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Regenerative medicine, poised to transform 21st century healthcare, has aspired to enrich care options
by bringing cures to patients in need. Science-driven responsible and regulated translation of innova-
tive technology has enabled the launch of previously unimaginable care pathways adopted prudently
for select serious diseases and disabilities. The collective resolve to advance the design, manufacture and
validity of affordable regenerative solutions aims to democratize such health benefits for all. The ob-
jective of this Review is to outline the framework and prerequisites that underpin clinical readiness of
regenerative care. Integrated research and development, specialized workforce education and accessible
evidence-based practice implementation are at the core of realizing an equitable regenerative medicine
vision.
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‘Medicine to produce health must examine disease; as music, to create harmony must investigate discord.’ –
Plutarch (�λούταρχος, Greek philosopher, 46–120 AD)

Seeking that words like ‘incurable’ or ‘terminal’ are retired from the dictionary, regeneration (in Greek
αναγέννηση) has mesmerized humankind, symbolized by the enduring myth of Prometheus [1]. Anchored by
science, the regenerative aspiration has evolved from mythos to realism, gathering credibility. The regenerative
ecosystem draws from a discovery-translation-application know-how, patient-ready supply chain, accrued regu-
latory and clinical experiences and general awareness. Armed with a varied toolkit, ranging from nanotherapies
to artificial organs, regenerative science is adept to enrich healthcare systems. Codependent research innovation,
workforce education and practice implementation drive the regenerative medicine vision (Figure 1). Regenera-
tive technologies are practice-transformative, offering a disruptive armamentarium that targets normative organ
restoration while furthering whole-person care. Clinical development has marshaled innovative therapeutics while
integrating a multivalent assessment reflective of standards set by providers, developers, regulators and payers. The
emerging landscape announces a holistic evaluation and adoption that integrate the whole patient within a care
regime, while underscoring real-life patient needs along with a societal pursuit for health as value. This Review
highlights elements contributing to the state of regenerative care readiness. Surveillance from the United States
Organ Procurement and Transplantation Network, updated on 12 January 2021, points to 118,618 patients on
the transplant waiting list, with every 9 min a new individual added despite nearly 100 transplants performed daily.
The gap between organ procurement and patient demand, rendered particularly difficult by the need for chronic
immunosuppression, underscores the necessity for alternatives to traditional transplantation [2]. A lack of therapeu-
tic options to address multiorgan disease or anatomical abnormalities imposed by congenital malformation further
stresses such pressing need. The regenerative proposition is thus attractive as it provides the therapeutic building
blocks required to ultimately reinstate physical and functional integrity in currently insurmountable syndromes.

Regen. Med. (2021) 16(3), 309–322 ISSN 1746-0751 30910.2217/rme-2020-0178 C© 2021 Future Medicine Ltd

https://orcid.org/0000-0003-3072-4539
https://orcid.org/0000-0003-3775-5784
https://orcid.org/0000-0001-9210-009X


Review Yamada, Behfar & Terzic

Practice
Apply regenerative solutions

to restore health

Research
Drive innovation to build

validated regenerative toolkit

Education
Train workforce in regenerative
science and practice

Figure 1. Regenerative medicine perspective. Regenerative medicine is a driver of the healthcare future. Supported
by the rigor of research and executed by an educated workforce, regenerative medicine brings innovative and
validated cures to the practice, addressing needs of patients and population.
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Figure 2. Healthcare evolution. The traditional ‘care’ model, underpinning the medicine of fighting disease and
mitigating disease symptoms, is poised to transition into an increasingly ‘curative’ counterpart equipped to rebuild
health.

Cause for cure: the regenerative impetus
Progress in science has fundamentally expanded comprehension of health and disease. Success in decoding disease
pathogenesis, and the unraveled regenerative biology principles, catalyze the prospect of curative therapies [3]. A
deeper understanding of molecular disease culprits has informed the evolution of a healing toolbox, with advances
reflected in a specialized vocabulary [4,5]. Technological breakthroughs are transformative, with an anticipated
10% of healthcare reflecting regenerative science contributions. Intended to oppose underlying pathology and
rebuild health, curative interventions are disruptive aspiring to go beyond the traditional scope often restricted to
disease palliation and symptoms mitigation (Figure 2). Vitally, underlying fundamental science must be responsibly
translated into robust, transparent, evidence-based and guidelines-sanctioned best practices, supported by regulatory
oversight, quality control and standardized compliance. These prerequisites insure adequate practice implementation
and cross-disciplinary success [6]. Regulatory agencies stand to facilitate development and licensure of regenerative
therapies with programs and paths designed to accelerate expert review and authorization. Notably, designations
by the US FDA of ‘Breakthrough Therapy’ refer to a process designed to expedite the development and review
of drugs that are intended to treat a serious condition, while ‘Accelerated Approval’ allows for faster approval of
drugs for serious conditions that fill an unmet medical need. Barriers however exist, in particular due to coexistence
of unproven therapies jeopardizing the regulatory approval of legitimate regenerative therapies. Prevalence of
mixed outcomes in clinical trials and a divergent experience in achieving homogenous, scalable and affordable
biotherapeutic solutions in real-world clinical setting are also recognized limitations [7]. The projected roll-out
of new care pathways must converge with healthcare systems striving to adopt sustainable, cost-effective options
equipped to remedy otherwise nonsustainable trajectories in disease management. There is urgency, intensified by
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Figure 3. Regenerative medicine aspiration. Conceived to be
agnostic to the therapeutic modality utilized, the overarching
regenerative medicine aspiration embodies the ‘P3’ paradigm
encompassing the ‘prevent-protect-promote’ attributes
directed to retain wellness, restore form and rebuild function,
ultimately reimagining the healthcare horizon.

population aging and the burden imposed by degenerative morbidities that encompass end-stage care and high
mortality [8].

Catalyzing new pathways: addressing unmet needs
Healthy aging is a global priority. The elderly population presents with a high prevalence of chronic diseases [9].
In this context, the 21st Century Cures Act has helped advance first-in-class medical innovations [10]. Enabled
by scientific breakthroughs, and buttressed by regulatory rigor, bioethics considerations, quality control/quality
assurance and clinical/public health scrutiny, a number of regenerative biotherapy pipelines have been developed.
As a case in point, advances in cellular engineering and cell-based technology have opened a curative perspective
in oncology, enabled by introduction of gene editing and immunotherapies [11]. Bolstered by the ability to
modify the immune system, through engineered expression of chimeric antigen receptors or through priming
with tumor antigens, on-demand regenerative immunity against blood cancers is achievable, transforming cancer
care [12]. New regenerative immunotherapies are available in the management of lymphoma and leukemia [13].
In parallel, personalized treatments that leverage programming of the patient’s own immune system are exploited
in urology to seek out and destroy prostate malignancy, with reported survival benefit [14]. Regulatory approvals,
pioneered in Europe, have also been achieved in other areas of need with regenerative choices made available for
corneal healing in ophthalmology addressing limbal stem cell deficit after ocular burns [15], or for complex fistula
repair in gastroenterology and surgery with favorable outcomes documented in Crohn’s disease [16]. Cartilage-
derived chondrocytes for cartilage repair, and mesenchymal stem cells in graft-versus-host disease, reveal a further
growth of registered therapies [17]. Optimization of stem cell therapy is another area of emphasis, exemplified
in advanced multinational clinical trials utilizing cardioreparative cells developed for mending failing hearts [18].
Growth of human organoids has also gathered interest, illustrated with the scale-up of in vitro generated liver
buds into authentic tissue enabled by in vivo orthotopic transplantation onto native liver parenchyma or by ex
vivo biofabrication using 3D bioprinting of liver-like self-organized tissue [19]. Complementing the manufacture of
functional organoids, cross-cutting biotechnologies, including nanomedicine and materials science, have expanded
regenerative approaches to include exosome factories, biopotentiated biomaterials and/or biografts for enhanced
neo-organogenic and organotypic engineering [20–24]. Notably, the concept of the human body used as a natural
bioreactor has been advanced reflecting on the capacity of scaffolds to be repopulated by the recipient’s stem cells
after implantation, as for example in in vivo tissue engineering of bones or airways [25,26]. In parallel, off-the-
shelf noncellular biologics are increasingly realized, rendering point-of-care regenerative medicine feasible and no
longer limited to highly specialized tertiary care centers. Clinically, regenerative interventions utilized as bridging
interventions to reverse multiorgan syndromes can serve to advance current standards of care as viable therapeutic
options. Regardless of the nature of the regenerative biotherapy, a common denominator in establishing a healing
platform is the reliance on the body’s innate regenerative aptitude leveraging and boosting endogenous restorative
and repair mechanisms [27,28]. Agnostic to the applied therapeutic modality, the central regenerative medicine
objective embodies the prevent-protect-promote paradigm aiming to retain wellness, restore form and rebuild
function, and ultimately afford a prospect in extending disease-free life (Figure 3). Seeking for the patient to
reclaim health, the regenerative perspective is applicable across a spectrum of diseases, directed at transforming the
healthcare horizon [29].

Workforce readiness: educated proficiency
The quest in adopting regenerative solutions has exposed an education breach as regenerative modalities are under-
emphasized in undergraduate, graduate and postgraduate training. Scarce are the physicians, nurses, therapists or
biomedical engineers that have been educated in the regenerative acumen. A systematic introduction of content dur-
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ing medical/paramedical and/or scientific/technical training is needed. To ensure workforce readiness, assimilating
newly acquired knowledge should encompass proficiency in regenerative principles and practices, as highlighted in
emerging patient-centric educational prototypes [30]. Launched as portals of new knowledge, learner proficiency is
instilled using the ‘from the patient to the patient’ model employing a pedagogy that covers the spectrum from
innovation to implementation. Specific teachings concerning advanced technologies, including complex areas such
as artificial organs, may be of particular interest in master/doctorate degree-granting tracks. Trained, specialized
workforce must be able to distinguish approved options from unproven counterparts. Foundational and applied
competencies are essential in order to offer trusted, best care practices. The contribution of the healthcare profession
to (pre)clinical evaluation, patient (reported) experiences and practice optimization are areas of growth [31]. There
is a pressing need for programs designed to instruct core competencies in patient selection, delivery of regenerative
treatments, management of potential side effects and responsible use [32]. Contrasting the direct-to-consumer mar-
keting, legitimate regenerative medicine practitioners will differentiate as a trusted source of care trained to offer
proven treatments. Inclusion of online learning platforms for accelerated digital content distribution will expand
the pools of learners catalyzing broader connectivity across the science and medicine community [33]. Notably,
the regenerative network is to promote shared knowledge and evidence-based practice, and should encompass the
education of providers and patients/public alike.

Supply readiness: from protocol to product
Reliable uptake of the regenerative portfolio into practice mandates an advanced supply chain. Validated funda-
mental research protocols and ensuing standard operating procedures, such as for stem cell and extracellular vesicle
production, gene and tissue engineering, scaffold and biomaterial generation, molecular imaging, are initiating
product/process development steps in the chain [34–38]. Guidelines for biofabrication are integral for compliant
translation of research-grade technologies into reproducible clinical-grade counterparts [39]. The suitability for
scale-up and standardized high-quality output are primordial obstacles linked to difficulties in achieving and main-
taining consistent technology industrialization in generating patient-ready products [40]. To date, scaled procurement
has been primarily confined for indications in regenerative hematology/oncology/transplant and musculoskeletal
medicine/surgery, employing a narrow range of product types [41]. Cost of goods, raw material supply, product sta-
bility, grade and modularity of clean rooms, scalability, automation, process control and general process robustness
or failure rate, are all areas that need to be further addressed as a broader and diversified product assortment becomes
available [42]. Notably, the increase in the number and scope of specialties adopting regenerative products imposes
that advanced biotherapy supply chains are equipped with flexible tools and decision-support processes aimed at
a quality-controlled production and delivery of qualified products tailored to patient specifications. In parallel,
the growth of the pool of potential candidate recipients necessitates technical and mechanical advancements com-
bined with cutting-edge informatics architecture to support and manage the logistics of patient sample collection,
scaled manufacturing, product delivery to provider/patient, timely clinical use and longitudinal follow-up. Both
decentralized and centralized production systems have served the regenerative sector, although this distinction is
projected to evolve with launch of hybrid models and versatile supply chain capabilities [43]. In a globalized and
competitive world where margins are under pressure, supply chain optimization is critical. It includes an optimal
use of resources, modular construction of cleanrooms for ease to expand or diversify in scope, ability to reconfigure
or relocate, outsourcing of nonvalue add activities, institutionalization of just-in-time systems and progressive in-
vestments in communication technology. While operating business paradigms can increase efficiency and improve
system responsiveness, the supply chain risk profile remains a point of vulnerability. This is commonly due to
insufficient risk mitigation systems in place, creating an unprotected exposure to variations in demand or supply.
Positioning supply chain management as integral in ensuring robust regenerative medicine readiness highlights
areas amenable to optimization and in turn value creation.

Delivery readiness: a regenerative medicine-augmented model of care
Responding to practice needs, deployment of a regenerative medicine enriched model of care is predicated on
the validity and utility of regenerative products and associated interventions (Figure 4). Transition from research
and development into a ready-to-use service line is favored by alignment with clinical priorities and recognized
or anticipated patient needs. The changeover from an exploratory pipeline into a full-fledge care pathway must
respect, beyond regulatory endorsements, available implementation capacity and expertise readouts of the state
of technological, translational and clinical readiness. Notably, adoption of a regenerative solution is grounded
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Figure 4. Regenerative care readiness. Driven by unmet patient needs and enabled by a maturing technological and
translational, new services lines are realized across regenerative medicine-intense care pathways. A permissive
ecosystem, encompassing patient/public awareness, regulatory approval and care access/affordability, underpins
long-term success in advancing a curative model of care.

on a value-added proposition, advancing intended outcomes beyond the extent of current management options.
A comprehensive regenerative medicine-augmented model of care would thus entail a standardized delivery of
clinical-grade biotherapies supported by supply capabilities that integrate sourcing and manufacturing with patient
delivery. Access can be coordinated through designated patient portals, serving to facilitate on-site or distance patient
intake. Patient portals offer assimilated education programs, regenerative workup services, clinical trial enrolment,
procurement of patient biomaterials, referral to specialty clinics, delivery of regenerative interventions and follow-up
steps that benefit from integration within individualized care plans [44]. The collection, preservation, processing and
manufacture of clinical-grade biospecimens offer a prospect for companion diagnostic and therapeutic twin use, a
trend utilized in precision medicine based care [45,46]. The build-out of such ‘bio-insurance’ platforms must conform
in consistency, uniformity and stability to regulatory guidelines. Care delivery is realized in both in-patient and
out-patient settings, and relies on dedicated infrastructures, such as regenerative multispecialty therapeutic suites.
Multimodal imaging and advanced visualization technologies are powerful complements to in-suite capabilities,
including proximal access to on-site manufacturing and processing of biotherapeutics. Delivery protocols are
developed in conjunction with care regimens ensuring incorporation of regenerative technologies within charted
management plans. Outcomes are tracked to inform clinical decision-making and enable iterative care refinement.

Mixed outcomes: impediment to adoption readiness
Interindividual variability in response to regenerative treatments is commonly observed. Mixed outcomes reflect an
uncertain mode of action, and are compounded by a limited long-term clinical experience. Development programs
have therefore placed emphasis on decoding the attributes that define regenerative responsiveness. The capacity
for repair is innate to the active ingredient of the biologics, and is (co)dependent on the disease substrate inherent
to the treated recipient. To mitigate intrinsic variability, quality control standards are tested or have been put
in place to certify the regenerative fitness of a biotherapeutics. Still, therapy is rarely tailored to the recipient
due to the assumption of a uniform patient phenotype. Yet, among multifactorial contributors that segregate
responders from nonresponders, the makeup of the recipient along with the severity of the underlying disease,
co-morbidities, vulnerability to adverse effects, adherence to treatment regimen and/or social factors have all been
incriminated [47]. Genetic variance, for example, impacts both individual disease risk and therapeutic outcome, as
exemplified in non-responding or hyporesponding patients carrying pathogenic variants, contrasting regenerative
therapy benefit achieved in noncarriers [48]. Similarly, disease severity, reflected in the degree of pathological organ
remodeling, should be considered in patient inclusion or exclusion. Those with limited, as well as those with
most exaggerated, remodeling are apparently less likely to respond to stem cell therapy, requiring adjustment of
therapeutic goals matched to the individual recipient profile and respective disease state [49–51]. Multiparametric
assessment, ideally performed preintervention as part of a regenerative workup, is needed to fortify clinical decision-
making. Efforts to standardize effectiveness and homogenize outcomes consist of implementing phenotype-based
patient selection, optimize biomarker-enforced intervention targeting the disease substrate and preferably utilize an
augmented intelligence-powered approach in support of quality control of regenerative products, clinical testing
and care delivery [47]. Criteria developed in successful clinical applications, in turn, provide useful blueprints for
next-generation therapies [52].

Stakeholders readiness: synergy of purpose
Regenerative medicine development relies on diverse stakeholders. These include patients, families, biomedical
innovators, healthcare providers, industry developers, government regulators, public and private insurers and payers.
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Figure 5. Regenerative medicine-catalyzed rebalancing. To reconcile the misbalance between a disease burdened as
opposed to a disease-free life is the purpose of regenerative medicine.

It is vital that readiness advances in tandem with protection of vulnerable patients from risks posed by unproven
interventions [53]. Codevelopment partnerships thus aim to combine strengths and eliminate deficiencies, and
evolve centered on technological knowledge, prospect for commercialization, regulatory and/or clinical expertise,
and financing. Risk-sharing synergies, and unison of purpose, engender unique resources, build new infrastructures
and eliminate obstacles to foster progress. A just system of resource and product distribution is a prerequisite
for regenerative therapies to responsibly deliver on their potential [54]. Past regulatory approval and supply chain
execution, a sustainable practice uptake mandates a market advantage over existing choices paired with an adequate
level of coverage. Lasting success depends on securing reimbursement objectively supported by health technology
assessment analysis and pharmaco-economic evaluation [55,56]. Regulatory designation impacts how payers construe
a therapy to determine compensation, thereby fast-tracking or conversely slowing market access upon achieved
market clearance. Definitive therapies that lessen the need for costly options should in principle provide considerable
savings, and be prioritized as cost-effective, value-added alternatives [57]. Legal frameworks, including those that allow
conditional and provisional approval, are expected to streamline provision to patients. Sustaining the utmost safety
and efficacy rigor is essential while ensuring regulatory coordination that transcends geographic boundaries and
multinational idiosyncrasies. The global experience accumulated to date underscores the need to alleviate evidence
deficiencies that may endanger long-term market success in order to secure sought after market sustainability [58,59].
The advanced therapy medicinal products refer to a designation that encompasses diverse therapeutic strata
including cell therapy, gene therapy and tissue-engineered products. In the European Union, where this designation
is increasingly used, 14 advanced therapy medicinal products have received marketing authorization [59]. However,
disappointing market performance, exemplified with five products, has led to notable withdrawals associated
with shortcomings in the assembled clinical datasets, and the necessity for greater commitment postapproval
to consistently ensure market performance [59]. Within a macroenvironment in which treatment failure risk is
real, and where price protection is integral in contracting health services, the pricing strategy must be cautiously
ascertained [60]. To align payments with care models, fee-for-value models with data-driven measurable outcomes
that consider total cost of care will likely be favored [61]. Elevated pricing produces resistance or even opposition
among payers, consumers, legislators and policy makers, and although early consideration may focus on individual
benefit, favorable cost–benefit analysis at wider society level is decisive in defining long-term success. Ultimately,
it is upon the community of practice to diffuse innovation broadly as a means to prevent socioeconomic divides,
augment access and safeguard from healthcare disparities. In principle, biotherapies manufactured and delivered at
a low cost of goods, as for example shelf-ready cell-free products stable at room temperature, would enable broader
and diverse access, including in environments frequently deprived from advanced innovation.

Conclusion
The increased longevity of the global population reflects a coveted success for humanity, yet the accompanying
pandemic of chronic degenerative diseases poses a formidable challenge for which existing solutions remain insuf-
ficient [62–66]. Addressing the healthspan–lifespan divide is a key objective for regenerative medicine, empowered
by the fundamental understanding of targetable disease causes and the growth of a technology-driven curative
toolbox (Figure 5). The enticing concept of rebuilding health to inverse causal pathology, as opposed to a bat-
tle to palliate disease symptomatology, has emerged as an exemplar of the reach of medical sciences reflecting
healthcare evolving from reactive to proactive [67]. The technological concentration maximizing use of various
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stem cell types is expanding to embrace next-generation biotherapeutics [68,69]. These comprise, in the context of
the body as a genuine bioreactor, antibodies, cytokines and growth factors (with proangiogenic, chemoattractant,
immunomodulatory properties), biopotentiated 3D-printed matrices and biomimetics, cytoengineered products,
gene-encoded therapy, nanodrugs and exosome technologies, the later aimed to hone in on the active ingredient
of repair [70–74]. Alongside, the notion that a curative intervention may alter the economics of disease manage-
ment is appealing easing the cost liability linked to care of a population vulnerable to, and seriously debilitated
by, protracted degenerative disease. To properly attend to patients seeking regenerative solutions, a number of
requirements must be met (Figure 6). Foremost, clinical adoption must ensure the innovation stringency with
responsible translation of an evidence-based, regulatory authority-sanctioned, regenerative therapeutics portfolio
that demonstrates validity (safety and efficacy) and utility (verified long-term outcomes) [75–77]. The rise of clinics
marketing unproven therapies is a departure from responsible translation, cofounds the regulatory approval process
and jeopardizes adoption of proven therapies. So that a viable regenerative medicine-powered model of care, with
adequate supply chain support, advanced access and added therapeutic value, can be envisaged – comprehensive
evidence during therapeutic development and postmarket launch must be collected and communicated through
rigorous regulatory and surveillance processes. To this end, the healthcare profession must be educated to achieve
proficiency for responsible delivery of regenerative care, meeting ethical norms [78]. To ensure bioethical standards,
participants in clinical trials and biobank repository donors must be acknowledged for their contributions toward
the enablement of clinical risk–benefit assessment [79]. Ethical and social issues related to biopreservation of stem
cells for future regenerative therapies are a point of attention in order to counter ‘hype’ and promote realistic ‘hope.’
Emphasis is placed on medical validation of regenerative interventions and their influence on public understanding,
the impact of public trust on for-profit cell preservation ventures, and the logistical issues pertinent to collection
and governance including ownership and dispositional authority, informed consent and access, and withdrawal and
nonpayment [80]. Moreover, objective harmonization of regenerative therapeutic properties, along with the automa-
tion and standardization of product manufacturing, are critical components in achieving a scalable, clinical-grade
biotherapy gamut that is homogeneous and affordable [81,82]. Notably, personalized/precision therapies provide a
range of challenges in terms of manufacturing, supply chain, clinical adoption/application and affordability. For
example, autologous and allogeneic therapy-dependent care pathways will differ as wider scale roll-out proceeds.
Decision-support processes needed for quality-controlled production and delivery, invigorated by an informatics
empowered management of complex logistics, can reduce points of vulnerability and, in sequence, may contribute
to a value-added proposition. However, mixed outcomes in the response to regenerative treatments remain a major
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impediment to practice adoption, as multifactorial contributors segregate responders from nonresponders. Con-
ventional doctrines that apply in orthodox drug development may not be adaptable to the regenerative pharmacy,
reflecting the contrast between drugs as chemicals versus drugs as biologics. Customary medicinal products feature
defined mechanisms of action and delineated processes of absorption, distribution, metabolism and excretion.
In contrast, the understanding of emergent biotherapeutics displaying polyvalent modes of action and divergent
pharmacodynamic and pharmacokinetic profiles has been limited, and is in part related to the inherent variability
of autologous biologics manufactured with patients serving as their own donors. Closer understanding of the
dose–exposure–response trinity is needed to inform dose and schedule selection [83]. Achieving an accurate prein-
tervention forecast of likely responsive recipients is an area of priority [84]. Patient access is another dimension
needed to be expanded, in tandem with care plan integration. In helping to ensure access for patients, clinical
development programs should generate, in addition to clinical data, the health economic datasets necessary to sup-
port the value proposition of an emerging therapeutic product [85]. Postlaunch, pharmacovigilance-based evidence
can help overcome challenges around product uncertainty at launch and reduce market delays, while promoting
equity and access of patients to innovative therapies [86]. Overall, in an environment of limited healthcare resources
and increased scrutiny over the real value proposition, it is judicious to incorporate an economic conjecture early
in the product development process that fosters market access and facilitates long-term market viability [86], while
underscoring equitable regenerative care.

Future perspective
The near future for regenerative science and medicine seems favorable and inspirational. The engine of discovery
is a fundamental driver of innovation, exemplified by the decoding of molecular and epigenetic mechanisms
underpinning stem cell and acellular applications, demystifying tissue degeneration and regeneration, capturing
the immune response in tissue healing, leveraging gene editing to alter disease progression, employing tissue
engineering to bioengineer novel therapies, to name a few [87–92]. Anticipated to contribute toward global solutions,
the audacious goals of tomorrow’s regenerative vision include equity and equality of care [93]. Science-driven
perspectives are founded on the increasingly precise decrypting of the disease pathobiology fabric, guiding an ever
growing specificity in target identification and/or patient(s) selection [94–98]. Deciphering the molecular intimacy
of biological diversity and resolving the mechanisms underpinning regenerative processes will usher the very next
wave of sophistication in regenerative protocols anchored on desired therapeutic attributes [99–104]. The means
to achieve optimization of the regenerative toolbox, coupled with a proactive failure-safe selection of patients
that have high likelihood of responding, will be considered transformative. Iterative translational know-how will
continue to evolve, with newly acquired knowledge steadily applied to advance clinical-grade biomanufacturing
and quality control developed for the express purpose of securing a reliable, cost-effective, supply chain fit to meet
the needs of diverse real-world scenarios. Responsible, yet seamless, integration of innovative regenerative medicine
into care lines will be paramount, with curative toolkits embedded and integrated across specialties [105–107].
This technology-enabled, big data-supported, patient-centric enrichment will provide the medicine of tomorrow
with a healthcare prospective suitable in addressing unmet needs of vulnerable individuals and populations [108].
The long-term success will critically depend on the ability of the ecosystem as a whole, namely developers,
manufacturers, providers and insurers, to deliver regulated regenerative products that are achieving increased
homogeneity, standardization and scalability, underscoring a needed maturation of the regenerative industry and
its lexicon [109]. Adoption of approved, and practice guidelines implemented, regenerative therapies must be made
available through accessible and affordable management plans built to ensure healthcare equity, and the opportunity
for all to achieve their full healthcare potential [110]. A precondition for responsible regenerative care relies on a just
resource distribution, today and in the future, here and beyond. Viable uptake will mandate a market advantage,
with lasting success dependent on cost–effectiveness and population-validated data-driven reimbursements. Finally,
in order for regenerative medicine to truly benefit the patients who needs it most, the sociotechnical landscape must
be conceived as a global, shared endeavor [111–115]. As long as the development of regenerative care comes from
unison of forces recognizing and confronting global challenges, including unprecedented disease outbreaks, it is
poised to contribute to the upcoming offerings of reliable and globally applicable solutions achieving the ultimate
objective – that of ‘regeneration without borders.’
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Executive summary

Cause for cures: the regenerative impetus
• Decoding disease pathogenesis has catalyzed the prospect of curative therapies.
• Disruptive regenerative technologies aim at reversal of underlying pathology.
• Evidence-based, regulated practices are prerequisites for clinical adoption.
• Insufficient homogeneity, scalability and affordability impede uptake.
• Roll-out of care pathways converges with unmet needs of an aging population.
Catalyzing new pathways: addressing unmet needs
• Regenerative biotherapies are an area of growth.
• Innovative technologies have expanded the regenerative armamentarium.
• Boosting innate healing aptitude underlies therapeutic regeneration.
• Regulatory approval achieved in areas of need, advancing in particular cancer care.
• The regenerative lens aspires for the patient to reclaim health.
Workforce readiness: educated proficiency
• Paucity of trained physicians, nurses and therapists in regenerative modalities.
• Education readiness requires proficiency in regenerative principles and practices.
• Competencies in patient selection, treatment delivery and side effect management.
• Trained workforce must distinguish approved options for responsible regenerative care.
• Expanded pools of learners catalyze connectivity across communities of practice.
Supply readiness: from protocol to product
• Challenges in translating a research grade technology into a clinical grade product.
• Success determined by cost, supply, stability, scalability, automation and failure rate.
• Decision-support processes needed for quality-controlled production and delivery.
• Informatics architecture required to manage complex logistics.
• Points of vulnerability can constrain translation or lead to value creation.
Delivery readiness: a regenerative medicine-augmented model of care
• Regenerative medicine model of care predicated on clinical validity and clinical utility.
• Build-out of service lines mandates technological/translational/clinical readiness.
• Regenerative products and services must achieve a value-added proposition.
• Coordinated access via multifunctional patient portals for seamless care plan integration.
• Delivery realized in in/out-patient settings and outcomes tracked for improvement.
Mixed outcomes: impediment to adoption readiness
• Outcome heterogeneity is a major obstacle to practice adoption.
• Multifactorial contributors segregate responders from nonresponders.
• Genetic makeup and disease severity considered for individualization of regimens.
• Multiparametric assessment needed to guide clinical decision-making.
• Standardized effectiveness/homogenized outcomes are clinical priorities.
Stakeholders readiness: synergy of purpose
• Ecosystem involves patients, innovators, providers, developers, regulators and insurers.
• Technology, commercial, regulatory, financial codevelopment risk-sharing.
• Prerequisite for responsible regenerative care relies on just resource distribution.
• Viable uptake mandates a market advantage over available options.
• Lasting success depends on data-driven reimbursement.

Author contributions

S Yamada, A Behfar and A Terzic were responsible for the conception and design, data acquisition, analysis and interpretation,

drafting the work, final approval of the manuscript, financial and administrative support, and agreement to be accountable for all

aspects of the work.

Acknowledgments

The authors acknowledge Adam Price-Evans (a former employee of Future Science Group, was the Commissioning Editor for

Regenerative Medicine at the time of writing) for his invaluable discussion and input. A Terzic holds the Marriott Family Professorship

in Cardiovascular Diseases Research, and is Michael S. and Mary Sue Shannon Director of the Mayo Clinic Center for Regenerative

Medicine.

future science group www.futuremedicine.com 317



Review Yamada, Behfar & Terzic

Financial & competing interests disclosure

The authors are supported by the National Institutes of Health (R01 HL134664), Marriott Family Foundation, Van Cleve Cardiac

Regenerative Medicine Program, Michael S. and Mary Sue Shannon Family, and Center for Regenerative Medicine at Mayo Clinic.

S Yamada, A Behfar and A Terzic are coinventors on regenerative sciences related intellectual property disclosed to Mayo Clinic.

Previously, Mayo Clinic has administered research grants from Celyad. Mayo Clinic, A Behfar and A Terzic have interests in Rion

LLC. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest

in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

References
Papers of special note have been highlighted as: • of interest

1. Terzic A, Nelson TJ. Regenerative medicine primer. Mayo Clin. Proc. 88(7), 766–775 (2013).

2. Edgar L, Pu T, Porter B et al. Regenerative medicine, organ bioengineering and transplantation. Br. J. Surg. 107(7), 793–800 (2020).

3. Waldman SA, Terzic A. Bioinnovation Enterprise: an engine driving breakthrough therapies. Clin. Pharmacol. Ther. 99(1), 8–13 (2016).

4. Regenerative Medicine and RegMedNet. The glossary for advanced therapies. Regen. Med. 15(12s), 1–170 (2020).

5. International Society for Stem Cell Research. Core concepts in stem cell biology: syllabus and learning guide. version 1, 1–49
(2020). http://www.isscr.org

6. Cossu G, Fears R, Griffin G, Ter Meulen V. Regenerative medicine: challenges and opportunities. Lancet 395(10239), 1746–1747
(2020).

7. Behfar A, Terzic A. Regeneration for all: an odyssey in biotherapy. Eur. Heart J. 40(13), 1033–1035 (2019).

8. Terzic A, Harper CM Jr, Gores GJ, Pfenning MA. Regenerative medicine blueprint. Stem Cells Dev. 22(Suppl. 1), 20–24 (2013).

9. Terzic A, Waldman SA. Chronic diseases: the emerging pandemic. Clin. Transl. Sci. 4(3), 225–226 (2011).

10. U.S. Congress. 21st Century Cures Act Public Law. 114–255 (2016).

11. Liu E, Marin D, Banerjee P et al. Use of CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N. Engl. J. Med.
382(6), 545–553 (2020).

12. June CH, Sadelain M. Chimeric antigen receptor therapy. N. Engl. J. Med. 379(1), 64–73 (2018).

• Regenerative immunotherapy highlighted in the context of cancer care.

13. Beyar-Katz O, Gill S. Advances in chimeric antigen receptor T cells. Curr. Opin. Hematol. 27(6), 368–377 (2020).

14. McKay RR, Hafron JM, Ferro C et al. A retrospective observational analysis of overall survival with sipuleucel-T in medicare beneficiaries
treated for advanced prostate cancer. Adv. Ther. 37(12), 4910–4929 (2020).
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