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Abstract – English version 
In the field of arthritic joint diseases, numerous new therapeutic substances such as BMP-2, 

FGF-18 and the chemokine CCL25 are currently being investigated for the regeneration of carti-

lage tissue. However, the unknown clinical side effect profiles of these compounds pose a high 

economic development risk for a potential manufacturer. Preclinical options for risk stratifica-

tion of new therapeutics are limited to either poorly informative cell culture models or logistically 

immensely costly and ethically questionable animal studies. Therefore, there is a clear need for 

informative preclinical models that can be produced in large quantities and at low cost to evalu-

ate side effects and toxicity of experimental therapeutic approaches for joint diseases.   

The goal of this work was to establish such a joint model and subsequently evaluate it for poten-

tial side effects of CCL25 on tissue.  

For this purpose, a novel method for the preparation of osteochondral explant cultures from na-

tive human joint tissue was established, which can obtain up to 100 tissue cultures from a single 

tissue sample. To include in vitro-produced tissues as a potential pharmacological screening 

tool, osteoid tissue cultures were 3D printed stereolithographically from various human bone 

cells. After comparing both methods for their applicability, the explant models were stimulated 

with different concentrations of CCL25 for 21 days and subsequently evaluated for adverse ef-

fects. Furthermore, the inflammatory potential of CCL25 was analyzed in a separate experi-

mental setup with human immune cell subclasses.   

In the pharmacological analysis of CCL25 on tissue cultures, no direct toxic or strong metabolic 

effects on osteochondral tissue were found. However, the CCL25-specific receptor CCR9 was 

detected in the superficial cartilage layer, and gene expression analyses showed pro-prolifera-

tive influences at low concentrations and mild catabolic influences at high CCL25 concentra-

tions. Immunological analysis of CCL25 revealed that CCL25 has immense pro-inflammatory 

potential from concentrations of 50-100 nM and this must be considered as an important source 

of side effects in the context of therapeutic application.  

In conclusion, the thin section cultures proved to be a very suitable pharmacological screening 

tool with high production capacity and long tissue stability at the same time. The investigation of 

CCL25 did not show any direct tissue toxicity or metabolism alterations, but nevertheless a par-

adoxical proliferation stimulation and a high inflammatory potential, which underlines the abso-

lute necessity of a dosage control during application in case of a possible translation of CCL25 

as therapeutic agent. 
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Abstract - Deutsche Version 
Auf dem Gebiet der arthritischen Gelenkerkrankungen werden es derzeit zahlreiche neue thera-

peutische Stoffe wie z.B.  BMP-2, FGF-18 sowie das Chemokin CCL25 zur Regeneration von Knor-

pelgewebe untersucht. Die unbekannten klinischen Nebenwirkungsprofile dieser Stoffe stellen 

jedoch für einen potenziellen Hersteller ein hohes wirtschaftliches Entwicklungsrisiko dar. Präk-

linische Optionen zur Risikostratifizierung neuer Therapeutika beschränken sich entweder auf 

wenig aussagekräftige Zellkulturmodelle oder auf logistisch immens kostspielige und ethisch 

fragwürdige Tierversuche. Daher besteht ein deutlicher Bedarf an aussagekräftigen präklini-

schen Modellen, die in großen Mengen und zu geringen Kosten hergestellt werden können, um 

Nebenwirkungen und Toxizität experimenteller therapeutischer Ansätze für Gelenkerkrankungen 

zu bewerten.   

Ziel dieser Arbeit war es, ein solches Gelenkmodell zu etablieren und es anschließend auf mög-

liche Nebenwirkungen von CCL25 auf das Gewebe zu untersuchen.  

Dafür wurde eine neuartige Methode zur Herstellung von osteochondralen Explantatkulturen aus 

nativem menschlichem Gelenksgewebe etabliert, die aus einer einzigen Gewebeprobe bis zu 100 

Gewebekulturen gewinnen kann. Um in-vitro hergestellte Gewebe als potenzielles pharmakolo-

gisches Screening-Instrument einzubeziehen, wurden Osteoid-Gewebekulturen aus verschiede-

nen menschlichen Knochenzellen stereolithografisch 3D-gedruckt. Nach dem Vergleich beider 

Methoden auf ihre Anwendbarkeit, wurden die Explantmodelle 21 Tage lang mit verschiedenen 

Konzentrationen von CCL25 stimuliert und anschließend auf schädliche Auswirkungen unter-

sucht. Weiterhin wurde das inflammatorische Potential von CCL25 in einem sepparaten Ver-

suchsaufbau mit menschliche Immunzellsubklassen analysiert.   

In der pharmakologischen Analyse von CCL25 an Gewebekulturen wurden keine direkten toxi-

schen oder starke metabolische Einflüsse auf osteochondrales Gewebe festgestellt. Der CCL25-

spezifische Rezeptor CCR9 konnte jedoch in der oberflächlichen Knorpelschicht nachgewiesen 

werden und genetische Analysen zeigten proproliferative Einflüsse bei niedrigen Konzentratio-

nen- und leicht katabole Einflüsse bei hohen CCL25-Konzentrationen.  

Die immunologische Untersuchung von CCL25 ergaben, dass CCL25 ab Konzentrationen von 50-

100 nM ein immenses pro-inflammatorisches Potential besitzt und dies als wichtige Quelle von 

Nebenwirkungen im Rahmen einer therapeutischen Anwendung betrachtet werden muss. Zu-

sammenfassend erwiesen sich die Dünnschnittkulturen als ein sehr geeignetes pharmakologi-

sches Screeninginstrument mit hoher Herstellungskapazität bei gleichzeitig langer Gewebesta-

bilität. Die Untersuchung an CCL25 zeigten keine direkten Gewebetoxizität- oder Metabolis-

musalterationen, gleichwohl aber eine paradoxe Proliferationsstimulation und ein hohes in-

flammatorisches Potential, welches bei einer möglichen Translations dieses Wirkstoffes die ab-

solute Notwendigkeit einer Dosierungskontrolle bei Applikation unterstreicht. 
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1. Introduction 
 

1.1 Emerging therapies for osteoarthritis 
 

Osteoarthritis (OA) is the most common joint disease worldwide, affecting 5 million patients in 

Germany alone (Europe 40 million, U.S.A. 27 million) (prevalence: women 27%, men 18%)(1),(2). 

The available conservative therapy consists of anti-inflammatory and analgesic drugs as well as 

symptomatic injection of hyaluronic acid into the joint space. Due to the chronic progressive 

course, surgical procedures for joint or cartilage transplantation are usually the last therapeutic 

options left(3),(4),(5). In 2015, a total of approximately 398,000 joint replacement prostheses due 

to OA were implanted in Germany. The pure surgical costs for these were about 4,378,000,000€ 

in 2014; assuming mean surgical costs of 11,000€, costs of pre-treatments, complications and 

rehabilitation not included. This makes osteoarthritis one of the most burdensome diseases for 

society in economic terms - not only because of treatment costs, but also because of sick days. 

Due to the increasing prevalence of risk factors such as obesity and demographic change, costs 

are expected to rise even further (6).  

In recent years, a paradigm shift has occurred in the therapeutic prospects for degenerative car-

tilage diseases. The former belief that cartilage is a non-regenerative tissue has been changed 

by clinical experience with transplantation of autologous cartilage, chondrogenic matrices and 

in vitro studies on cartilage matrix cultures(7,8). It is now known that chondrocytes require a spe-

cial pro-regenerative microenvironment in addition to mechanical prerequisites to initiate matrix 

regeneration processes. The natural production of this microenvironment is often prevented by 

chronic inflammatory processes(9–11). Since then, there have been a number of research efforts 

to identify and characterize new agents and methods for regenerative stimulation of chondro-

cytes or cartilage tissue. The majority of studies in this area are based either on so-called growth 

factor proteins such as fibroblast growth factor 18 (FGF-18) and bone morphogenic protein 2 

(BMP-2) or on specific cell therapies(12,13). With regard to cell therapies, numerous experi-

mental projects have shown that a specific form of stem cells, called mesenchymal stromal cells 

(MSCs) hold therapeutic potential due to their highly regenerative secretome, which induces an-

abolic processes and regulates the local immune response - in the case of cartilage, precisely 

the microenvironment necessary to regenerate the matrix(14–17).   

A promising approach to combine the simplicity of protein-based therapy with the regenerative 

potential of MSCs is in-situ tissue engineering. The concept is based on refraining from harvesting 

and culturing cells and instead recruit autologous stem cells to the site of the lesion - which 

would prove to be much more economical and less invasive than an autologous cell therapy(18). 

The Tissue Engineering Laboratory at Charité – Universitätsmedizin Berlin is currently developing 

a chemokine-based attractant for MSCs that recruits a sufficient amount of autologous stem 

cells by injection into the damaged tissue. In broad migration assays, the C-C motif chemokine 

ligand 25 (CCL25) was identified as a potent candidate for therapeutic chemoattraction of MSCs 

(19). Using osteoarthritic Dunkin-Hartley guinea pigs as animal model a  weekly intra-articular 

injection of CCL25 dissolved in hyaluronic acid for five weeks resulted in a 25% mean reduction 

in cartilage degeneration compared to the untreated counterpart(20). To eliminate the need for 

frequent injections while maintaining a constant level of biologically active CCL25 in the joint 

space, a poly(lactide-co-glycolide) (PLGA)-based microparticle was developed in which the 

chemokine can be encapsulated and released in a controlled manner over a longer period of 

time(21,22). If successful, this could achieve a concentration which constantly recruits cells 

over 40-60 days and, through their secretome, establishes a pro-regenerative milieu in the joint. 
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This poses the possibility of a therapeutic option that is able to effectively to counteract the pro-

gression of osteoarthritis, which would at the same time be economically feasible and applicable 

on an outpatient basis. 

1.2 Methods and limitations of preclinical analysis for adverse Effects 

of experimental therapeutic approaches for osteoarthritis 
 

A major drawback of all growth factor- or chemokine based, innovative therapeutic strategies is 

the lack of clinical data regarding the safety or possible side effects of their application. This 

poses an obstacle in the translation of new therapeutic approaches, as further clinical develop-

ment is an verycostly undertaking and for any potential investor the possibility of unforeseen side 

effects represents a major financial risk. Therefore, existing products are often simply improved 

slightly instead of investing many resources in the development of completely new strate-

gies(23). This also applies to the drug candidate CCL25. Until now, no chemokine has been used 

therapeutically and it is therefore completely unclear from an empirical point of view which side 

effects could occur through intra-articular injection. A published literature search on our part 

revealed that the CCR9/CCL25 signaling axis is involved in numerous immunological and neo-

plastic processes(24). Increased expression of CCR9 and secretion of CCL25 is found in patho-

logical conditions such as endometriosis, inflammatory bowel disease, rheumatoid arthritis, as 

well as in various neoplasms such as colorectal carcinoma and non-small cell lung cancer(25–

29). It can therefore be assumed that the application of CCL25 could possibly cause serious in-

flammatory as well as hyperplastic side effects which in turn renders the further translation of 

the therapy very risky. To decide whether further translation of the active ingredient makes clini-

cal and economic sense, a targeted risk analysis is required which allows the probability of oc-

currence of side effects to be calculated. Traditionally, in the case of joint tissue, two-dimen-

sional chondrocyte cultures in monolayer and OA animal models are available for preclinical 

testing of the efficacy and side effects of such substances(30–32). Unfortunately, the former of-

ten leads to limited findings due to the lack of representation of the complex joint tissue compo-

sition (33), while the latter is associated with high costs and time expenditure and is therefore 

usually only applied when a basic efficacy seems to be very likely(15,34,35). Moreover, animal 

experiments are increasingly considered unethical and no longer appropriate for a modern soci-

ety. There is therefore a general impetus, especially in the field of pharmaceutical research, to 

develop alternative research methods that can both answer complex questions and at the same 

time do not involve physical or psychological suffering for sentient beings(36). Recently, this 

spectrum has expanded to include sophisticated 3D cultures and organ-on-chip applications. 

However, 3D cultures are either costly to maintain or, in the case of joint-on-a-chip, not yet com-

mercially available. Therefore, these methods are rather unsuitable for large-scale pharmaco-

logical studies with multiple doses and time points(37–39).   

One possibility currently opening up for the large-scale production of tissue cultures is the so-

called bioprinting: a interdisciplimary field between additive manufacturing and tissue engineer-

ing. This process technology is very heterogeneous; however, all individual processes are based 

on the fact that the architecture of the desired tissue scaffold is digitally pre-designed with com-

puter assisted design (CAD) software and then reproducibly produced by a computer numerical 

control system. The process of bioprinting consist of an layer-by layer build up of biological 

matrices which hardens to provide enough structural integrity for the following layer. These 

biomaterials can often be populated with cells prior to printing and can retain their vitality during 

the printing process by using cell-friendly printing methods. In contrast to tissue cultures such 



8 
 

as bone or cartilage micromasses, which are costly to produce, large quantities of identical tis-

sue cultures could be produced and used for pharmacological testing in a short time thanks to 

the automation capability of this process(40–43).  

Another very sustainable middle ground between cell- and animal models in joint modeling, how-

ever, is the use of tissue explants. Explants are living, native, and functional parts of organs ob-

tained from donor tissues or cadavers. In contrast to monolayer cell cultures, explants can ac-

curately represent part of the tissue composition and architecture(44),(45). In particular, tissue 

cells remain in their native extracellular matrix configuration and questions about their response 

to biological stimuli can be answered much more reliably in the native situation than, for exam-

ple, with monolayer cultures containing only one, heavily altered cell type. As early as 2009, Pret-

zel et al. published a highly regarded bovine explant in vitro model that they co-cultured with 

synoviocytes and were able to observe excellent cross-reactions of the different tissues over a 

longer period of time.(45),(46). However, in osteochondral research this modeling technique is 

severely limited by the availability of human donor tissue. With the commonly used technique of 

vertical punching of the joint tissue and subsequent fabrication of osteochondral punches with 

a diameter of at least 3 mm, only a very small number of explants can be fabricated from a tissue 

sample, depending on the tissue properties. In addition, the diffusion of nutrients and potentially 

interacting proteins is strongly hindered by the amount of glycosaminoglycans in the tissue. 

Therefore, explant thickness correlates negatively with the information that can be obtained 

about the behavior of cells located deeper in the tissue. These limitations make explants attrac-

tive for basic science but have prevented their use in larger-scale pharmacological studies. 

 

 

1.3 Aim of the study  

 
The aims of this study were  

I. The identification of appropriate tissue and cell culture forms for pharmacological risk 

assessment of new therapeutics for OA in specific comparison of tissue engineered tis-

sue and native tissue culture 

 

II. The subsequent risk profiling and determination of possible therapeutic range of CCL25 

application on osteochondral tissue.  

For this purpose, stereolithographic bioprinting was used to rapidly produce osteoid cultures 

from various native human bone cells, which can also serve for large-scale pharmacological 

analysis. Following printing, the constructs were cultured for 28 days and examined histologi-

cally and on gene expression level for tissue formation.  

In a comparative work, a novel method for the preparation of osteochondral explant cultures 

from human native tissue was established, allowing large numbers of cultures to be prepared 

from a small number of human samples. Subsequently, this tissue model was investigated for 

its suitability as a pharmacological testing tool -  including the possibility of co-culturing the tis-

sue cultures with immune cells from autologous synovial fluid. Following these experiments, the 

explant cultures were inoculated with three different concentrations of CCL25 and examined for 

changes in viability, histology, and gene expression.  

To complete the CCL25 risk profile in terms of immunological components regarding potential 

side effects, human leukocytes were isolated from whole blood in a second experimental set-
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up, cultured and inoculated with three different concentrations, as well as the components of 

the PLGA-based release system. Following this, the expression of activation-indicating surface 

markers on the leukocytes was measured via flow cytometry, the secretion of pro-inflammatory 

proteins was quantified by protein assay, and the chemoattractive potential of CCL25 on the dif-

ferent immune cell subclasses was recorded by migration assay.  

 

2. Methods 
 

2.1. Experimental growth of osseous tissue in 3D printed scaffolds. 
 

2.1.1. Isolation- and cultivation of different osseous cells 

A central part of the study was the evaluation of the osteogenic potential of different native cell 

sources. Therefore, cells were isolated from the following collection sites: (I) human bone mar-

row aspirate from the iliac crest, (II) cancellous fibula bone from remnants of a free tissue flap 

as part of a mandibular Maxillo-Facial surgical reconstruction, and (III) periosteal cells from mas-

toid tissue obtained during a mastoidectomy (Fig. 1 (a)). Periostal cells were extracted from hu-

man mastoid by digesting the tissue samples with collagenase and subsequent seeding into cell 

culture. Fibula bone cells were grown out from cancellous bone by mincing and seeding the bone 

in tissue culture flasks containing cell culture medium containing fibroblast growth factor 2 (FGF-

2). Bone marrow cells were isolated from bone marrow aspirates in the same manner as cancel-

lous bone cells. In total, 30 million cells per donor site were cultivated. Due to the rather unspe-

cific outgrowth culture, in which the cells grow out of the tissue via the nutrient gradient, the cells 

were first named mesenchymal progenitor cells (MPCs) and subsequently characterized more 

precisely via flow cytometry.  

2.1.2. Bioprinting and cultivation 

Following cell expansion of the cells in the monolayer, the MPCs of different donor sites were 

placed in a suspension of methacrylated gelatin concentrated at 20x106 cells at ml-1 (GelMA) (Fig 

2 (b)). A concave disk-shaped matrix with the diameter of 4mm and depth of 0.6mm was de-

signed via CAD and exported as a stereolithographic file. Subsequently, projection-based stere-

olithography was used to print a solid construct from the model and the prepared GelMA solution 

by projecting high-precision photomasks onto the printing dish (Fig 1 (c) and (d)). The different 

constructs were cultured and analyzed in osteogenic medium (DMEM with 1 g L−1 glucose, 10% 

FCS, 2.5% HEPES, 100 U mL−1 penicillin, 10 µg mL−1 streptomycin, 100 nM dexamethasone) for 

28 days. In total, 70 replicates where printed per cell type plus 70 non-laden constructs.  
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Figure 1. Experimental setup. (a) Human mesenchymal progenitor cells were isolated from different body tissues 

(alveolar bone (aB-MPC), fibula bone (fB-MPC), iliac crest bone (iB-MPC), iliac crest bone marrow (BM-MPC), perios-

teum of the mastoid (P-MPC)). Scale bar = 200 µm. (b) Preparation of bioink prior to bioprinting. (c) The bioprinting 

process. The print head is lowered into the ink reservoir and the bioink is solidified by projecting photomasks. (d) 3D 

model of printed construct which was previously designed with computer-assisted design (CAD) software and ex-

ported as an stereolithography (STL) file. Measurements are given in mm.   
Figure adapted from co-authored publication in International Journal of molecular science:  

Amler A-K, Dinkelborg PH, Schlauch D, Spinnen J, Stich S, Lauster R, Sittinger M, Nahles S, Heiland M, Kloke L, 

Rendenbach C, Beck-Broichsitter B, Dehne T. Comparison of the Translational Potential of Human Mesenchymal 

Progenitor Cells from Different Bone Entities for Autologous 3D Bioprinted Bone Grafts. Int J Mol Sci. 2021 Jan 

14;22(2):796, (47). 

 

 

2.1.3. Analysis of vitality-/viability 

On day 1, 7 and 28, the constructs were stained by PI/FDA and analyzed by fluorescence micros-

copy for the ratio of live to dead cells. Furthermore, a metabolic resazurin assay was performed 

on day 1, 10 and 28 to assess metabolic cell activity and individual cell viability progression. 

2.1.4. Mineralisation assay 

The most significant analytical parameter for the suitability of the individual cell sources is the 

rapid deposition of calcium phosphate crystals in the soft matrix environment. Therefore, the 

constructs were analyzed by osteoimage mineralization assay to quantify the hydroxyapatite 

content present. Staining intensity was determined in darkfield using a BIOREVO BZ-9000 micro-

scope. 

2.1.5. Gene expression 

Analogous to the thin section model, the gene expressing phenotype of the bone cells in their 

matrix was determined at the gene expression level. For this purpose, RNA was isolated from the 

constructs and the following osseous-specific genes were analysed by Real Time – quantitative 

Polymerase Chain Reaction (RT-qPCR): Alkaline Phosphatase (ALPL), Collagen I (COL1A1), Runt-

related transcription factor 2 (RUNX2), Secreted protein acidic and cysteine rich (SPARC) and 

Secreted phosphoprotein 1 (SPP1). The transcript for the ribosomal housekeeping gene Tata-Box 

Binding Protein (TBP) was used as the reference gene. 
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2.2. Studies on osteochondral thin-section cultures. 
 

The experiments on the thin-section explants are divided into three different phases. In the first 

phase, the production of the explant cultures was established and the culture form was exam-

ined for its suitability for long-term cultivation. For this purpose, the sections were cultured in a 

stimulus-free environment for 21 days and examined for their natural behavior in cell viability, 

histological integrity and gene expression phenotype. Furthermore, we  isolated local leukocytes 

from the synovial fluid of tissue donors to evaluate the possibility of osteochondral - leukocyte 

co-culture.  

In a second series of experiments, we examined whether the tissue responded adequately to 

catabolic and anabolic stimuli in order to determine its utility for biologic pharmacological stud-

ies. To this end, cultures were inoculated with varying concentrations of the catabolic protein 

TNF-α and the anabolic protein TGF-β and re-examined after 7 days for cell viability, histology, 

and gene expression. Experiments were performed both with and without the addition of fetal 

bovine serum (FBS) to investigate whether the tissue requires additional co-stimulators to re-

spond adequately to external stimuli. After confirmation by the first two series of experiments 

that osteochondral thin-section explants are suited for large-scale pharmacological experi-

ments, cultures were now inoculated with different concentrations of CCL25 in the third series 

of experiments. The cultures were constantly stimulated with either 1 nM, 5 nM or 50 nM CCL25 

for 21 days and then subsequently examined for cell viability, as well as histological and tran-

scriptomic alterations.  

 

2.2.1. Establishment of thin-section method 

The quantity limitation in the production of explant cultures is mainly due to the complicated and 

time-consuming preparation. Since both the cartilaginous and the bony tissues have to be cut, 

so far tissue punches have mainly been used for explant preparation in order to preserve the 

integrity of the tissue inside the punch. Therefore, the first step was to establish a cutting tech-

nique that could produce the thinnest possible pieces of tissue without damaging the integrity of 

the osteochondral junction. Tibial plateaus from patients with grade III osteoarthritis were re-

moved during surgical knee arthroplasty which served as donor tissue. Tissue removal was per-

formed in cooperation with the Center for Musculoskeletal Surgery of the Charité and the Clinic 

for Orthopedics of the Helios Klinikum Berlin Buch. Instead of punching out the tissue vertically 

from above, the tissue punch was placed laterally at the edge of the plateau, to punch out a 

cylinder parallel to the surface. This cylinder was subsequently cut vertically into 500µm thin 

slices.   

To enable reproducible and effective cutting of the osteochondral tissue, the punching cylinder 

had to be firmly fixed in the tray of a rotary microtome. Therefore, a special workpiece was 3D-

printed of resin with the same dimensions as a normal paraffin mold normally used in such mi-

crotomes, which was made in collaboration with the Charité workshop. In the center of the work-

piece are four cylindrical wells with dimensions 9.6 - 10 x 20 mm, into which the punched-out 

tissue-cylinders can be inserted and fixed. The cylinders are produced with a special tissue 

punch (OATS®, Arthrex), which are clinically used for mosaic plastics for cartilage reconstruc-

tion. It ensures low-injury punching safety via both, blade and handle design, and have an inte-

grated ejection system (Fig 2 (a)). After punching out a cylinder, measuring 2 x 1 x 1 cm, the cyl-

inder is fixed in the custom-made microtome insert and placed in the microtome. The microtome 

is then set to a cut thickness of 500 µm and cut with a N35 axial microtome blade with a swing. 
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The cut is then divided into three equal parts with a scalpel (Fig 3. (b)). The sections are placed 

in so-called hanging inserts in 24 well cell culture plates. These inserts allow an upright position 

of the explant culture with simultaneous 360° mass transfer (Fig. 2 (c)). To increase diffusion 

efficiency, the plates are plated on a horizontal shaker that tilts 45° in both directions at a rate of 

10 iterations per minute. The shaker and plates are placed in an incubator under cell culture 

conditions at a temperature of 37°C and 5%/CO2.  

 

 

Figure 2. Fabrication and culture of osteochondral live slices. (a) Punching of osteochondral cylinders. A 2cm thick 

with a 1cm diameter  1 x 1 sized osteochondral cylinder is punched out of the macroscopically unaffected area of a 

recently explanted human tibial plateau under sterile conditions using an orthopedic OATS® Tissue Punch (i, ii). The 

resulting cylinder is shown schematically in iii, cartilaginous areas are highlighted in yellow. Front and side views of the 

cylinder are shown in iv. (b) Cutting of osteochondral slices from the cylinder. The cylinder is inserted into a 3D-printed 

microtome insert (iv) with no additional fixation (i), and 500 - 800 µm thick cuts are cut out from the cylinder (ii). Fixation 

of the cylinder is shown schematically in iii. The resulting disc-shaped cuts (schematic: v) are cut into three parallele-

pipedal slices using a scalpel (vi). (c) Slices are immediately transferred to a hanging insert of a multi-well cell culture 

plate and covered in cell culture medium (i,ii). Plates are then placed on a horizontal shaker for culture at 37 °C and 

5% CO2.  

Figure is obtained from own publication in International Journal of Molecular Science:  

Spinnen J, Shopperly LK, Rendenbach C, Kühl AA, Sentürk U, Kendoff D, Hemmati-Sadeghi S, Sittinger M, Dehne 

T. A Novel Method Facilitating the Simple and Low-Cost Preparation of Human Osteochondral Slice Explants for Large-

Scale Native Tissue Analysis. Int J Mol Sci. 2021 Jun 15;22(12):6394, (48). 

Immune cell culture from synovial fluid 

CCL25 is mainly known in the context of chronic inflammatory diseases. Therefore, it was tested 

whether it is possible to simulate the immunological environment of the joint and to co-culture 

the osteochondral explants with their local immune cells. For this purpose, the synovial fluid of 

the patients was aspirated intraoperatively with a sterile cannula before removal of the joint. All 

cells were isolated, analyzed by flow cytometry and cultured in the possible low-stimulus media 

for the tissue culture (Dulbeccos modified eagle medium (DMEM) with 5% HEPES Buffer and 1% 

Penicillin/Streptomycin / Roswell Park Memorial Institute (RPMI) with 5% HEPES Buffer and 1% 

Penicillin/Streptomycin). Subsequently, the various immune cell subclasses were examined by 

flow cytometry for their individual survival in the respective media.   
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To distinguish the different subclasses we used antibodies against CD45-FITC (general leuko-

cytes), CD3-PE (T-cells), CD14-PE (Monocytes), CD16-PE (neutrophile granulocytes), CD56–

FITC (natural killer cells) and CD19-FITC (B-cells). LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit 

(Thermo Fisher Scientific, Waltham, USA) was used to exclude dead cells. 

 

2.2.2. Analysis of cell vitality- / viability 

Essential for the usability of the thin-section explant culture is the certainty that the cells within 

the tissue usually remain vital over the entire cultivation period. However, optical methods for 

determining vitality are generally only suitable as endpoint analysis due to the mostly toxic dyes 

or stimulation methods. Therefore, a non-toxic, metabolic assay would be much more suitable, 

as a progression analysis for pharmacological testing. To simultaneously determine long-term 

cell viability and the applicability of a metabolic assay, a total of 13 cultures from 2 different 

donors were cultured for 21 days. At the end of the cultivation period, two cultures of each donor 

were heated at 60° C for 30 minutes or 60 minutes to reduce cell viability and to achieve a homo-

geneous distribution of different viability levels within the samples. Subsequently, samples were 

incubated in a 10% resazurin DMEM cell culture medium mixture at 37°C in the dark for 2 hours. 

Resazurin is an oxidized, non-fluorescent blue dye that reduces to the fluorescent purple resoru-

fin in human mitochondria. The amount of vital cells can be quantified indirectly via the fluores-

cence of the medium. To verify that this assumption can also be made for cells within solid tis-

sues, the cell viability of samples measured in this manner were verified optically. For this pur-

pose, the tissues were stained with the live/dead staining mixture propidium iodide/fluorescein 

diacetate, the former staining exclusively avital cells and the latter vice versa staining exclusively 

vital cells. When excited in a wavelength of 475 nm, avital cells fluoresce red and vital cells flu-

oresce green at an emission wavelength of 535 nm, allowing a direct relationship of cell viability 

to total cell quantity. To simultaneously penetrate deep enough into the cartilage tissue and by-

pass its autofluorescence, a Nikon Scanning Confocal A1Rs1+ (Nikon, Tokyo, Japan) confocal 

laser microscope was used, which is capable of rendering a high-resolution three-dimensional 

image of the cell distribution - and its vitality status - through field-of-view shifts in the µm range. 

To test the coherence of the metabolic resazurin assay with the optical analysis of cell viability, 

the cell density of the vital cell per mm³ was first determined using a script for the ImageJ image 

analysis program. Subsequently, these values were statistically compared with the fluorometric 

measurements of the resazurin assays and correlated regressively. Due to a sufficient correla-

tion of about 88%, further long term cultures were tested exclusively with the metabolic resazurin 

assay for cell viability.  

 

2.2.3. Histological analysis 

Integral to the usability of tissue culture is the long-term stability of the native tissue configura-

tion to guarantee reliable readout. Of greatest interest here is whether the cutting process dam-

ages the integrity of the cartilaginous connective tissue to such an extent that the proteoglycans 

of the matrix flow out into the surrounding medium. This process is known in vivo from cartilage 

damage and osteoarthritis and alters the tissue enormously - so would be limiting for the usabil-

ity of the cultures(49). To detect tissue proteoglycan concentration, tissue cultures from 15 do-

nors were cryopreserved in embedding medium and liquid nitrogen on days zero, seven, four-

teen, and twenty-one, respectively, and then cut into 4 µm thick sections on a cryotome. The 

sections were then stained with Safranin-O/Fast-Green histochemical stain, which stains sul-

fated proteoglycans red and is suggested by the Osteoarthritis Research Societiy International 

(OARSI) for histopathological classification of cartilage damage(50). The stained sections were 
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photographed under a histologic microscope and proteoglycan content was analyzed by histo-

morphometry. Briefly, pictures were taken and all pixels in the areas of interest were valued in 

the RGB color mode with a tool based on Xcode (Apple inc., Sunnyvale,CA, USA). Histomorphom-

etry was performed by using the following macro on the software: 

 

𝑃𝑖𝑥𝑒𝑙 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑠 𝑟𝑒𝑑 = (𝑉𝑎𝑙𝑢𝑒𝑅𝑒𝑑 ∗ 2) > 𝑉𝑎𝑙𝑢𝑒𝐺𝑟𝑒𝑒𝑛 + 𝑉𝑎𝑙𝑢𝑒𝐵𝑙𝑢𝑒  

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑑 𝑝𝑖𝑥𝑒𝑙 = 2 ∗ 𝑉𝑎𝑙𝑢𝑒𝑅𝑒𝑑 − 𝑉𝑎𝑙𝑢𝑒𝐵𝑙𝑢𝑒 − 𝑉𝑎𝑙𝑢𝑒𝐺𝑟𝑒𝑒𝑛  

Values of the intensity ranged between 1 and 508, and reporting images depicting the intensity 

distribution were created (see Supplemental Figure S3). The mean intensity (sum of intensi-

ties/area of interest) was calculated from each image. 

 

2.2.4. Transcriptomic analysis 

Gene expression analysis was performed aiming to assess whether the cell-specific gene ex-

pressing phenotype is maintained and whether any observed effects are a response to a stimulus 

or a culture artefact. For this purpose, mRNA was isolated from the native cartilage samples by 

shock freezing and disruption using a special column system. This was then transcribed into 

cDNA by reverse transcriptase and subsequently quantified using RT-qPCR. The succinate dehy-

drogenase complex flavoprotein subunit A (SDHA) was used as a reference gene, since this mi-

tochondrial protein is not directly involved in the synthesis of matrix proteins, in contrast to com-

mon housekeeping genes such as GAPDH, and is therefore suited for the gene expression anal-

ysis of connective and supporting tissue cells. The mRNA of following matrix proteins was ana-

lyzed: the cartilage-specific collagen II (COL2A1), the more bone-specific collagen I (COL1A1), 

the proteoglycan aggrecan (ACAN), the cartilage support protein cartilage oligomeric matrix pro-

tein (COMP) and the cell division marker KI-67 (Ki67).  

 

2.3. Immunological studies of CCL25 on human immune cell sub-

classes. 
Due to the previously determined insufficient coverage of immunological physiology of the joint 

by the explant model, additional studies on the effects of CCL25 on immunological human cells 

are necessary. For this purpose, blood was collected from human donors and peripheral blood 

monocytic cells (PBMCs) were isolated. These were placed in different culture forms and inocu-

lated with three different stimuli. In the first group, the immune cell subclasses were inoculated 

with 3 different concentrations of CCL25, in the second group with CCL25-loaded and unloaded 

PLGA microparticles, and in the third with the supernatants of degraded PLGA microparticles 

(CCL25-loaded and unloaded). Subsequently, the secretion of pro-inflammatory cytokines was 

quantified in the supernatants of the immune cell cultures. Furthermore, the cells were exam-

ined for the expression of activation/polarization markers by flow cytometry and the chemotactic 

effect of the individual stimulation components on the different immune cells was measured via 

migration assay. 

2.3.1. Manufacturing of CCL25-containing PLGA microparticles 

To incorporate the hydrophilic chemokine CCL25 (Peprotech, Rockyhill USA) into the biode-

gradable polymer PLGA (Sigma-Aldrich, St. Louis USA), a water-in-oil-in-water (w1/o/w2) double 

emulsion followed by solvent evaporation was performed. For this, PLGA polymer was immersed 

in methylene chloride and served as the organic (o) phase. The internal aqueous phase consisted 

of 1 µg CCL25 per mg PLGA dissolved in lactose, bovine serum albumin and (300 mM)/BSA (0% 
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or Tris- buffer. After preparation, the particles were freeze-dried overnight and stored at 4° C. 

After removal of the supernatant, fresh medium was added to the particle solution and it was 

placed back in the shaker. Samples were collected every seven days, starting with day 7, and 

every 14 days from day 35 to day 63.  

2.3.2. Determination of the previously established quality criteria of the produced particles 

Scanning electron microscopy (SEM) analysis of the size and surface morphology of the particles 

was performed using a JFM-6000 electron microscope (Jeol, Akishima, Japan) for quality control 

of the prepared particles. On day 1 and day 63, images of the current batch of particles were 

acquired using the backscatter electron (BSE) detector at 200x and 1000x magnification. SEM 

analysis at day 1 showed consistently round particles of only slightly pronounced pore formation 

on an otherwise smooth surface. After a degradation period of 63 days, the shape of the previ-

ously round particles had been completely lost, leaving only fragments or deformed particles. 

This indicates that the degradation process is a prerequisite for the functional release of CCL25 

(Fig. 3a). The release kinetics were in accordance with the quality criteria for successful protein 

encapsulation previously determined by our research group: The amount of CCL25 released from 

the PLGA microparticles was measured using the human CCL25/TECK DuoSet® enzyme-linked 

immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, USA). The onset of the release pro-

cess could be identified around day 14, with more than 90% of the total CCL25 detected between 

day 21 and day 28. The strongest release was observed between days 14 and 21. Recovery of 

CCL25 amounted to 77% of the incorporated CCL25 (Fig. 3b)(21). 

 

 

Figure 3. A Characteristic features of PLGA particles. PLGA particles were analyzed morphologically with SEM, and 

functionally assessed by their CCL25 release profile. Representative SEM images of the PLGA particles generated are 
shown in a i,ii with × 40 and 200 magnification at day one, iii, iv with × 40/ × 200 magnification after 14 days of degra-
dation, v, vi with × 40/ × 200 magnification after 28 days of degradation and vii, viii with × 1000 magnification after 

63 days of degradation. Scale bars represent 500 and 100 µm, respectively B The cumulative release in percent ± SD 
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of CCL25 from PLGA particles over time until day 63 (n = 3) was determined by ELISA. CL CCL25-loaded, PLGA Poly 
(lactic-co-glycolic acid)  
Figure partly consists of images from own publication in Journal of Nanobiotechnology: 
Spinnen J, Fröhlich K, Sinner N, Stolk M, Ringe J, Shopperly L, Sittinger M, Dehne T, Seifert M . Therapies with 

CCL25 require controlled release via microparticles to avoid strong inflammatory reactions. J Nanobiotechnology. 

2021 Dec 25;19(1):83, (51).  

2.3.3. Cytokine secretion quantification 

Cytokine secretion was quantified by analysis of cell culture supernatants after one, three, and 

five days. For this a LEGENDplex™ human inflammation cytokine protein array was used. This 

array quantifies known pro-inflammatory signaling proteins; in our case with particular focus on 

the following: IFN-γ, TNF-α, MCP-1, IL-6, IL-8, IL-10. All samples were measured in a FACS Canto 

II cytometer and analyzed using Legendplex software. 

2.3.4. Analysis of surface marker expression 

After investigating the purity of the different PBMC subclasses with the antibodies CD3 FITC, CD4 

PE, CD8 PE, CD14 PE, and CD15 FITC, the inflammatory activation-inducing surface marker HLA-

DR was detected on all of them with the antibody HLA-DR PECy7. CCR9 expression was as-

sessed on all cell types separately with an antibody against CCR9 (CD199 APC). PBMCs con-

tained 60% T lymphocytes (CD3+), 46% CD4+ T lymphocytes, 26% CD8+ T lymphocytes, and 

19% monocytes (CD14+). Changes in surface markers on macrophages were analyzed using the 

antibodies CD14 APCCy7 and CD16 PerCPCy5.5 (general monocyte/macrophage markers), 

CD80 PE and HLA-DR PECy7 (M1 macrophage polarization markers), and CD206 APC (M2 polar-

ization marker).  

2.3.5. Analysis of chemotactic potential 

The migration behavior was investigated using a modified Boyden-Chamber assay. The princi-

ple is based on two-chamber systems separated by a microporous polycarbonate membrane. 

In one chamber the cultured cells are seeded, in the other chamber the possibly chemotactic 

stimulus is introduced. After a defined incubation time, the amount of migrated cells was eval-

uated manually from takes images assisted by a Cell Counter plugin for the optical analysis 

software ImageJ.  

 

2.4. Statstical analysis 
In the context of descriptive statistics, all data sets from the different stimulation experiments 

were each tested for normal distribution using the Lillefors-corrected Kolmogorov-Smirnov test. 

Normally distributed data sets were analyzed with a paired Student's t-test to detect significant 

changes compared with negative controls. Data sets that were not normally distributed were 

tested for significance using the nonparametric Mann-Whitney U test. Because only one statisti-

cal test was performed for each data set, a Bonferroni-Holms-corrected p value of 0.05/1 = 0.05 

was considered significant. Due to the low risk of a multiple comparison problem, no additional 

post-hoc tests were performed. Since high standard deviations are to be expected due to the 

work with human native samples and the associated donor variability, a Grubbs outlier test was 

performed on all data sets to minimize errors of the second kind. 

The correlation of the optically determined cell vitality with the fluorometrically quantified results 

of the metabolic vitality measurement was performed individually for each donor using the two 

tailed Pearson test for correlation analyses 

For the establishment of the osteochondral thin-section tissue cultures  an a priori case number 

calculation was performed. Based on the existing studies on the high efficacy of anabolic and 
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catabolic signaling proteins on osteochondral tissue in conjunction with the effect uncertainties 

in the reestablishment of this particular tissue culture, a moderate coefficient of determination 

of the model of R=0.6 was applied(52),(45). Thus, the required number of cases was calculated 

to be n=15 donors with a target power of 0.8 and a fixed alpha error of 0.05.  Since each stimula-

tion time point and test concentration requires 15 biological replicates, a total of 390 tissue cul-

tures from 15 different tissue donors were examined. 

 

 

3. Results 
3.1. Bioprinting and analysis of osteoid constructs from native human 

bone cells 
 

3.1.1. Different bone entities have different cell out-growth kinetics and cell yields 

The tissue from the different sampling sites each showed very different behavior in the outgrowth 

culture. While the periosteal cells and bone marrow cells reached first confluence after 14 days, 

it took up to 28 days for the solid bone parts to reach the first passage. Even after the first pas-

sages, the cancellous bone MPCs took 10 - 11 days to reach the next passage, while the bone 

marrow- and periost derived cell sources took about 4 - 5 days. To produce the required quantity 

of cells per sampling site, a total of 40-50 days were required. 

3.1.2. Stereolithography is suited to print highly viable cell laden 3D scaffolds  

To print cell-laden constructs with a cell density of 20 x106 cells per mm³, a total of 30 million 

cells per donor were required. After Printing of the constructs, they were cultured in an osteo-

genic medium for 28 days and examined microscopically at day 0 and day 28. The microscopic 

images from day 0 showed a homogenous cell distribution in the cell-loaded constructs. Subse-

quently, the cell-free bioprints maintained their size and disc-like shape throughout the cultiva-

tion period, whereas shrinkage and central retractions were observable in the cell-loaded con-

structs. During cultivation, the periosteal cell-loaded constructs became progressively less 

translucent. All other constructs maintained translucency throughout. Propidium fluoride/fluo-

rescein diacetate live-dead staining showed cell viability of >90% for all cell-loaded printed con-

structs during the 28-day.dead (Fig. 4 (a)). To assess the kinetics of metabolic activity of the cells, 

a resazurin-based metabolic viability assay was also performed. All different cell types showed 

an increase in metabolic activity relative to baseline values at day 10, which also fell back to 

approximately baseline levels in cell types at day 28. The increase was most pronounced in per-

iosteal cells (1.7-fold increase), followed by bone marrow (1.4-fold increase) extracted and bone-

derived cells (1.2-fold increase) (Fig. 4 (b)).  

3.1.3. Periostal cells show the strongest osteogenic potential  

The two-step process of bone matrix formation consists of collagen-I based formation of the os-

teoid and its subsequent calcification by osteoblast incorporation of small calcium phosphate 

crystals. These intercalations were investigated using the OsteoImageTM mineralization assay, 

which stains the hydroxyapatite components of the minerals. Analogous to the metabolic activ-

ity, constructs loaded with periosteal cells also showed a uniform signal on day 28. Constructs 

containing bone marrow-derived MPCs showed incipient ossification in the form of the formation 

of nodule-like structures. Constructs containing cells isolated from whole bone showed no sig-

nal at all in the majority (Fig. 4 (c)). To assess osteogenic differentiation of the printed constructs 
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at the level of gene expression, RT-qPCR normalized to the housekeeping gene TATA box binding 

protein (TBP) was performed. The markers of early osteogenic differentiation alkaline phospha-

tase (ALPL) and collagen I (COL1A1), the osteogenic regulatory marker runt-related-transcription 

factor 2 (RUNX2), and the markers of late osteogenic differentiation osteonectin (SPARC) and 

osteopontin (SPP1) were measured. All of the above genes were detectable in the differently 

loaded constructs, but with widely varying expression: The marker gene of early osteogenic dif-

ferentiation ALPL showed a significant increase over the 28 days of cultivation only in  B-MPCs. 

The also early mentioned osteogenic marker gene COL1A1 displayed a significant increase in 

constructs with B-MPCs and for BM-MPCs. In contrast, a significant decrease in COL1A1 expres-

sion was observed in constructs with periosteal cells within the first 7 days and remained at a 

lower level at day 28. Furthermore, a stable expression of the marker genes of late osteogenic 

differentiation SPARC and SPP1 could be detected. 
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Figure 4. Viability of cells and mineralization in bioprints. (a) Fluorescence microscopy images of propidium io-
dide/fluorescein diacetate stained constructs showing living cells in green and dead cells in red on days 1, 7, and 28. 

Representative images shown for P-MPC1. Scale bar = 1000 µm. (b) Results of alamarBlueTM assay on days 1, 10, and 

28 of cultivation. Viability was normalized to the respective value for each cell type on day 1, n = 2. (c) Mineralization 

of printed constructs. Histological staining on day 1 (white bordered rectangle) and day 28, using OsteoImage™ Miner-
alization Assay. Scale bar = 500 µm. Alveolar bone (aB-MPC), fibula bone (fB-MPC), iliac crest bone (iB-MPC), iliac 
crest bone marrow (BM-MPC), periosteum of the mastoid (P-MPC)  
Figure adapted from co-authored publication in International Journal of molecular science:  
Amler A-K, Dinkelborg PH, Schlauch D, Spinnen J, Stich S, Lauster R, Sittinger M, Nahles S, Heiland M, Kloke L, 
Rendenbach C, Beck-Broichsitter B, Dehne T. Comparison of the Translational Potential of Human Mesenchymal 
Progenitor Cells from Different Bone Entities for Autologous 3D Bioprinted Bone Grafts. Int J Mol Sci. 2021 Jan 
14;22(2):796, (47).  
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3.2. Establishment of osteochondral thin section cultures 
 

3.2.1. Tissue slice cultures can be obtained in large quantities from single samples and exhibit 

stable histologic and gene expression long-term behavior 

Tissue of 23/25 donors was suitable for the preparation of slice preparations. The extent of sub-

chondral sclerosis of the bone proved to be a decisive factor for the suitability for the preparation 

of slice cultures. The brittleness of the bone increases noticable with the degree of sclerosis, 

resulting in the subchondral cancellous bone being crushed rather than cut smoothly by the im-

pact of the blade. Three punched cylinders were obtained from all other donors, from each of 

which 30 - 36 slice cultures could be safely prepared. For reasons of logistical feasibility, we 

cultivated the slice cultures from only one punch cylinder each - from a technical point of view, 

cultivation of 90-100 slice cultures per donor could have been archived.  

The section thickness of 500µm proved to be optimal in order to allow for sufficient laser pene-

tration and thus perform a three-dimensional optical analysis of cell distribution and viability by 

confocal laser microscopy. The analysis revealed a highly preserved spatial distribution and of 

chondrocytes in the cartilage tissue with completely preserved stratification of the different car-

tilage zones (columnar deep zone; pearl cord-like structure in the middle zone; densely packed 

cells in the superficial zone) without signs of diffusion-induced cell outgrowth (Fig 5(a)).  

Quantification of cell vitality in fluorescence microscopy staining showed a value above 90% af-

ter a culture period of 21 days. To ensure that the further performed metabolic resazurin assay 

also adequately reflected viability and was not hindered by the dense osteochondral ECM, the 

results of the optical analysis were compared with the fluoroscopic measurements of the resaz-

urin assay. A regressive correlation analysis showed a correlation coefficient of R²= 80 - 84.5% 

of the optically determined cell viability with the metabolic resazurin assay (Fig. 5(b – i)). There-

fore, in the further course, continuous resazurin measurements were performed to assess long-

term viability. These showed long-term viability of <95% at all measured time points (Fig. 5(b – 

ii)).   

To analyze whether native slice cultures retained their tissue-specific histological composition, 

the proteoglycan content of the long-term cultures was quantified by Safranin-O staining. Alt-

hough a statistically significant decrease in proteoglycan content (p < 0.05) was observed at day 

7, in the long-term experiment compared to day 0 the overall mean proteoglycan content not 

significantly different from day 0 at days 14 and 21 (Fig. 5(c)).  

Expression of the cartilage-related genes COL2A1 and ACAN remained stable for 14 days com-

pared with their levels at day 0 and decreased significantly by day 21 in unstimulated. The carti-

lage remodelling marker COL1A1 briefly increased at 7 days but returned to day 0 levels by 21 

days. COMP expression decreased more rapidly and significantly at 7 days and further decreased 

to 27 ± 21% and 14 ± 12% at 14 and 21 days, respectively (Fig. 5(d)).   
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Figure 5. Long term behaviour of osteochondral slice cultures.   (a) Confocal laser scanning microscopy of slices 
at three weeks of culture following heating at 60 °C for 0, 30 or 60 min and live/dead staining with PI/FDA. Vital cells 
appear green, while dead cells appear red. (b) i: Correlation analysis of vital cell count as determined by CLSM and 
metabolic activity as determined by AlamarBlue resazurin assay. Two donors and a total of 13 slices with varying via-
bility were analyzed and revealed correlation coefficients of 0.8 and 0.845..ii: Viability of slices without FBS or other 
stimulating factors over 21 days, relative to day 0. (c) Safranin O-stained slices of one donor (i) and histomorphomet-
rical analysis (ii) over three weeks (d) Gene expression analysis of live slice explants via RT-qPCR analysing cartilage-
typical markers COL2A1, COL1A1, ACAN and COMP and proliferation Marker Ki-67 in serum-free cultured slices over 
three weeks (n = 12) relative to the day 0 value.  
Figure adapted from own publication in International Journal of Molecular Science:  
Spinnen J, Shopperly LK, Rendenbach C, Kühl AA, Sentürk U, Kendoff D, Hemmati-Sadeghi S, Sittinger M, Dehne 
T. A Novel Method Facilitating the Simple and Low-Cost Preparation of Human Osteochondral Slice Explants for Large-
Scale Native Tissue Analysis. Int J Mol Sci. 2021 Jun 15;22(12):6394, (48). 
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3.2.2. Immune cells from synovial fluid and whole blood show low viability in tissue culture 

medium 

To evaluate the possibility of tissue and synovial immune cell co-culture, immune cells were ex-

tracted from autologous synovial fluid of tissue donors, placed in the possible tissue culture con-

dition (DMEM with 5% HEPES, 1%Penicillin/Streptomycin or RPMI with 5% HEPES, 1%Penicil-

lin/Streptomycin), and analyzed for viability by flow cytometry after 1, 3, 7, and 10 days. The re-

sults were compared with leukocyte extracts from whole blood. The analysis showed that while 

50% of the CD45+ cells from synovial fluid survive until day 10, the viability of the subpopulations 

(CD3+, CD14+, CD16+, CD56+, CD19+) are reduced by an average of 90% at day two in culture 

and is no longer detectable by day seven at the latest (Fig. 6(a)). Immune cell populations from 

whole blood showed a similar result as cells from synovial fluid with already completely avital 

subpopulations in both media after 7 days (Fig. 6(b)). 

 

Figure 6. Vitality analysis of different immunecell subsets in low-stimulus environment (a) Flow cytometric via-
bility measurement of immune cells isolated from synovial fluid after days 0, 2, 7, and 10 in either DMEM or RPMI 
medium. Immune cells are plotted according to specific surface markers: T-cells CD3+; Monocytes CD14+; Neutrophil 
Granulocytes CD16+; Natural Killer Cells CD56+; B-cells CD19+. (b)  Flow cytometric viability measurement of immune 
cells isolated from whole blood after days 0, 2, 7, and 10 in either DMEM or RPMI medium. Immune cells are plotted 
according to specific surface markers: T cells CD3+; Monocytes CD14+; Neutrophil Granulocytes CD16+; Natural Killer 
Cells CD56+; B cells CD19+. DMEM: Dulbeccos Modiefied Eagle Medium; RPMI: Roswell Park Memorial Institute Me-
dium 
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3.2.3. Osteochondral live slice cultures stayed highly reactive towards anabolic and katabolic 

stimuli without additional serum 

To test the reactivity of cells to external stimuli, we intended to induce measurable changes in 

tissue behavior of the cultures by the addition of the catabolic/anabolic stimuli TNF-α and TGF-

β3; respectively, with and without the addition of FBS.  Stimulation with TNF-α and TGF-β3 had 

no measurable effect on cell viability; however, FBS added to the culture medium resulted in 

significantly increased viability levels in all stimulated groups and in the control group (Fig 7. (a)). 

To analyze whether native slice cultures can respond to molecular stimuli with remodeling of the 

ECM, the slices of TNF-α-stimulated cultures (and their negative controls) were stained with Saf-

ranin-O, because TNF-α is an important trigger of matrix degeneration processes in cartilage. The 

proteoglycan content of the stimulated cultures and their negative controls were quantified his-

tomorphometrically at days 0 and 7. The proteoglycan content in the TNF-α-treated group was 

significantly reduced by 32% compared to the untreated control group on day 7. Consistent with 

the changes in gene expression, TNF-α-stimulated slices exhibited altered histomorphology. In-

tracartilage fibers appeared less dense, while chondrocyte diameter and apparent volume in-

creased (Fig. 7(b)).  

Transcriptomic analysis showed different results in the stimulation groups with and without FCS 

addition. In the serum-free group, stimulation with TNF-α resulted in a significant and dose-de-

pendent decrease in the expression of COL2A1, ACAN, and COMP. Compared with control at 

day 7, COL2A1 expression was 11% and 5% at low and high TNF-α doses, respectively. ACAN 

expression was also significantly lower at 42% and 15%, whereas COMP expression decreased 

to 44% and 10%. Stimulation with TGF-β3 resulted in a 19-fold increase in COL1A1 expression 

and a 9-fold increase in COMP expression. MMP13 expression did not change significantly after 

incubation with TNF-α but was markedly decreased to 6% after stimulation with TGF-β3. In the 

serum-stimulated group, however, the responses were all significantly reduced. Stimulation with 

TNF-α resulted in reduced COL2A1 expression of 33% at the low concentration and 11% at the 

high concentration compared with the control. The mean expression levels of ACAN and COMP 

in FBS+ groups also decreased after TNF-α exposure, although no coherently dose-dependent or 

significant effects were observed. TGF-β3 stimulation resulted in a 29-fold increase in COMP ex-

pression and a 2.4-fold increase in COL1A1 expression, as well as a decrease in MMP13 expres-

sion to 42% (Fig. 7(c)).   

On average, Ki-67 expression increased considerably from day 0 to 7, but, presumably due to the 

the low initial absolute expression of Ki-67 at day 0, very high inter-donor variability was ob-

served, leading to statistically non-significant results. Stimulation with low-concentration TNF-α 

resulted in 31 ± 65% expression at day 7 in the FBS+ groups, whereas unexpectedly higher-con-

centration TNF-α resulted in a 50 ± 112-fold increase. TGF-β3 stimulation resulted in a 37 ± 60-

fold increase in expression at 7 days compared with control at day 0 (p = 0.06). However, in the 

FBS+ group, all 3 stimulation groups and the control had statistically significant changes between 

days 0 and 7, achieving fold-changes of 12,045 ± 17,483 (TNF-α low), 1686 ± 2180 (TNF-α high), 

and 4889 ± 9110 (TGF-β3) compared with day 0. No statistically significant differences were ob-

served between the FBS+ cultured stimulation groups or between any of the groups and the neg-

ative control at day 7 (Fig. 7 (d)). Because of this very pronounced, nonspecific overlay reaction 

of serum on Ki-67, the following stimulation experiments with CCL25 were performed without 

serum for higher sensitivity. 
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Figure 7. Reactivity analysis towards TNF-α and TGF-β (a) Viability of slices with- and without FBS after stimulation 
with either TNF- α or TFG-β over 21 days, relative to day 0 (b) Comparison of staining intensity in TNF-α-stimulated and 
non-stimulated slices. Stimulated slices (three exemplary donors shown in (i)) show a mean reduction in red intensity 
of 32% (ii, n = 6). (c) Gene expression of cartilage-typical markers after 7 days of stimulation with TNF-α or TGF-β3 and 
with or without FBS (n = 6) relative to the control on day 7(d) expression of proliferation marker Ki-67 after 7 days of 
stimulation with TNF-α or TGF-β3 and with or without FBS (n = 6), relative to the day 0 control to show the larger increase 
in the F+ group. Statistically significant differences denoted as * p < 0.05, ** p < 0.01, *** p < 0.001. 
Figure is adapted from own publication in International Journal of Molecular Science:  
Spinnen J, Shopperly LK, Rendenbach C, Kühl AA, Sentürk U, Kendoff D, Hemmati-Sadeghi S, Sittinger M, Dehne 
T. A Novel Method Facilitating the Simple and Low-Cost Preparation of Human Osteochondral Slice Explants for Large-
Scale Native Tissue Analysis. Int J Mol Sci. 2021 Jun 15;22(12):6394, (48).  

3.3. Stimulation of osteochondral explant cultures with CCL25 
 

3.3.1. CCL25 shows no cell-toxic effects on osteochondral cells 

To investigate the response of joint tissues to stimulation with CCL25, 26 individual thin section 

cultures were prepared from the knee joint tissues of each of 15 tissue donors, stimulated with 

either 1 , 5 or 50 nM CCL25 and cultured for 21 days. Every 7 days, a sample from the corre-

sponding stimulation group was taken for histological and gene expression analysis, respec-

tively. Viability analysis of the cultures by resazurin assay showed no statistically significant de-

viation from the viability measured at day zero for any of the doses of CCL25 tested. The average 

viability at day 21 was 107% (1 nM CCL25), 128% (5 nM CCL25), and 104% (50 nM) (Fig. 8 (a)).  
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3.3.2. Histology shows CCR9 receptor in superficial cartilage layers but no catabolic or ana-

bolic reactions towards CCL25 stimulation 

First, the explant cultures were examined immunohistologically for expression of the CCL25-

specific receptor CCR9. The receptor was strongly expressed on all samples examined. Strik-

ingly, expression was only evident in the superficial cartilage zone, where chondrocytes typically 

resemble mesenchymal stromal cells in their phenotype or genotype than chondrocytes in the 

deeper cartilage layers (Fig 8 (b)). To detect possible anabolic or catabolic processes induced by 

CCL25, the samples were stained with Safranin-O and the color intensity was quantified by his-

tomorphometry analogous to the establishment of the slice cultures. There was no statistically 

significant deviation of red intensity from the negative control detectable in any of the stimulation 

groups  (Fig. 8 (c)).  

3.3.3. Low doses of CCL25 cause proliferation marker spikes in chondrocytes while high dos-

ages result in a mild catabolic reaction 

Quantitative analysis of key marker genes of cartilaginous matrix production revealed a CCL25 

dose-dependent reduction in collagen II expressions that reached statistical significance at a 

stimulation concentration of 50 nM after 14 days. Collagen I expression decreased after stimu-

lation with CCL25 on day 14 for all three CCL25 stimulation concentrations – but only statistically 

significant in the 5nM stimulation group. Afterwards, the expression increased again to no statis-

tically detectable difference from the control group.  Aggrecan gene expression after stimulation 

with CCL25 did not significantly deviate from the control groups (Fig 8(d)), which remained stable 

for 14 days and then dropped slightly after 21 days (Fig. 5 (d)). Similarly, the expression of COMP 

did not show any statistically significant change towards all concentrations of CCL25 (Fig. 8 (d))   

and behaved similarly to the preliminary experiments with a continuous decrease in expression 

with no detectable anabolic or catabolic effect from CCL25 stimulation (Fig. 5 (d)). The expres-

sion of the proliferation marker Ki-67 showed a steep increase at a concentration of 1 nM and 

statiscially significant increase at a concentration of 5 nM after 7 days of stimulation, which then 

dropped significantly below the initial level in the next measurement after 14 days. After stimu-

lation with 50 nM CCL25, Ki-67 showed a tendency to increase but without reaching statistical 

significance (Fig. 8 (d)). 
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Figure 8. Stimulation of osteochondral tissue cultures with CCL25 (a) Viability of slices after stimulation with 1 nM, 
5 nM or 50 nM CCL25 over 21 days, relative to day 0 (b) Immunhistochemical staining of native human cartilage for 
CCR9 surface receptor (c) Histomorphometric analysis of Safranin-O-stained osteochondral thin section cultures af-
ter stimulation with 1nM, 5nM and 50nM CCL25 on day 7, 14 and 21. (d) gene expression of cartilage-typical markers 
and proliferation marker after stimulation with 1 nM, 5 nM and 50nM CCL25 on day 7, 14 and 21. Statistically significant 
differences denoted as * p < 0.05,  

3.4. Analysis regarding inflammatory potential of CCL25 
 

To assess the inflammatory potential of CCL25, different immune cell subclasses were isolated 

from human whole blood, stimulated with CCL25 and the components of its PLGA based delivery 

device, and subsequently analyzed for the extent of any inflammatory response. First, the differ-

ent subpopulations were flow cytometrically analyzed for expression of the CCL25-specific re-

ceptor CCR9. Analysis showed that CCR9 was expressed proportionately in each subpopulation: 

PBMCs, monocytes, and CD4+ showed CCR9 expression of 31%, 45%, and 34%, respectively. 

The lowest expression was on CD8+ T cells at 21%; the highest expression was on M1 polarized 

macrophage genes at 78%. Of the M0 polarized macrophages, a significantly lower proportion 

expressed the CCR9 receptor at 34%.  

3.4.1. Direct CCL25 stimulation causes unspecific inflammatory activation and migration of 

different leukocyte subsets 

To investigate the direct response of immune cell subclasses to CCL25, PBMCs and differently 

polarized macrophages were inoculated with solutions of 10, 100 and 750 nM CCL25 for 5 days. 

LEGENDplex immunoassay analysis of their supernatant revealed a dose-dependent increase in 
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the secretion of pro-inflammatory cytokines, which was different in the different subpopulations: 

PBMCs responded with a pronounced and dose-dependent secretion of the pro-inflammatory 

chemokines and cytokines IL-8, MCP-1, TNF-α, IL-1β, interleukin-6 (IL-6) and IFN-γ. In terms of 

stimulation dose, a concise difference was seen between the response to high and low doses: 

whereas only moderate increases were seen for most cytokines/chemokines in the 10 nM and 

100 nM CCL25 stimulation groups, PBMCs responded with a strong increase in all mediators 

tested in the 750 nM stimulation group. When testing different macrophage subsets, M0 macro-

phages responded strongly and dose-dependently to CCL25 stimulation with up to a tenfold in-

crease in IL-8 secretion in the 750 nM group (p = 0.08), whereas M1 macrophages showed a small 

increase regardless of the dose used (Fig. 9 (A) and (B)).  

Furthermore, analysis of the expression of the leukocyte activation marker HLA-DR was per-

formed on PBMCs by flow cytometry. Here, PBMCs showed very significant HLA-DR upregulation 

when exposed to all three CCL25 concentrations. The strongest upregulation was seen in 

CD45+CD3-negative cells (all mononuclear leukocytes except T cells) - with a dose-dependent 

increase up to a 1.8-fold change compared with the negative control. Furthermore, CD4+ cells 

also responded to CCL25 stimulation in a dose-dependent manner with significant HLA-DR up-

regulation. The changes in HLA-DR expression levels in CD8+ cytotoxic T cells was significantly 

weaker - showing lesser changes in expression levels and did not reach statistical significance. 

M0 and M1 macrophages also showed no statistically significant changes in their expression pat-

terns (Fig. 10 (A) and (C)).  

Analysis of chemoattractive potential by Boyden-Chamber migration assay revealed a strong in-

crease in migration in T-cells at CCL25 concentrations in the range of 500 – 1000 nM, more pro-

nounced in CD8+ than in CD4+ positive cells (Fig. 10 (B)).  
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Figure 9. CCR9 expression and secretion profile of immune cell subsets after stimulation with CCL25. PBMCs, 

unpolarized (M0) and polarized macrophages (M1) were stained with a CCR9-specific antibody and analyzed by flow 

cytometry. PBMCs and macrophages were stimulated with different dosages of CCL25 or left unstimulated as a neg-

ative control. A LEGENDplex cytokine array was performed using the culture supernatants after day 1, day 3 and day 

5. a The expression of the CCL25-receptor CCR9 on different immune cell subsets is shown as mean of the percentage 

of marker positive cells + SD (n = 1–4). b Shown are the cytokine/chemokine release data for M0 and M1 macrophages 

after one-day stimulation with 10, 100 and 750 nM CCL25 as the mean fold change + SD compared to the negative 

control (red dotted line) (n = 4). c The cytokine/chemokine release data for PBMCs stimulated with 10, 100 and 750 nM 

CCL25 over three days are displayed as the mean fold change + SD normalized to the negative control (red dotted line) 

(n = 3). Significance was analyzed using either a student’s T-test or the Mann–Whitney-U test depending on whether 

data followed normal distribution. Individual p-values are given above the bars if lower than p = 0.20. PBMCs:peripheral 

blood mononuclear cells, ΜΦ Macrophages  

Figure is adapted  from own publication in Journal of Nanobiotechnology:  

Spinnen J, Fröhlich K, Sinner N, Stolk M, Ringe J, Shopperly L, Sittinger M, Dehne T, Seifert M . Therapies with 

CCL25 require controlled release via microparticles to avoid strong inflammatory reactions. J Nanobiotechnology. 

2021 Dec 25;19(1):83, (51). 
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Figure 10. Surface marker changes and migration behavior of immune cell subsets after CCL25 stimulation. 
After stimulation with different dosages of CCL25 (10, 100, 750 nM), immunofluorescence staining with antibody pan-
els and subsequent flow cytometry was performed to detect leukocyte activation and macrophage polarization based 
on surface marker expression. Additionally, a Boyden-Chamber migration assay was performed with a CCL25 dilution 
series (0.01–1000 nM). a HLA-DR expression levels of different immune cell subsets stimulated with 10, 100 and 
750 nM CCL25 over three days are shown as the mean of the percentage of marker positive cells + SD normalized to 
the negative control (red dotted line); n = 3. b The migration of immune cell subsets towards a dilution series of CCL25 
is displayed as the mean + SD of the number of migrated cells (n = 4). Macrophage polarization through CCL25 stimu-
lation was analyzed by immunofluorescence antibody staining and flow cytometric analysis of M0 and M1 macro-
phages against either c M1 polarization markers CD80 and HLA-DR or d M2 polarization markers CD163 and CD206 
(n = 4). Surface marker expression levels are shown as the mean + SD of normalized values compared to the negative 
control (red dotted line). Statistical significance was analyzed using either a student’s T-test or the Mann–Whitney-U 
test depending on whether data followed a normal distribution. Individual p values are given above the bars if lower 
than p = 0.20. ΜΦ MacrophagesResponse to CCL25 loaded and unloaded PLGA particles  
Figure is adapted  from own publication in Journal of Nanobiotechnology: 
Spinnen J, Fröhlich K, Sinner N, Stolk M, Ringe J, Shopperly L, Sittinger M, Dehne T, Seifert M . Therapies with 

CCL25 require controlled release via microparticles to avoid strong inflammatory reactions. J Nanobiotechnology. 

2021 Dec 25;19(1):83, (51). 

 

 

3.4.2. Neither CCL25 loaded- nor unloaded PLGA microparticles show strong inflammatory 

potential. 

To exclude the possibility that the PLGA particles have their own inflammatory potential or that 

the encapsulation of CCL25 does not function sufficiently, the same immune cell subclasses 

were stimulated with both CCL25-loaded (CL) and unloaded PLGA microparticles (NL) and also 

examined for secretome, surface marker expression and migration. Secretome analysis of 
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PBMCs showed a slight increase in secretion of the cytokines IL-8 and MCP-1, with no significant 

difference between loaded and unloaded particles. Macrophages also reacted with an increase 

in IL-8 secretion, which was significantly more pronounced in the M0 group than in the M1 group 

(Fig. 11 (A) and (B)).   

Analysis of surface markers revealed no statistically significant changes in PBMCs, but a signifi-

cant reduction in CD80 expression, a typical M1 marker, by 1.5-fold in M1 macrophages in both 

loaded and unloaded particles. However, the second M1 marker studied, HLA-DR, showed no 

significant changes in expression level. At the same time, expression of the characteristic M2 

surface marker CD206 tended to increase in co-cultures of already polarized M1 macrophages 

with the particles. Expression of the M2 marker CD163 tended to decrease by 1.20 in both groups 

with the 0.5 % w/v particles. Unpolarized M0 macrophages also showed a slight decrease in 

CD80 and CD163 but no increase in CD206 after particle incubation. No significant differences 

were observed between the loaded and unloaded particles (Fig. 11 (C)). No induction of migration 

by either loaded - or unloaded PLGA particles was detected. 

 

 

Figure 11. Response profile of immune cell subsets after stimulation with CCL25-loaded/unloaded PLGA par-

ticles. PBMCs and macrophages were stimulated with CCL25-loaded (CL) and unloaded (NL) PLGA particles at two 

different concentrations (0.5% w/v and 0.05% w/v). Induced changes in the cytokine/chemokine secretion profiles of 

PBMCs and macrophages were analyzed with a LEGENDplex cytokine array. In addition, unpolarized M0 macrophages 

and polarized M1 macrophages were stained for characteristic surface markers with fluorescently labeled antibodies 

and measured by flow cytometry to analyze their polarization status. a Cytokine release data (IL-8, MCP-1, IL-1) of 

PBMCs stimulated with 0.5% w/v and 0.05% w/v of CL and NL PLGA particles over 5 days are shown as mean fold 

change + SD normalized to the negative control (red dotted line) (n = 3). b Cytokine release data (IL-8, MCP-1, IL-1) of 

M0/M1 macrophages stimulated with 0.5% w/v and 0.05% w/v of CL and NL PLGA particles over 1 day are shown as 

the mean fold change+ SD normalized to the negative control (red dotted line) (n = 4). Surface expression levels of M0 
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(left) and M1 (right) macrophages for the characteristic M1 polarization markers CD80 and HLA-DR (c) and for M2 po-

larization markers CD206 and CD163 (d) after stimulation with 0.5% w/v and 0.05% w/v of CL and NL PLGA particles 

over 1 day are displayed as mean of the fold change + SD normalized to the control (red dotted line), (n = 4). Statistical 

analysis was performed using either a student’s T-test or the Mann–Whitney-U test depending on whether data showed 

normal distribution. Individual p-values are given above the bars if they are lower than p = 0.20. CL CCL25-loaded, NL 

non-loaded, PC Particle concentration., w/v weight per volume, ΜΦ MacrophagesResponse to the supernatants of 

degraded CCL25 loaded and unloaded PLGA particles.  

Figure is adapted  from own publication in Journal of Nanobiotechnology:  

Spinnen J, Fröhlich K, Sinner N, Stolk M, Ringe J, Shopperly L, Sittinger M, Dehne T, Seifert M . Therapies with 

CCL25 require controlled release via microparticles to avoid strong inflammatory reactions. J Nanobiotechnology. 

2021 Dec 25;19(1):83, (51).  

 

 

3.4.3. Degradation products from CCL25 loaded- and unloaded PLGA microparticles cause a 

mild inflammatory reaction 

To determine the inflammatory potential of the complete particle degradation mass and addi-

tionally to distinguish between the effects of particle fragments and the released CCL25 on leu-

kocytes, both loaded and unloaded particles were allowed to degrade for periods of either 21 or 

63 days. The supernatants of the degraded particles were then added to the immune cell cul-

tures. Subsequently, secretome, surface marker expression, and migration of the immune cells 

thus stimulated were examined in a manner analogous to the previous experiments. PBMC cul-

tures treated with particle supernatants showed higher secretion levels of IL-8, MCP-1, and IL-

1β compared with controls. The supernatants of non-loaded particles induced an increase in IL-

8 levels, which did not reach statistical significance. IL-1β secretion increased in a statistically 

non-significant manner in both CCL25 loaded- and unloaded particle groups to approximately 

the same extent after three days. However, after five days, IL-1β secretion increased in a statis-

tically significant manner in PBMCs stimulated with the 21-day CCL25-loaded supernatant, 

whereas IL-1β secretion tended to decrease to the negative control level in the corresponding NL 

particle supernatants. The same dynamics were observable for the cytokine MCP-1, with a sharp 

increase after three days in all groups and with high levels maintained on the fifth day in the 

CCL25 loaded particle supernatant group. At the same time, MCP-1 secretion decreased in the 

non loaded particle supernatant group. Macrophages were also analyzed in the same manner 

but showed higher secretion levels for IL-8 only. Interestingly, IL-1β secretion from M1-polarized 

macrophages was significantly lower in all supernatant groups (Fig. 12 (A) and (B)).   

While no change in surface marker expression was detected in PBMCs, M1-polarized macro-

phages responded to exposure of both CCL25-containing and empty PLGA degradation super-

natant with the significant increase of HLA-DR, while the M1 marker CD80 significantly de-

creased. M0 macrophages showed a similar tendency - but the changes did not reach statistical 

significance (Fig 12 (D)). Analysis of migration behavior in the Boyden-Chamber migration assay 

showed no chemoattractant potential of either CCL25-loaded or unloaded particle degradation 

products on the different immune cell subclasses. Stimulation was performed in a 1000-fold di-

lution series to distinguish between the effects of CCL25 and PLGA fragments. When CD4+ T 

cells were tested, the undiluted supernatants of both groups of particles decreased migration by 

10-fold, representing a statistically significant decrease. M1 macrophages also showed a statis-

tically significant decrease in migration when the particle supernatants were diluted 1:10 and 

1:100, but only in the unloaded group. All other immune cell subclasses showed no change in 

migratory behavior in response to contact with the supernatants (Fig 12(C)). 
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Figure 12.  Immune cell subsets reaction after stimulation with supernatant from degraded CCL25-loaded/un-

loaded PLGA particles. CCL25-loaded (CL) and unloaded (NL) PLGA particles were allowed to degrade for either 21 

or 63 days and particle supernatant was collected and used for in vitro stimulation assays with human PBMCs and 

macrophages. Changes in the cytokine/chemokine release pattern of PBMCs and macrophages were analyzed with a 

LEGENDplex cytokine array. Additionally, macrophages were analyzed by immunofluorescence staining and flow cy-

tometry for the expression of surface markers indicating activation or polarization. a Cytokine array of PBMCs stimu-

lated over 5 days with 21 and 63-day CL and NL PLGA particle supernatants. Cytokines with detectable differences in 

fold change are IL-8, MCP-1 and IL-1β. Data areshown as the mean fold change + SD normalized to the negative control 

(red dotted line) (n = 3). b Cytokine array of M0/M1 macrophages stimulated over 1 day with 21- and 63-day CL and NL 

PLGA particle supernatants. Cytokines with detectable differences in fold change are IL-8 and MCP-1. Data is shown 

as mean fold change + SD normalized to the negative control (red dotted line) (n = 4). c The migration of immune cell 

subsets towards a dilution series of particle degradation supernatant is displayed as the mean  + SD of the number of 

migrated cells (n = 4). d/e Flow cytometric analysis of M0/M1 macrophage polarization surface markers after 1 day of 

stimulation with 21- and 63-day CL and NL PLGA particle supernatants. Increased CD80 and HLA-DR indicates M1 

polarization (d), while increased CD163 and CD206 indicates M2 polarization (e). Results are displayed as the mean 

of the fold change + SD normalized to the control (red dotted line), (n = 4). Statistical analysis was performed using 

either a student’s T-test or the Mann–Whitney-U test depending on whether data followed normal distribution. Individ-

ual p-values are given above the bars if lower than p = 0.20. CL CCL25-loaded, NL non-loaded, NC negative control, 

ΜΦ Macrophage 
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Figure is adapted  from own publication in Journal of Nanobiotechnology: 
Spinnen J, Fröhlich K, Sinner N, Stolk M, Ringe J, Shopperly L, Sittinger M, Dehne T, Seifert M . Therapies with 

CCL25 require controlled release via microparticles to avoid strong inflammatory reactions. J Nanobiotechnology. 

2021 Dec 25;19(1):83,(51).  

 
 
 

 

4. Discussion 
 

4.1. Bioprinting is a promising method for the development of tissue 

grafts but of limited use for manufacturing high numbers of pharma-

cological screening tissue cultures  
The additive manufacturing of the osseous tissue culture proved to be successful in principle. 

The stereolithographic printing process based on methacrylated gelatin was found to be very 

beneficial for cell viability- and scaffold colonizing behavior. The digital light projection process 

and printing conditions at 37° C proved to be a non-toxic environment with post-print cell viability 

rates of >95%. Cell viability is one of the major limitations of bioprinting, as most processes in-

volve either shear forces, high temperatures, or extreme pH levels that negatively affect cell via-

bility in bioinks(53,54). The high long-term cell viability suggests that both the spheroid shape 

and the composition of the construct provide optimal diffusion conditions. Histological analysis 

revealed a clear discrepancy between the different cell sources in terms of osteoid potency. 

While cells grown from different bone sources displayed hardly any mineralization, both MSCs 

from bone marrow and especially periosteal cells could produce a clear mineralization of the 

ECM they formed which was further validated by gene expression analysis. The periosteal cells 

showed significantly higher expression patterns of marker genes of late osteogenic differentia-

tion such as SPARC and SPP-1 than the MPCs isolated from cancellous bone(55,56). These ob-

servations suggest that periosteal cells already provide a considerably more osteogenic pattern 

of activity and, in contrast to quiescent cells in bone, require substiantially less stimulation to 

undergo osteoid differentiation. Concerning, the prospective use of this method for the produc-

tion of autologous bone grafts, this is a very practical finding, since periosteal cells are by far the 

easiest of the analyzed sources to obtain autologously from the patient(47).  

Regarding the usability for pharmacological screening of osteo(chondral) tissue, however, the 

benefit of this technology must be considered rather low for the time being due to the following 

factors: First, analysis has shown that, in particular, periosteal cells are very suitable for culturing 

osseous tissue. While there are advantages for bone-graft research, as they can easily be autol-

ogously harvested from the patient via periosteal shaving, the downlights in regards to pharma-

cological research are considerable. Periosteal cells are not easily accessible on a large scale 

and more difficult to isolate from surgical remains due to their high metabolic activity, as they 

tolerate lower ischemia times compared to intraosseous bone cells. As previously shown by our 

group, it would be possible to cultivate the periosteal cells permanently in a bioreactor - but this 

is not available everywhere and is associated with considerable know-how and resource require-

ments(57).  

Furthermore, the cultures are very complex to produce and maintain. First, cells have to be 

brought into culture and expanded sufficiently. Since a cell density of 20 million cells per milliliter 

of bioink requires 30 million cells in this setup, a cell culture time of 40-50 days is necessary to 
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grow the required quantity of cells. This number naturally increases in a pharmacological assay 

setup with the amount of drug or concentration to be assayed. Secondly, the subsequently 

printed constructs require 28 days to show basic mineralization. During these 28 days, the media 

must be changed several times a week, the constructs must be analyzed for cell vitality and min-

eralization and regularly checked microscopically for spatial integrity. This involves considerable 

laboratory work and expensive resources that increase exponentially with the size of the analy-

sis.   

Although the additive manufacturing process allows high numbers of highly reproducible cul-

tures to be produced in a short time, it still takes a total of 80 days for the cultures to be usable 

and another 20-30 days depending on the subsequent analysis time. In our case, this amounts 

to a total of 110 days including labour intensive wet-lab work for only 70 culture replicates.   

In addition, commercially available GelMA is still relatively expensive.To establish an economic 

workflow in large-scale dose-finding and toxicity studies in the long term, one would additionally 

have to establish an in-house methacrylation of gelatin, which represents additional labor and 

cost factor.  

Based on these findings, we have decided that due to the extent of the upcoming measurements, 

for which almost 400 individual tissue cultures are required, 3D printed osseous and chondral 

cultures are not suitable and have therefore focused on the optimization of osteochondral ex-

plant cultures. 

 

4.2. Thin sectioned osteochondral explant cultures prove to be  highly 

feasible as pharmacological testing device  
The combination of lateral tissue punching and subsequent thin preparation under sterile condi-

tions using 3D-printed microtome insert proved to be very reliable for producing at least 30 to a 

maximum of 100 individual tissue cultures from a single donor in a short time, - even from small 

tissue samples. The limiting factor for successful tissue preparation proved to be the extent of 

subchondral sclerosis of the bone(58). The degree of sclerosis causes a gradual increase in bone 

brittleness, which significantly complicates the cutting process and usually results in crushing 

the cancellous bone during cutting. Therefore, the removal site of the punch cylinder must be 

thoroughly checked for the condition of the subchondral bone before punching. Overall, 92% of 

the tissue specimens were suitable for culture preparation. Although the tissue is exposed to 

high thermal and mechanical stress due to the cutting procedure as well as higher oxygen con-

centrations and thus oxidative stress due to the thin preparation, the cell viability and native tis-

sue configuration remained stable in the long term.  

Fluoroscopic live/dead staining by confocal laser microscopy showed > 90% cell viability down 

to the deeper tissue layers of the cartilage. Therefore, the layer thickness of 500 µm seems to 

ensure adequate nutrient perfusion by motion-assisted diffusion while providing sufficient pro-

tection of intra-tissue cells. Furthermore, the cartilage-specific cell architecture was preserved 

throughout the analysis period. The hyaline cartilage of the joint is divided into three distinct cel-

lular zones: The superficial zone (densely packed with spindle-shaped cells), the middle zone 

(pearl cord-like alignment), and the deep zone (columnar chondrocyte alignment). Maintenance 

of the cellular zones depend on nutrient supply and physiological cartilage infrastructure, sug-

gesting minimal cellular stress from malnutrition and/or hypoxia(59).   

The previously determined high correlation of the actual cell viability of the samples with the vi-

ability values determined by the resazurin assay allowed precise multipoint analyses in this cul-

ture form using this inexpensive and easy-to-use method. These also yielded stable viability val-

ues over 21 days. Furthermore, no addition of serum was required to maintain cell viability, which 
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clearly distinguishes it from tissue engineered cultures or most other explant models (most au-

thors use serum mixtures in concentrations of 2 - 10%)(60–62). This further suggests that nutrient 

and signaling protein diffusion at a tissue thickness of 500 µm is sufficient to maintain the native 

metabolic configuration of the cells. From the pharmacological analysis point of view, this is a 

major advantage compared to cultured tissue cultures or conventional explant cultures, since 

serum as an unstandardized mixture of proteins is an incalculable confounding factor in the 

study of protein-tissue interactions.   

In terms of tissue stability over long-term culturing, the thin-section cultures behaved very simi-

larly to conventional explant cultures, which usually remain stable in their tissue phenotypes for 

about three weeks under static conditions(63). Histomorphometric examination of the proteo-

glycans showed a significant decrease in Safranin-O staining intensity on day 7, but this stabi-

lized again on days 14 and 21. We attribute this initial mainly to the relative size of the cut edges, 

which overall account for a higher proportion of the total cartilage volume than conventional ex-

plants and increase the risk of initial proteoglycan efflux.    

Gene expression analysis was also similar to previously published results of conventional ex-

plants(61,64). COL2A1 and ACAN remained stable over 14 days until a slight reduction was seen 

after 21 days, COL1A1 increased over 14 days and fell back to baseline after 21 days, and COMP 

decreased in an approximately linear response at each measurement time point. All in all, the 

thin-section cultures show the behavior of a semi-static osteochondral tissue culture, which reg-

ularly reduces matrix synthesis after 2-3 weeks due to the lack of physiological tissue pressure.  

Analysis of tissue reactivity revealed an adequate response to biological stimuli. The catabolic 

cytokine TNF-α led to a significant reduction of proteoglycans in cartilage tissue and a dose-de-

pendent reduction of ECM gene expression to less than 10% of the control group within only 7 

days. Anabolic stimuli also elicited adequate responses without serum supplementation: 

Growth-stimulating TGF- β3 resulted in an increase of COL2A1, COL1A1, and COMP expression, 

as well as in the almost complete silencing of MMP-13 expression. Here, the short diffusion dis-

tance under pharmacoanalytical processes may prove to be very favorable; conventional explant 

cultures, for example, required significantly longer and/or more potent catabolic agents to 

achieve a similar catabolic response(45,65,66). Furthermore, the possibility of co-culturing joint 

tissue and resident synovial immune cells was considered to also elicit the inflammatory poten-

tial of a potential therapeutic candidate. However, analysis of the viability of synovial leukocytes 

in the stimulation-poor medium of tissue culture revealed that this approach is probably poorly 

feasible. The total amount of vital leukocytes dropped to half of the initial value over 10 days. This 

drop might have been acceptable for co-cultivation, but it also showed that the concentration of 

e.g. vital T cells (CD3+) had already dropped below 10% of the initial value after 10 days. A similar 

response was also observed for cells with the surface markers CD16+ (neutrophil granulocytes), 

CD19+ (B cells) and CD56+ (NK cells). Since different immune cell subclasses have different 

contributions to the inflammatory processes in the joint (e.g. in OA), such a reduced immune cell 

diversity would reflect the physiological inflammatory response to a very limited extent and prob-

ably generate false-negative results in a pharmacological analysis(67–70). Therefore, in a pre-

clinical study of a compound, the inflammatory potential should be investigated in a separate 

immune cell culture to ensure sufficient sensitivity. 
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4.3. Presence of CCR9 receptor and paradox effect of different CCL25 

dosages on osteochondral tissue suggest an alternative/new/differ-

ent mode of action  
The initial immunohistochemical staining of the osteochondral tissue showed a highly consistent 

expression of the CCR9 receptor exclusively in the superficial cartilage layer. Recently, the cells 

of this layer are increasingly often described in the literature, consistent with the preliminary re-

sults of the study group, as MSC-like cells with still relatively high differentiation capacity(71,72). 

The presence of the receptor in the target tissue provides an impetus to reconsider the previously 

assumed mechanism of action of CCL25 (MSC chemoattraction) and to investigate a direct ef-

fect on cartilaginous cells. The stimulation of tissue cultures with CCL25 itself did not show a 

reduction of cell viability in any concentration - a direct cytotoxic and/or apoptotic effect on os-

teochondral tissue of the chemokine can therefore not be assumed in therapeutic doses (1 nM) 

and fiftyfold (50 nM). The analysis of the tissue reaction also showed no statistically significant 

deviation of the proteoglycan concentration in the cartilage layer of the cultures. This suggests 

that CCL25 does not exert a direct anabolic or catabolic effect on osteochondral tissue. This 

assumption is supported by the gene expression analysis, in which no statistically significant 

change was shown in the ECM genes ACAN, COMP, and COL1A1 by CCL25 stimulation. Only the 

high concentration of CCL25 (50 nM) resulted in an increase initially after 7 days and then in a 

slight but statistically significant reduced expression of COL2A1 after 14 days. This is in agree-

ment with similar results obtained by our group on cartilage micromasses, where an incipient 

tendency towards catabolic metabolism was also observed from 50 nM(52). However, the re-

sponse is much weaker than e.g. established catabolic cytokines such as TNF-α and does not 

follow linear dynamics. Thus, the effect may be due to a more complex signaling pathway rather 

than direct induction or suppression of the corresponding genes. 

In the analysis of the proliferation marker Ki-67, the therapeutic concentration 1 nM showed an 

non-significant increase- and concentrations of 5 nM showed a sifnificant increase in its expres-

sion after 7 days, which dropped below the initial level after 14 days. This pro-proliferative ten-

dency follows no clear trend but it is one of a series of observations suggesting that low concen-

trations of CCL25 trigger proliferative processes via a not yet understood mechanism, whereas 

high concentrations of CCL25 rather trigger a catabolic situation(73,74). In any case, more re-

search is needed to further elucidate this mechanism. Possibly, chemokines could become a 

new substance class of interest in tissue regeneration, as they are able to influence cell cycle 

and matrix synthesis independently of classical anabolic stimuli. 

4.4. Encapsulation of CCL25 in PLGA microparticles prevents strong in-

flammatory activation of different immunecell subsets 
Initially, the proportional presence of the CCR9 receptor of each immune cell subclass studied, 

as determined by FACS, underscores the need for a separate investigation of the inflammatory 

potentials of CCL25 in a controlled culture. Stimulation of immune cells with unencapsulated 

suspensions of CCL25 resulted in a massive inflammatory response starting at concentrations 

of 100 nM CCL25. The protein assay of the supernatants showed immense increases of all meas-

ured pro-inflammatory cytokines, including the highly inflammatory and tissue catabolic cyto-

kines TNF-α and IL-1β(75,76). Even significantly lower concentrations of 10 nM CCL25 were suf-

ficient to cause significant upregulation of the activation marker HLA-DR on monocytes and 

CD4+ positive T cells(77). Again, a dose-dependence of the effect size was shown. Furthermore, 

CCL25 showed the worrying property of exerting a high chemoattractive potential on CD4+ and 

CD8+ T cells as well as M0 and M1 polarized macrophages in dose ranges of 500-1000nM. Given 
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that CCL25 was initially discovered in the context of T-cell homing and its chemoattractive po-

tential on leukocytes in vivo has already been described, these results are not surprising - but in 

the overall picture, they underline the pronounced pro-inflammatory potential of CCL25, espe-

cially in concentration ranges of 250 – 500 nM(78–81).   

Particle stimulation results were less pronounced. Cytokine measurement showed only a mod-

erate increase in IL-8 and MCP-1 in PBMCs and macrophages, which was minimally higher in the 

group stimulated with loaded particles. The increase in IL-8 may be due to acidic degradation of 

PLGA, which also triggered similar response patterns in other cell types(82,83). Analysis of sur-

face markers showed no change in PBMCs, but a decrease in CD80, and an increase in CD206 

expression in macrophages. This pattern indicates a polarization shift toward the pro-regenera-

tive M2 macrophage type. The M2 shift by PLGA is also reported elsewhere in the literature and 

highlights the suitability of this polymer as a delivery device in tissue engineering applica-

tions(84,85). Overall, these results are consistent with existing findings on the tissue compatibil-

ity of PLGA; the small differences in the loaded and unloaded particles indicate the sufficiency 

or tightness of CCL25 encapsulation, as leaking concentrations of 10nM CCL25 would have al-

ready been visible in the HLA-DR expression levels of PBMCs. However, stimulation of immune 

cells with the supernatants of degraded particles showed a much stronger response than to the 

intact particles themselves. In PBMCs, the supernatants triggered secretion of MPC-1, IL-8, and 

(unlike the intact particles) IL-1β.The secretion response was significantly more pronounced and 

prolonged in CCL25-containing degradation products than in blank controls, suggesting that the 

response was not solely due to the PLGA fragments. IL-1β is considered a major signaling protein 

in the maintenance of the pro-inflammatory milieu in OA and would be associated with adverse 

side effects, if indeed induced by CCL25 after intra-articular injection(66).  

However, in an in vivo situation, the released CCL25 would be degraded not only hydrolytically, 

as in the in vitro setup, but also enzymatically. Based on the encapsulated amount of CCL25, the 

0.5% w/v supernatants released 352 nM and the 0.05%w/V supernatants released a total of 35.2 

nM CCL25, respectively, - the in vivo continuously biologically active CCL25 concentration being 

significantly lower than those used here. Furthermore, the supernatants did not induce changes 

in HLA-DR expression levels or migration behavior and therefore probably did not contain active 

concentrations of more than 100 nM CCL25 at any time. Furthermore, the distribution volume in 

the knee joint at synovial fluid volumes of 5 - 10 ml is significantly higher than in the assay and 

therefore a lower potency can be assumed there as well.    

Overall, it can be concluded from these experiments that high concentration peaks of CCL25 

have an extremely potent pro-inflammatory potential, which, when injected into an already in-

flammatory tissue, could cause more damage via the induction of pro-inflammatory cytokines 

and recruitment of further immune cells than is achieved via the recruitment and activation of 

MSCs. However, the stimulation experiments with the PLGA microparticles or their degradation 

products show that encapsulation into this biopolymer causes a sufficient reduction or regula-

tion of the active CCL25 concentration. Despite a particle loading above the determined thresh-

old of at least 100 nM CCL25, only mild inflammatory effects are shown, which are significantly 

below the level of direct stimulation. However, in practice this means that any delivery devices 

must be subject to rigid quality controls with regards to high safety against spontaneous degra-

dation or rupture. The spontaneous release of large amounts of CCL25 could reverse the thera-

peutic effect into a harmful opposite.  

5. Conclusion 
 
This study has succeeded in establishing a tissue-based osteochondral in vitro culture model 
that can be produced in large quantities and requires low maintenance, so that it can be used to 
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perform larger pharmacological studies for dose finding. Furthermore, the data from this model, 
in conjunction with the collected immune cell culture measurements, allow us to propose a safe 
therapeutic range for the chemokine CCL25 as a potential treatment for OA and to prepare the 
necessary vigilance regarding possible inflammatory side effects for a clinical trial. 
In terms of a platform for larger-scale pharmacological analyses of new therapeutics for joint 

diseases, bioprinting does not yet seem particularly suitable. The low availability of the required 

cells, high culture time and high materials costs make the method too laborious for analyses 

where high amounts of cultures are needed due to analysis time points and different assay con-

centrations of the agent. In contrast, the method established during the thesis for thin-section 

preparation of osteochondral explants has proven to be better suited for the rapid, simple and 

cost-effective preparation of large quantities of up to 100 cultures from individual joint tissue 

samples. Despite the high mechanical stress caused by the preparation process and the tissue 

thickness of only 500 µm, the thin-section cultures, despite serum-free cultivation, exhibit the 

same biological properties with regard to cell viability and chondrocyte genotypes as conven-

tional thick punched explant cultures and respond significantly faster to biological stimuli in 

comparison. In terms of the 3R principles, thin-sectioned osteochondral explants represent a 

useful and important complement or possible alternative to animal models in the field of preclin-

ical musculoskeletal pharmaceutical research. Based on the findings of this study, pharmaco-

logical studies with an immunological focus should additionally take place in a separate setting, 

as co-cultivation of the tissue with autologous resident leukocytes has not proven useful due to 

the high discrepancy in nutrient requirements between tissue-residing osteochondral cells and 

immune cells.   

Stimulation of osteochondral tissue cultures with CCL25 showed no toxic and no clear catabolic 

or anabolic effects on the tissue. However, it repeated the observation already made in other 

contexts that low levels of CCL25 appear to provide a growth stimulus to tissue, whereas higher 

levels of CCL25 limit anabolic processes. In addition, immunohistochemical evidence of the 

CCL25-specific CCR9 reporter in the superficial cartilage layer was obtained for the first time. 

This picture suggests that the beneficial effect of CCL25 on cartilage tissue demonstrated in vivo 

may be subject to other mechanisms than exclusively the recruitment of neighboring MSCs into 

the articular cavity. In the future, more detailed analyses on possible additional mechanisms of 

action of this chemokine on tissues should be performed, on the one hand to better understand 

the drug class and, on the other hand, to explore new possibilities for tissue manipulation and 

regeneration.   

In contrast to tissue culture, human leukocyte cultures showed a pronounced pro-inflammatory 

response at doses around 50 - 100 nM. In the context of the planned application into an inflam-

matory tissue, this is probably the most relevant source of side effects and should be included 

in any consideration of a possible therapeutic application. However, these effects could be very 

effectively prevented by encapsulation in PLGA microparticles. Both loaded microparticles and 

their degraded supernatants elicited only very marginal inflammatory responses, suggesting that 

there may well be a therapeutic range of CCL25 concentration in which the inflammatory side 

effects are very limited. However, it is imperative that this delivery device be characterized by the 

highest reliability, since spontaneous degradation or another opening of the particles could re-

sult in the release of actually harmful concentrations of CCL25, especially in the first 7 - 14 days 

after application.  
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