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Chapter 14
The Future of Regenerative Medicine

Andrew Creighton and Jonathan S. Kirschner

�Background on the Burden of MSK Conditions

Musculoskeletal diseases place a significant burden on the United States (US) 
healthcare system and contribute significantly to rising costs. In 2014, 66 million 
people sought medical care for a musculoskeletal injury [1, 2]. Current medical 
costs of musculoskeletal diseases are estimated at 873.8 billion US dollars (USD) 
annually. Osteoarthritis (OA), an example of a degenerative musculoskeletal dis-
ease with a significant impact on the US healthcare system, was responsible for 
raising aggregate annual medical care expenditures by 185.5 billion USD [3–5]. OA 
currently affects more than 27 million people in the United States and is forecasted 
to affect 25% of the adult US population or nearly 67 million people by the year 
2030 [3, 5, 6]. At this time, there is no known cure for OA. With the potential to 
prevent or reverse disease progression, regenerative medicine provides an oppor-
tunity to reduce the financial burden of degenerative diseases like OA. This would 
significantly impact the overall financial burden of musculoskeletal diseases.

One model to describe regenerative medicine and the engineering of tissues 
divides the underlying component categories into three parts, analogous to a garden 
that requires seeds, dirt, and fertilizer: (1) cells or cellular components, (2) bioma-
terial scaffolds, and (3) chemical and physical growth factors including cytokines 
like those in PRP [7]. This triad involves cells which are cultured on either a natu-
ral or synthetic scaffold where attachment and differentiation or proliferation can 
take place.
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The future of regenerative medicine will focus on research and science on the effi-
cacy and specific mechanisms of action of regenerative therapies (as broadly broken 
down into the above categories). A respect for Food and Drug Administration (FDA) 
regulations will be required. There will be an improved understanding of  genet-
ics pertaining to musculoskeletal diseases, and genetic targets involved with differ-
ent degenerative diseases will be identified. Questions pertaining to the appropriate 
level of tissue loading and the appropriate post-procedure rehab protocols will need 
to be answered. Ultimately, controlled trials demonstrating efficacy, standardization 
in reporting, improved data collection processes, and improved outcome metrics will 
give merit to the field and allow physicians to feel confident recommending regenera-
tive medicine treatments to patients.

�Definitions/Nomenclature

Regenerative medicine and “stem cells” can be confusing and misleading terms, 
especially with regard to culture-expanded cells, cell products, and live or atten-
uated growth factors such as amniotic membrane-derived products. Names are 
used haphazardly, and nomenclature can be misleading and disconnected from 
the science and identity of cells in native tissues [3]. According to the National 
Institutes of Health (NIH), stem cells are defined by their ability to divide and 
renew themselves for long time periods, by their lack of specialization, and by 
their ability to give rise to specialized subtypes [8, 9]. Essentially, the current cell 
therapies offered in the United States involve transplanting adult cells obtained 
through harvest and minimal manipulation of native tissues (blood, bone marrow, 
and fat), which contain stem and progenitor cells [8]. While the concentration 
of these cells can be increased at the point of care [8, 10], stem and progenitor 
cells are the least plentiful cell type in these preparations. Specifically, only one 
in one thousand to one in one million cells harvested from healthy tissues is stem 
or progenitor cell capable of differentiating into one or more types of connec-
tive tissue [8, 11–13]. Another issue that contributes to confusion surrounding the 
nomenclature of stem cells is that both “mesenchymal stem cell” and “mesenchy-
mal stromal cell” are abbreviated “MSC” and used to describe culture-expanded 
cells. Chu et al. suggested that the term “stem cell” has been overused to include 
uncharacterized minimally manipulated cell preparations as well as tissue-derived 
culture-expanded cell populations. It has been suggested, therefore, that these cell 
preparations and expanded cell populations be referred to as “cell therapy” [8]. 
While the term “stem cell” has become common, future work will need to clearly 
define what is meant when this term is used. The future of regenerative medicine 
will need to have a standardized and accurate nomenclature for descriptive, clas-
sification, and billing purposes but most importantly for the science and clinical 
applicability to move forward.
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�Regulations and Standardization

There have been two general approaches to cellular therapies within regenerative 
medicine [3]. The first approach involves specifically characterized cellular medical 
therapies provided by physicians who are diligent and committed to the scientific 
innovative process of first studying a product in animals and then through three 
phases of trials where appropriate informed consent is executed. Alternatively, the 
second approach utilizes unregulated cell- and tissue-based products and associated 
procedures that are unproven, offered without appropriate informed consent includ-
ing an explanation of scientific limitations, and offered on a cash-only basis. It is 
estimated that these unproven therapies have a yearly financial impact of 2.4 billion 
USD [3, 14–19]. The demand of effective treatment for common diseases, hope 
from the public (and providers), poor and inaccurate marketing communications 
regarding the expectations, strengths and limitations of these therapies, availability 
of various technologies and systems for culturing, and patient ability and willing-
ness to pay for care not covered by insurance companies have contributed to the 
hype around “stem cells” [3]. The surge of social media, gaps in regulation, and eth-
ics and liability concerns of larger, more established companies have allowed small 
targeted clinics and manufacturers to bring forth lucrative business models without 
backing of controlled clinical studies [3]. This is concerning given reports of serious 
adverse events with treatments that at this point are not fully understood [20–22]. 
This second, unscrupulous approach highlights the need for regulations in the field 
of regenerative medicine to not only ensure patient safety but also allow potential 
strengths of these therapies to be demonstrated.

In response to these unregulated clinics, the FDA issued a guidance document on 
November 16, 2017, that had two directives: (1) identify and subsequently prosecute 
unscrupulous regenerative medicine clinics and (2) streamline the approval path-
way for legitimate therapies [23]. The majority of regenerative medicine products 
is regulated under title 21 of the Code of Federal Regulations (21 CFR 1271), and 
there are two separate descriptions under part 1271: Section 361, which is reserved 
for tissues that are “minimally manipulated” and intended only for homologous use, 
and Section 351 used for a new drug or biologic product requiring FDA premarket 
review process that is more time intensive. If they originate from autologous bone 
marrow or adipose, stem cell preparations have traditionally been regulated under 
Section 361; however, recent guidance documents from the FDA caution that prod-
ucts from adipose, such as those created by mechanically processed lipoaspirate for 
orthopedic indications, are not considered minimally manipulated or homologously 
used and would therefore fall under Section 351 and have to undergo the rigors of an 
“investigational new drug.” This would require appropriate regulatory submissions 
for the conduct of clinical trials and marketing [20].

While the FDA is targeting the unregulated practices of smaller clinics by neces-
sitating approval standards, it demonstrated a sense of urgency by incorporating a 
mechanism for expediting the development of new therapies with an emphasis on 
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those aimed at serious or life-threatening conditions [20]. For example, the 21st 
Century Cures Act enacted in December 2016 introduced an additional expedited 
program in which a product is designated as regenerative medicine advanced therapy 
(RMAT). This designation gives sponsors of a qualified regenerative medicine prod-
uct intended for treating serious or life-threatening conditions an advantage in that 
it requires preliminary clinical evidence that the therapy addresses unmet medical 
needs as opposed to the requirement of preliminary clinical evidence of a substantial 
improvement over existing therapies [20]. In addition, RMAT-designated products 
that receive accelerated approval have potential eligibility for use of an expanded 
range of options, including the use of traditional studies along with submitting 
patient registries to fulfill post-approval commitments. Ultimately, the November 
2017 policy from the FDA has given developers of lower-risk regenerative medi-
cine products 36 months to determine if their products have undergone more than 
homologous use or minimal manipulation and if they need to submit an application 
for investigational new drug or marketing [20, 23]. Within the FDA’s framework in 
thinking about musculoskeletal applications, if investigators are able to collaborate 
among different sites and agree on common manufacturing protocols and a common 
clinical trial protocol and the data along with the manufacturing information show a 
positive benefit-risk profile, there would be potential for receipt of biologics licenses 
at each of these sites by pooling the data [20]. This approach would be appropri-
ate for developing products that, despite being more than minimally manipulated, 
would not be highly complex and would be able to be applied in simple trial designs.

The collaborative strategy outlined above highlights a need for standardization. 
There is an inconsistency in the literature with regard to reporting standards [3]. 
Direct-to-consumer marketing has allowed for erroneous claims. For example, aggre-
gated claims of “stem cell” clinics suggested an average of 80% of patients experi-
ence “good results” or “symptomatic improvement,” but published literature would 
suggest that there is a gap between what is reported and reality [3, 24]. Similarly, 
messages on social media about cell-based therapies are dominated by positive tone 
without discussing risks [3, 25]. Standardization is also needed from a research 
standpoint in terms of disease-specific clinical indications, reporting on how cells 
are sourced and characterized, the use of adjuvant therapies, the use of appropriate 
controls, trial methodology, and assessment of outcomes [3, 11, 12, 26, 27].

From a scientific standpoint, it is critical to develop a standardized and consistent 
approach to reporting in publications how cells are processed and characterized. 
Specifically, it is important to report the source of tissue, the selection or isolation 
method, expansion conditions, cell surface markers and their attributes, concentra-
tion, prevalence, gene expression profile and morphological features, and proteome 
profile. Publications vary widely with regard to relevant metrics of how the cells or 
components were processed and characterized [3]. When articles lack this infor-
mation, it becomes difficult to communicate and repeat or compare one study to 
another. For example, Piuzzi et al. attempted to review the use of bone marrow aspi-
rate concentrate in musculoskeletal disorders but, after reviewing 46 studies, found 
that no study gave enough details so that the methods could be repeated [3, 28]. 
Similarly, the composition of PRP can change depending on the time of day it is 
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obtained or can vary when prepared using systems from different manufacturers 
[8, 29–31]. Demographic information is important to report as well because it has 
been noted that growth factor and cytokine concentrations vary by donor age, health 
status, and sex [8, 31, 32]. In a similar way, progenitor and MSC populations iso-
lated from a given donor also differ widely from one preparation to another, along 
with being different in terms of age, sex, tissue source, harvest, and processing [8, 
11–13, 28–30, 33–38]. Ultimately, the Delphi consensus approach describes a mul-
tidisciplinary group of investigators who defined minimum information for studies 
evaluating biologics in orthopedics (MIBO), specifically related to the use of PRP 
and MSCs, that serve as a checklist of the minimal requirements to guide study 
design and reporting [3, 39].

�Registries

Registries can be a significant vehicle to direct the future of regenerative medicine 
toward standardization and facilitate outcomes-based research. There is a need for 
registries which include demographics (age, sex, medications, underlying medical 
conditions, and smoking status). Each patient who undergoes a procedure is very 
different. Would an older patient with multiple medical comorbidities respond to 
an injection of PRP, for example, the same way as a healthy patient with no comor-
bidities? A registry can be linked to a biorepository to capture and preserve clinical 
samples for future analysis and create cohorts that can help to power clinical trials 
[3, 8]. With cartilage, for example, one of the biggest barriers to establishing the 
safety and efficacy of these new therapies is the cost of clinical trials [3]. This is 
where the organization of multicenter registries for cartilage repair can be critical 
to reducing barriers to progress and allowing for multicenter trials to take place [3]. 
Overall, registries provide opportunities for collecting standardized data on both 
how the patient was doing clinically and what their outcome was for a variety of 
different interventions performed to treat the same disease [8]. 

The American Joint Replacement Registry [8, 40], the Kaiser Registries [8, 36], 
and the PRP registry at Veterans Hospital in Palo Alto, California, are model regis-
tries that have contributed important data on practice patterns, shown the potential 
issues from a particular treatment, or illustrated the potential for clinical evidence 
pertaining to PRP. The biorepository-linked PRP registry at the Veterans Hospital 
in Palo Alto, California, addressed the gap between the differing composition of 
PRP from patients and clinical outcomes [8]. Patients that received PRP injections 
for knee OA completed patient-reported outcomes (PROs) before treatment and 
at specific time points after treatment. At the same time, a sample of the PRP was 
stored for patients who consented to federally funded research and who additionally 
underwent functional and structural assessments of gait and quantitative MRI. In 
doing so, the registry supports correlating PRP proteomics with PRO and quantita-
tive clinical outcome metrics in the interest of learning about potential mechanisms 
of action and clinical efficacy [8].
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Effective registries require commitment and a team approach from physicians, 
clinics, and hospitals to recruit all qualifying patients, appropriate incentives for 
participation, and a process for financial support of the human resources required 
to accrue and report clinical and baseline outcomes data [8]. In addition, there will 
need to be a defined assessment of quality, technique of preparation, device used, 
and clinical laboratory data on the administered biologic [8]. Tissue specimens may 
also be collected to aid in stratifying the patient’s disease state along with analy-
ses of biomarkers, molecules, and genomes. These data could be required to help 
identify which patients would most likely respond to therapy and define the critical 
quality characteristics of a cell or biologic therapy.

�Patient Access

Given the potential of these investigational therapies, there is a need to increase 
access to these treatments while still maintaining an environment committed to 
patient safety and respect. The acronym SMAC, which stands for science evidence, 
rigorous manufacturing process, accurate information for patients, and consistent 
product in terms of substance and how it is delivered, can be a guide [3]. The FDA, 
in its recent position paper, has demonstrated its commitment to both proper inves-
tigation and patient access to regenerative therapies by giving direction on ways to 
get an investigational drug into settings where there would be a potential for posi-
tively impacting a great number of patients [3, 41–43]. As previously mentioned, in 
the United States, the 21st Century Cures Act has provisions intended to expedite 
approvals of cell therapies and the recent “right-to-try” law to allow terminally ill 
patients access to products. An example from outside the United States can be seen 
by looking at Japan where a law passed emphasizing the utilization of conditional 
approvals for the purposes of stimulating the regenerative medicine industry.

�Science

With an emphasis on patient registries and increasing patient access, scientists and 
clinicians need to maintain a sense of urgency in developing a better understanding 
of the mechanisms behind these regenerative therapies. Improved understanding of 
the science will allow the appropriate regenerative medicine therapy to be chosen 
for the appropriate patient. Rodeo (2016) noted that animal studies have been valu-
able in verifying “proof of principal” for cell-based therapies, PRP, cytokines, and 
tissue-engineered implants [44–48]. Despite the value of animal studies, there are 
limitations. In animals, it is challenging to stimulate chronic conditions like tendi-
nopathy or slowly developing OA that is seen in humans [8]. In addition, there is an 
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inability to control the mechanical loading environment or replicate the loading that 
takes place with humans. When thinking about humans, there is intrinsic variabil-
ity in the soft tissues and joint spaces being treated that is poorly understood. The 
biologic targets need to be better identified [8]. For example, when looking at repair 
of the rotator cuff, primary targets are thought to be signaling molecules that drive 
cellular differentiation to reform the organized structure of the enthesis [8, 49]. 
Identifying biologic targets will necessitate a better understanding of the cellular 
mechanisms of tissue degeneration and repair for that disease state. Lastly, in terms 
of the three-part model, there is still much to be understood about the cells, biomate-
rial scaffolds, cytokines, and growth factors that are unique to the individual patient.

When analyzing stem cells, either marrow derived or adipose derived, there are 
numerous ways that these cells may work. They may function by way of their own 
inherent immunomodulatory and anti-inflammatory properties and by directly inte-
grating into the healing tissue thereby directly participating in the healing response 
or have a local paracrine effect by stimulating and attracting intrinsic host cells [44]. 
The specific mechanisms by which they work are unknown at this time, however, 
and will need to be identified for regenerative medicine to progress.

One of the main goals of cell therapy is cartilage repair; however, there are a 
number of unknown factors involved with this process. Future research will need to 
work toward addressing current limitations including a lack of consensus regarding 
the optimal cell source, harvesting and processing techniques, and critical quality 
attributes (CQAs) that predict future performance [3, 50]. Specifically, when talking 
about the cell source, cells need to be selected that maintain an articular cartilage 
phenotype and do not undergo endochondral ossification, which can be a significant 
adverse effect [3, 50–53].

Scaffolds, as an important part of the tissue-engineering triad, interact with both 
cells and growth factors [54, 55]. Scaffolds can provide substrate for growth of 
cells and mechanical integrity for postsurgical implantation. They can also act as 
drug delivery systems for improved repair in vivo by being coated with bioactive 
molecules. One promising direction in scaffold production involves nanotechnol-
ogy, specifically self-assembling peptides [54]. Natural and synthetic biomaterials 
have been investigated as scaffolds, but self-assembling peptide hydrogel (SAPH) 
scaffolds combine advantages of both natural and synthetic biomaterials because 
they are biocompatible and have easily modifiable properties [56]. For example, 
in a study looking at SAPH for intervertebral disc tissue engineering, after three-
dimensional culture of nucleus pulposus cells (NPCs) in the SAPH, upregulation 
of nucleus pulposus-specific genes confirmed that the system could restore the 
nucleus pulposus (NP) phenotype in in vitro cultures [56]. The SAPH stimulated 
time-dependent increases in aggrecan and type II collagen deposition, which are 
two important NP extracellular matrix components. Overall, the suggestion from 
this study was that the SAPH could be used as a cell delivery system and scaf-
fold in treating degenerative disc disease. Another promising application in the 
future of scaffolds will look to utilize 3D printing to achieve a clinically successful 

14  The Future of Regenerative Medicine



252

tissue-engineered product. 3D printing offers a way to control scaffold size, shape, 
pore size, geometry, and mechanical properties [54, 57]. Through the integration of 
computer-assisted design and modern medical imaging, scaffolds can be individu-
alized to a specific patient and a specific defect [54, 58]. A new development has 
been biologically relevant bioinks, which are biomaterials that carry cells printed 
into 3D scaffolds and are an important component of the bioprinting effort [59, 
60]. Faramarzi et al. incorporated PRP into an alginate hydrogel scaffold used in 
bioprinters and demonstrated that this bioink could positively affect the function 
of two important cell populations (mesenchymal stem cells and endothelial cells) 
involved in the tissue healing process in vitro [59].

PRP and the cytokines contained within it have played a large role in regen-
erative medicine and are relevant because they contain autologous growth 
factors that  are easy to obtain and manipulate [3]. In a retrospective study by 
Mautner et al., in which PRP for chronic tendinopathy was evaluated, the major-
ity of patients reported a moderate (>50%) improvement in pain symptoms [61]. 
However, despite showing an ability to contribute to symptom improvement, 
there are still many PRP-related questions that require clarification, many related 
to inconsistencies in published clinical  trial results [3]. Due to  variabilities in 
published studys’ methods and results, the mechanism of action of PRP based 
on the various cell types it contains, optimal PRP formulation and system, dose 
number (single vs. serial), dose timing (intraoperative or delayed), and the impact 
of adding activating agents or anesthetics needs clarification in the future.

The optimal way of addressing the shortcomings in regenerative medicine is 
through controlled clinical trials [44]. In addition, it has also been suggested that 
clinicians carry out translational studies in conjunction with basic scientists to facil-
itate a thorough assessment of the biologic activity of these agents and then to com-
pare and analyze this activity to clinical outcomes. A major limitation is that with 
general characteristics of the substance, such as platelet count or white blood cell 
count with PRP or cell number with stem cells, we do not know the biologic activity 
of the substance or how these general characteristics relate to that biologic activ-
ity. Extensive statistical analyses will be needed to study the interactions between 
intervention, time point after injury, and injury grade or severity [8]. There will also 
need to be stratification based on age, sex, and metabolic and systemic factors that 
may affect treatment response, like diabetes, rheumatologic conditions, and chronic 
use of anti-inflammatory or antifibrotic medications. At this point, given the amount 
of “unknowns” in regenerative medicine, has the usage of regenerative therapies 
outpaced the science supporting them?

�Outcomes and Post-Procedure Rehabilitation

As with any treatment in medicine, the desired outcome for each regenerative medi-
cine treatment needs to be clearly defined in controlled clinical trials. “Healed” 
versus “not healed” may not be the ideal outcome, and instead, the focus should be 
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on the tissue quality at the site, the time it took to achieve tissue healing, pre- and 
post-procedure pain levels, and restoration of motion or strength [44]. The ultimate 
outcome may be to reduce pain or inflammation and not affect healing at all. For 
acute muscle injury, for example, the primary goal may be prevention of reinjury 
rather than faster return to sport [8]. Another example pertains to rotator cuff repair, 
where the goal may be to decrease the rate of retear of the repaired tendon. In addi-
tion, and maybe even more importantly, adverse outcomes need to be diligently 
reported. Given that many regenerative therapies are new, long-term adverse effects 
are unknown. The first priority is to do no harm to the patient. With a limited under-
standing of how these regenerative therapies work and limited long-term data avail-
able, the clinician is in a precarious position in offering these therapies to patients. 
Commitment to appropriate informed consent is imperative.

Posttreatment rehabilitation instructions have the potential to contribute to a pos-
itive outcome [8]. Mechanical loads are critical for healing tissue. There is a paucity 
of data on the appropriate timing and progression of rehabilitation after a regenera-
tive medicine treatment. In addition, rehabilitation for shoulder osteoarthritis is very 
different than rehabilitation for Achilles tendinopathy. Therefore, rehabilitation pro-
tocols need to be identified for each location and regenerative treatment. Variables 
include when and how a tissue should be loaded, active vs. passive range of motion, 
medications and nutritional factors that may enhance or hinder healing, the role 
of hyperbaric oxygen, low-level laser therapies, and the types and frequencies of 
strength training exercises.

�Genomics

Gene therapy administered through viral vectors can serve as a  natural “drug 
store” for the body to  help to regenerate tissues, slow aging, or modify disease 
processes. Improvement in the understanding of genetic and epigenetic factors 
related to the injury of tissues is needed to facilitate targets for therapy and more 
predictable results [44]. This improved understanding is also linked to the idea of 
a “personalized” patient-specific approach in which biological or gene expression 
markers are used to identify joints at risk and justify preemptive intervention with 
disease-modifying drugs that can preserve cartilage even before the osteoarthritic 
process ensues [3, 62]. For example, clustered regularly interspaced short palin-
dromic repeats (CRISPR) genome-engineering technology enables strategies like 
Stem Cells Modified for Autonomous Regenerative Therapy (SMART), allowing 
for production of anti-inflammatory molecules that selectively reduce inflammation 
caused by chronic conditions [3]. With durable engraftment, these cells can then 
serve the role of vaccine – limiting the progression of OA.

Gene therapy has the potential to deliver proteins to specific tissues and cells 
for tissue-engineering purposes [1, 63]. Gene therapy involves transferring target 
genes into cells allowing for protein delivery, growth factors, or other therapeutic 
gene products to a specific anatomic site. The delivery process of transgenes can 
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be through in vivo or ex vivo protocols with either viral (transduction) or nonviral 
(transfection) vectors [1]. Viral vectors can be integrating (retroviral and lentiviral) 
vectors which stably insert their genome into the DNA of infected cells and provide 
the best prospects for long-term gene expression as they are passed to both daughter 
cells during cell division. They also can be non-integrating (adenovirus and recom-
binant adeno-associated virus (AAV)) and stay in the nucleus as extrachromosomal 
episomes, which are not replicated during mitosis [1, 64]. The main issue with viral 
vectors is safety as they have demonstrated the potential to cause cell transforma-
tion and carcinogenesis [1, 65–67]. Given these concerns, nonviral vectors have 
been developed. They are associated with lower gene delivery efficiency compared 
to viral vector delivery systems [1, 68] but provide advantages with immunogenic 
response probability and cost-effective manufacturing [1, 69]. To improve the non-
viral delivery efficiency problems, nonviral delivery systems have been engineered 
consisting of chemical or physical transfection systems [1].

There are two different ways of strategizing gene delivery: either in  vivo or 
ex vivo strategies [1]. The vector is directly delivered to the host either systemically 
or locally with in vivo therapy. In ex vivo gene transfer, target cells are harvested, 
processed, and genetically manipulated outside the body prior to anatomic implan-
tation. Ex vivo gene therapy is more technically challenging, more invasive, and 
less cost-effective. However, it is associated with higher transduction efficiency in 
allowing the delivery of potent cells and the gene product of interest to specific 
anatomic sites, a selective process of targeting the cell population of interest [1, 
70–73]. Ex vivo gene therapy is also safer in only delivering transduced cells and 
not the actual vectors themselves, allowing for better control of the introduced fac-
tor. To overcome the limitations of ex vivo therapy, ex vivo strategies using either 
allogeneic cells or expedited single-step “same-day” approaches that eliminate the 
culture expansion step, decreasing the risk of contamination and gene mutations 
along with the increased cost, are being investigated [1, 74, 75]. Virk et al. evaluated 
this “same-day” approach using harvested bone marrow cells from a rat along with 
an osteoconductive scaffold assessing its effect on a critical-sized femoral defect 
on the rat [1, 75]. Radiographic, micro-CT, histologic, and biomechanical testing 
at 12 weeks post-implantation demonstrated that “same-day” ex vivo regional gene 
therapy was able to heal a rat’s critical-sized femoral defect. In addition, for com-
parison to cultured bone marrow cells, “same-day” cells were associated with ear-
lier radiographic healing and increased bone formation on micro-CT. Safety of this 
technique was assessed by Alaee et al., and the results indicated that viral vector 
copies were detected in the defect area following implantation of transduced cells 
but significantly decreased over time. There were no consistent findings of viral 
copies in the internal organs and no organ toxicity or histological abnormalities 
noted [1, 76]. The results suggested that ex vivo therapy, using a lentiviral vector, 
is safe but required further testing. Given the strengths of this expedited ex vivo 
approach along with safety, it is likely that this approach will be utilized in future 
studies.

A. Creighton and J. S. Kirschner



255

When looking at possible indications for gene therapy in musculoskeletal dis-
eases, such as articular cartilage repair or osteoarthritis, it is evident that gene 
therapy has the potential to make an impact on different disease processes. Unlike 
other therapeutic strategies that focus on alleviating the symptoms of OA, gene 
therapy focuses on cartilage growth factors and cytokines involved in inflam-
mation and  the pathogenesis of osteoarthritis like interleukin-1 (IL-1), IL-10, 
TNF-α, and TGF-β [1]. Usually, the process involves direct intra-articular admin-
istration of genetically manipulated cells or vectors alone. IL-1 is considered the 
most potent mediator of pain, inflammation, and cartilage loss in OA [1, 77]. 
IL-1 receptor antagonist (IL-1Ra), by blocking IL-1 and limiting inflammation 
and cartilage degradation, is a promising option for treatment of OA, and mul-
tiple studies in animal models of arthritis have shown efficacy of viral-mediated 
IL-1Ra gene transfer in inducing subsequent gene expression and biological 
response [1, 78–81]. Nonviral gene delivery into joints is also an approach that 
has shown promise. In a rabbit model, Fernandes et al. showed the ability to con-
trol progression of OA with intra-articular injection of a plasmid-lipid complex 
[1, 82]. In addition, using the cDNA of IL-1Ra in combination with TGF-β1 was 
more effective in cartilage repair than when each is used alone. Safety of in vivo 
intra-articular gene therapy was addressed by the Wang et al. group in a study that 
specifically evaluated the biodistribution and toxic effects of recombinant adeno-
associated virus (AAV) carrying either rat or human IL-1Ra [1, 83]. In observa-
tional, body weight, and pathology studies, administration of this vector caused 
no local or systemic adverse effects. There was minimal vector leakage into the 
systemic circulation for the first 4–24 hours after injection, and the vector genome 
persisted for up to a year with only low levels of vector genomes detected outside 
the knee. This strategy needs further refinement but shows significant promise and 
requires future study.

OA is the only orthopedic-related disease being studied in clinical gene 
therapy trials [1, 84] in the United States and Korea. Phase I and II trials of 
“TissueGene-C” (TG-C), an ex vivo gene strategy utilizing retrovirally modified 
allograft chondrocytes in patients with knee OA, have been completed with phase 
III trials now underway. These patients had Cartilage Repair Society (ICRS) grade 
IV cartilage damage based on MRI and improved with pain, range of motion, 
and functional outcomes. Importantly, safety with TG-C has been demonstrated 
by analyzing peripheral blood in 12 patients treated with TG-C which showed 
normal levels of TGF-beta 1 and no circulating vector DNA for all patients at all 
dose levels at every time point [1, 85]. Recently in Korea, TG-C, named Invossa, 
became the first gene therapy to be approved for musculoskeletal applications 
and is indicated for moderate knee OA. In addition to Invossa, a single injection 
of sc-rAAV2.5IL-Ra is being assessed in a phase I clinical trial in patients with 
moderate knee OA [1, 86].

While there has been successful use of gene therapy in animal models treating 
difficult bone defects, cartilage defects, and osteoarthritis, there are still obstacles to 
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clinical application [1]. We need to develop cost-effective, clinically relevant gene 
therapy strategies. Ideally, gene therapy should not require the clinician to develop a 
special skill set to prepare the product, and it will be off-the-shelf or easily extract-
able at the point of care. Safety is a special concern for the future application of gene 
therapy, and it is important that extensive biodistribution analysis of the transferred 
genes be consistently completed. The biology of gene therapy including the clinical 
indications, dose, cell source and scaffold, target gene, vector, and delivery system 
needs to be better defined.

�Conclusion

The outlook on the future of regenerative medicine at this point is one of cautious 
optimism. Using the triad model framework, including cells, scaffolds, and PRP, 
along with an improving understanding of the human genome, it is evident that 
there is promising work being done that could lead to the future ability to modify 
degenerative diseases instead of simply managing symptoms. The challenge will 
be balancing patient demands and expectations with the limited evidence base for 
these therapies and  an urgency from an increasing population of older patients. 
Given the regulations that are being enforced by the FDA, we are at a critical period 
of time where the onus to show data to support regenerative therapies has never 
been larger. This can be accomplished through collaboration and the development 
of registries along with standardization in methodology and outcome measures 
used in randomized controlled trials. For regenerative medicine to be successful we 
need an improved understanding of the science behind how stem cell therapy, scaf-
folds, and cytokines making up PRP work along with a better understanding of the 
human genome in the context of degenerative diseases like osteoarthritis. Given the 
immense potential of this field, will regenerative medicine be regarded as its own 
specialized area of medicine in the future?

References

	 1.	Bougioukli S, Evans CH, Alluri RK, Ghivizzani SC, Lieberman JR. Gene therapy to enhance 
bone and cartilage repair in orthopaedic surgery. Curr Gene Ther. 2018;18(3):154–70. https://
doi.org/10.2174/1566523218666180410152842.

	 2.	United States Bone and Joint Initiative: the Burden of Musculoskeletal Diseases in the United 
States, Third Edition.

	 3.	Piuzzi NS, Dominici M, Long M, Pascual-Garrido C, Rodeo S, Huard J, Guicheux J, McFarland 
R, Goodrich LR, Maddens S, Robey PG, Bauer TW, Barrett J, Barry F, Karli D, Chu CR, Weiss 
DJ, Martin I, Jorgensen C, Muschler GF. Proceedings of the signature series symposium “cel-
lular therapies for orthopaedics and musculoskeletal disease proven and unproven therapies-
promise, facts and fantasy,” international society for cellular therapies, Montreal, Canada, May 
2, 2018. Cytotherapy. 2018;20(11):1381–400. https://doi.org/10.1016/j.jcyt.2018.09.001.

A. Creighton and J. S. Kirschner

https://doi.org/10.2174/1566523218666180410152842
https://doi.org/10.2174/1566523218666180410152842
https://doi.org/10.1016/j.jcyt.2018.09.001


257

	 4.	Kotlarz H, Gunnarsson CL, Fang H, Rizzo JA. Insurer and out-of-pocket costs of osteoarthritis 
in the US: evidence from national survey data. Arthritis Rheum. 2009;60(12):3546–53. https://
doi.org/10.1002/art.24984.

	 5.	Lespasio MJ, Sultan AA, Piuzzi NS, Khlopas A, Husni ME, Muschler GF, Mont MA. Hip 
osteoarthritis: a primer. Perm J. 2018;22 https://doi.org/10.7812/tpp/17-084.

	 6.	 Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, Woodard J, Fang F, Schwartz 
TA, Nelson AE, Abbate LM, Callahan LF, Kalsbeek WD, Hochberg MC. Prevalence of hip 
symptoms and radiographic and symptomatic hip osteoarthritis in African Americans and 
Caucasians: the Johnston County Osteoarthritis Project. J Rheumatol. 2009;36(4):809–15. 
https://doi.org/10.3899/jrheum.080677.

	 7.	Beldjilali-Labro M, Garcia Garcia A, Farhat F, Bedoui F, Grosset JF, Dufresne M, Legallais 
C.  Biomaterials in tendon and skeletal muscle tissue engineering: current trends and chal-
lenges. Materials (Basel). 2018;11(7) https://doi.org/10.3390/ma11071116.

	 8.	Chu CR, Rodeo S, Bhutani N, Goodrich LR, Huard J, Irrgang J, LaPrade RF, Lattermann C, Lu 
Y, Mandelbaum B, Mao J, McIntyre L, Mishra A, Muschler GF, Piuzzi NS, Potter H, Spindler 
K, Tokish JM, Tuan R, Zaslav K, Maloney W. Optimizing clinical use of biologics in orthopae-
dic surgery: consensus recommendations from the 2018 AAOS/NIH U-13 conference. J Am 
Acad Orthop Surg. 2019;27(2):e50–63. https://doi.org/10.5435/jaaos-d-18-00305.

	 9.	NIH Stem Cell Information Home Page. National Institutes of Health, U.S., Department of 
Health and Human Services. 2016. https://stemcells.nih.gov/info/basics/1.htm. Accessed 
January 2, 2019.

	10.	Luangphakdy V, Boehm C, Pan H, Herrick J, Zaveri P, Muschler GF. Assessment of methods 
for rapid intraoperative concentration and selection of marrow-derived connective tissue pro-
genitors for bone regeneration using the canine femoral multidefect model. Tissue Eng Part 
A. 2016;22(1–2):17–30. https://doi.org/10.1089/ten.TEA.2014.0663.

	11.	Chahla J, Piuzzi NS, Mitchell JJ, Dean CS, Pascual-Garrido C, LaPrade RF, Muschler 
GF. Intra-articular cellular therapy for osteoarthritis and focal cartilage defects of the knee: 
a systematic review of the literature and study quality analysis. J Bone Joint Surg Am. 
2016;98(18):1511–21. https://doi.org/10.2106/jbjs.15.01495.

	12.	Piuzzi NS, Chahla J, Jiandong H, Chughtai M, LaPrade RF, Mont MA, Muschler GF, Pascual-
Garrido C. Analysis of cell therapies used in clinical trials for the treatment of osteonecrosis 
of the femoral head: a systematic review of the literature. J Arthroplast. 2017;32(8):2612–8. 
https://doi.org/10.1016/j.arth.2017.02.075.

	13.	Muschler GF, Nakamoto C, Griffith LG. Engineering principles of clinical cell-based tissue 
engineering. J Bone Joint Surg Am. 2004;86-a(7):1541–58.

	14.	Srivastava A, Mason C, Wagena E, Cuende N, Weiss DJ, Horwitz EM, Dominici M. Part 1: 
defining unproven cellular therapies. Cytotherapy. 2016;18(1):117–9. https://doi.org/10.1016/j.
jcyt.2015.11.004.

	15.	Weiss DJ, Rasko JE, Cuende N, Ruiz MA, Ho HN, Nordon R, Wilton S, Dominici M, 
Srivastava A.  Part 2: making the “unproven” “proven”. Cytotherapy. 2016;18(1):120–3. 
https://doi.org/10.1016/j.jcyt.2015.11.005.

	16.	Eldridge P, Griffin D, Janssen W, O'Donnell L. Part 3: understanding the manufacturing of 
unproven cellular therapy products. Cytotherapy. 2016;18(1):124–6. https://doi.org/10.1016/j.
jcyt.2015.11.006.

	17.	O'Donnell L, Turner L, Levine AD. Part 6: the role of communication in better understand-
ing unproven cellular therapies. Cytotherapy. 2016;18(1):143–8. https://doi.org/10.1016/j.
jcyt.2015.11.002.

	18.	Nichols K, Janssen W, Wall D, Cuende N, Griffin D. Part 4: interaction between unproven 
cellular therapies and global medicinal product approval regulatory frameworks. Cytotherapy. 
2016;18(1):127–37. https://doi.org/10.1016/j.jcyt.2015.11.003.

	19.	Deans RJ, Gunter KC, Dominici M, Forte M. Part 5: unproven cell therapies and the commer-
cialization of cell-based products. Cytotherapy. 2016;18(1):138–42. https://doi.org/10.1016/j.
jcyt.2015.11.001.

14  The Future of Regenerative Medicine

https://doi.org/10.1002/art.24984
https://doi.org/10.1002/art.24984
https://doi.org/10.7812/tpp/17-084
https://doi.org/10.3899/jrheum.080677
https://doi.org/10.3390/ma11071116
https://doi.org/10.5435/jaaos-d-18-00305
https://stemcells.nih.gov/info/basics/1.htm
https://doi.org/10.1089/ten.TEA.2014.0663
https://doi.org/10.2106/jbjs.15.01495
https://doi.org/10.1016/j.arth.2017.02.075
https://doi.org/10.1016/j.jcyt.2015.11.004
https://doi.org/10.1016/j.jcyt.2015.11.004
https://doi.org/10.1016/j.jcyt.2015.11.005
https://doi.org/10.1016/j.jcyt.2015.11.006
https://doi.org/10.1016/j.jcyt.2015.11.006
https://doi.org/10.1016/j.jcyt.2015.11.002
https://doi.org/10.1016/j.jcyt.2015.11.002
https://doi.org/10.1016/j.jcyt.2015.11.003
https://doi.org/10.1016/j.jcyt.2015.11.001
https://doi.org/10.1016/j.jcyt.2015.11.001


258

	20.	Marks P, Gottlieb S. Balancing safety and innovation for cell-based regenerative medicine. N 
Engl J Med. 2018;378(10):954–9. https://doi.org/10.1056/NEJMsr1715626.

	21.	Kuriyan AE, Albini TA, Townsend JH, Rodriguez M, Pandya HK, Leonard RE 2nd, Parrott 
MB, Rosenfeld PJ, Flynn HW Jr, Goldberg JL. Vision loss after intravitreal injection of autolo-
gous “stem cells” for AMD. N Engl J Med. 2017;376(11):1047–53. https://doi.org/10.1056/
NEJMoa1609583.

	22.	Berkowitz AL, Miller MB, Mir SA, Cagney D, Chavakula V, Guleria I, Aizer A, Ligon KL, Chi 
JH. Glioproliferative lesion of the spinal cord as a complication of “stem-cell tourism”. N Engl 
J Med. 2016;375(2):196–8. https://doi.org/10.1056/NEJMc1600188.

	23.	Rodeo SA. Moving toward responsible use of biologics in sports medicine. Am J Sports Med. 
2018;46(8):1797–9. https://doi.org/10.1177/0363546518782182.

	24.	Piuzzi NS, Ng M, Chughtai M, Khlopas A, Ng K, Mont MA, Muschler GF. The stem-cell market 
for the treatment of knee osteoarthritis: a patient perspective. J Knee Surg. 2018;31(6):551–6. 
https://doi.org/10.1055/s-0037-1604443.

	25.	Piuzzi NS, Khlopas A, Newman JM, Ng M, Roche M, Husni ME, Spindler KP, Mont MA, 
Muschler G. Bone marrow cellular therapies: novel therapy for knee osteoarthritis. J Knee 
Surg. 2018;31(1):22–6. https://doi.org/10.1055/s-0037-1608844.

	26.	Piuzzi NS, Chahla J, Schrock JB, LaPrade RF, Pascual-Garrido C, Mont MA, Muschler 
GF. Evidence for the use of cell-based therapy for the treatment of osteonecrosis of the femo-
ral head: a systematic review of the literature. J Arthroplast. 2017;32(5):1698–708. https://doi.
org/10.1016/j.arth.2016.12.049.

	27.	Pas HI, Winters M, Haisma HJ, Koenis MJ, Tol JL, Moen MH. Stem cell injections in knee 
osteoarthritis: a systematic review of the literature. Br J Sports Med. 2017;51(15):1125–33. 
https://doi.org/10.1136/bjsports-2016-096793.

	28.	Piuzzi NS, Hussain ZB, Chahla J, Cinque ME, Moatshe G, Mantripragada VP, Muschler GF, 
LaPrade RF. Variability in the preparation, reporting, and use of bone marrow aspirate concen-
trate in musculoskeletal disorders: a systematic review of the clinical orthopaedic literature. J 
Bone Joint Surg Am. 2018;100(6):517–25. https://doi.org/10.2106/jbjs.17.00451.

	29.	Castillo TN, Pouliot MA, Kim HJ, Dragoo JL.  Comparison of growth factor and platelet 
concentration from commercial platelet-rich plasma separation systems. Am J Sports Med. 
2011;39(2):266–71. https://doi.org/10.1177/0363546510387517.

	30.	Mazzocca AD, McCarthy MB, Chowaniec DM, Cote MP, Romeo AA, Bradley JP, Arciero RA, 
Beitzel K. Platelet-rich plasma differs according to preparation method and human variability. 
J Bone Joint Surg Am. 2012;94(4):308–16. https://doi.org/10.2106/jbjs.k.00430.

	31.	Xiong G, Lingampalli N, Koltsov JCB, Leung LL, Bhutani N, Robinson WH, Chu CR. Men 
and women differ in the biochemical composition of platelet-rich plasma. Am J Sports Med. 
2018;46(2):409–19. https://doi.org/10.1177/0363546517740845.

	32.	Weibrich G, Kleis WK, Hafner G, Hitzler WE.  Growth factor levels in platelet-rich 
plasma and correlations with donor age, sex, and platelet count. J Craniomaxillofac Surg. 
2002;30(2):97–102. https://doi.org/10.1054/jcms.2002.0285.

	33.	Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, Andriolo G, Sun B, Zheng 
B, Zhang L, Norotte C, Teng PN, Traas J, Schugar R, Deasy BM, Badylak S, Buhring HJ, 
Giacobino JP, Lazzari L, Huard J, Peault B.  A perivascular origin for mesenchymal stem 
cells in multiple human organs. Cell Stem Cell. 2008;3(3):301–13. https://doi.org/10.1016/j.
stem.2008.07.003.

	34.	Caplan AI. Mesenchymal stem cells. J Orthop Res. 1991;9(5):641–50. https://doi.org/10.1002/
jor.1100090504.

	35.	Payne KA, Didiano DM, Chu CR. Donor sex and age influence the chondrogenic potential 
of human femoral bone marrow stem cells. Osteoarthr Cartil. 2010;18(5):705–13. https://doi.
org/10.1016/j.joca.2010.01.011.

	36.	Maletis GB, Chen J, Inacio MC, Funahashi TT.  Age-related risk factors for revision ante-
rior cruciate ligament reconstruction: a cohort study of 21,304 patients from the Kaiser 
Permanente anterior cruciate ligament registry. Am J Sports Med. 2016;44(2):331–6. https://
doi.org/10.1177/0363546515614813.

A. Creighton and J. S. Kirschner

https://doi.org/10.1056/NEJMsr1715626
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1056/NEJMoa1609583
https://doi.org/10.1056/NEJMc1600188
https://doi.org/10.1177/0363546518782182
https://doi.org/10.1055/s-0037-1604443
https://doi.org/10.1055/s-0037-1608844
https://doi.org/10.1016/j.arth.2016.12.049
https://doi.org/10.1016/j.arth.2016.12.049
https://doi.org/10.1136/bjsports-2016-096793
https://doi.org/10.2106/jbjs.17.00451
https://doi.org/10.1177/0363546510387517
https://doi.org/10.2106/jbjs.k.00430
https://doi.org/10.1177/0363546517740845
https://doi.org/10.1054/jcms.2002.0285
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.joca.2010.01.011
https://doi.org/10.1016/j.joca.2010.01.011
https://doi.org/10.1177/0363546515614813
https://doi.org/10.1177/0363546515614813


259

	37.	Baer PC, Geiger H.  Adipose-derived mesenchymal stromal/stem cells: tissue localiza-
tion, characterization, and heterogeneity. Stem Cells Int. 2012;2012:812693. https://doi.
org/10.1155/2012/812693.

	38.	Trivanovic D, Jaukovic A, Popovic B, Krstic J, Mojsilovic S, Okic-Djordjevic I, Kukolj T, 
Obradovic H, Santibanez JF, Bugarski D. Mesenchymal stem cells of different origin: com-
parative evaluation of proliferative capacity, telomere length and pluripotency marker expres-
sion. Life Sci. 2015;141:61–73. https://doi.org/10.1016/j.lfs.2015.09.019.

	39.	Murray IR, Geeslin AG, Goudie EB, Petrigliano FA, LaPrade RF. Minimum Information for 
Studies Evaluating Biologics in Orthopaedics (MIBO): platelet-rich plasma and mesenchymal 
stem cells. J Bone Joint Surg Am. 2017;99(10):809–19. https://doi.org/10.2106/jbjs.16.00793.

	40.	Etkin CD, Springer BD. The American joint replacement registry-the first 5 years. Arthroplast 
Today. 2017;3(2):67–9. https://doi.org/10.1016/j.artd.2017.02.002.

	41.	HHS, FDA, CBER. Expedited programs for regenerative medicine therapies for serious con-
ditions. 2017. https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecompliance-
regulatoryinformation/guidances/cellularandgenetherapy/ucm585414.pdf. Accessed January 
2, 2019.

	42.	HHS, FDA, CBER, CDER. Regulatory considerations for human cells, tissues, and cellular 
and tissue-based products: minimal manipulation and homologous use. 2017. https://www.
fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guid-
ances/cellularandgenetherapy/ucm585403.pdf. Accessed January 2, 2019.

	43.	HHS, FDA, CBER, CDER. Guidance for industry: expedited programs for serious conditions – 
drugs and biologics. 2017. https://www.fda.gov/downloads/Drugs/Guidances/UCM358301.
pdf. Accessed January 2, 2019.

	44.	Rodeo SA. Biologic approaches in sports medicine: potential, perils, and paths forward. Am J 
Sports Med. 2016;44(7):1657–9. https://doi.org/10.1177/0363546516655130.

	45.	Dolkart O, Chechik O, Zarfati Y, Brosh T, Alhajajra F, Maman E. A single dose of platelet-
rich plasma improves the organization and strength of a surgically repaired rotator cuff 
tendon in rats. Arch Orthop Trauma Surg. 2014;134(9):1271–7. https://doi.org/10.1007/
s00402-014-2026-4.

	46.	Gulotta LV, Kovacevic D, Packer JD, Deng XH, Rodeo SA. Bone marrow-derived mesenchy-
mal stem cells transduced with scleraxis improve rotator cuff healing in a rat model. Am J 
Sports Med. 2011;39(6):1282–9. https://doi.org/10.1177/0363546510395485.

	47.	Jo CH, Shin JS, Shin WH, Lee SY, Yoon KS, Shin S. Platelet-rich plasma for arthroscopic 
repair of medium to large rotator cuff tears: a randomized controlled trial. Am J Sports Med. 
2015;43(9):2102–10. https://doi.org/10.1177/0363546515587081.

	48.	Patel JM, Merriam AR, Culp BM, Gatt CJ Jr, Dunn MG. One-year outcomes of total meniscus 
reconstruction using a novel fiber-reinforced scaffold in an ovine model. Am J Sports Med. 
2016;44(4):898–907. https://doi.org/10.1177/0363546515624913.

	49.	Fitzpatrick J, Bulsara M, Zheng MH. The effectiveness of platelet-rich plasma in the treatment 
of tendinopathy: a meta-analysis of randomized controlled clinical trials. Am J Sports Med. 
2017;45(1):226–33. https://doi.org/10.1177/0363546516643716.

	50.	Mantripragada VP, Bova WA, Boehm C, Piuzzi NS, Obuchowski NA, Midura RJ, Muschler 
GF. Progenitor cells from different zones of human cartilage and their correlation with his-
topathological osteoarthritis progression. J Orthop Res. 2018;36(6):1728–38. https://doi.
org/10.1002/jor.23829.

	51.	Jiang Y, Cai Y, Zhang W, Yin Z, Hu C, Tong T, Lu P, Zhang S, Neculai D, Tuan RS, Ouyang 
HW.  Human cartilage-derived progenitor cells from committed chondrocytes for efficient 
cartilage repair and regeneration. Stem Cells Transl Med. 2016;5(6):733–44. https://doi.
org/10.5966/sctm.2015-0192.

	52.	Jiang Y, Tuan RS. Origin and function of cartilage stem/progenitor cells in osteoarthritis. Nat 
Rev Rheumatol. 2015;11(4):206–12. https://doi.org/10.1038/nrrheum.2014.200.

	53.	Caldwell KL, Wang J.  Cell-based articular cartilage repair: the link between develop-
ment and regeneration. Osteoarthr Cartil. 2015;23(3):351–62. https://doi.org/10.1016/j.
joca.2014.11.004.

14  The Future of Regenerative Medicine

https://doi.org/10.1155/2012/812693
https://doi.org/10.1155/2012/812693
https://doi.org/10.1016/j.lfs.2015.09.019
https://doi.org/10.2106/jbjs.16.00793
https://doi.org/10.1016/j.artd.2017.02.002
https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm585414.pdf
https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm585414.pdf
https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm585403.pdf
https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm585403.pdf
https://www.fda.gov/downloads/biologicsbloodvaccines/guidancecomplianceregulatoryinformation/guidances/cellularandgenetherapy/ucm585403.pdf
https://www.fda.gov/downloads/Drugs/Guidances/UCM358301.pdf
https://www.fda.gov/downloads/Drugs/Guidances/UCM358301.pdf
https://doi.org/10.1177/0363546516655130
https://doi.org/10.1007/s00402-014-2026-4
https://doi.org/10.1007/s00402-014-2026-4
https://doi.org/10.1177/0363546510395485
https://doi.org/10.1177/0363546515587081
https://doi.org/10.1177/0363546515624913
https://doi.org/10.1177/0363546516643716
https://doi.org/10.1002/jor.23829
https://doi.org/10.1002/jor.23829
https://doi.org/10.5966/sctm.2015-0192
https://doi.org/10.5966/sctm.2015-0192
https://doi.org/10.1038/nrrheum.2014.200
https://doi.org/10.1016/j.joca.2014.11.004
https://doi.org/10.1016/j.joca.2014.11.004


260

	54.	Smith BD, Grande DA. The current state of scaffolds for musculoskeletal regenerative applica-
tions. Nat Rev Rheumatol. 2015;11(4):213–22. https://doi.org/10.1038/nrrheum.2015.27.

	55.	Daher RJ, Chahine NO, Greenberg AS, Sgaglione NA, Grande DA. New methods to diag-
nose and treat cartilage degeneration. Nat Rev Rheumatol. 2009;5(11):599–607. https://doi.
org/10.1038/nrrheum.2009.204.

	56.	Wan S, Borland S, Richardson SM, Merry CLR, Saiani A, Gough JE. Self-assembling peptide 
hydrogel for intervertebral disc tissue engineering. Acta Biomater. 2016;46:29–40. https://doi.
org/10.1016/j.actbio.2016.09.033.

	57.	Hoque ME, Chuan YL, Pashby I. Extrusion based rapid prototyping technique: an advanced 
platform for tissue engineering scaffold fabrication. Biopolymers. 2012;97(2):83–93. https://
doi.org/10.1002/bip.21701.

	58.	Rengier F, Mehndiratta A, von Tengg-Kobligk H, Zechmann CM, Unterhinninghofen R, 
Kauczor HU, Giesel FL. 3D printing based on imaging data: review of medical applications. Int 
J Comput Assist Radiol Surg. 2010;5(4):335–41. https://doi.org/10.1007/s11548-010-0476-x.

	59.	Faramarzi N, Yazdi IK, Nabavinia M, Gemma A, Fanelli A, Caizzone A, Ptaszek LM, Sinha I, 
Khademhosseini A, Ruskin JN, Tamayol A. Patient-specific bioinks for 3D bioprinting of tis-
sue engineering scaffolds. Adv Healthc Mater. 2018;7(11):e1701347. https://doi.org/10.1002/
adhm.201701347.

	60.	Zhu K, Shin SR, van Kempen T, Li YC, Ponraj V, Nasajpour A, Mandla S, Hu N, Liu X, Leijten 
J, Lin YD, Hussain MA, Zhang YS, Tamayol A, Khademhosseini A. Gold nanocomposite bio-
ink for printing 3D cardiac constructs. Adv Funct Mater. 2017;27(12) https://doi.org/10.1002/
adfm.201605352.

	61.	Mautner K, Colberg RE, Malanga G, Borg-Stein JP, Harmon KG, Dharamsi AS, Chu S, Homer 
P.  Outcomes after ultrasound-guided platelet-rich plasma injections for chronic tendinopa-
thy: a multicenter, retrospective review. PM R. 2013;5(3):169–75. https://doi.org/10.1016/j.
pmrj.2012.12.010.

	62.	Rai MF, Sandell LJ, Zhang B, Wright RW, Brophy RH. RNA microarray analysis of macro-
scopically Normal articular cartilage from knees undergoing partial medial meniscectomy: 
potential prediction of the risk for developing osteoarthritis. PLoS One. 2016;11(5):e0155373. 
https://doi.org/10.1371/journal.pone.0155373.

	63.	Franceschi RT, Yang S, Rutherford RB, Krebsbach PH, Zhao M, Wang D.  Gene therapy 
approaches for bone regeneration. Cells Tissues Organs. 2004;176(1–3):95–108. https://doi.
org/10.1159/000075031.

	64.	Evans CH, Whalen JD, Evans CH, Ghivizzani SC, Robbins PD. Gene therapy in autoimmune 
diseases. Ann Rheum Dis. 1998;57(3):125–7.

	65.	Evans CH. Gene delivery to bone. Adv Drug Deliv Rev. 2012;64(12):1331–40. https://doi.
org/10.1016/j.addr.2012.03.013.

	66.	Evans CH, Ghivizzani SC, Robbins PD. Getting arthritis gene therapy into the clinic. Nat Rev 
Rheumatol. 2011;7(4):244–9. https://doi.org/10.1038/nrrheum.2010.193.

	67.	Yi Y, Noh MJ, Lee KH.  Current advances in retroviral gene therapy. Curr Gene Ther. 
2011;11(3):218–28.

	68.	Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, Anderson DG. Non-viral vectors for 
gene-based therapy. Nat Rev Genet. 2014;15(8):541–55. https://doi.org/10.1038/nrg3763.

	69.	Thomas CE, Ehrhardt A, Kay MA. Progress and problems with the use of viral vectors for 
gene therapy. Nat Rev Genet. 2003;4(5):346–58. https://doi.org/10.1038/nrg1066.

	70.	Pensak MJ, Lieberman JR.  Gene therapy for bone regeneration. Curr Pharm Des. 
2013;19(19):3466–73.

	71.	Phillips JE, Gersbach CA, Garcia AJ. Virus-based gene therapy strategies for bone regenera-
tion. Biomaterials. 2007;28(2):211–29. https://doi.org/10.1016/j.biomaterials.2006.07.032.

	72.	Evans CH, Ghivizzani SC, Herndon JH, Robbins PD. Gene therapy for the treatment of mus-
culoskeletal diseases. J Am Acad Orthop Surg. 2005;13(4):230–42.

	73.	Carofino BC, Lieberman JR. Gene therapy applications for fracture-healing. J Bone Joint Surg 
Am. 2008;90(Suppl 1):99–110. https://doi.org/10.2106/jbjs.g.01546.

A. Creighton and J. S. Kirschner

https://doi.org/10.1038/nrrheum.2015.27
https://doi.org/10.1038/nrrheum.2009.204
https://doi.org/10.1038/nrrheum.2009.204
https://doi.org/10.1016/j.actbio.2016.09.033
https://doi.org/10.1016/j.actbio.2016.09.033
https://doi.org/10.1002/bip.21701
https://doi.org/10.1002/bip.21701
https://doi.org/10.1007/s11548-010-0476-x
https://doi.org/10.1002/adhm.201701347
https://doi.org/10.1002/adhm.201701347
https://doi.org/10.1002/adfm.201605352
https://doi.org/10.1002/adfm.201605352
https://doi.org/10.1016/j.pmrj.2012.12.010
https://doi.org/10.1016/j.pmrj.2012.12.010
https://doi.org/10.1371/journal.pone.0155373
https://doi.org/10.1159/000075031
https://doi.org/10.1159/000075031
https://doi.org/10.1016/j.addr.2012.03.013
https://doi.org/10.1016/j.addr.2012.03.013
https://doi.org/10.1038/nrrheum.2010.193
https://doi.org/10.1038/nrg3763
https://doi.org/10.1038/nrg1066
https://doi.org/10.1016/j.biomaterials.2006.07.032
https://doi.org/10.2106/jbjs.g.01546


261

	74.	Zhang J, Huang X, Wang H, Liu X, Zhang T, Wang Y, Hu D. The challenges and promises 
of allogeneic mesenchymal stem cells for use as a cell-based therapy. Stem Cell Res Ther. 
2015;6:234. https://doi.org/10.1186/s13287-015-0240-9.

	75.	Virk MS, Sugiyama O, Park SH, Gambhir SS, Adams DJ, Drissi H, Lieberman JR. “Same 
day” ex-vivo regional gene therapy: a novel strategy to enhance bone repair. Mol Ther. 
2011;19(5):960–8. https://doi.org/10.1038/mt.2011.2.

	76.	Alaee F, Bartholomae C, Sugiyama O, Virk MS, Drissi H, Wu Q, Schmidt M, Lieberman 
JR. Biodistribution of LV-TSTA transduced rat bone marrow cells used for “ex-vivo” regional 
gene therapy for bone repair. Curr Gene Ther. 2015;15(5):481–91.

	77.	Evans CH, Gouze JN, Gouze E, Robbins PD, Ghivizzani SC. Osteoarthritis gene therapy. Gene 
Ther. 2004;11(4):379–89. https://doi.org/10.1038/sj.gt.3302196.

	78.	Pelletier JP, Caron JP, Evans C, Robbins PD, Georgescu HI, Jovanovic D, Fernandes JC, 
Martel-Pelletier J.  In vivo suppression of early experimental osteoarthritis by interleukin-1 
receptor antagonist using gene therapy. Arthritis Rheum. 1997;40(6):1012–9. https://doi.
org/10.1002/art.1780400604.

	79.	Frisbie DD, Ghivizzani SC, Robbins PD, Evans CH, McIlwraith CW. Treatment of experi-
mental equine osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist 
gene. Gene Ther. 2002;9(1):12–20. https://doi.org/10.1038/sj.gt.3301608.

	80.	Goodrich LR, Grieger JC, Phillips JN, Khan N, Gray SJ, McIlwraith CW, Samulski 
RJ. scAAVIL-1ra dosing trial in a large animal model and validation of long-term expression 
with repeat administration for osteoarthritis therapy. Gene Ther. 2015;22(7):536–45. https://
doi.org/10.1038/gt.2015.21.

	81.	Kay JD, Gouze E, Oligino TJ, Gouze JN, Watson RS, Levings PP, Bush ML, Dacanay A, 
Nickerson DM, Robbins PD, Evans CH, Ghivizzani SC.  Intra-articular gene delivery and 
expression of interleukin-1Ra mediated by self-complementary adeno-associated virus. J Gene 
Med. 2009;11(7):605–14. https://doi.org/10.1002/jgm.1334.

	82.	Fernandes J, Tardif G, Martel-Pelletier J, Lascau-Coman V, Dupuis M, Moldovan F, Sheppard 
M, Krishnan BR, Pelletier JP.  In vivo transfer of interleukin-1 receptor antagonist gene in 
osteoarthritic rabbit knee joints: prevention of osteoarthritis progression. Am J Pathol. 
1999;154(4):1159–69. https://doi.org/10.1016/s0002-9440(10)65368-0.

	83.	Wang G, Evans CH, Benson JM, Hutt JA, Seagrave J, Wilder JA, Grieger JC, Samulski RJ, 
Terse PS. Safety and biodistribution assessment of sc-rAAV2.5IL-1Ra administered via intra-
articular injection in a mono-iodoacetate-induced osteoarthritis rat model. Mol Ther Methods 
Clin Dev. 2016;3:15052. https://doi.org/10.1038/mtm.2015.52.

	84.	https://clinicaltrials.gov/ct2/results?term=TGC+joint&Search=Search. Cited: 3rd 
January 2019.

	85.	Ha CW, Noh MJ, Choi KB, Lee KH. Initial phase I safety of retrovirally transduced human 
chondrocytes expressing transforming growth factor-beta-1 in degenerative arthritis patients. 
Cytotherapy. 2012;14(2):247–56. https://doi.org/10.3109/14653249.2011.629645.

	86.	Safety of Intra-Articular Sc-rAAV2.5IL-1Ra in Subjects With Moderate Knee OA. https://
ClinicalTrials.gov/show/NCT02790723.

14  The Future of Regenerative Medicine

https://doi.org/10.1186/s13287-015-0240-9
https://doi.org/10.1038/mt.2011.2
https://doi.org/10.1038/sj.gt.3302196
https://doi.org/10.1002/art.1780400604
https://doi.org/10.1002/art.1780400604
https://doi.org/10.1038/sj.gt.3301608
https://doi.org/10.1038/gt.2015.21
https://doi.org/10.1038/gt.2015.21
https://doi.org/10.1002/jgm.1334
https://doi.org/10.1016/s0002-9440(10)65368-0
https://doi.org/10.1038/mtm.2015.52
https://clinicaltrials.gov/ct2/results?term=TGC+joint&Search=Search
https://doi.org/10.3109/14653249.2011.629645
https://clinicaltrials.gov/show/NCT02790723
https://clinicaltrials.gov/show/NCT02790723

	Chapter 14: The Future of Regenerative Medicine
	Background on the Burden of MSK Conditions
	Definitions/Nomenclature
	Regulations and Standardization
	Registries
	Patient Access
	Science
	Outcomes and Post-Procedure Rehabilitation
	Genomics
	Conclusion
	References




