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Abstract


Introduction: The one-step membrane technique, derived from the Masquelet induced membrane technique, uses human acellular dermal matrix (hADM) that is wrapped around the bone defect to bypass membrane induction, reducing treatment time. Pre-colonization of hADM with bone marrow cells (BMC), particularly after CD8+ T cell depletion, enhances bone regeneration. This study examined how CD8+ T cell depletion alters the proteins accumulated in the hADM during early healing. Materials and Methods: Eighteen male Sprague-Dawley rats received 5 mm femoral defects filled with autologous bone chips and wrapped with hADM, hADM + BMC, or hADM + BMC-CD8. hADMs were recovered on days 3 and 7 (n = 3/group/timepoint), incubated ex vivo, and conditioned medium analyzed with a proteome profiler detecting 79 proteins. Results: The protein content of the hADM evolved dynamically. At day three, 41 proteins were detected, rising to 47 by day seven, with RGM-A, osteoprotegerin, LIF, IL-6, CCL20, and CCL17 emerging late, consistent with increased regenerative activity. CD8+ T cell depletion suppressed early inflammatory and pro-osteogenic mediators (e.g., CCL2, IGF-I, IL-1RA) while upregulating LIX. By day seven, regenerative mediators (CCL20, GDF-15, RGM-A) were enriched, whereas inflammatory factors (CCL21, IL-1a, WISP-1) declined. MMP-9, Galectin-1, and GDF-15 increased exclusively in the CD8-depleted group. Conclusions: The hADM protein content transitions from pro-inflammatory to pro-regenerative within one week after surgery. CD8+ T cell depletion accelerates this shift, highlighting hADM as a dynamic scaffold that contributes to the immune–regenerative crosstalk in bone healing.






Keywords:


bone marrow mononuclear cells; BMC; CD8 lymphocytes; monocytes; mesenchymal stem cells; large bone defect; early bone healing; acellular dermis












1. Introduction


Large bone defects remain a significant challenge in trauma and orthopedic surgery. One treatment option is the induced membrane technique, a two-stage surgical procedure. In the first stage, filling the bone defect with polymethylmethacrylate (PMMA) induces a foreign body membrane with pro-regenerative properties. The second stage, performed after a variable interval of 6 weeks to 1 year, involves opening the induced membrane around the PMMA spacer, removing the spacer, and filling the defect with autologous bone material, followed by closure of the membrane around the defect [1]. This procedure could potentially be shortened to a single-stage process by using a substitute membrane in place of the induced membrane.



In previous projects, human acellular dermis (hADM) was identified as a potentially suitable replacement. Animal studies using a 5 mm femoral defect model in rats demonstrated equivalence to the induced membrane technique. Additionally, clinical cases have shown that this method can support healing of large bone defects [2,3]. However, hADM is initially acellular and primarily functions as a physical barrier in the early phases.



To overcome this limitation, hADM was preoperatively seeded with bone marrow mono-nuclear cells (BMC), which had previously been shown to significantly enhance bone defect healing when combined with a mineral scaffold and introduced into rat femoral defects [4]. Further studies applying the same animal model revealed a clear dose dependent effect of BMC for bone defect healing [5].



Unexpectedly, hADM seeded with BMC resulted in a significant impairment of bone defect healing, when wrapped around the bone defect [6]. Subsequent research attributed this negative effect to the population of CD8+ T cells within the BMC.



When hADM was seeded with BMC depleted of CD8+ T cells, significant improvements were observed in all measured parameters of bone healing compared to hADM seeded with complete BMC. Furthermore, immunohistological analyses revealed notable differences in the immunological environment in the defect region after eight weeks of healing between the two groups. Depletion of CD8+ T cells from BMC led to a marked reduction in CD8+ T cells throughout the defect area and decreased interferon (IFN)-γ expression within the defect [7]. CD8+ T cells and their secreted mediators, such as IFN-γ and tumor necrosis factor alpha (TNF-α), are known to negatively influence regenerative processes [8]. In that previous study, bone defect healing was evaluated as the endpoint. However, the early-phase events, which may be critical for determining the outcome of healing, remain largely unclear.



The aim of this study was to investigate how the protein composition of the human acellular dermal matrix (hADM) is modulated by colonization with bone marrow cells (BMC), either in the presence or absence of CD8+ T cells, during the early phase of bone healing (days three and seven in vivo). The protein content of the hADM is presumed to derive from multiple sources, including proteins released by the pre-seeded BMC, immigrating host cells, the surrounding tissue, blood infiltration, and the secretory activity of the fracture hematoma. Furthermore, we examined whether these protein alterations are associated with changes in the in vitro differentiation of macrophages and mesenchymal stem cells, two key regulators of bone regeneration.




2. Materials and Methods


2.1. Animal Care and Ethics


Eighteen 8 to 10 weeks old male Sprague-Dawley recipient rats (median weight: 340 g, interquartile range: 315–340 g; Janvier Labs, Saint Berthevin, France) were used in this study. Female rats were excluded from this study to avoid potential hormonal variations that could influence the interpretation of the results [9]. The rats were housed in cages of 3 to 4 rats each with free access to food and water in a light-controlled room (14 h light and 10 h dark per day) with a temperature range of 15 °C to 21 °C and air circulation. The animals were monitored daily after surgery and weekly thereafter. The animal experiments were registered and approved by the Animal Welfare and Monitoring Committee of the Regional Council ‘Regierungspräsidium’, Darmstadt, Germany (Approval Project No.FK/2020).




2.2. Study Design and Groups


The experiments were based on a 5 mm segmental femoral defect in Sprague-Dawley rats, which was filled with syngeneic cancellous bone graft from syngenic donor rats in all test subjects. For the harvest of cancellous bone, donor animals were euthanized under general anesthesia (3.5–4% isoflurane in air, followed by CO2). Tibiae and femora were excised, cleared of soft tissue, fragmented with bone forceps (fragment size 1–2 mm), and stored in PBS until implantation (within 1 h). The 5 mm defect was filled with approximately 100 µL bone fragments. The cancellous bone-filled defect was wrapped with a human acellular dermal matrix (hADM), which was differently pretreated depending on the group assignment.



In group 1 (G1, control), an unloaded hADM was used. In group 2 (G2), the hADM was seeded with bone marrow mononuclear cells (BMC), and in group 3 (G3), the hADM was seeded with the same number of CD8+ cell-depleted BMC. BMC were isolated from the bone marrow of long bones from syngeneic donor rats, and CD8+ cells in G3 were depleted using magnetic separation as described in following paragraphs. The number of animals per group and time point was n = 3, thus a total of 18 rats was analyzed.



After 3 or 7 days, the animals were euthanized, and the hADM surrounding the defect was carefully explanted. The explanted hADM was incubated in serum-free medium for 24 h to produce conditioned medium (CM). The CM was analyzed using a proteome profiler, and its effects on the differentiation of rat mesenchymal stem cells (MSC) and macrophages were assessed (Figure 1). These time points are potentially biologically meaningful to assess early immune dynamics that influence later bone healing outcomes. Within the first 72 h post-injury, innate inflammation peaks and adaptive immune cells, including T cells, begin to infiltrate the fracture hematoma, with T cells becoming activated and modulating local cytokine milieus by day 3. Adaptive subsets such as Th17 and other effector T cells continue to shape the microenvironment through day 7, a period when crosstalk with MSCs and macrophages begins to direct the transition from inflammation to repair. Dysregulated CD8+ T-cell activity during this window has been linked to impaired regenerative responses [10].




2.3. Isolation of BMC and Colonization of hADM with BMC or BMC-Depleted CD8+ T Cells


BMC were isolated from the bone marrow of long tubular bones of syngeneic donor rats. BMC were used for the colonization of hADM, but also for the isolation of MSC and bone marrow-derived macrophages. In brief, donor rats (n = 12) were euthanized by an overdose of pentobarbital and the femora and tibiae were harvested under sterile conditions. The bones were transferred to phosphate-buffered saline solution without Mg2+/Ca2+ (PBS-/-, Gibco, Paisley, UK) containing 5% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Next, the condyles were cut, the bone marrow was flushed out of the bone using a syringe filled with PBS-/- and 1% penicillin/streptomycin, followed by suspension through repeated pipetting. Finally, the bone marrow cell suspension was filtered through a 70 µm cell strainer (BD-Biosciences, Heidelberg, Germany) and washed twice with PBS-/- (centrifugation conditions: 300× g, 5 min at room temperature). Subsequently, BMCs were isolated by density gradient centrifugation (Biocoll® separation solution density 1.077 g/cm3, Biochrom, Berlin, Germany (centrifugation: 30 min, 400× g, 20 °C without brake). These BMC served as cellular source for all subsequent experiments.




2.4. Depletion of CD8+ T-Cells from BMC


CD8+ cells from the BMC fraction (107 cells) were depleted by positive magnetic selection applying anti-rat CD8α MicroBeads (130-090-318, Miltenyi Biotec, Bergisch Gladbach, Germany) and LD columns (Miltenyi Biotec) thereby following the instructions of the manufacturer and described in [7]. The effectiveness of the depletion was confirmed by FACS analysis. The CD8+ cells were reduced by a factor of 35, as documented in our prior preliminary study [7].




2.5. Seeding of hADM with BMC


The hADM (Epiflex®) is derived from the skin of serologically tested donors and manufactured using validated processes, including decellularization, sterilization, and tissue preservation [11]. It is approved as a medicinal product in accordance with §21 of the German Medicinal Products Act (approval number: 3003749.00.00).



HADM was colonized with either complete BMC or CD8+ cell-depleted BMC. The hADM (0.8 mm thickness; German Institute for Cell and Tissue Replacement, DIZG, Berlin, Germany, https://dizg.de/en/allograft/epiflex-0-3-mm-3-mm/, accessed on 21 January 2026) was cut into 1 × 2 cm pieces using a template and pre-wetted for 10 min in PBS containing Mg2+/Ca2+ at room temperature under sterile conditions. Each hADM piece was loaded with 1.125 × 106 cells for 10 min at 37 °C, then centrifuged five times at 300× g for 1 min each, inverted, and reloaded with 1.125 × 106 cells. The prepared hADM specimen, containing each a total of 2.25 × 106 cells, were preserved in PBS with Mg2+/Ca2+ and implanted immediately after cell loading [7].




2.6. Surgical Procedure


The surgical procedure was performed as previously described [2,12,13]. For anesthesia, the animals received 2 mL of Ketavet (70 mg/kg) and Rompun (10 mg/kg) intraperitoneally. After shaving and aseptic cleaning of the right hind limb, a longitudinal incision was made over the femur. The muscles were separated, and a locking compression plate (Miniplate “Lockingplate LCP Compact Hand 1.5 straight”, DePuySynthes, Dubendorf, Switzerland) was fixed to the anterior femoral shaft. Four screws were used to secure the plate, and a 5 mm defect was created in the femoral shaft using a Gigli saw. According to the group set up, differentially pretreated hADM was wrapped around the defect and filled with 100 µL of vital bone chips obtained directly before surgery from syngenic donor rats. The wound was closed with Vicryl and Prolene sutures. Postoperative analgesia (Carprofen, 2.6 mg/kg s.c.) was given daily over at least 6 days postoperatively (D7 group).




2.7. Production of Conditioned Media (CM)


The animals were euthanized after three days or seven days, and femurs were harvested for isolation of the previously implanted hADM. The hADM, with and without cells, was dissected from the right femur, placed in a tube containing 2 mL of DMEM, and incubated for 24 h at 37 °C in an incubator. The hADM was then removed from the tube, and the medium was centrifuged at 2300× g for 15 min at 4 °C to remove cells and debris. The resulting CM (listed in Table 1) was stored at −80 °C in 1 mL aliquots for proteome profile analysis and cell differentiation experiments.




2.8. Analysis of Protein Release from CM Using Proteome Profilers


The Proteome Profiler Rat XL Cytokine Array (R&D Systems, Minneapolis, MN, USA) was used to detect 79 mediators simultaneously and investigate the inflammatory and angiogenic potential of the hADM in a time-dependent manner, depending on the cell load. The procedure was performed according to the manufacturer’s instructions (see details in [14]. In brief, each membrane was treated with blocking buffer for 1 h, followed by overnight incubation with diluted CM samples (600 µL CM and 900 µL array buffer) at 2–8 °C on a rocking platform shaker. The next day, the membranes were washed three times with wash buffer (10 min per wash), then incubated with a cocktail of biotinylated detection antibodies (30 µL antibody and 1.5 mL buffer) for one hour at room temperature. After removing unbound proteins by washing, 2 mL of 1× streptavidin HRP was added to the membrane and incubated for 30 min at room temperature. Following another wash step, 1 mL of the chemiluminescent reagent mixture was pipetted evenly onto the membrane corners and incubated for 1 min. Finally, the membranes were exposed for 5 min using a Fusion Fx7 gel scanner equipped with a high dynamic range digital camera (Vilber Lourmat, Eberhardzell, Germany). The density of the spots from the samples was evaluated in relation to the reference spots using ImageJ (https://imagej.net/, accessed on 21 January 2026).




2.9. Cultivation, Osteogenic Differentiation, and CM Treatment of MSC


Mesenchymal stem cells (MSCs) and macrophages were isolated from BMCs obtained from the femoral and tibial bones of donor rats. The isolation of both cell types was based on their different adhesion behavior. In brief, BMC obtained from femora and tibiae of one donor rat were suspended in each 12 mL of medium (Dulbecco’s Modified Eagle Medium, DMEM + GlutaMAX + 1 g/L D-glucose, Gibco, Paisley, UK). After 24 h in a 75 cm2 cell culture flask under humid conditions at 37 °C and 5% CO2, the MSC adhered to the surface of the culture vessel and grew slowly, while the erythrocytes, lymphocytes, and monocytes remained suspended in the culture medium.



After removal of the non-adherent fraction following the initial 24 h culture of BMC, the adherent cell fraction enriched in MSC was further expanded in MSC growth medium (MSC-GM, DMEM + GlutaMAX + 1 g/L D-glucose) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco) and 100 U/mL penicillin/100 µg/mL streptomycin (Sigma-Aldrich).



MSC-GM was replaced twice weekly, and cells were passaged upon reaching ~80% confluence. For passaging, MSC monolayers were washed once with PBS, detached using Accutase (Sigma-Aldrich) at 37 °C for 5–7 min, and the reaction was stopped by adding MSC-GM. Cells were then centrifuged (300× g, 5 min, room temperature), recovered, and expanded to passage 2.



The osteogenic differentiation potential of MSC was verified as previously described [15,16,17]. For experiments, passage-2 MSC were seeded in 24-well plates (Sarstedt, Nümbrecht, Germany) at a density of 2 × 104 cells/mL per well in osteogenic differentiation medium (ODM) containing 10% (v/v) conditioned medium (CM) and cultured for 3 days. After medium exchange (day 4), MSC were further maintained for either 7 or 21 days in ODM (MSC-GM supplemented with 10−6 M dexamethasone and 10 mM β-glycerophosphate (both Sigma-Aldrich), and 0.05 mM ascorbic acid (Stemcell Systems, Cologne, Germany)) or in MSC-GM as a negative control (Figure 1). At each time point, cells were harvested for analysis of osteogenic differentiation. Osteogenic differentiation was assessed based on measurement of alkaline phosphatase activity, and the gene expression of bone morphogenetic protein (BMP)-2, collagen type Iα (Col1a1, see Section 2.11).



The activity of alkaline phosphatase in the samples was determined after 7 days of culture (Figure 1) using the SensoLyte® pNPP Alkaline Phosphatase Assay Kit (AnaSpec, Inc., Fremont, CA, USA) as a colorimetric assay, following the manufacturer’s protocol. In brief, 200 µL of assay buffer with 0.2% Triton X-100 were added to the cells, which were then detached from the surface by scraping. The samples were incubated on ice for 30 min with constant shaking, followed by centrifugation at 10,000× g and 4 °C for 15 min. The supernatant from each sample and standard was pipetted in duplicate (50 µL/well) into a 96-well plate. Then, 50 µL of substrate solution (pNPP) was added, and the samples were incubated for 45 min at room temperature. Absorbance was measured at 405 nm. Gene expression of osteogenic marker was assessed as described in the Section 2.11.




2.10. Isolation, Polarization, and Treatment of Bone Marrow Derived Macrophages with CM


For isolation of monocytes the non-adherent cell fraction was harvested by centrifugation (300× g/5 min/room temperature) after the initial 24 h culture of BMC. The medium was removed and stored. The cell pellet was washed, counted and resuspended in the previously collected medium and placed in a 24-well plate with a cell density of 7 × 106 cells/mL per well [18]. The bone marrow derived macrophages (BMM) required a further 48 h to adhere to the bottom of the culture flasks. After this period, the medium was carefully removed and replaced with fresh RPMI 1640 medium (+L Glutamin, Gibco) containing 10% FBS, 1% P/S and 50 ng/mL macrophage colony-stimulating factor (M-CSF, PeproTech®, Rocky Hill, NJ, USA) to differentiate bone marrow progenitor cells into M0 macrophages (M0 medium). Polarization to M1 macrophages was achieved using M0 medium with additional stimulation by 20 ng/mL IFN-γ (PeproTech®) and 100 ng/mL lipopolysaccharide (LPS, Sigma-Aldrich), while M2 macrophages were induced using M0 medium with additional stimulation by each 20 ng/mL IL-4/IL-13 (PeproTech®) [19]. Each culture of the macrophage subgroups (M0, M1, M2) also received 10% CM and was cultured for three days. After this period, the medium was replaced with fresh medium (without CM), the cells were cultivated for a further four days and lysed for gene expression analysis (see below). Monocytes cultured with their respective differentiation media but without addition of CM served as control.




2.11. Gene Expression Analyses


Total RNA was isolated using the RNeasy Micro Kit system (Qiagen, Hilden, Germany) thereby following the instructions of the manufacturer. In brief, MSCs (collected on day 21 after start of differentiation) and macrophages (collected on day 7 after start of differentiation) were lysed with 350 µL of lysis buffer (Qiagen, Hilden, Germany) containing guanidinium thiocyanate and 1% β-mercaptoethanol, then homogenized using an insulin syringe and stored at −80 °C for future use. RNA concentration and quality were determined employing a Nanodrop NanoVue Plus (Biochrom, Holliston, MA, USA). RNA was diluted with RNase-free water to 100 ng/μL, and cDNA synthesis was performed using the AffinityScript system (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s protocols. Gene expression levels of characteristic markers (Immune cell markers and immune regulators for macrophages, bone-specific markers for MSCs) were semi-quantitatively assessed using a SYBR-green based approach applying the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Data were normalized to the expression of the housekeeping GAPDH (2−ΔCt-method). Specific primers were obtained from Qiagen (Table 2).




2.12. Statistical Analysis


Statistical analyses were performed using Bias software (version 11.10, Epsilon, Weinheim, Germany), and data were expressed as medians with minimum and maximum in figure and median with 25% and 75% quartiles in tables. Differences between groups in protein levels and gene expression were assessed using the nonparametric unpaired Wilcoxon–Mann–Whitney U test, which does not assume any specific data distribution. Due to the small sample size per group (n = 3) no correction for multiple testing (e.g., Bonferroni adjustment) was applied, as this would markedly increase the risk of type II errors in this small-scale experimental setting. Instead, the reported p-values of pairwise comparisons are considered exploratory and should be interpreted with caution, acknowledging the increased risk of type I errors. This approach follows the rationale discussed by Bender & Lange (2001) and Rothman (1990), emphasizing the value of avoiding over-conservative adjustments in exploratory studies [20,21]. To determine the direction of the observations, p-values less than 0.05 were considered significant, and p-values less than 0.1 were regarded as indicative of a trend. These thresholds were mainly used to describe the data. Heatmap was generated with FunRich 3.1.3 [22]. Pie charts were generated with MS-Excel, diagrams for protein and gene expression with Graphpad Prism 10.0.





3. Results


3.1. Changes in Protein Secretion Patterns over Time


hADMs were used either uncolonized, colonized with BMC, or colonized with BMC-CD8, and subsequently wrapped around bone defects in vivo for 3 or 7 days. Explanted hADMs were incubated in serum-free medium for 24 h to generate CM, which was analyzed using a proteome profiler detecting 79 proteins and further tested for its effects on MSC osteogenic differentiation and macrophage polarization.



Overall, the aim was to identify proteins whose secretion was influenced by treatment type and incubation time. After three days in vivo, 41 of 79 proteins were detectable in CM, while after seven days, 47 proteins were detected, regardless of the cellular loading of the hADMs. The secretory profile changed over time: RGM-A, osteoprotegerin, LIF, IL-6, CCL20, and CCL17 were exclusively secreted by hADMs after seven days. These changes suggest a shift toward tissue regeneration and anti-inflammatory activity at day seven (Figure 2). Functions and cellular sources of the secreted proteins are summarized in Supplementary Table S1.




3.2. Effect of BMC Loading of hADM on Protein Content After Three and Seven Days In Vivo


On day three after implantation, hADM alone showed increased release of LIX and WISP compared with hADM colonized with BMC. Depletion of CD8⁺ cells from BMC lead to decreased secretion of clusterin, ICAM-1, MMP-9, NOV, WISP-1 compared to hADM and to reduced expression of CCL2, clusterin, endostatin (Col18α1), IGF-1, IL-1RA and NOV compared to hADM + BMC while LIX secretion was increased relative to hADM + BMC (Figure 3).



At day seven post implantation, hADM alone showed increased secretion of IL-1alpha and RGM-A compared with hADM colonized with BMC, and elevated CCL21 and IL-1alpha secretion relative to hADM + BMC-CD8.



Secreted CCL20, GDF-15 and RGM-A levels were higher in hADM + BMC-CD8 compared with hADM + BMC (Figure 4).




3.3. Temporal Comparison of Secreted Proteins Between 3 and 7 Days In Vivo


Compared to the three-day treatment, levels of CCL22, ICAM-1, NOV and WISP-1 were elevated after seven days across all treatment groups, with the strongest increase observed in the hADM + BMC-CD8 group. In contrast, expression of Galectin-1, GDF-15, MMP-3 and MMP-9 was increased after seven days only in the hADM + BMC-CD8 group. For LIX, an upregulation was detected exclusively in the hADM + BMC group, while MMP-9 exhibited a slight increase in the hADM group. Notably, IL-1RA levels declined after seven days compared to three days in both the hADM and hADM + BMC groups (Figure 5).




3.4. Influence of CM Generated with Differentially Treated hADM on Osteogenic MSC Differentiation


Primary rat mesenchymal stem cells (MSCs) were cultured for 21 days in osteogenic differentiation medium supplemented with 10% conditioned medium (CM) derived from the different treatment groups. Subsequently, expression levels of the osteogenic genes Bmp2, Col1a, Igf1, and Ccn3 (Nov) were analyzed.



Overall, CM obtained from human acellular dermal matrices (hADM) frequently modulated MSC gene expression compared to control cultures without CM. These effects were more pronounced when CM was derived from hADM after three days of treatment than after seven days.



Notably, Col1a gene expression was consistently upregulated by CM from both the three-day and seven-day treatment groups, irrespective of cellular loading, with the exception of CM-BMC-7. Among the other genes, Igf1 expression was significantly increased in response to CM-BMC-3, CM-hADM-3, and CM-CD8-7, compared to the control. In contrast, Nov was the only gene significantly downregulated by CM treatment, with CM-CD8-3 leading to a suppression relative to the control (Figure 6).



Alkaline phosphatase activity of osteogenically induced MSCs cultured with different conditioned media (CM) was assessed after seven days in OD medium. Alkaline phosphatase levels were significantly reduced in all CM-treated cultures compared to the control cultured in OD medium without CM, with the exception of CM-CD8-7. Notably, ALP activity was tendentially higher in MSCs stimulated with CM-CD8-7 compared to CM-hADM-7 (Figure 6).




3.5. Influence of CM Generated with Differentially Treated hADM on Macrophage Polarization


Macrophages were exposed to conditioned media (10%; Figure 1, Table 1) during a three-day stimulation phase, followed by a seven-day differentiation period without CM towards M0, M1 or M2 subtype. Gene expression of M1 (Cd80, Nos2) and M2 (Arg1, Socs1) lineage markers was subsequently assessed by RT-qPCR.




3.6. Expression of M1 and M2 Marker Genes in M0, M1 and M2 Differentiated Macrophages


Conditioned medium (CM) had different effects on the expression of M1 and M2 marker genes in M0-differentiated macrophages, depending on cell loading and implantation period. For example, CM-hADM-7 significantly induced the expression of Nos2 and Arg1 compared with the control. In contrast, CM-CD8 showed only a minor stimulatory effect on the investigated genes.



During M1 differentiation, incubation with the various CMs did not result in clear changes in Cd80 or Nos2 gene expression compared with macrophages cultured without CM.



In M2-differentiated macrophages, incubation with CM-hADM-3 and -7 as well as CM-BMC-3 and -7 led to a significant induction of Arg1 expression. This effect was markedly reduced for CM-CD8-3 and -7. SOCS1 expression was not significantly influenced by any of the CMs; however, the lowest values were also observed after incubation with CM-CD8-3 and -7 (Figure 7).




3.7. CCL2 and IL-1RA Gene Expression in M1- and M2-Differentiated Macrophages


To investigate whether the cytokine released by the differentially pretreated hADMs influence the pro- and anti-inflammatory reaction of macrophage subtypes, gene expression of CCL2 (pro-inflammation, cell recruitment) and IL-1RA (neutralization of IL-1) was assessed in M0-, M1-, and M2-differentiated macrophages in vitro. Interestingly, incubation with CM-hADM-3 lead to a significant induction of CCL2 gene expression in M0- and M1-differentiated macrophages and an increase (not significant) in M2-differentiated macrophages. CCL2 gene expression was downregulated by CM-CD8-3 in M0, M1, and M2 macrophages compared to CM-hADM-3. For IL-1RA, gene expression in M0 and M1 macrophages was increased in all CM-treated groups compared to control without CM. In M2 macrophages, IL-1RA gene expression was elevated only after stimulation with CM-hADM-7 compared to control (Figure 8).





4. Discussion


This study was conducted on the background that hADM loaded with CD8-depleted BMC led to a significant improvement of the bone healing outcome with simultaneously lower inflammatory activity in the bone defect area compared to hADM with complete BMC or unloaded hADM [7]. The application of hADM seeded with CD8-depleted BMCs as a wrapping for large bone defects is conceptually derived from the induced membrane technique (Masquelet technique). In the classical approach, a foreign body membrane is generated in a first surgical stage, creating a biologically active chamber that supports subsequent bone regeneration [23,24,25].The use of a preformed artificial membrane—potentially further functionalized with cells possessing regenerative capacity—may allow this membrane induction phase to be bypassed. Such an approach has the potential to reduce the number of surgical procedures and substantially shorten the overall treatment period. Both strategies were directly compared in a rat femoral defect model. The use of hADM as a defect-wrapping membrane resulted in bone defect healing comparable to that achieved with the conventional induced membrane technique, while requiring only a single surgical intervention and shortening the treatment duration by approximately 3–4 weeks due to the omission of the foreign body membrane induction phase [2]. In the same animal model, the additional seeding of hADM with CD8-depleted BMCs led to a further improvement in multiple bone healing parameters compared with unseeded hADM [7]. These findings suggest that the use of a biologically functionalized artificial membrane may not only replicate but potentially enhance the regenerative microenvironment typically established by the induced membrane in the Masquelet technique.



However, the healing of large bone defects requires a fine-tuned regulation of regenerative, inflammatory, and anti-inflammatory processes. There is increasing evidence that terminally differentiated, CD8-positive, cytotoxic T cells in particular exert a negative influence on regenerative processes and, in particular, on bone healing [26]. Against this background, the present study investigated the secretome of hADM—either unloaded, loaded with BMC, or with CD8-depleted BMC—after implantation into cancellous bone-filled defects for three or seven days. The conditioned medium derived from these hADM grafts was further used to study effects on MSC osteogenic differentiation and macrophage polarization.



4.1. BMC as Cellular Therapeutic


In this study, bone marrow cells (BMCs) were used as a cellular therapeutic in combination with the human acellular dermal matrix (hADM). BMCs were selected because they can be harvested with relative ease and have demonstrated regenerative potential in various tissues. A key advantage of BMCs is their logistical suitability for use in the acute treatment of large bone defects, as they can be applied without extensive ex vivo manipulation [27,28]. However, this benefit is accompanied by increased immunological activity at the transplantation site, which is attributable, among other factors, to the presence of cytotoxic T lymphocytes within the BMC population [7].



In contrast, mesenchymal stromal cells (MSCs) are currently not suitable for acute clinical application due to the time required for cell expansion in culture. Recent developments, however, suggest that this limitation may be overcome by the use of defined MSC pools. These MSC pools are non-immunogenic and are already being used therapeutically to control graft-versus-host disease. Thus, an off-the-shelf cellular source for MSC-based therapies could become available without the need for time-consuming expansion of autologous MSCs [29,30,31].



It has been shown that collagenous membranes can be efficiently colonized by MSCs [32]. When applied to the system described here, it is conceivable that the immunomodulatory properties of MSCs could attenuate the activity of cytotoxic T lymphocytes, thereby promoting a more favorable healing response. Conversely, there is evidence that MSCs may also impair the activity of pro-regenerative T helper cells, which could negatively affect tissue regeneration [33]. In addition to their immunomodulatory effects, MSCs may also be directly involved in the formation of new bone tissue. Several studies have demonstrated that collagen type I—the predominant collagen in the dermis—promotes the osteogenic differentiation of MSCs [34].



The temporal profile of protein factors released from an MSC-seeded collagenous membrane remains speculative. Given the immunosuppressive properties of MSCs, it is reasonable to assume a reduced presence of pro-inflammatory mediators. Furthermore, an increased release of proteins primarily associated with MSC activity and osteogenic differentiation can be anticipated, including bone morphogenetic proteins (BMPs), transforming growth factor-β (TGF-β), stromal cell-derived factor-1 (SDF-1), vascular endothelial growth factor (VEGF), as well as alkaline phosphatase (ALP), collagen type I alpha (COL1A), and osteopontin [35].




4.2. Sources of Proteins Released by the hADMs


An important point concerns the source of proteins in the hADMs. The experiments showed that the overall composition of proteins released by differently pretreated hADMs varied only slightly. Since the initially cell-free hADM also released proteins to a comparable extent, it can be assumed that a relevant proportion of the released proteins originates from the recipient animal. Possible sources include cells introduced by bleeding during and after surgery (as it can be seen on the left image in Figure 1B), active cell migration, uptake of secreted proteins from the defect site and surrounding tissue (“sponge function”). Due to its large internal surface area, hADM has a high capacity for cell loading, and its fibrous collagenous structure provides numerous binding sites. A rapid postoperative loading of hADM with cells and proteins could explain why even initially cell-free hADM enables a significant healing effect [2].




4.3. Dynamics of the Protein Release: Factors Secreted Exclusively by D7 Samples


Retention time in vivo had a marked influence on the hADM protein release. More proteins were detectable at day seven compared to day three, independent of cell loading. This indicates a temporal shift from inflammation toward regeneration and resolution of inflammation. Several mediators—RGM-A, osteoprotegerin, LIF, IL-6, CCL20, and CCL17—were exclusively detected after seven days. These proteins fulfill complementary roles in modulating inflammation, cell recruitment, angiogenesis, and bone remodeling.



Repulsive Guidance Molecule A (RGM-A) is a glycosylphosphatidylinositol-anchored co-receptor that modulates BMP signaling by binding BMP ligands and facilitating their interaction with BMP receptors, thereby enhancing SMAD-dependent transcriptional activity. RGMs are known to fine-tune BMP pathway responsiveness, which is critical for osteogenic commitment and early bone formation [36]. Although most research on RGM-A has focused on neural and inflammatory contexts, its involvement in BMP signaling suggests it could influence early skeletal repair by modulating local BMP-mediated osteoprogenitor differentiation and inflammation, key processes in the initial stages of fracture healing [37].



Furthermore, it mitigates inflammation and leukocytes (granulocytes, monocytes) as well as T- and B-lymphocytes. It also inhibits leukocyte migration by contact repulsion and chemorepulsion, depending on dosage, through its receptor neogenin [38].



Osteoprotegerin (OPG) is a decoy receptor for RANKL that is expressed by osteoblasts and stromal cells and acts to inhibit osteoclastogenesis, thereby limiting bone resorption through the RANK/RANKL/OPG pathway. During fracture healing, OPG expression increases rapidly, with an early peak within the first 24 h, suggesting a role in modulating the initial balance between resorption and formation and in protecting nascent callus from excessive osteoclast activity. The early OPG response likely contributes to establishing a favorable microenvironment for subsequent bone formation and remodeling [39,40].



Interleukin-6 (IL-6) is a key pro-inflammatory cytokine that is rapidly upregulated at fracture sites during the acute inflammatory phase. It contributes to the recruitment and activation of immune cells, supports angiogenesis via VEGF induction, and regulates early osteoblast and osteoclast differentiation essential for callus formation. Knockout studies demonstrate that IL-6 deficiency delays callus mineralization and maturation, highlighting its importance in early bone repair. IL-6 may also influence MSC osteogenic responses and subsequent regenerative processes [41].



LIF (leukemia inhibitory factor) is a cytokine with pro-regenerative and inflammation-modulating properties. It supports the angiogenic differentiation [42] of mesenchymal stem cells (MSCs). The regulation of osteogenic differentiation is more complex, LIF seems to exert a biphasic effect on it. In the early phase, osteogenic differentiation is supported, whereas in confluent, more mature MSC cultures, osteogenic differentiation is suppressed [43]. In relation to the situation in the early bone defect into which undifferentiated MSC migrate, LIF could therefore exert a more pro-osteogenic effect.



CCL17 is produced by antigen-presenting cells such as dendritic cells and macrophages, but also by endothelial cells, and is a key regulator of inflammatory and immunomodulatory processes. The CCL17 receptor CCR4 attracts Th2 cells in particular, but also NK cells and macrophages [44]. MSC also express CCR4 after TNF-α stimulation, and CCR4 is involved in the migration of MSC into damaged tissues [45].



CCL20 is broadly released by endothelial cells and macrophages that respond to stimuli such as IL-6, IFN-γ, TNF-α, IL-1β [46]. It acts via its receptor CCR6 as a chemotactic factor that attracts T- and B-lymphocytes but not monocytes [47,48]. CCL20 could therefore play a role in controlling inflammation in the early phase of bone healing. However, the receptor CCR6 is also expressed by MSC, which could influence their migration into the defect area [49].



Notably, CCL22, ICAM-1, NOV, and WISP-1 increased across all groups, indicating enhanced immune cell recruitment, angiogenic activity, and osteoprogenitor activation. Matrix remodeling was reflected by increased MMP3 and MMP9 levels. Conversely, IL-1RA decreased at day seven, consistent with resolution of acute inflammation. Together, these findings suggest a coordinated transition from inflammation toward tissue repair, with overlapping pro- and anti-regenerative signals tightly regulating osteogenesis.




4.4. Dynamics of the Protein Release: Factors Differentially Released by D7 Samples


In addition to these newly expressed proteins, dynamic changes in other mediators were observed. Ten factors showed significant or trending alterations between day three and day seven, with most increasing over time. In nine cases, expression increased in one or more experimental groups and remained at least at the same level in the other experimental groups. In one case, a significant decrease was observed. The extent but not the direction of the changes was often dependent on the cell loading. An increase in expression was recorded in all experimental groups for CCL22, ICAM-1, NOV and WISP-1. Other factors such as galectin-1, GDF-15, LIX, MMP3 and MMP9 increased in the median in all groups at D7, but only partially significantly. IL-1RA was downregulated at D7 in all groups, significantly for the hADM group and in trend for the hADM + BMC group. In the early phase of bone regeneration (approx. 1 week), chemotactic cytokines and adhesion molecules played an important role in the initial inflammatory reaction, cell recruitment and new tissue formation [50,51].



Therefore, an increase in these mediators indicates a coordinated phase of transition from acute inflammation to tissue repair: In the early inflammatory phase on day three, there was a strong recruitment of neutrophils and monocytes by the factors CCL22, ICAM-1 and LIX, which possibly led to a further release of inflammatory mediators and could explain the increase on day seven. The detection of MMP3 and MMP9 suggests initial extracellular matrix (ECM) remodeling. The changes on day seven indicate the transition phase to regeneration [52]. In addition, a change in anti-inflammatory mediators was observed; the decrease in IL-1RA indicates a decrease in acute inflammation, carried forward by the first line cytokine IL-1β. The increase in galectin-1 indicates the regulation of secondary inflammatory processes. Galectin-1 has been shown to trigger apoptosis of T cells. It also promotes the differentiation of naïve immune cells to a suppressive phenotype, the recruitment of immunosuppressive cells, and can dampen the activity of cytotoxic leukocytes [53].



The increased expression of NOV and WISP-1 indicates increased angiogenic and osteogenic activity (NOV) and activation of osteoprogenitor cells (WISP-1). NOV is expressed during wound healing and induces angiogenesis in vivo [54]. Interestingly, it is also described that NOV is able to stimulate mouse and human skeletal stem cell activity, increase bone remodeling, and accelerate fracture repair in young and old mice of both sexes [55]. NOV binds BMP-2 and inhibits its functions in promoting osteogenic differentiation [56] by antagonizing BMP2 and Wnt-signaling [57]. WISP-1, on the other hand, promotes MSC proliferation, osteoblastic differentiation, and attenuates chondrogenic differentiation. Furthermore, WISP-1 binds BMP-2 and thus enhances its effect in the context of osteogenesis [58]. The simultaneous expression of pro- and anti-osteogenic factors may indicate tight regulation of BMP-2-mediated osteogenesis in the bone defect.



The further increase in MMP3 and MMP9 expression at day seven is indicative of ongoing ECM modeling to enable new tissue structures. Taken together, the new mediators that were released on day seven and the altered expression of other mediators on day seven suggest a regulated balance between inflammation, ECM remodeling, cell recruitment, and bone healing.




4.5. Impact of CD8-Depletion on Cell Differentiation


Interestingly, cell loading with BMC or CD8-depleted BMC only subtly influenced the profile of released proteins. No factor was exclusively dependent on cell loading, and most differences were relatively small.



Nevertheless, a three-day incubation with the respective conditioned media during the differentiation process was sufficient to reveal differences in the expression of relevant genes in osteogenically stimulated MSCs and macrophage subtypes. In MSCs, collagen-1α expression was consistently upregulated in all hADM groups compared with controls, independent of cell seeding. CM-CD8-7 further enhanced IGF1 expression significantly and BMP2 expression modestly, pointing to a pro-osteogenic effect of CD8-depleted BMCs. Potential mediators in conditioned media include IL-1β, which has been shown to induce IGF1 and BMP2, although no relevant group differences in IL-1β concentrations were detected, and low-dose TGF-β, which remained below the detection threshold in our assays [59]. However, NOV gene expression was also induced, which can have a proangiogenic but also osteogenesis-inhibiting effect [54,60]. Functionally, ALP activity was reduced in most groups but restored to control levels in CM-CD8-7. This suggests that only in this condition the balance of stimulatory mediators (e.g., IL-6) versus inhibitory mediators (e.g., IL-1β) may have shifted toward osteogenic stimulation [61,62]. Taken together, the results can be interpreted in the direction of a slight preference of pro-regenerative and pro-osteogenic processes by medium conditioned with CM-CD8-7, an assumption that is also supported by the mediator profile in the conditioned medium of D7 samples.




4.6. Differentiation of Macrophage Subtypes


The conditioned media exerted distinct effects on the expression of canonical M1 and M2 macrophage marker genes. In particular, M0 macrophages exhibited marked changes in the expression of the M1 marker iNOS as well as the M2 markers Arginase-1 and SOCS-1 following exposure to CM-hADM-7.



Cytokines known to induce iNOS and detectable in the CMs included IL-1α and IL-1β [63]. While IL-1β concentrations were comparable across all CMs, IL-1α levels were markedly elevated in CM-hADM-7. This elevation may account for the pronounced induction of iNOS in M0 macrophages and the high median iNOS expression observed in M1-differentiated macrophages.



Arginase-1, a marker of alternatively activated (M2) macrophages, is predominantly induced by anti-inflammatory and tissue-repair signals mediated through STAT6 (IL-4/IL-13), PPARγ, or cAMP/CREB-dependent pathways [64]. Although IL-4 and IL-13 were measurable targets of the protein array, neither cytokine was detected in the CMs. The factors responsible for the pronounced Arginase-1 induction in M0 macrophages treated with CM-hADM-7, as well as for the enhanced Arginase-1 expression in M2 macrophages exposed to CM-hADM or CM-BMC, therefore remain to be identified.



The M2-associated regulatory molecule SOCS-1 was significantly upregulated in M0 macrophages exposed to CM-hADM-3 and CM-BMC-7. Among known inducers, only IL-6 [64] was detectable in D7 CM, whereas IFN-γ remained below the detection threshold. Other potential regulators such as IL-10 and TGF-β [64] were not included in the protein array. Consequently, based on the current dataset, the mechanisms driving SOCS-1 induction in M0 macrophages cannot yet be fully elucidated.




4.7. Macrophage Response to Conditioned Media: Regulation of CCL2 and IL-1RA Expression


In addition to lineage marker genes, the gene expression of the inflammatory mediator CCL2 and the anti-inflammatory regulator IL-1RA was analyzed in M0-, M1-, and M2-macrophages in response to the different CMs.



CCL2 is known to be induced in macrophages by IFN-γ, IL-1α/β, LPS, and TNF-α [65]. Since IFN-γ and TNF-α were not detectable in the CMs, it is likely that IL-1, particularly IL-1α, contributed predominantly to the observed CCL2 induction. The highest IL-1α concentrations were measured in CM-hADM-3, which may explain the strong upregulation of CCL2 following incubation with this CM. In contrast, the low CCL2 expression observed after incubation with CM-hADM-CD8 from D3 and D7 suggests that the composition of these media creates a more anti-inflammatory environment, potentially favorable for bone healing.



IL-1RA, a natural antagonist of the IL-1 receptor that blocks IL-1α/β signaling without receptor activation [66], was consistently induced by all CMs across the macrophage subtypes analyzed. This upregulation may represent a counter-regulatory mechanism balancing elevated IL-1 levels, particularly in CM-hADM-3, and highlights the macrophage’s role in controlling and resolving inflammation.



Finally, this experiment underscores that the type of cellular loading of the membranes markedly influences the biological activity of their conditioned media. Compared to protein array analyses, which revealed only minor compositional differences between CMs, this functional macrophage assay appears more sensitive and informative in reflecting the biological impact of the membranes with their specific cellular loads.




4.8. Limitations


The main limitation of this study is the small group size (n = 3), which reduces statistical power. In addition, we report exploratory rather than confirmatory significances, as no alpha correction for multiple testing was applied. Therefore, the findings should be interpreted as hypothesis-generating and require validation in larger studies.



The proteome profiler detects only a predefined set of 79 proteins, leaving parts of the secretome unmapped. In addition, certain proteins from this set may have been expressed but were below the detection limit of the proteome profiler. The assay is semi-quantitative, and due to limited conditioned medium volumes, results could not be validated by quantitative assays such as ELISA.





5. Conclusions


The duration of hADM presence in vivo significantly shapes the protein signature, with a shift from inflammation to regeneration observed after seven days. On day seven, protein release indicated a shift from inflammation to regeneration, possibly involving key peptides such as RGM-A, osteoprotegerin, LIF, IL-6, CCL20 and CCL17, which play an interlinked role in inflammation, cell recruitment, and bone remodeling. While differences between BMC and CD8-depleted BMC loading of hADMs were modest with regard to protein release, CD8-depletion favored a pro-regenerative environment, as reflected in MSC osteogenic gene expression and macrophage polarization. These findings support the concept of hADM as a dynamic bioreactor that acquires biological activity through host cell infiltration, paralleling the Masquelet-induced membrane.
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Figure 1. Experimental design and workflow. (A) Schematic overview of the study. Human acellular dermal matrices (hADM), either unseeded or pre-seeded with differentially pretreated BMC, were implanted around a femoral defect for 3 or 7 days. Explanted hADM were subsequently used to generate conditioned media (CM). Secreted proteins were analyzed semi-quantitatively using a proteome profiler. The biological activity of CM was then assessed in vitro with respect to osteogenic differentiation of mesenchymal stem cells (MSC) and polarization of macrophage subtypes. (B) Illustration of hADM wrapped around the bone defect, the subsequent explantation, and the generation of CM. 
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Figure 2. Semiquantitative evaluation of protein expression using proteome profiler arrays. Representative protein profiler arrays of defects treated with hADM, hADM + BMC, or hADM + BMC-CD8 after three days are shown in (A). The differentially expressed proteins are marked by a red square. Protein expression was analyzed denitometrically and spot density was normalized to control spots located in the upper left, upper right, and lower left corners. Heatmap generated on basis of protein expression is shown in (B). Heatmap contains data from differentially pretreated hADM recovered on D3 and 7. Proteins newly secreted on D7 are marked in red. Color code indicates fold change. The pie charts (C) show the number of secreted proteins from membranes that covered the bone defect for 3 (upper pie chart) and 7 days (lower pie chart). The categories inflammation (red), anti-inflammation (blue) and regeneration (orange) are shown. Bi- or multifunctional proteins were assigned to the respective categories, so that the sum of the fractions is higher than the total number of proteins detected. There was a general increase in the number of expressed proteins from D3 to D7. Detected proteins and their main biological functions is listed in Supplementary Table S1. 
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Figure 3. Protein profiler analysis of conditioned media from defects treated with hADM, hADM + BMC, or hADM + BMC-CD8 after three days. Protein levels are normalized to the intensity of the control spots (=100%). Only proteins with significant differences (p < 0.05) or trends (p < 0.1) are shown. Data are presented as boxplots (median, minimum, maximum; n = 3 per group). * indicates explorative significance (p < 0.05) versus the respective comparison group. 
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Figure 4. Protein profiler analysis of conditioned media from defects treated with hADM, hADM + BMC, or hADM + BMC-CD8 after 7 days. Protein levels are normalized to the intensity of the control spots (=100%). Only proteins with significant differences (p < 0.05) or trends (p < 0.1) are shown and presented in alphabetical order. Data are presented as boxplots (median, minimum, maximum; n = 3 per group). * indicates explorative significance (p < 0.05) versus the respective comparison groups. 
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Figure 5. Direct comparison of protein profiler data obtained after 3 and 7 days in defects treated with hADM (white), hADM + BMC (light gray), or hADM + BMC-CD8 (dark gray). Values are normalized to the density of the control spots (=100%). Only proteins with significant differences (p < 0.05) or trends (p < 0.1) are shown and presented in alphabetical order. Data are presented as boxplots (median, minimum, maximum; n = 3 per group). * indicates explorative significance (p < 0.05) versus the respective comparison group. 
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Figure 6. Osteogenic gene expression (A–D) and ALP protein expression (E) in MSC after cultivation in osteogenic differentiation medium (ODM) supplemented with CM. CM was generated from hADM (white), hADM seeded with BMC (light gray), or hADM seeded with CD8-depleted BMC (BMC-CD8, dark gray) wrapped around the bone defect for 3 or 7 days, then explanted and incubated in medium for 24 h. MSC were cultured for 3 weeks in ODM, with 10% CM added during the first 3 days, followed by analysis of gene expression relative to the Gapdh housekeeping gene (A–D) or ALP measurement (E). Control MSC (salmon) were cultured in expansion medium (M, only in E) or in ODM, both without CM. # = p < 0.05 vs. ODM; * = p < 0.05 vs. indicated group. All significances are exploratory. 
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Figure 7. Influence of CM on expression of M1 (Cd80, Nos2) and M2 (Arg1, Socs1) marker genes in macrophages differentiated into M0 (A–D), M1 (E,F), or M2 (G,H). CM was generated from hADM (white), hADM seeded with BMC (light gray), or hADM seeded with CD8-depleted BMC (BMC-CD8, dark gray) wrapped around the bone defect for 3 or 7 days, then explanted and incubated in medium for 24 h. Primary rat monocytes from bone marrow aspirates were cultured for 7 days, with 10% CM added during the first 3 days. Monocytes cultured in differentiation media without CM served as controls (salmon). # = p < 0.05 vs. control; * = p < 0.05 vs. indicated group. All significances are exploratory. 
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Figure 8. Influence of CM on expression of CCL2 and IL-1RA genes in macrophages differentiated into M0 (A,B), M1 (C,D), or M2 (E,F). CM was generated from hADM (white), hADM seeded with BMC (light gray), or hADM seeded with CD8-depleted BMC (BMC-CD8, dark gray) wrapped around the bone defect for 3 or 7 days, then explanted and incubated in medium for 24 h. Primary rat monocytes from bone marrow aspirates were cultured for 7 days, with 10% CM added during the first 3 days. Monocytes cultured in differentiation media without CM served as controls (salmon). # = p < 0.05 vs. control; * = p < 0.05 vs. indicated group. All significances are exploratory. 
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Table 1. Abbreviation for CM preparations. Differentially pretreated hADM were wrapped around bone defects filled with syngenic spongiosa and removed after 3 or 7 days in situ. For conditioning, medium was incubated with the explanted hADM for 24 h. The concentration of CM was 10% in all subsequent experiments.
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	Designation
	Treatment
	Time In Situ (d)





	CM-hADM-3
	hADM without BMC
	3



	CM-hADM-7
	hADM without BMC
	7



	CM-BMC-3
	hADM loaded with BMC
	3



	CM-BMC-7
	hADM loaded with BMC
	7



	CM-CD8-3
	hADM loaded with BMC-CD8
	3



	CM-CD8-7
	hADM loaded with BMC-CD8
	7










 





Table 2. Genes, corresponding protein names, and primers used for gene expression analysis in MSC and macrophages.
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	Analyzed Gene (MSC)
	Protein
	GeneGlobe ID:





	Bmp2
	BMP-2
	PPM03753A



	Col1a1
	Collagen1α
	PPR42922A



	Igf1
	IGF-1
	PPR06664F



	Ccn3
	Nov
	PPR48283A



	Analyzed gene (macrophages)
	
	GeneGlobe ID:



	Arg1
	Arginase
	PPR44521A



	Ccl2
	CCL-2
	PPR06714B



	Il1rn
	IL-1RA
	PPR06438A



	Nos2
	iNOS
	PPR75758A



	Socs1
	SOCS-1
	PPR52395A



	Analyzed gene (housekeeping)
	
	GeneGlobe ID:



	Gapdh
	GAPDH
	PPR06557B
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