
Continuing Challenges in Advancing Preclinical Science in 
Skeletal Cell-Based Therapies and Tissue Regeneration

Joseph Featherall1,2,3, Pamela G Robey3, David W Rowe4

1Cleveland Clinic Lerner College of Medicine, Cleveland, OH, USA

2Medical Research Scholars Program, Clinical Center, National Institutes of Health, Department 
of Health and Human Services, Bethesda MD, USA

3Skeletal Biology Section, National Institute of Dental and Craniofacial Research, National 
Institutes of Health, Department of Health and Human Services, Bethesda MD, USA

4Center for Regenerative Medicine and Skeletal Development, UConn School of Dental Medicine, 
Farmington, CT, USA

Abstract

Cell-based therapies hold much promise for musculoskeletal medicine; however, this rapidly 

growing field faces a number of challenges. Few of these therapies have proven clinical benefit, 

and an insufficient regulatory environment has allowed for widespread clinical implementation 

without sufficient evidence of efficacy. The technical and biological complexity of cell-based 

therapies has contributed to difficulties with reproducibility and mechanistic clarity. In order to aid 

in addressing these challenges, we aim to clarify the key issues in the preclinical cell therapy field, 

and to provide a conceptual framework for advancing the state of the science. Broadly, these 

suggestions relate to: (i) delineating cell-therapy types and moving away from “catch-all” terms 

such as “stem cell” therapies; (ii) clarifying descriptions of cells and their processing; and (iii) 

increasing the standard of in vivo evaluation of cell-based therapy experiments to determining cell 

fates. Further, we provide an overview of methods for experimental evaluation, data sharing, and 

professional society participation that would be instrumental in advancing this field. © 2018 

American Society for Bone and Mineral Research.
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Introduction

Cell-based therapies are a new frontier in musculoskeletal medicine, and are often heralded 

as holding much promise for modifying disease progression and repairing or replacing 

damaged or degenerating tissues. Cell-based therapy is an emerging concept that 

encompasses the fields of engineered tissues, direct cell application, and cell-derived 

products (eg, platelet rich plasma, extracellular vesicles). Within the bone and cartilage 

fields, cell-based therapies are mainly permanent cell replacement therapies, whole-tissue 

engineering, transient cell therapies, and conventional tissue grafts, particularly for the 

treatment of injury or degeneration of the skeletal system.(1)

The scientific, public, and biomedical healthcare industry excitement for cell-based therapies 

has grown exponentially over the past decade. Over 18 billion US dollars have been invested 

in publicly traded cell therapy companies between 2011 and 2016.(2) As of 2016, there were 

over 500 clinics in the United States alone marketing “stem cell” therapies.(3) Between 2008 

and 2012, the growth rate of stem cell scientific publications grew at greater than twice the 

rate of all publications worldwide, with nearly 30,000 manuscripts published in 2012.(4) 

This flourishing field not only presents growth and potential therapeutic promise, but 

increasingly presents the scientific and medical communities with new challenges.(5,6)

The clinical problems associated with cell-based therapies are becoming increasingly acute, 

particularly in applications unrelated to the skeleton. A prominent case series early in 2017 

of blindness in three patients after “stem cell” injections to treat acute macular degeneration 

marked a crescendo in safety concerns for the field.(7) In one report sampling 1052 

publications regarding stem cell clinical trials, of the 393 completed cell-based trials, only 

45% had reported their results, with some trials disclosing results directly through press 

releases, bypassing peer review, contrary to the recommendations of the International 

Society for Stem Cell Research.(8,9) Further, many stem cell tourism clinics register trials to 

provide the appearance of legitimacy without the intention of trial completion or disclosure 

of data, making the actual disclosure rates of stem cell clinical trial data significantly lower.

The intent of this article is to rekindle the professional discourse initiated by Manolagas and 

Kronenberg(10) in 2014, as to how cell-based therapies and clinical trials for skeletal 

applications are in need of improvements such as increased regulation, better and more 

standardized trials, and reduction in profiteering from experimental therapies. Importantly, 

the discussion and concern also needs to include the basic science community. Although 

there is a degree of separation between basic scientists and the most pressing public issues of 

cell-based therapies, scientists working in the areas of stem and progenitor cell biology and 

tissue engineering hold a unique position in the landscape of cell-based medicine. Basic and 

translational scientists can, therefore, help clarify the capabilities and limitations of these 

therapies, and aid in more directly and rigorously advancing the field toward the ultimate 

goal of clinical benefit to patients with musculoskeletal disease.
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Key Issues

Mechanistic complexity

Cell-based therapies, reflecting the rapid advancement of biomedical science, are rooted in 

exceedingly complex systems. Cell-based therapies rely on multiple traditional fields: bio-

materials development, cell harvesting and selection, cell modification techniques, surgical 

repair techniques, and immune modulation. Understanding cell-based therapies involves 

understanding the interaction between any or all of these components of a particular therapy.

Much of the medical scientific community’s experience in therapy development has come 

from single-molecule drug development for modification of a biological molecular pathway. 

In contrast to traditional pharmaceutical research, which investigates a single or limited 

numbers of agents in combination and their effects on a biological entity, cell-based 

therapies rely on an immensely complex microsystem—the cell—which produces and 

secretes thousands of possible effector molecules, changes its activities over time, and, itself, 

is incompletely understood. Because of this complexity, traditional methods for developing 

cell therapies will need to be augmented in order to safely and rationally bring to bear cell-

based therapies for the benefit of patients.

Largely unproven applications

Adding to the challenges of understanding and rationalizing cell-based therapies, is the fact 

that there are very few cell-based therapies proven to be effective. Other than bone marrow 

transplantation, the US Food and Drug Administration (FDA) has approved only a single 

cell-based therapy for skeletal disease: matrix-associated autologous chondrocyte 

implantation (MACI). However, studies are ongoing to determine whether MACI is superior 

to microfracture, the current standard of care in which an orthopaedic surgeon perforates the 

subchondral bone, allowing for bone marrow cells to infiltrate the cartilage lesion and 

regrow fibrocartilage.(11,12) Clinical studies addressing the remaining applications of cell-

based therapies in bone and cartilage applications are mostly small, poorly controlled, or 

merely suggestive of benefit (eg, improvement on imaging).(13) Objective reporting of 

clinical studies is remarkably sparse. A cursory search of ClinalTrials.gov using search 

criteria of bone disease and cells identifies over 300 entries, of which ~60 relate to 

permanent cell therapy (see definition below in the “Delineating cell-based therapy types” 

section). Only two of the 30 completed studies reported results ( (https://

register.clinicaltrials.gov/), (https://register.clinicaltrials.gov/)) that were subsequently 

published.(14,15) The more frequent result of this search is a “completed” or “unknown” 

status with no reported results, some of which have direct clinical relevance to patients with 

osteogenesis imperfecta ( (https://register.clinicaltrials.gov/)). Reporting disappointing 

results is as important as reporting those with an incremental or indeterminate outcome. 

Because the clinical data remains minimal and equivocal, claims of therapeutic potential in 

basic and translational experiments have become inflated and disconnected from the 

limitations, challenges, and level of maturity of these techniques. Academic review articles 

tout “promise,” editorially inflate minor positive results, and cite company press releases of 

unpublished data.(5,8,16) Likewise, questionable companies use publications in dodgy 

Featherall et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2019 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinaltrials.gov/
https://register.clinicaltrials.gov/
https://register.clinicaltrials.gov/
https://register.clinicaltrials.gov/
https://register.clinicaltrials.gov/


(“predatory”) journals to support grand claims of efficacy. Such an environment has 

promoted unchecked public expectations and unevidenced clinical practice.

Regulatory challenges

The FDA has had difficulty in formulating regulation of human cells, tissues, and cellular 

and tissue-based products (HCT/P). For over a decade, a number of clinicians have exploited 

the ambiguity in the Code of Federal Regulations (CFR) Part 1271 in order to profit from 

untested and underdeveloped cell-based therapies.(13,17,18) The regulatory ambiguity has 

allowed for cell-based therapy clinical trials and basic science to become uncoupled; ie, 

clinical trials have progressed without adequate preclinical evidence. Such scientific conduct 

has heightened public hopes, marred the cell-based therapy field, and created a gap in the 

translation of science from bench to bedside.

Definitional inaccuracies

The definitions of cell types and therapy modalities have become “catch-all” terms that 

provide researchers and patients with little understanding of the actual mechanism of action 

of the therapy or experiment, leading to further confusion. The definitions and markers of 

cells (mesenchymal stem cells [MSCs], tissue progenitors, etc.) commonly used in 

preclinical and clinical regenerative experiments are not consistent, leading to differing 

biological potentials of cells categorized within these broad, nonspecific terms.(19)

Stem cell therapy has become a term that includes nearly any application of poorly defined 

cellular material to treat human disease. For example, the frequently used adipose-derived 

stromal vascular fraction (often called adipose-derived MSCs) includes adipose stromal 

cells, endothelial cells, fibroblasts, lymphocytes, and monocyte/macrophages, among other 

cell types.(20) Further, these cells, depending on the tissue source and isolation method, may 

or may not even meet current minimal criteria for “MSC” definitions, which are nonspecific 

and tentative at best.(21)

Biological and technical variability

In addition to loose definitions, variability in the biologic potential of the cells themselves 

further contribute to issues of experimental reproducibility. For example, bone marrow 

stromal cells (BMSCs) vary significantly in their clonogenic potential and phenotype based 

on donor gender and age(22); and only a small subset of expanded BMSCs demonstrate full 

differentiation potential.(23) Cells somewhat imprudently grouped together and referred to as 

MSCs are derived from over a dozen different tissue types, and are tremendously 

biologically variable in nearly all quantifiable aspects.(24)

Technical variability in the methods with which cells are procured, processed, and preserved 

contribute to the cells’ in vitro and in vivo performance.(25) Some authors argue that this 

technical variability in cell “manufacturing” procedures may be largely responsible for the 

wide variation in clinical trial outcomes of cell based therapies.(26,27) Osteogenic cells 

derived from induced pluripotent stem cells (IPSCs) created by a vast array of complex 

induction protocols may have epigenetic memory of their tissue of origin and great 

variability in their biological performance, and their in vivo potential is difficult to predict.
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(28) Some research groups, particularly private entities, keep the details of cell preparation 

techniques closely guarded, contributing to further confusion regarding efficacy and 

reproducibility.

Issue summary

Reproducibility is of broad concern in the basic and translational science communities(10); 

this concern is amplified in the field of cell-based therapies. Cell-based therapies as a whole 

are immature and immensely complex technologies with a limited clinical track record. The 

cell-based therapy fields can address these challenges, at the basic and translational levels, to 

enhance the social value of science leading more consistently to effective and safe 

interventions for patients (see Table 1).

Tools and Methods for Improving the Scientific Value of Cell-Based Therapy 

Work

Delineating cell-based therapy types

Providing specificity in the applications of cells to treat human disease will add clarity to 

scientific fields and public discourse.

Tissue engineering is a historically well-defined field that uses scaffolds, cells, and/or 

biologically active molecules to construct functional tissues.(29) This canonical application 

of cells for human therapeutics is well established and has minimal controversy regarding its 

capability. The clarity of capability of tissue engineering is largely driven by its aim of 

reconstructing organized tissue and its rigorous evaluation being the testing and analysis of 

whole-tissue constructs that can be relatively easily evaluated.

Permanent cell replacement therapy has its conceptual roots in the bone marrow transplant 

field, in which stem and progenitor cells are harvested and administered without an 

organized construct. These cells then permanently replace the depleted bone marrow, and, 

via proliferation and differentiation, replenish the full spectrum of functional hematologic 

cell types. However, this conceptual model of circulating and tissue-homing cells that 

engraft and regenerate skeletal tissues has proven more difficult to document in highly 

organized, three-dimensional tissues, such as in the skeleton.(30–34) Studies of skeletal 

development and tissue injury/repair indicate that stem/progenitor cells are tissue-resident 

with a limited migratory potential in the circulation, but within their domain, these cells have 

remarkable regenerative capacity.(35,36)

Transient cell therapies describe the majority of therapies currently in clinical trials. In this 

noncanonical conceptual model, cells secrete effector molecules or have direct interactions 

with the target tissue, which modify the course of disease or injury. Examples range from 

augmentation of host bone repair to modulation of graft versus host disease. The 

mechanisms of such treatments are difficult to pinpoint, because there are thousands of 

possible interactions and effector molecules, possibly modifying recipient tissue 

homeostasis.
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The classifications described herein (Table 2), can help clarify therapy types to move away 

from the legacy terminology of “stem cell” therapies. This historical term should be avoided 

because it is largely misleading to both the scientific community and broader public alike. 

The vast majority of “stem cell” therapies are heterogeneous cell populations that may or 

may not include a significant number of stem or progenitor cells applied transiently, and 

have no proven stem or progenitor function; ie, engraftment, production of functional tissue/

cell types, and self-renewal. More nuanced terminology that better reflects the actuality of 

these therapy modalities will assist in improving the communication of findings, developing 

realistic expectations, and translating basic science findings.

Clarity in defining cell types and modifications

The classical definition of skeletal stem cells is “postnatal, self-renewing, and multipotent 

stem cells giving rise to all the skeletal tissues (cartilage, bone, stroma and marrow 

adipocytes).” The cell types termed MSCs, used widely in both clinical and preclinical 

investigations, generally express a variety of putative stem cell markers that have turned out 

to be nonspecific, may not necessarily exhibit multipotent properties in vivo, and are 

heterogeneous in nature. Even in well-characterized cell types with established purification 

methods such as BMSCs, there is significant heterogeneity in both population subtypes and 

in vivo potential.(25,37) Newer technologies such as single-cell RNA sequencing will help 

characterize these subpopulations, further elucidating the crucial cell populations, as well as 

their functions.(38)

Based on the differences between “MSCs” derived from different tissues, investigators 

should move away from using broad, nondescript terminology, such as MSCs, and gravitate 

toward more detailed descriptions of cell sources and processing to enhance the specificity 

of cell descriptions, scientific conclusions, and experimental reproducibility. Such 

information is often lacking even in well-regarded journals(10); investigators, reviewers, and 

editors, alike, should place increasing emphasis on clear, detailed protocols for all aspects of 

cell-based experiments from cell sourcing through transplantation.

Increasing in vivo validation

In vitro experimentation classically holds less accuracy than in vivo experimentation, and 

this discrepancy is magnified in the case of cell-based therapies. Although there are some 

gold standard in vitro assays, such as cartilage pellet cultures or myotube formation assays, 

many in vitro assays have limited ability to predict in vivo behavior.(28) Although in vivo 

testing is inherently more resource and time intensive, the wide availability of robust, 

severely immunocompromised mouse models, such as NSG and SHC mice, and a number of 

well characterized simple-to-implement assays, increase the feasibility of widespread in vivo 

validation.

Standards of in vivo evaluation

Because of the complexity of cell-based therapies, as described above in the “Key Issues” 

section, the efficacy of the cell therapy should be determined by characterizing the in vivo 

fates of the transplanted cells and the response of the resident tissue cells. In order to 

determine cell fates and responses, the use of multiple complementary techniques is 
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necessary. Histological, biochemical, and molecular techniques should be used together to 

provide sufficient evidence such that experimental outcomes are unequivocal.

The presence of the transplanted cells at the experimental site can indicate either paracrine 

action (cell non-autonomous, noncanonical, transient cell therapy) or direct tissue 

regeneration (cell autonomous, canonical, permanent cell therapy), or both. Tracking 

resident cells during the healing process and evaluating the manner in which these cells are 

influenced by exogenously added cells will help clarify the efficacy and putative 

mechanisms of action of the cell therapy. Despite its importance, historically, few studies of 

cell-based therapies perform cell tracing or describe the localization or persistence of donor 

cells in the recipient tissue. In studies where donor cell fate is followed, a variety of 

techniques are used including: fluorescent membrane labeling, reporter trans-genes, or 

species-specific markers/antigens in xenogeneic transplantation. Each approach has its own 

unique artifacts and can mislead when used singly.

As a few examples of technique-specific artifacts, cells labeled by fluorescent chemicals or a 

GFP protein that binds to the plasma membrane or cytosolic components can be engulfed by 

macrophages.(39) Non-Cre-expressing cells adjacent to apoptotic cells that have released a 

Cre protein can activate a dormant Cre reporter, or GFP/β-galactosidase (β-gal)-expressing 

cells may have a broader range of expression than is appreciated. Additionally, antibodies 

can have unpredictable levels of antigen recognition depending on the lot.(40) Thus, it is 

necessary to map the fluorescent reporter signal with a traditional histological feature of a 

specific cell type so that accurate identification can be assured.

Suggested Methods for Cell-Based Regenerative Experiments

Although there is no gold standard for the evaluation of cell-based experiments, a number of 

established techniques are available to make investigations systematic, and as rigorous as 

possible. This section provides a number of suggested techniques and considerations derived 

from review of the literature of cell-based therapy experiments and the authors’ experiences.

Immunity considerations

Recipient immunity to transplanted cells can be a significant confounder in cell-based 

experiments, and evidence that stem cells are immune-privileged (in particular, “MSCs”) is 

not adequately established.(41) In mouse to mouse experiments, recipient and donor 

isogeneity mitigates this potential confounding effect.(41) In human to rodent experiments, 

NSG (Jackson Labs, Bar Harbor, ME, USA) and NOG and SHC mice (Charles River, 

Wilmington, MA, USA) have well-established tolerance to human grafts.(42) In order to 

mitigate the size constraints of these mouse models, Hera BioLabs (Lexington, KY, USA) 

has developed a Rag2/Il2rgamma double knockout rat using the CRISPR/Cas9 system called 

the SRG strain. This rat has an immune profile analogous to the NSG mouse; however, the 

model is currently in limited supply, and is largely untested in cell-based therapy 

experiments.
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Determining recipient and donor contributions

Identifying the roles of recipient and donor cells in modifying the target tissue will improve 

the research community’s ability to gain mechanistic insight and refine techniques. 

Differentiation-restricted promoters driving GFP reporters will allow for the identification of 

early progenitors and fully differentiated and persistent chondrocytes, osteoblasts, 

osteoclasts, etc.(43); ubiquitously expressed reporters and membrane labeling techniques are 

subject to greater artifact, indistinguishable cell types, and dilution or engulfment. Co-

localization of reporter signal with traditional histological features strengthens such 

methods. In human to mouse models, donor cell labeling with a lentiviral-delivered GFP 

reporter prior to transplantation, antibody staining for human nuclear or mitochondrial 

antigens, and human specific bone matrix staining help clarify contributions.

Functional outcomes

The end goal of cell-based therapies is to improve function in human patients. Studies using 

small animal models should be designed to provide early understanding of the functionality 

of repaired tissues. In therapies targeting bone repair, integration of host and donor-derived 

matrix as demonstrated by the intermingling of the corresponding GFP-positive cells, 

particularly at the margins of the repair field, provides histological evidence for a function 

repair. Mechanical studies of the repaired bone provide additional evidence for a successful 

outcome. However, the use of a weight-bearing model that allows removal of the fixation 

hardware in the living animal is probably the best demonstration of functional success.(44) In 

therapies targeting cartilage repair, weight-bearing analysis or exercise endurance help 

clarify functional improvements.(45)

Evaluation time points

Examination of the relevant tissues at both early and late stages of the healing process is 

necessary to establish that the donor-derived cells are still present in the target tissues. Early 

time points (<2 weeks) aid in understanding cell migration and interaction, transient cell 

effects, possible immune response modification, and early tissue changes. Mid-term time 

points (2 weeks to 6 months) clarify functional success, tissue repair parameters, and 

progenitor potential of cells through observation of retention or gradual loss of donor cells. 

Long-term time points (>6 months) investigate the durability and stability of the tissue 

repair, as well as the ability to modify longer-term degenerative processes.

Ex vivo structural analysis

Detailed micro-computed tomography (μCT) studies of both bone and cartilage can provide 

high-resolution structural detail and can aid in estimating structural properties.(46,47) 

Mechanical tests, including microindentation, microcompressive, micro-tensile, and 

microbending tests, characterize bone structural integrity.(48) Testing of cartilage lubricity 

and stiffness, including confined, unconfined, and indentation testing, may be considered.(49)

Special considerations for transient cells experiments

If all tissue formation is host-derived, and the experimental group has superior tissue repair 

or function compared to control, this indicates the possible presence of a non-autonomous, 
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transient cell-based mechanism. In this case, a ubiquitously expressed promoter driving a 

GFP reporter will aid in determining the length of time the donor cells are within the repair 

field. Determining what cell type and what factors these cells produce that affect repair are 

additional experimental directions that need to be considered.(50) Having a GFP reporter 

marking the human cells within the repair field provides the opportunity to identify and even 

isolate these cells to discover potential candidate cell products that promote the host repair.

Cross-laboratory comparisons

There are large-scale efforts underway to enhance the repeatability of biomedical 

experiments; cell-based therapies are an area that can greatly benefit from such efforts.(10) 

Sharing of reporter mice, proven antibodies, cell procurement, selection, culture protocols, 

scaffold materials, and analytical technologies increases the broader scientific value of each 

of these resources, and will greatly enhance experimental repeatability and corroboration. 

Critical evaluation of progenitor potential utilizing functional,(25) cytometric,(51) molecular,
(52) or proteomic criteria need to be tested across multiple laboratories.(53) Ideally, promising 

strategies should be evaluated in an environment that is independent of the primary 

laboratory to ensure that the outcomes are reproducible and unbiased in their interpretations.

Data and technique transparency

Tiled histological images of the entire repair field in original resolution should be made 

available to journals and subsequently to readers. Alternatively, investigators may deposit 

the original histology images on a public or laboratory Web site and a link can be provided 

in the article. Histology plays a central role in the interpretation of transplantation 

experiments. The generation and distribution of images should be likened to microarray or 

sequencing data, or open source software, with universal access to primary data. Detailed 

cell processing protocols and scaffold/vehicle construction protocols should be made 

universally available in either methods sections, or, if extensive, as supporting materials.

Large animal models

Large animal models, although essential, are expensive and technically demanding. Large 

animal studies currently are limited to autologous-based experiments, thus methods for 

distinguishing recipient from donor are limited.(54) The National Swine Resource and 

Research Center (NSRRC; https://nsrrc.missouri.edu/) is a National Institutes of Health 

(NIH)-supported facility that can provide GFP reporter pig lines, and also has pigs with 

immune profiles similar to the NSG murine strain. Cell therapies successful in mouse or rat 

models could be scaled to the immunocompromised pig as a route to an FDA-approved 

clinical trial and subsequent benefit to human patients.

The Importance of Professional Societies, Academic Institutions, and 

National Funding Agencies in the Standardization of Cell-Based 

Regenerative Science

Professional societies can aid in advancing the state of cell-based therapy science by actively 

promoting efforts to increase scientific rigor, standardization, and collaboration. For 
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example, the ASBMR and ORS recently convened a task force to provide standard 

recommendations for preclinical cell-based therapy experiments. A consensus task force 

report is anticipated in the coming year. Professional societies may also contribute by 

providing workshops on surgical models, histological techniques, and cell processing 

methods that would help standardize experimental implementation and interpretation. How 

the current and next generation of cell-based scientists are being trained requires 

examination. In too many institutions, there are physical and operational barriers between 

advanced training programs in the clinical, material, and biological sciences that preclude 

optimizing the advances and prolong the limitations of each discipline, which in turn is an 

impediment to standardization. Equally important is the need for the major federal funding 

agencies to support the development of criteria for assessing the success and cellular 

mechanism of action of a cell-based therapy. Once established, the basis for demonstrating 

transparency, rigor of methodology, and frankness of experimental interpretation can be 

assessed by grant review panels. The current emphasis on publication number, safe science, 

pseudo-translational potential, and principal investigator (PI)-driven science all act as an 

impediment toward a critical interlaboratory consensus-building process that will be needed 

to develop meaningful cell-based regenerative strategies.

Summary

Currently, the basic and translational scientific foundations of cell-based therapies lag 

behind clinical trials and unregulated, questionable clinical use. Increasing the field’s 

understanding of cell-based therapies at the tissue, cellular, and molecular levels will greatly 

aid in intelligent translation of these techniques to human patients.

An optimal experimental approach to evaluating cell-based therapies for enhancing 

musculoskeletal tissue repair/regeneration would be to initiate studies in small animals, 

focusing on cellular, molecular, functional, and mechanical outcome measures. Once these 

models provide proof-of-principle in multiple laboratories for the utility of a specific cell 

preparation in augmentation of repair, additional investigation would be completed in larger 

animal models such as the recently developed immunocompromised pig. Subsequent 

successful outcomes in the large animal models, with inclusion of appropriate safety and 

efficacy profiles, would identify prime candidates for human clinical trials.

Identification of cell fates and the interpretation of the role of donor cells in the repair 

process is critical. Donor cells may undergo terminal differentiation and remain in the tissue 

as mature cells, or may have a critical early and more transient role in driving the repair 

process. Cell-based therapies should be investigated in relevant models across the various 

skeletal tissues. Because skeletal tissues (cartilage, bones, and associated tissues such as 

marrow, tendon, ligament, and intervertebral disc) each require unique mechanical 

properties, the model should permit assessment of whether an appropriate functioning tissue 

forms. Due to the highly variable nature of protocols for cellular work, increased 

transparency and sharing of techniques and materials is needed. There is a need for 

development of additional in vitro and in vivo models, as well as computational approaches. 

In particular, noninvasive assessments of tissue composition, structure, and function need 

further development as specific cell-based therapies are extended to human trials. 
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Professional societies, academia, and national funding agencies all need to contribute by 

developing experimental standards and technique-focused workshops.

Concluding Remarks

Cell-based therapies are an area of public confusion and are subject to increasing regulatory, 

scientific, and public safety scrutiny. To ensure that the promise and scientific potential of 

this field are met, and that public and regulatory trust in the field is upheld, basic and 

translational scientists can implement currently available technologies to increase the 

scientific rigor supporting cell-based therapies. Further, increasing focus on mechanism and 

cell fate determination can improve the utility and accuracy of the scientific conclusions 

drawn from these experiments. Such advancements will inform intelligent clinical trial 

design, strengthen the scientific foundation for clinical translation, and drive the discovery of 

cell-derived products that may be used for treatment of musculoskeletal conditions. Such an 

approach, using currently available techniques, will greatly enhance the societal value of the 

scientific efforts put forth in these fields, and will more rapidly lead to safe, proven, and 

efficacious therapies for musculoskeletal disease.
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