacted 87 

and serum-/ HG-stimulated cartilage; hi = heat-inactivated human serum (HS)/ fetal calf 88 

serum (FCS). 89 
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