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Engineering bone with mesenchymal stem cells: challenges and obstacles

Repair and reconstruction of large bone defects remain a significant challenge. Cell construct, containing mesenchymal stem cells (MSCs) and scaffold, is a promising strategy for addressing and treating major orthopaedic clinical conditions. However, the design of an ideal cell construct for engineering bone faces two critrical challenges (i) matching the scaffold degradation rate to that of new bone formation and (ii) preventing the massive cell death post-implantation (caused by disruption of oxygen and nutrient supply). We will hereby primarily focus on the challenge of survival of MSCs post-implantation. Increasing evidence indicates that metabolic regulation plays a critical role in cell fate and functions. In cell metabolism, glucose is considered the major metabolic substrate to produce ATP via glycolysis when the availability of oxygen is limited. In this paper, we delineate the essential roles of glucose on MSC survival. We aim to provide a different perspective which highlights the importance of considering glucose in the development of tissue engineering strategies in order to improve the efficiency of MSC-based cell constructs in the repair of large bone defects.

Introduction:

The repair of large bone defects still represents a significant challenge for orthopaedic, reconstructive and maxillofacial surgeon [START_REF] Dimitriou | Current concepts of molecular aspects of bone healing[END_REF][START_REF] Heary | Persistent iliac crest donor site pain: independent outcome assessment[END_REF] . Current surgical techniques for the repair of bone defects utilize autogenous, allogeneic, and prosthetic materials to promote bone tissue regeneration. Autologous bone graft is the gold standard treatment; however, it is limited in the amount of bone tissue which can be harvested, posing a problem when the defect is large [START_REF] Sen | Autologous iliac crest bone graft: Should it still be the gold standard for treating nonunions? Injury[END_REF] . In addition, the required additional surgical procedure for bone graft harvest gives rise to a wide range of donor site co-morbidities, including infection, hematoma, fracture, nerve and vascular injuries, and chronic donor site pain [START_REF] Younger | Morbidity at bone graft donor sites[END_REF][START_REF] Dimitriou | Complications following autologous bone graft harvesting from the iliac crest and using the RIA: A systematic review[END_REF] . Therefore, new approaches to bone regeneration that would maximize the benefit and reduce risk of complications are needed. In this context, cell constructs have a promising role in addressing the aforementioned current limitations due to the technical advances in the field of biomaterials and stem cell biology [START_REF] Petrovic | Craniofacial bone tissue engineering[END_REF][START_REF] Robey | Mesenchymal stem cells": Fact or fiction, and implications in their therapeutic use[END_REF] .

Mesenchymal stem cells (MSCs), also referred to as multipotent stromal cells, are a small non-hematopoietic subpopulation of bone marrow derived cells. They are characterized by their expression of surface markers CD73, CD90, and CD105, and their lack of expression of surface markers CD34, CD45, HLA-DR, or CD11b, and CD19 8,9 . MSCs were first studied for their role in the proliferation of hematopoietic stem cells [START_REF] Friedenstein Aj | Osteogenic stem cells in the bone marrow[END_REF] , yet now they are recognized for their therapeutic potential in tissue engineering applications. MSCs possess the ability to differentiate into adipocytes, chondrocytes and osteoblasts, as well as to induce a regenerative niche by secreting biologically active molecules that inhibit tissue scarring, apoptosis and inflammation; promote angiogenesis; and stimulate mitosis of tissue-intrinsic stem or progenitor cells [START_REF] Caplan | Adult mesenchymal stem cells for tissue engineering versus regenerative medicine[END_REF] .

During the bone repair processes, scaffolds act as a temporary supporting structure, which (a) ensures that the defect space is suitable for bone tissue growth, maturation and remodeling; (b) provides mechanical functionality for proper transfer of loads acting on scaffolds to the adjacent host tissues while the tissue regenerates; and (c) facilitates in-growth of tissue regeneration [START_REF] Poh | Optimization of Bone Scaffold Porosity Distributions[END_REF] . Previous studies have shown that MSCs loaded into calcium-based scaffolds actively contribute to the bone repair process in small animal models (for review) [START_REF] Logeart-Avramoglou | Engineering bone: Challenges and obstacles[END_REF][START_REF] Mcgovern | Animal models for bone tissue engineering and modelling disease[END_REF] . The clinical applicability of such cell constructs was further evaluated in critical-size bone defects in large animal (dog and sheep) models; promising results were obtained in the repair of long, segmental bone defects in loadbearing situations using MSC-loaded ceramics (such as hydroxyapatite (HA)-tricalcium phosphate [START_REF] Bruder | Mesenchymal stem cells in osteobiology and applied bone regeneration[END_REF] , porous HA [START_REF] Kon | Autologous bone marrow stromal cells loaded onto porous hydroxyapatite ceramic accelerate bone repair in critical-size defects of sheep long bones[END_REF] , coralline HA [START_REF] Bensaïd | De novo reconstruction of functional bone by tissue engineering in the metatarsal sheep model[END_REF] and calcium carbonate [18][START_REF] Viateau | Long-bone critical-size defects treated with tissue-engineered grafts: a study on sheep[END_REF][START_REF] Manassero | Bone Regeneration in Sheep Using Acropora Coral, a Natural Resorbable Scaffold, and Autologous Mesenchymal Stem Cells[END_REF] . However, in these studies, the degradation of the material was a limiting factor, hindering new bone tissue from occupying the entire defect space and complete remodeling of the defect site. Temporal scaffold degradation is, thus, a key factor in bone tissue regeneration. It remains a challenge to optimize the degradation rate of ideal biological scaffolds to match the new bone formation rate while still providing mechanical support [START_REF] Jin | Microstructure design and degradation performance in vitro of three-dimensional printed bioscaffold for bone tissue engineering[END_REF] .

Furthermore, the overall therapeutic effectiveness of the MSC-containing ceramic scaffolds do not match the osteogenic capability and clinical success of the gold standard, autologous bone grafts [START_REF] Viateau | Long-bone critical-size defects treated with tissue-engineered grafts: a study on sheep[END_REF] . The underlying reasons for the limited osteogenic potential of cell constructs are not yet fully understood but in vivo massive death of transplanted cells after engraftment into cell constructs is a major, and serious, problem. Specifically, massive cell death was observed in vivo when MSCs, loaded into scaffolds, were implanted subcutaneously [START_REF] Becquart | Ischemia is the prime but not the only cause of human multipotent stromal cell death in tissue-engineered constructs in vivo[END_REF][START_REF] Logeart-Avramoglou | In vitro and in vivo bioluminescent quantification of viable stem cells in engineered constructs[END_REF][START_REF] Manassero | Comparison of Survival and Osteogenic Ability of Human Mesenchymal Stem Cells in Orthotopic and Ectopic Sites in Mice[END_REF] , in mouse calvarial defects [START_REF] Dégano | Bioluminescence imaging of calvarial bone repair using bone marrow and adipose tissue-derived mesenchymal stem cells[END_REF] and in femoral segmental bone defects [START_REF] Manassero | Comparison of Survival and Osteogenic Ability of Human Mesenchymal Stem Cells in Orthotopic and Ectopic Sites in Mice[END_REF] . This massive cell death post-implantation is a general phenomenon in tissue engineering and as such represents a bottleneck in the use of MSCs in regenerative medicine. Thus, post-implantation massive cell death was also observed when using a single cell suspension of MSCs for the treatment of either cardiac ischemia in mice (reviewed in) [START_REF] Haider | Strategies to promote donor cell survival: combining preconditioning approach with stem cell transplantation[END_REF] or acute kidney injury in rats [START_REF] Tögel | Bioluminescence imaging to monitor the in vivo distribution of administered mesenchymal stem cells in acute kidney injury[END_REF] .

Metabolic regulation plays a critical role in cell fate and functions [START_REF] Mylotte | Metabolic Flexibility Permits Mesenchymal Stem Cell Survival in an Ischemic Environment[END_REF][START_REF] Liu | Metabolic regulation of mesenchymal stem cell in expansion and therapeutic application[END_REF][START_REF] Ghosh-Choudhary | Metabolic Regulation of Cell Fate and Function[END_REF] and it is particularly important post-implantation as MSCs experience ischemia (lack of oxygen and nutrients), and oxidative stress at the delivery site [START_REF] Becquart | Ischemia is the prime but not the only cause of human multipotent stromal cell death in tissue-engineered constructs in vivo[END_REF][START_REF] Li | How to Improve the Survival of Transplanted Mesenchymal Stem Cell in Ischemic Heart?[END_REF][START_REF] Elsässer | The role of apoptosis in myocardial ischemia: A critical appraisal[END_REF] . This adverse microenvironment affects, in all likelihood, their metabolism. In fact, the primary metabolic consequences of ischemia include the disruption of mitochondrial function and aerobic ATP production and the activation of anaerobic glycolysis and lactate production [START_REF] Ghosh-Choudhary | Metabolic Regulation of Cell Fate and Function[END_REF][START_REF] Ito | Metabolic requirements for the maintenance of selfrenewing stem cells[END_REF] . In this scenario, glucose is considered as the major metabolic fuel for ATP production via glycolysis. Since vital cell processes are fueled through the metabolism of energy substrates supplied by the environment [START_REF] Folmes | Metabolic Plasticity in Stem Cell Homeostasis and Differentiation[END_REF][START_REF] Salazar-Noratto | Concise Review: Understanding and leveraging cell metabolism to Enhance Mesenchymal Stem Cell Transplantation Survival in Tissue Engineering and Regenerative Medicine Applications[END_REF] , the severally compromised MSC metabolism at transplantation sites may lead to cell death.

Both oxygen and glucose are needed to allow realignment of metabolic activity and engagement in regenerative activity of human MSCs (hMSCs), specifically survival, proliferation and differentiation. The critical roles of oxygen in stem cell biology have been reviewed comprehensively in the past [START_REF] Mohyeldin | Oxygen in stem cell biology: A critical component of the stem cell niche[END_REF] . This paper aims to delineate the essential roles of glucose on MSCs survival. We hope this paper can provide a different perspective on recognizing the importance of glucose in the development and optimization of MSC-based constructs that aim to repair and regenerate large bone defects.

Metabolism of glucose in MSCs:

Carbohydrates, organic molecules composed of carbon, hydrogen, and oxygen atoms, are central to many essential metabolic pathways. The family of carbohydrates includes both simple and complex sugars. Glucose, a simple sugar with the molecular formula C6H12O6, is the most important carbohydrate with respect to cell metabolism. In fact, glucose is metabolized by nearly all known organisms and releases energy in the form of the high-energy molecules adenosine triphosphate (ATP) for later use in cellular processes. MSCs metabolize glucose and produce ATP by two main pathways: glycolysis and oxidative phosphorylation (OXPHOS). In glycolysis, a glucose molecule is broken down into two molecules of pyruvate and ATP; then pyruvate is either converted into lactate or, in the presence of sufficient oxygen, further oxidized in mitochondria to acetyl-CoA for the tricarboxylic acid (TCA)36. In OXPHOS, electrons of the TCA cycle are transferred through the electron transport chain (ETC) within the inner mitochondrial membrane and produce ATP molecules35,38. Although, OXPHOS produces a significantly higher amount of ATP than glycolysis (specifically, 34-36 vs 2 ATP molecules per glucose molecule), MSC survival is not dependent on OXPHOS but rather on glycolysis. Thus, rat MSCs cultured with 2,4-dinitrophenol (DNP), a mitochondrial uncoupler that inhibits OXPHOS, displayed no increase in cell death up to 72 hours post-DNP treatment, whereas addition of 2-deoxyglucose, an analog of glucose that inhibits glycolysis, induced a significant decrease in cell viability as early as 24 hours after treatment under normoxic conditions39. Moreover, in near-anoxia (0.1% pO2), hMSCs treated with Antimycin A or Malanate (TCA cycle inhibitors) does not further impair the MSC metabolism nor does it significantly increase cell death40. Altogether, these findings indicate that metabolism of glucose via glycolysis is crucial to MSC survival.

Effects of glucose on MSC survival under nearanoxia

In order to better understand the effect of post-implantation ischemia and design a "niche" that reduces MSC sensitivity to ischemia, Deschepper and al. established an in vitro model and investigated the respective roles of glucose deprivation and continuous near anoxia (the two major insults associated with ischemia) on MSC viability [START_REF] Deschepper | Survival and function of mesenchymal stem cells (MSCs) depend on glucose to overcome exposure to long-term, severe and continuous hypoxia[END_REF] . In this model, MSCs were exposed to severe and continuous near-anoxia (pO 2 0.2%) with or without glucose shortage. Without glucose, no viable cells were observed at day 3 of culture, whereas, with glucose, viable cells were observed up to day 12 of culture [START_REF] Deschepper | Survival and function of mesenchymal stem cells (MSCs) depend on glucose to overcome exposure to long-term, severe and continuous hypoxia[END_REF] . These findings challenge the current paradigm that the massive cell death observed upon implantation is ascribed to near-anoxia per se and provide clear evidence that MSCs can withstand exposure to severe, continuous near anoxia provided that a glucose supply is available. From a tissue engineering perspective, these results suggest that MSCs loaded into glucose-enriched material scaffolds can overcome an episode of long-term, severe near-anoxia and may remain functional with respect to new tissue formation. These results, which have been initially established with sheep MSCs, are now confirmed and published with hMSCs over a period of up to 21 days in vitro [START_REF] Moya | Human Mesenchymal Stem Cell Failure to Adapt to Glucose Shortage and Rapidly Use Intracellular Energy Reserves Through Glycolysis Explains Poor Cell Survival After Implantation[END_REF][START_REF] Deschepper | Proangiogenic and prosurvival functions of glucose in human mesenchymal stem cells upon transplantation[END_REF] . Most importantly, in an ectopic mice model, transplantation of hMSCs in constructs enriched with glucose resulted in a four-to-five-fold enhancement of hMSC survival when compared to the transplantation of hMSCs in constructs without glucose at 14 days post-implantation [START_REF] Deschepper | Proangiogenic and prosurvival functions of glucose in human mesenchymal stem cells upon transplantation[END_REF] . Taken together, these data establish that glucose is an essential and missing piece to the puzzle of MSC survival in cell constructs post-implantation.

The pro-survival effect of glucose on hMSCs was further reinforced by studying the potential benefits of alternative energy substrates (specifically, glutamine, serine and pyruvate) on hMSC survival. Moya et al. confirmed experimentally that hMSCs cultured under 0.1% pO 2 were unable to use exogenous glutamine and serine to produce ATP, and exhibited the similar survival rate to hMSCs cultured in the absence of glucose. In contrast, hMSCs are able to produce ATP by metabolizing pyruvate into lactate, but while viability of hMSCs remained high at more than 60% at day 7, it sharply decreased at day 14 [START_REF] Moya | Human Mesenchymal Stem Cell Failure to Adapt to Glucose Shortage and Rapidly Use Intracellular Energy Reserves Through Glycolysis Explains Poor Cell Survival After Implantation[END_REF] . Most importantly, the analyses of gene expression profiles of metabolic enzymes revealed, for the first time, that glycolysis (not pentose phosphate, TCA, or glycogenolysis) is the only metabolic pathway involved in hMSC survival under near-anoxia. These results were further confirmed by addition of inhibitors of glycolysis (either 2DG or NaOx) which induced a drastic decrease in cell viability. In fact, there were no viable cells after 3 days of culture, suggesting a pivotal role of glycolysis for ensuring hMSC survival in near-anoxia [START_REF] Moya | Human Mesenchymal Stem Cell Failure to Adapt to Glucose Shortage and Rapidly Use Intracellular Energy Reserves Through Glycolysis Explains Poor Cell Survival After Implantation[END_REF] . Altogether, these findings indicate that glucose plays a paramount role on MSC survival by supplying ATP via glycolysis.

It is noteworthy that, apart from ATP depletion, inhibition of glycolysis as a result of glucose deprivation also induces the loss of crucial anti-apoptotic signals such as Akt [START_REF] Salazar-Noratto | Concise Review: Understanding and leveraging cell metabolism to Enhance Mesenchymal Stem Cell Transplantation Survival in Tissue Engineering and Regenerative Medicine Applications[END_REF][START_REF] Rathmell | Akt-Directed Glucose Metabolism Can Prevent Bax Conformation Change and Promote Growth Factor-Independent Survival[END_REF][START_REF] Majewski | Hexokinase-mitochondria interaction mediated by Akt is required to inhibit apoptosis in the presence or absence of Bax and Bak[END_REF] . Moreover, decreased glucose metabolism due to glucose deprivation represses the generation of many biosynthetic precursor molecules, including nucleic acids, fatty acids, and acetyl-CoA for acetylation [START_REF] Wellen | ATP-citrate lyase links cellular metabolism to histone acetylation[END_REF] ; as well as inhibits proper glycosylation and protein folding in the endoplasmic reticulum [START_REF] Kaufman | The unfolded protein response is required to maintain the integrity of the endoplasmic reticulum, prevent oxidative stress and preserve differentiation in β-cells[END_REF] . There is also evidence that glucose deprivation as a metabolic stress activates the cellular process autophagy as a protective mechanism to mitigate damage and provide nutrients for short-term survival [START_REF] Bernales | Autophagy counterbalances endoplasmic reticulum expansion during the unfolded protein response[END_REF][START_REF] Altman | Metabolic stress in autophagy and cell death pathways[END_REF] .

Conclusion:

Undoubtedly, MSCs have great therapeutic potential in bone tissue engineering applications, However, massive MSC death upon transplantation is a major impediment that results in , low engraftment rate and subsequently therapeutic shortcomings and/or failure. Metabolic activity of MSCs, which is highly sensitive to environmental cues, plays critical roles in cell fate and functions. Recent studies have focused on the importance of glucose to the survival rate of transplanted MSCs by sustaining bio-energetic levels so that these cells better adjust to the hostile and injured microenvironment. In such cases, glucose-enriched scaffold is a promising approach to ensure the metabolic demands of transplanted MSC are met, thus improving their survival and their functions pertinent to bone tissue regeneration. 

Figure 1 :

 1 Figure 1: Glucose enhances in vivo cell survival in a 3D construct. (A): Imaging and viability quantification of hMSCs seeded in PASM scaffolds filled with fibrin gel (loaded [black bars] or not [white bars] with glucose). (B): Imaging and viability quantification of hMSC seeded in PASM scaffolds filled with hyaluronic acid (2%) loaded (black bars) or not (white bars) with glucose. A striking increase of cell viability was observed in cell constructs loaded with glucose independent of the type of hydrogel (i.e., hyaluronic acid or fibrin gel) used. At day 14, a four-to fivefold increase in cell numbers obtained for cell-containing constructs loaded with glucose when compared to the respective control (i.e., cell-containing constructs without glucose). Data are represented as mean ± SD. *, p < .05; **, p < .001. This figure is reprinted with the permission from Deschepper et al. 42 . Copyright John Wiley & Sons, 2013.

Figure 2 :

 2 Figure 2: Extracellular glucose (glc) is necessary to ensure long-term survival of human mesenchymal stem cells (hMSCs) exposed to near-anoxia. Viability of hMSCs cultured under near-anoxia (0.1% O 2 ) in a minimal medium supplemented or not with either glutamine (glut), serine (ser), pyruvate (pyr), or glc at a final concentration of 5 g/l for up to 14 days (n = 3). Results are expressed as means ± SD. *, p ≤ .05 versus the minimal medium cell group (two-way analysis of variance followed by Bonferroni's post hoc test). This figure is reprinted with the permission from Moya et al. 40 . Copyright John Wiley & Sons, 2018.
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