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Abstract

:

Various subsets of bone marrow mesenchymal stromal cells (BM MSCs), including fibroblasts, endothelial, fat and reticular cells, are implicated in the regulation of the hematopoietic microenvironment and the survival of long-lived antibody-secreting cells (ASCs). Nowadays it is widely acknowledged that vaccine-induced protective antibody levels are diminished in adults and children that are treated for hematological cancers. A reason behind this could be damage to the BM MSC niche leading to a diminished pool of ASCs. To this end, we asked whether cell cytotoxic treatment alters the capacity of human BM MSCs to support the survival of ASCs. To investigate how chemotherapy affects soluble factors related to the ASC niche, we profiled a large number of cytokines and chemokines from in vitro-expanded MSCs from healthy donors or children who were undergoing therapy for acute lymphoblastic leukemia (ALL), following exposure to a widely used anthracycline called doxorubicin (Doxo). In addition, we asked if the observed changes in the measured soluble factors after Doxo exposure impacted the ability of the BM niche to support humoral immunity by co-culturing Doxo-exposed BM MSCs with in vitro-differentiated ASCs from healthy blood donors, and selective neutralization of cytokines. Our in vitro results imply that Doxo-induced alterations in BM MSC-derived interleukin 6 (IL-6), CXCL12 and growth and differentiation factor 15 (GDF-15) are not sufficient to disintegrate the support of IgG-producing ASCs by the BM MSC niche, and that serological memory loss may arise during later stages of ALL therapy.
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1. Introduction


Bone marrow (BM) mesenchymal stem cells are a rare population of multipotent nonhematopoietic progenitor cells which in vivo and in vitro possess the ability to differentiate towards lineages of mesenchymal tissues such as bone, fat and cartilage, and the constitutes of hematopoietic microenvironment following transplantation [1,2,3,4,5,6]. Various subsets of BM mesenchymal stromal cells (MSCs) including fibroblasts, endothelial, fat and reticular cells are implicated in the regulation of the hematopoietic microenvironment. This includes early B-cell lineage progression as well as the sustenance of antibody-producing plasma cells (PCs) by provision of MSC-derived growth factors, cytokines and chemokines as well as delivery of signals through cell receptor interactions [7,8,9,10,11].



PCs are divided into short-lived or long-lived (LL) on the basis of their longevity. As a rule, short-lived PCs or plasmablasts divide and have a lifespan of approximately one week, while LLPCs are terminally differentiated non-dividing cells surviving for months to years in the BM. Furthermore, it is not entirely clear if LLPCs originate from short-lived PCs, or if the two PC types are distinct cell populations [12], but the term antibody-secreting cells (ASCs) can be used to cover both short-lived PCs and LLPCs [12]. Two BM MSC-derived factors central for the maintenance of LLPCs in their BM niche are the cytokine interleukin 6 (IL-6) and the chemokine CXCL12. IL-6 interacts with the IL-6 receptor on PCs, and together with either a proliferation-inducing ligand (APRIL) or stromal cell-soluble factors, IL-6 has been shown to be mandatory for the in vitro generation and survival of human LLPCs [13]. CXCL12 mediates PC homing to the BM niche via interaction with the chemokine receptor CXCR4 expressed on LLPCs and plasmablasts [14]. In addition to its role as chemoattractant, CXCL12 acts as a docking molecule for eosinophils [15] and megakaryocytes [16] that constitute the accessory cell component of the PC niche through their delivery of IL-6 and APRIL [13]. Aside from their central role as regulators of normal hematopoietic cells, MSCs have been implicated in the pathogenesis of hematological malignancies such as myelodysplastic syndromes, acute leukemia and PC neoplasm multiple myeloma [17,18,19]. In myeloma patients, mesenchymal stem cell-derived growth and differentiation factor 15 (GDF-15) instigates the expansion and survival of malignant PCs [19,20], while less is known about the role of GDF-15 in the healthy PC niche.



BM MSCs have slow turnover in vivo and are therefore less sensitive to high-dose chemotherapy than hematopoietic cells. However, previous studies show that cytotoxic therapies and radiotherapy also target stromal cell function with long-term impairment of clonogenic stromal cell capacity (reviewed in [21]). There is still a knowledge gap on the extent of damage to the BM MSC niche in general, and impairments imposed by cancer therapy to the LLPC survival niche in particular [21]. Nowadays, it is widely acknowledged that vaccine-induced protective antibody levels are diminished in adults and children that are treated for hematological cancers [22,23,24,25]. A reason behind this could be damage to the BM MSC niche leading to a diminished pool of LLPCs, similar to what we have earlier observed in pediatric acute lymphoblastic leukemia (ALL) patients [22]. To this end, we asked whether cytotoxic cell treatment alters the capacity of human BM MSC to support the survival of ASCs in culture. To investigate how chemotherapy affects soluble factors related to the PC niche, we profiled a large number of cytokines and chemokines from in vitro-expanded MSCs from healthy donors or children who were undergoing ALL therapy, following exposure to a widely used anthracycline called doxorubicin (Doxo). In addition, we asked if the observed changes in the measured soluble factors after Doxo exposure impacted the ability of the PC niche to support humoral immunity by coculturing Doxo-exposed BM MSCs with in vitro-differentiated ASCs from healthy blood donors. Our results suggest that alterations in BM MSC-derived IL-6, CXCL12 and GDF-15 are not sufficient to disintegrate the support of IgG-ASCs by the PC niche in vitro.




2. Materials and Methods


2.1. Sampling and Ex Vivo Culture of Human BM Derived MSCs


MSCs were isolated from BM aspirates taken from the iliac crest of three (n = 3) healthy adult donors, aged 20–40 years, who served as healthy controls (HC), and from three (n = 3) children, aged two, three, and twelve, at day 106 of treatment against pre-B ALL with the NOPHO ALL-2000 protocol (from now on referred to as ALL). All donors in the ALL group were in complete response with minimal residual disease (MRD) <0.1%, evaluated by flow cytometry according to published work [26]. Additional (n = 2) BM MSCs derived from healthy adults were purchased from ATCC-LGC Standards (PCS-500-012) to serve as HC. Isolation and in vitro culture of MSCs from BM aspirates occurred as published earlier [27]. Briefly, BM MSCs were cultured in human NH Expansion medium (Miltenyi Biotec, Bergisch Gladbach, Germany) for 10–16 days, with exclusion of non-adherent cells and replacement to fresh medium every 3 or 4 days. When cultures were nearly confluent, BM MSCs were detached by Trypsin-EDTA (Gibco, Invitrogen, Carlsbad, CA, USA), counted and re-plated at a density of 4 × 103 cells/cm2 (passage 1). BM MSCs at passage 1–3 were frozen until further analysis. The Doxo treatment model was designed with respect to how well BM MSCs tolerated the drug in vitro in keeping with optimal viability and morphology and restricted passage numbers. For Doxo exposure, BM MSCs were thawed and expanded in cell culture flasks (Corning Inc., Corning, NY, USA). Thereafter 0.1 × 106 cells with 2 mL culture medium were transferred to six-well culture plates and kept until cell confluence reached 80% (after two days, approximately). After removal of medium, BM MSCs were incubated for 2 h with Doxo (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 0.5 or 1.0 µg/mL. BM MSCs in cell culture medium alone served as non-exposed controls. Next, BM MSCs were washed with PBS to remove Doxo, followed by addition of fresh medium. After overnight rest, the same cycle of Doxo treatment, removal, wash and medium refill was repeated, but this time with 3 h Doxo exposure. BM MSCs were thereafter rested for two days before downstream assays. All experiments were completed before MSCs reached passage 5.




2.2. Cell Microscopy, Intracellular Doxo and Immunophenotyping by Flow Cytometry


Images were taken at 10× magnification using a Nikon Eclipse TS100 inverted microscope (Nikon Instruments Europe B.V., Amsterdam, The Netherlands) or Leica DFC420C digital color camera (Leica Microsystems GmbH, Wetzlar, Germany). BM MSCs were phenotyped upon thawing using CD34, CD45, CD73, HLA-ABC and CD105 monoclonal antibodies (listed in Supplementary Materials Table S1). Doxo content in BM MSCs was measured in the phycoerythrin bandpass filter. Cell cycle analysis of Doxo-exposed BM MSCs was performed using a phase determination kit, according to the manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI, USA). Immunophenotyping of differentiated ASCs from CD27+, memory B-cells (MBCs) was assessed using CD20, CD27, CD38 and CD138 monoclonal antibodies (Supplementary Materials Table S1) in addition to cells positive for dead-cell marker (DCM, LIVE/DEAD Fixable cell stain kit Invitrogen). Data was recorded with FACSVerse or LSR II (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo (TreeStar, Ashland, OR, USA).




2.3. Cytokine and Chemokine Array and Protein Network Analysis


Relative levels of 102 cytokine and chemokines in BM MSCs culture supernatants before and after Doxo exposure were assessed with proteome profiler human XL cytokine array kit according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). Relative cytokine and chemokine protein levels on membranes were analyzed in a blinded manner. Captured spot intensity on membranes were graded on a scale between 0 and 10, where 0 represented absence of cytokine, while 10 represented peak cytokine/chemokine level (Supplementary Materials Table S2). Differential spot intensity was estimated as follows: intensities were summed within each donor group (i.e., HC or ALL separately). Proteins corresponding to sums below or equal to the threshold set at the arbitrary level of 5, both before and after Doxo treatment, were discarded. Among the remaining proteins, those having strictly different sums following Doxo exposure were given as input to the STRING tool v11 for analysis and visualization of protein networks.




2.4. Quantitative Polymerase Chain Reaction (qPCR)


A QuickRNA MiniPrep kit (Zymo Research, Irvine, CA, USA) was used for total RNA extraction and a SuperScript VILO cDNA Synthesis Kit (Invitrogen) for reverse transcription of RNA. qPCR was performed using Power SYBR Green master mix (Applied Biosystems, Foster City, CA, USA) or KAPA SYBR FAST qPCR Master mix (KAPA Biosystems Inc., Wilmington, DE, USA). A StepOnePlus Real-Time PCR System (Applied Biosystems) or a Corbett Research RG-6000 Real-time PCR Cycler (Corbett Research, Cambridge, UK) was used to perform and analyze qPCR assays. A minimum of two technical replicates was used. All gene-specific primers were designed in-house (Supplementary Materials Table S3), and the expression values of all genes were normalized to transferrin receptor gene (TFRC).




2.5. In Vitro Differentiation of ASCs and Co-Culture with BM MSCs


Human adult peripheral blood mononuclear cells from buffy coats were separated by Ficoll-Hypaque gradient centrifugation (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), then processed with an EasySep B-cell enrichment kit, followed by an EasySep CD27+ B cell isolation kit to enrich CD27+ MBCs according to the manufacturer’s recommendations (StemCell Technologies, Vancouver, Canada). ASCs were differentiated according to a previously published protocol [28], with minor adjustments of the dose of B-cell activators. Briefly, isolated MBCs cells were cultured in Iscove’s modified Dulbecco medium (Invitrogen) containing 50 µg/mL human transferrin, 5 µg/mL human insulin (both from Sigma-Aldrich) and 10% fetal bovine serum (Invitrogen). The cells were seeded at 0.375 × 106/mL, then exposed to 10 µg/mL human class B CpG oligonucleotide (Invitrogen), 50 ng/mL histidine-tagged soluble recombinant human CD40L and 4 µg/mL anti-poly-histidine mAb (both from R&D Systems), together with recombinant human IL-2 (100 ng/mL), IL-10 (50 ng/mL) and IL-15 (10 ng/mL). At day four, the cells were collected, washed and cultured in a medium containing IL-2 (100 ng/mL), IL-10 (50 ng/mL), IL-15 (10 ng/mL) and IL-6 (50 ng/mL). At day seven, collection and wash of cells was repeated, followed by additional three days culturing in a medium containing IL-15 (10 ng/mL), IL-6 (50 ng/mL) and IFN-α (500 U/mL (all recombinant cytokines purchased from Peprotech, Rocky Hill, NJ, USA). At day 10, cells were collected, and the in vitro 300,000 enriched ASCs were co-cultured with 100,000 Doxo- or non-Doxo-exposed BM MSCs, for four days in total before downstream applications. For IL-6 blocking, either 5 µg/mL of monoclonal antibody (clone 3H3) or isotype-matched control (clone MOPC-21) (Invitrogen and BD Biosciences, respectively) were added to the cultures at day 0. For blocking of GDF-15, 10 µg/mL of human neutralizing GDF-15 antibody (clone 147627) or isotype-matched control (clone 20116, both from R&D Systems) were added at day 0, which was repeated every day until the end of the cell cultures.




2.6. ELISA and ELISPOT


The levels of IL-6, IgG (Mabtech, Nacka Strand, Sweden), CXCL12, GDF-15, APRIL and BAFF (R&D Systems) in culture supernatants were measured with ELISA according to each manufacturer’s protocols. The detection limits were as follows: 10 pg/mL (IL-6), 0.2 ng/mL (IgG), 30 pg/mL and 47 pg/mL (CXCL12 DuoSet and Quatikine), 7 pg/mL (GDF-15), 30 pg/mL (APRIL), 40 pg/mL (BAFF). Numbers of IgG-secreting ASCs after co-culture were determined by a human IgG ELISPOT kit using MAIPSWU plates (from MabTech and Merc Millipore (Burlington, MA, USA), respectively) in accordance with the manufacturer’s instructions. A total of 1000 cells per well were assessed. IgG-secreting ASC numbers were determined following subtraction of spots detected in the negative control wells (PBS coated wells). Plates were analyzed using a CTL-ImmunoSpot S5 Micro analyzer. All conditions were set up in minimum of two replicates.




2.7. Statistics


Data were log-transformed (ln) to fit normal distribution before statistical analysis. Paired t-test was used for comparison between the non-Doxo and either of Doxo treatment dosages. p-values < 0.05 were considered as statistically significant. All horizontal lines in the dot plots and bars represent median values. GraphPad Prism 8 software (La Jolla, CA, USA) was used for statistical analyses.





3. Results


3.1. Characteristics of Human BM MSCs Following Exposure to Anthracycline


As the ex vivo BM MSCs were obtained both from healthy donors (HC) and children who had undergone chemotherapy (ALL), we started by confirming the phenotype of thawed BM-derived MSCs by flow cytometry. Independently of donor status, more than 98% of live CD34– and CD45– cells displayed markers compatible with a BM MSC phenotype, as reported previously [27] (Figure 1A, representative phenotype). Doxo exposure at 0.5 µg/mL resulted in preserved MSC morphology, while higher dose exposure (1.0 µg/mL) resulted in lower MSC confluence and swelling (Figure 1B). Taking advantage of the fluorescent properties of Doxo, a positive shift in intracellular Doxo fluorescence intensity could already be detected at a concentration of 0.5 µg/mL, which corresponded to roughly 10% Doxo+ BM MSCs during data acquisition (Figure 1C). Cell cycle analysis showed that exposure to Doxo was paralleled by a lower proportion of BM MSCs in the G1 phase in a dose-dependent manner (Supplementary Figure S1). Altogether, these data indicated that independent of donor status, BM MSCs had a similar phenotype, morphology and sensitivity to the cell-cytotoxic treatment.



To further investigate the effect of Doxo on the function of BM MSC niche by means of its ability to provide soluble survival factors, we performed a screening of multiple cytokines and chemokines in the BM MSCs culture supernatants after exposure to Doxo and used non-treated cells from each donor as baseline controls. The relative amounts of 102 soluble factors were analyzed in six donors (n = 3 ALL, n = 3 HC) by a semiquantitative approach (Supplementary Table S2), showing significantly diminished CXCL12, but increased IL-6 and GDF-15 following Doxo exposure (Figure 1D, representative protein arrays), irrespective of stratification into ALL and HC (Supplementary Table S2). To further comprehend the dynamics proteins released from HC and ALL donor BM MSCs after Doxo exposure, the protein array data were used to create a protein-association network for upregulated and downregulated proteins (Figure 1E). Despite HCs displaying a more diverse set of cytokines and chemokines affected by Doxo compared to ALL patients, in both investigated groups altered levels of CXCL12, IL-6 and GDF-15 appeared as primary PC niche factors for further evaluation. Of note, we did not detect any substantial levels of BM MSC derived APRIL and BAFF in HC or ALL donors prior or after in vitro Doxo exposure (Supplementary Figure S2).



The relative amounts of cellular CXCL12, IL-6 and GDF-15 mRNA and proteins in BM MSCs cultures were examined in HC and ALL donors. CXCL12 mRNA levels were significantly decreased following 0.5 and 1.0 µg/mL Doxo exposure (Figure 2A, p < 0.001 and p < 0.01, respectively) which paralleled with decreased protein levels (Figure 2B, p < 0.01 for both 0.5 and 1.0 µg/mL Doxo). Conversely, Doxo exposure increased the expression of IL-6 both at the level of gene expression (Figure 2A, p < 0.05 and p < 0.01 for 0.5 and 1.0 µg/mL drug dose, respectively) and protein expression (Figure 2B, p < 0.01 for 0.5 µg/mL Doxo). Similar to IL-6, there was a dose-dependent increase of GDF-15 mRNA and protein (Figure 2A,B, p < 0.001 for 0.5 and 1 µg/mL Doxo). The results did not differ between the HC and ALL subjects, and we could not detect any bias in CXCL12, IL-6 or GDF-15 expression profiles related to previous chemotherapy in the latter group.




3.2. Doxo-Exposed Human BM MSCs Retain the Capacity to Support IgG-ASCs In Vitro


Since Doxo influenced the ability of BM MSCs to produce known PC survival factors, next we evaluated how Doxo-exposed BM MSCs affected the persistence of ASCs. To get access to an enriched pool of ASCs, healthy blood donor MBCs were used for differentiation of ASCs using an established in vitro protocol (Jourdan 2009) (Figure 3A, schematic overview of setup). By day 10 of ASC differentiation, roughly 75% of living cells had gained marked CD38 expression showing a plasmablast phenotype, while approximately 30% displayed a phenotype compatible with terminally differentiated LLPCs (CD20–CD38+CD138+, Figure 3B). The enriched ASCs were co-cultured with previously Doxo-exposed or non-exposed BM MSCs (n = 4 donors), after which IgG-producing ASCs were evaluated (Figure 3C). Surprisingly, we found higher proportions of IgG+ ASCs in co-cultures where BM MSCs had been exposed to Doxo compared with donor matched samples in medium only (Figure 3C), which was paralleled with a similar pattern of soluble IgG concentration in corresponding ASC and BM MSC co-culture supernatants (Figure 3C). Compared to the isotype control, neutralization of IL-6 resulted in a significant, yet partial, reduction in the number of IgG-producing ASCs (Figure 3C, p < 0.05 for both 0.5 and 1.0 µg/mL), and minor decrease in soluble IgG in ASC and Doxo-exposed BM MSC co-culture supernatants (Figure 3D, p < 0.01 for 1.0 µg/mL Doxo). Neutralization of GDF-15 alone, or in combination with IL-6, did not influence IgG-producing ASC proportions or IgG levels in co-cultures (data not shown).





4. Discussion


An extensive amount of research has previously focused on the ASC survival niche within the BM [25], which is central for the maintenance and protection of serological memory. However, even if there is increasing knowledge about BM MSCs with a focus on their gene and protein expression profiles [29,30], the understanding of how the BM niche influences memory cell preservation during steady-state or during toxic conditions is still far from complete. In mice, age has been connected to the capacity of BM to provide proper support for plasmablast homing and/or conversion into LLPCs [31]. Similar studies in pediatric populations are not feasible, as sampling of BM is performed mainly for the purpose of disease monitoring, which hampers the understanding of the PC niche in otherwise healthy humans at a young age. We assessed the phenotype and growth characteristics of the ex vivo BM-derived MSCs from adult HC and pediatric ALL donors and found no differences between the two groups. Also, in humans, pediatric and adult MSCs differ by means of proliferation and functional characteristics even if findings from different studies are inconsistent by means of cell source and functional readouts. Results herein are in part supported by earlier findings showing that children <5 years of age who underwent hematopoietic stem cell transplantation reconstituted their BM-derived MSCs to normal levels [32]. On the other hand, another study showed that mesenchymal stem cells isolated from adults (20–50 years old) and pediatric (2–13 years old) donors displayed no morphological differences or capacity to modulate antigen presentation, while mesenchymal stem cell growth capacity was strictly related to the age of donors [33]. Following assessment of BM MSCs from 13–80 years old individuals, those derived from younger donors showed, among others, increased MCAM, VCAM-1, PDL-1 and CD71, and lower IL-6 production when co-cultured with activated T cells [34].



A consensus exists that Doxo, like most anthracyclines, is a nonselective drug inducing apoptosis in rapidly proliferating cells [35]. Since BM MSCs exhibit a low cellular turnover rate in vivo, it has been suggested that they are resistant to cell-cytotoxic treatment [36]. It should, however, be emphasized that BM-derived MSCs from ALL donors were taken half a year after the initiation of cancer treatment, which does not exclude the possibility that the MSCs would be more negatively affected by ALL treatment at cessation of therapy, which goes on during approximately 2.5 years. This is in keeping with that the type, dose and duration of chemotherapy regimen play a significant role in damage to the BM compartment following cancer treatment [37,38]. We registered a marked fraction of live Doxo+ BM MSCs two days after drug exposure. This indicated that the rate of Doxo metabolism and efflux by human BM MSCs may be a slower process compared with results from animal and tissue models showing a cellular turnover rate of 10–30 min [39,40]. In vitro studies of Doxo-exposed human BM MSCs show that apoptosis manifests through excessive generation of reactive oxygen species [41] or direct interference to DNA double helix [42] leading to cell cycle arrest. Upon Doxo exposure, we found a significantly lower percentage of BM MSCs at G1 phase, opposite to an increased pattern of cells arrested in G2 phase, which is in accord with interruption of DNA synthesis [42]. At this stage, however, the long-term fate of MSCs in the G2 phase remains unclear. Furthermore, our findings are contrasted by those made by Kozhukharova et al. who reported that Doxo treatment decreased the number of mesenchymal stem cells in the S-phase while increasing numbers of cells arrested in the G0/G1 phase [43]. The reason for the discrepancies between findings in this study and that in ours are unclear, but could in part relate to differences in drug dose and exposure time,



To understand how cytokine and chemokine production by BM MSCs from ALL and HC donors were affected by Doxo exposure, and if the recorded changes could be implicated in ASC longevity, we screened for multiple cytokines and chemokines, and found that IL-6, CXCL12 and GDF-15 were strongly influenced by Doxo treatment. A subsequent protein network analysis—allowing us to assess and visualize a relatively large data set by an unbiased manner before identification of soluble factors that have been acknowledged as central for PC survival [7,8,12]—confirmed these findings. Overall, the HC group showed a more diverse protein network in response to Doxo exposure than the ALL group. A cytokine that was differentially expressed only in the ALL group was IL-17A, which has been implicated in maintenance of ASCs in inflammatory tissues of mice [44]. Thus, we doubt the implication of IL-17A in IgG responses and human BM PC niche. A diminished CXCL12 in response to chemotherapy might be unfavorable for vaccine-induced memory in patients with ongoing cancer treatment. Nonetheless, increased cancer cell infiltration of BM niche due to excessive CXCL12-CXCR4 signaling, and thereby potential out-competing of the normal protective LLPCs in favor of malignant cells, should be taken into consideration [25].



Surprisingly, we found elevated proportions of IgG ASCs upon Doxo-induced decrease of CXCL12 by BM MSCs, suggesting that additional or alternative components might play a part in long-term PC survival under compromised conditions like chemotherapy. IL-6 is a multifaceted cytokine that is, for example, produced upon cellular stress through activation of the NF-kβ pathway [45], but also mandatory for the PC niche and in vitro generation and survival of human LLPCs [13]. Since elevation of IL-6 and IgG-ASC numbers coincided, while CXCL12 levels were diminished after Doxo exposure, we reasoned that IL-6 might compensate the role of CXCL12 in promoting ASCs sustenance. Neutralization of IL-6 was connected to a marked decrease in IgG-ASC numbers in the co-cultures with Doxo-exposed BM MSCs. In our hands, the net balance between depressed CXCL12 and enhanced IL-6 in BM MSC and ASC co-cultures may be one explanation behind the sustained numbers of ASCs [13]. We also observed that the cytokine GDF-15 was remarkably enhanced in response to Doxo, which could further contribute to the higher numbers of ASCs. Since GDF-15 was previously reported to promote the growth, survival and self-renewal of malignant PCs in myeloma patients [19,20], we asked if GDF-15 contributed to the maintenance of normal ASCs. Our in vitro results were not in favor of a marked role for GDF-15 in ASC survival. This finding should, however, be interpreted with caution. Unlike IL-6, neutralization of GDF-15 was technically challenging. This is due to the limitation in available and well-performing reagents on the market. Furthermore, a recent study proposed that human BM MSC-derived fibronectin was an alternative factor essential for ASC longevity and homing to BM [29]. Even if the relationship between IL-6 and fibronectin is unclear in the BM niche, IL-6 presence has been connected to the reduction of fibronectin in hepatocytes [46]. If we extrapolate this to our in vitro setting, then fibronectin’s role in sustaining ASCs becomes questionable. Likely, the requirements for survival of ASCs during their differentiation into LLPCs may be different [47], and the relative importance of each subset of MSCs, such as the CXCL12+ reticular stromal cells [6,48], for the persistence of ASCs deserves further attention.



We acknowledge that a relatively short culture follow-up time as well as use of one single component in ALL treatment protocol was a shortcoming that influenced our findings. ASCs can survive up to seven days when cultured together with BM MSC-obtained secretome that is deprived of select factors know to promote PCs [29]. Thus, we cannot rule out the possibility that IL-6 and/or GDF-15 mediated effects on ASC longevity and antibody release would have been more pronounced with increasing co-culture time. Nevertheless, our study is unique in that it investigates the capacity of PC survival niche to support normal ASC under the influence of chemotherapy exposure using both otherwise healthy BM MSCs and those derived from children under ALL therapy. While deprivation of IL-6 was connected to partial reduction of IgG-producing ASCs, diminished CXCL12 and GDF-15 were not enough to alter ASC numbers. This suggests that the PC survival niche uses redundant mechanisms to sustain the mediators of serological memory under BM suppression, and that serological memory loss may arise during late stages of ALL therapy.








Supplementary Materials


The following are available online at https://www.mdpi.com/2673-6357/2/1/9/s1. Table S1. List of monoclonal antibodies used for flow cytometry. Table S2. Soluble proteins derived from in vitro cultures of Doxo-exposed and non-exposed human bone-marrow derived mesenchymal stromal cells. Table S3. Oligonucleotides used as qPCR primers. Figure S1 Cell cycle analysis following in vitro exposure of bone-marrow mesenchymal stromal cells to Doxorubicin. Figure S2. Bone-marrow mesenchymal stromal cells produce minor levels of APRIL and BAFF regardless of Doxorubicin exposure.





Author Contributions


Conceptualization, A.N. and S.S.-H.; methodology, S.S.-H., G.L., A.H., D.U., M.S. and A.Y.; software, S.S.-H., G.L. and R.C.; validation, A.N., S.S.-H., G.L. and E.S-E.; formal analysis, A.N., S.S.-H., G.L., D.U., D.S., R.C. and E.S-E.; investigation, A.N. and S.S.-H.; resources, A.N., M.S. and S.S.-H.; writing-original draft preparation, A.N., S.S.-H., G.L., M.S., A.H. and E.S.-E.; writing—review and editing, A.N., S.S.-H., G.L., A.H. and E.S-E.; supervision, A.N. and S.S.-H. All authors have read and agreed to the published version of the manuscript.




Funding


The study was supported by grants from the Swedish Research Council (2017-02001), Childhood Cancer Foundation (2014-0112), Märta and Gunnar V. Philipssons stiftelse, the Stockholm County through the ALF agreement (2015-0239), Karolinska Institute Foundations & Funds, Cancer Foundation (CAN 2017/460) and Cancer and Allergy Foundation (204).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and by the Regional Ethics Review Board in Stockholm (2016/458-31).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors have no conflicts of interests.




References


	



Friedenstein, A.J.; Chailakhyan, R.K.; Gerasimov, U.V. Bone marrow osteogenic stem cells: In vitro cultivation and transplantation in diffusion chambers. Cell Tissue Kinet. 1987, 20, 263–272. [Google Scholar] [CrossRef]

	



Owen, M.; Friedenstein, A.J. Stromal stem cells: Marrow-derived osteogenic precursors. Ciba Found. Symp. 1988, 136, 42–60. [Google Scholar] [CrossRef]

	



Caplan, A.I. Mesenchymal stem cells. J. Orthop. Res. 1991, 9, 641–650. [Google Scholar] [CrossRef]

	



Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143–147. [Google Scholar] [CrossRef] [PubMed]

	



Tormin, A.; Li, O.; Brune, J.C.; Walsh, S.; Schütz, B.; Ehinger, M.; Ditzel, N.; Kassem, M.; Scheding, S. CD146 expression on primary nonhematopoietic bone marrow stem cells is correlated with in situ localization. Blood 2011, 117, 5067–5077. [Google Scholar] [CrossRef]

	



Zacharaki, D.; Li, H.; Scheding, S. Human primary bone marrow stromal cells—basic biology and isolation strategies. In Encyclopedia of Bone Biology; Zaidi, M., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 26–34. [Google Scholar]

	



Minges Wols, H.A.; Underhill, G.H.; Kansas, G.S.; Witte, P.L. The role of bone marrow-derived stromal cells in the maintenance of plasma cell longevity. J. Immunol. 2002, 169, 4213–4221. [Google Scholar] [CrossRef] [PubMed]

	



Tokoyoda, K.; Egawa, T.; Sugiyama, T.; Choi, B.-I.; Nagasawa, T. Cellular niches controlling B lymphocyte behavior within bone marrow during development. Immunity 2004, 20, 707–718. [Google Scholar] [CrossRef]

	



Belnoue, E.; Tougne, C.; Rochat, A.-F.; Lambert, P.-H.; Pinschewer, D.D.; Siegrist, C.-A. Homing and adhesion patterns determine the cellular composition of the bone marrow plasma cell niche. J. Immunol. 2012, 188, 1283–1291. [Google Scholar] [CrossRef]

	



Chu, V.T.; Berek, C. The establishment of the plasma cell survival niche in the bone marrow. Immunol. Rev. 2013, 251, 177–188. [Google Scholar] [CrossRef] [PubMed]

	



Anthony, B.A.; Link, D.C. Regulation of hematopoietic stem cells by bone marrow stromal cells. Trends Immunol. 2014, 35, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Khodadadi, L.; Cheng, Q.; Radbruch, A.; Hiepe, F. The maintenance of memory plasma cells. Front. Immunol. 2019, 10, 721. [Google Scholar] [CrossRef] [PubMed]

	



Jourdan, M.; Cren, M.; Robert, N.J.; Bollore, K.; Fest, T.; Duperray, C.; Guilloton, F.; Hose, D.; Tarte, K.; Klein, B.M. IL-6 supports the generation of human long-lived plasma cells in combination with either APRIL or stromal cell-soluble factors. Leukemia 2014, 28, 1647–1656. [Google Scholar] [CrossRef] [PubMed]

	



Hargreaves, D.C.; Hyman, P.L.; Lu, T.T.; Ngo, V.N.; Bidgol, A.; Suzuki, G.; Zou, Y.-R.; Littman, D.R.; Cyster, J.G. A Coordinated change in chemokine responsiveness guides plasma cell movements. J. Exp. Med. 2001, 194, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Chu, V.T.; Fröhlich, A.; Steinhauser, G.; Scheel, T.; Roch, T.T.; Fillatreau, S.S.; Lee, J.J.; Löhning, M.; Berek, C. Eosinophils are required for the maintenance of plasma cells in the bone marrow. Nat. Immunol. 2011, 12, 151–159. [Google Scholar] [CrossRef] [PubMed]

	



Winter, O.; Moser, K.; Mohr, E.; Zotos, D.; Kaminski, H.; Szyska, M.; Roth, K.; Wong, D.M.; Dame, C.; Tarlinton, D.M.; et al. Megakaryocytes constitute a functional component of a plasma cell niche in the bone marrow. Blood 2010, 116, 1867–1875. [Google Scholar] [CrossRef]

	



Méndez-Ferrer, S.; Bonnet, D.; Steensma, D.P.; Hasserjian, R.P.; Ghobrial, I.M.; Gribben, J.G.; Andreeff, M.; Krause, D.S. Bone marrow niches in haematological malignancies. Nat. Rev. Cancer 2020, 20, 285–298. [Google Scholar] [CrossRef]

	



Kaushansky, K.; Zhan, H. The marrow stem cell niche in normal and malignant hematopoiesis. Ann. N. Y. Acad. Sci. 2020, 1466, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Corre, J.; Mahtouk, K.; Attal, M.; Gadelorge, M.; Huynh, A.; Fleury-Cappellesso, S.; Danho, C.; Laharrague, P.; Klein, B.; Rème, T.; et al. Bone marrow mesenchymal stem cells are abnormal in multiple myeloma. Leukemia 2007, 21, 1079–1088. [Google Scholar] [CrossRef]

	



Corre, J.; Hébraud, B.; Bourin, P. Concise review: Growth differentiation factor 15 in pathology: A clinical role? Stem Cells Transl. Med. 2013, 2, 946–952. [Google Scholar] [CrossRef]

	



Banfi, A.; Bianchi, G.; Galotto, M.; Cancedda, R.; Quarto, R. Bone marrow stromal damage after chemo/radiotherapy: Occurrence, consequences and possibilities of treatment. Leuk. Lymphoma 2001, 42, 863–870. [Google Scholar] [CrossRef]

	



Nilsson, A.; De Milito, A.; Engström, P.; Nordin, M.; Narita, M.; Grillner, L.; Chiodi, F.; Björk, O. Current chemotherapy protocols for childhood acute lymphoblastic leukemia induce loss of humoral immunity to viral vaccination antigens. Pediatrics 2002, 109, e91. [Google Scholar] [CrossRef] [PubMed]

	



Bochennek, K.; Allwinn, R.; Langer, R.; Becker, M.; Keppler, O.T.; Klingebiel, T.; Lehrnbecher, T. Differential loss of humoral immunity against measles, mumps, rubella and varicella-zoster virus in children treated for cancer. Vaccine 2014, 32, 3357–3361. [Google Scholar] [CrossRef]

	



Ariza-Heredia, E.J.; Chemaly, R.F. Practical review of immunizations in adult patients with cancer. Hum. Vaccines Immunother. 2015, 11, 2606–2614. [Google Scholar] [CrossRef] [PubMed]

	



Saghafian-Hedengren, S.; Söderström, I.; Sverremark-Ekström, E.; Nilsson, A. Insights into defective serological memory after acute lymphoblastic leukaemia treatment: The role of the plasma cell survival niche, memory B-cells and gut microbiota in vaccine responses. Blood Rev. 2018, 32, 71–80. [Google Scholar] [CrossRef]

	



Thörnerup, I.; Forestier, E.; Botling, J.; Thuresson, B.; Wasslavik, C.; Björklund, E.; Li, A.; Lindström-Eriksson, E.; Malec, M.; Grönlund, E.; et al. Minimal residual disease assessment in childhood acute lymphoblastic leukaemia: A Swedish multi-centre study comparing real-time polymerase chain reaction and multicolour flow cytometry. Br. J. Haematol. 2011, 152, 743–753. [Google Scholar] [CrossRef]

	



Sundin, M.; Ringdén, O.; Sundberg, B.; Nava, S.; Götherström, C.; Le Blanc, K. No alloantibodies against mesenchymal stromal cells, but presence of anti-fetal calf serum antibodies, after transplantation in allogeneic hematopoietic stem cell recipients. Haematologica 2007, 92, 1208–1215. [Google Scholar] [CrossRef] [PubMed]

	



Jourdan, M.; Caraux, A.; De Vos, J.; Fiol, G.; Larroque, M.; Cognot, C.; Bret, C.; Duperray, C.; Hose, D.; Klein, B. An in vitro model of differentiation of memory B cells into plasmablasts and plasma cells including detailed phenotypic and molecular characterization. Blood 2009, 114, 5173–5181. [Google Scholar] [CrossRef]

	



Nguyen, D.C.; Garimalla, S.; Xiao, H.; Kyu, S.; Albizua, I.; Galipeau, J.; Chiang, K.-Y.; Waller, E.K.; Wu, R.; Gibson, G.; et al. Factors of the bone marrow microniche that support human plasma cell survival and immunoglobulin secretion. Nat. Commun. 2018, 9, 1–12. [Google Scholar] [CrossRef]

	



Addo, R.K.; Heinrich, F.; Heinz, G.A.; Schulz, D.; Sercan-Alp, Ö.; Lehmann, K.; Tran, C.L.; Bardua, M.; Matz, M.; Löhning, M.; et al. Single-cell transcriptomes of murine bone marrow stromal cells reveal niche-associated heterogeneity. Eur. J. Immunol. 2019, 49, 1372–1379. [Google Scholar] [CrossRef]

	



Pihlgren, M.; Schallert, N.; Tougne, C.; Bozzotti, P.; Kovarik, J.; Fulurija, A.; Kosco-Vilbois, M.; Lambert, P.-H.; Siegrist, C.-A. Delayed and deficient establishment of the long-term bone marrow plasma cell pool during early life. Eur. J. Immunol. 2001, 31, 939–946. [Google Scholar] [CrossRef]

	



Galotto, M.; Berisso, G.; Delfino, L.; Podesta, M.; Ottaggio, L.; Dallorso, S.; Dufour, C.; Ferrara, G.B.; Abbondandolo, A.; Dini, G.; et al. Stromal damage as consequence of high-dose chemo/radiotherapy in bone marrow transplant recipients. Exp. Hematol. 1999, 27, 1460–1466. [Google Scholar] [CrossRef]

	



Mareschi, K.; Ferrero, I.; Rustichelli, D.; Aschero, S.; Gammaitoni, L.; Aglietta, M.; Madon, E.; Fagioli, F. Expansion of mesenchymal stem cells isolated from pediatric and adult donor bone marrow. J. Cell. Biochem. 2006, 97, 744–754. [Google Scholar] [CrossRef]

	



Siegel, G.; Kluba, T.; Hermanutz-Klein, U.; Bieback, K.; Northoff, H.; Schäfer, R. Phenotype, donor age and gender affect function of human bone marrow-derived mesenchymal stromal cells. BMC Med. 2013, 11, 146. [Google Scholar] [CrossRef] [PubMed]

	



Tacar, O.; Sriamornsak, P.; Dass, C.R. Doxorubicin: An update on anticancer molecular action, toxicity and novel drug delivery systems. J. Pharm. Pharmacol. 2013, 65, 157–170. [Google Scholar] [CrossRef]

	



Mueller, L.P.; Luetzkendorf, J.; Mueller, T.; Reichelt, K.; Simon, H.; Schmoll, H.-J. Presence of mesenchymal stem cells in human bone marrow after exposure to chemotherapy: Evidence of resistance to apoptosis induction. Stem Cells 2006, 24, 2753–2765. [Google Scholar] [CrossRef]

	



Li, J.; Law, H.K.W.; Lau, Y.L.; Chan, G.C.F. Differential damage and recovery of human mesenchymal stem cells after exposure to chemotherapeutic agents. Br. J. Haematol. 2004, 127, 326–334. [Google Scholar] [CrossRef] [PubMed]

	



Schmidmaier, R.; Baumann, P.; Emmerich, B.; Meinhardt, G. Evaluation of chemosensitivity of human bone marrow stromal cells--differences between common chemotherapeutic drugs. Anticancer Res. 2006, 26, 347–350. [Google Scholar] [PubMed]

	



Patel, K.J.; Trédan, O.; Tannock, I.F. Distribution of the anticancer drugs doxorubicin, mitoxantrone and topotecan in tumors and normal tissues. Cancer Chemother. Pharmacol. 2013, 72, 127–138. [Google Scholar] [CrossRef]

	



Rusetskaya, N.V.; Khariton, N.; Yurchenko, O.V.; Chekhun, V.F. Distribution and accumulation of liposomal form of doxorubicin in breast cancer cells of MCF-7 line. Exp. Oncol. 2011, 33, 78–82. [Google Scholar] [PubMed]

	



Yang, F.; Chen, H.; Liu, Y.; Yin, K.; Wang, Y.; Li, X.; Wang, G.; Wang, S.; Tan, X.; Xu, C.; et al. Doxorubicin caused apoptosis of mesenchymal stem cells via p38, JNK and p53 pathway. Cell. Physiol. Biochem. 2013, 32, 1072–1082. [Google Scholar] [CrossRef]

	



Cruet-Hennequart, S.; Prendergast, Á.M.; Shaw, G.; Barry, F.P.; Carty, M.P. Doxorubicin induces the DNA damage response in cultured human mesenchymal stem cells. Int. J. Hematol. 2012, 96, 649–656. [Google Scholar] [CrossRef] [PubMed]

	



Kozhukharova, I.; Zemelko, V.; Kovaleva, Z.; Alekseenko, L.; Lyublinskaya, O.; Nikolsky, N. Therapeutic doses of doxorubicin induce premature senescence of human mesenchymal stem cells derived from menstrual blood, bone marrow and adipose tissue. Int. J. Hematol. 2018, 107, 286–296. [Google Scholar] [CrossRef]

	



Grund, L.Z.; Komegae, E.N.; Lopes-Ferreira, M.; Lima, C. IL-5 and IL-17A are critical for the chronic IgE response and differentiation of long-lived antibody-secreting cells in inflamed tissues. Cytokine 2012, 59, 335–351. [Google Scholar] [CrossRef]

	



Libermann, T.A.; Baltimore, D. Activation of interleukin-6 gene expression through the NF-kappa B transcription factor. Mol. Cell. Biol. 1990, 10, 2327–2334. [Google Scholar] [CrossRef] [PubMed]

	



Heinrich, P.C.; Castell, J.V.; Andus, T. Interleukin-6 and the acute phase response. Biochem. J. 1990, 265, 621–636. [Google Scholar] [CrossRef]

	



Nguyen, D.C.; Joyner, C.J.; Sanz, I.; Lee, F.E.-H. Factors affecting early antibody secreting cell maturation into long-lived plasma cells. Front. Immunol. 2019, 10. [Google Scholar] [CrossRef] [PubMed]

	



Zehentmeier, S.; Roth, K.; Cseresnyes, Z.; Sercan, , Ö; Horn, K.; Niesner, R.A.; Chang, H.-D.; Radbruch, A.; Hauser, A.E. Static and dynamic components synergize to form a stable survival niche for bone marrow plasma cells. Eur. J. Immunol. 2014, 44, 2306–2317. [Google Scholar] [CrossRef] [PubMed]








[image: Hemato 02 00009 g001 550] 





Figure 1. Primary human bone marrow (BM) mesenchymal stromal cell (MSC) characteristics following in vitro exposure to doxorubicin. (A) Representative gating-strategy of live (DCM–) single BM MSCs defined as CD45– and CD34– and CD73+, CD105+ and HLA-ABC+ cells ahead of doxorubicin (Doxo) exposure (ALL donor). (B) Microscopy images of BM MSCs exposed to 0.0 µg/mL, 0.5 µg/mL or 1.0 µg/mL Doxo, at 10× magnification (Nikon Eclipse TS100 inverted). (C) Representative histogram on Doxo fluorescence intensity per Doxo+ cell and compiled data of % Doxo+ BM MSCs measured by flow cytometry (n = 3, HC donors). (D) Representative picture of membranes displaying BM MSC expression of an array of cytokines and chemokines before (0.0 µg/mL) and after (0.5 µg/mL) Doxo exposure (n = 3 HC and n = 3 ALL donors). Data from proteins that were differentially expressed after Doxo exposure were used for visualization of (E) protein–protein networks that were generated for each group (HC and ALL) separately. Nodes of the network are proteins indicated by their gene symbol, and edges are known protein–protein associations. Blue/purple edges are known interactions, while green/red edges are predicted interactions. Node colors are random and serve no particular meaning. 
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Figure 2. Alterations in CXCL12, interleukin 6 IL-6 and growth and differentiation factor 15 (GDF-15) gene and protein expression by BM MSC following in vitro exposure to doxorubicin. (A) Relative CXCL12, IL-6 and GDF-15, mRNA levels normalized to TFRC, quantified by real time PCR in BM MSCs following Doxo exposure (n = 7 donors). (B) CXCL12, IL-6 and GDF-15 protein levels in the BM MSC supernatants after Doxo exposure, measured by ELISA (n = 6 donors). (A,B) Data acquired during two independent experiments. O: Healthy controls, O: Children under treatment for ALL 
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Figure 3. Doxo-exposed primary human BM MSCs sustain a higher number of IgG-producing antibody-secreting cells (ASCs). (A) Schematic picture of ASC enrichment following differentiation of memory B-cells (MBCs), and their co-culture with BM MSCs. At day 10, the enriched ASC population (pooled from n = 2 donors) was collected and co-cultured with earlier Doxo-exposed or non-exposed BM MSCs (n = 2 HC and n = 2 ALL) for additional four days (day 10–14). (B) Representative phenotype of ASCs (CD38+CD138– and CD38+CD138+) which gradually became enriched in the in vitro culture from day 0 to 4, 7 and 10 of differentiation. (C) Representative wells and compiled data of IgG spot-forming ASCs evaluated by ELISPOT after BM MSC and ASC co-culture with or without IL-6 neutralization. (D) Soluble IgG levels in BM MSC and ASC co-cultures, with or without IL-6 neutralization. O: Healthy controls, O: Children under treatment for ALL 
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