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SUMMARY

The aging population in the U.S. and other developed countries has led to a large increase in the number of patients suffering from
degenerative diseases. Transplantation surgery has been a successful therapeutic option for certain patients; however, the availability
of suitable donor organs and tissues significantly limits the number of patients who can benefit from this approach. Regenerativemedicine
has witnessed numerous recent and spectacular advances, making the repair or replacement of dysfunctional organs and tissues an
achievable goal. Public-private partnerships and government policies and incentives would further catalyze the development of uni-
versally available donor tissues, resulting in broad medical and economic benefits. This article describes a Regenerative Medicine
Grand Challenge that the Alliance for RegenerativeMedicine recently sharedwith theWhite House’s Office of Science and Technology
Policy in response to aWhite House call to action in scientific disciplines suggesting that the development of “universal donor tissues”
should be designated as a Regenerative Medicine Grand Challenge. Such a designation would raise national awareness of the potential of
regenerative medicine to address the unmet needs of many diseases and would stimulate the scientific partnerships and investments in
technologyneeded toexpedite this goal.Hereweoutlinekeypolicy changesandtechnological challenges thatmustbeaddressed toachieve
the promise of a major breakthrough in the treatment of degenerative disease. A nationalized effort and commitment to develop
universal donor tissues could realize this goal within 10 years and along the way result in significant innovation in manufacturing
technologies. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1–7

SIGNIFICANCE

Regenerative therapies, inwhich dysfunctional or degenerating cells, tissues, or organs are repaired or replaced, have the potential

to cure chronic degenerative diseases. Such treatments are limited by a shortage of donor organs and tissues and the need for

immune suppression to prevent rejection. This article proposes a 21st Century Grand Challenge that would address this significant

medical need by coordinating a national effort to convene the multidisciplinary expertise needed to manufacture functional and

engraftable cells, tissues, or organs that could be made available to any patient without significant risk of rejection—so-called uni-

versal donor tissues.

INTRODUCTION

Much of the world is facing a health care crisis because of an in-

creasing prevalence of patients suffering from chronic degen-

erative diseases, combined with escalating health care costs.

Regenerative therapies, in which dysfunctional or degenerating

cells, tissues, or organs are repaired or replaced, have the potential

to treat or cure such diseases, as evidenced by the success of organ

and bonemarrow transplantations in savingmillions of lives. How-

ever, such treatments are limited by the acute shortage of donor

organs and tissues, the need for potentially harmful immune sup-

pression to prevent rejection, and the development of de novo

antibodies in patients that complicates tissue matching between

donors and recipients.

These limitations could be solved by a renewable source of re-

generative cells, tissues and organs that could be provided to pa-

tients regardless of tissue type. This is an achievable goal given

significant recent advances in the areas of stem cell biology, nano-

technology, bioengineering, materials science, genome editing,

and transplant immunology. Worldwide, a number of stem cell-

based therapies and tissue-based products have entered or com-

pleted early clinical testing [1]. However, bringing these types of

products to fruition faces a number of commercialization chal-

lenges. Japan, another country whose aging population places a
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similar strain on its health care resources, passed the Regenera-

tive Medicine Law in 2013, streamlining approval of cell-based

technologies while safeguarding patient protections. This initia-

tive is likely to bring considerable clinical and economic benefit

to Japan. The U.S. should follow suit and take affirmative steps

to support regenerative medicine.

Efforts are ongoing to promote U.S. policies that will further en-

able thedevelopmentof the regenerativemedicine fieldand the tre-

mendous potential economic and health benefits that it promises.

The Alliance for RegenerativeMedicine (ARM), a U.S.-based organi-

zation comprising more than 250 companies, research institutions,

patient advocacy groups, clinical centers, investors, and others glob-

ally,advocatesacoordinatednational strategy for regenerativemed-

icine, including cell and gene therapy and other advanced therapies

to bring new treatments to patients in an expedited and safe man-

ner. ARM leaders have worked with policy makers in the U.S. and

abroad on key initiatives such as greater use of manufacturing and

development standards, facilitating expedited approval of products,

and developing a reimbursement system that rewards innovation,

especially for curative therapies and other initiatives to acceler-

ate the development of safe and effective regenerative medi-

cine technologies. As part of its efforts to advocate for the

advancement of regenerative medicine, ARM recently shared

a Regenerative Medicine Grand Challenge idea with the White

House’sOffice of Science and Technology Policy in response to a

White House call to action in scientific disciplines [2] suggesting

that the development of “universal donor tissue” be designated

as a Regenerative Medicine Grand Challenge. Herein we sum-

marize that proposal, including the challenges to be addressed

and our suggestions for how the U.S. government can spear-

head a nationally coordinated effort to address them.

The key challenge aheadwill be to convene andmanage themul-

tidisciplinary expertise needed to manufacture high quality, func-

tional, and engraftable cells, tissues, or organs that could be made

available to any patient, without significant risk of rejection—so-

called universal donor tissue. (For clarity, in this article the phrase

universal donor tissues is intended to describe cell banks covering

thespectrumofhuman leukocyteantigen [HLA]genotypes. It isenvi-

sioned that these banked cells could provide HLA-matched cells, tis-

sues, or organs for a majority in need and would be used in

combinationwith nontoxicmethods of achieving immune tolerance

when needed.) Herein, and summarized on Figure 1 and in Table 1,

we outline key scientific questions and technical and biological hur-

dles thatneed tobeaddressed toachieve thegoal ofuniversal donor

tissue. Further, we suggest that a concerted, nationwide, and mul-

tidisciplinary effort to address these challenges could lead to clinical

useofuniversaldonortissuewithinadecade.Suchaconcertedeffort

can best be orchestrated by federal leadership, for example by des-

ignating this effort as a Grand Challenge, as well as by taking other

actions described in Table 2 and below.

Regenerative Cells for Tissue and Organ Repair and
Organ Bioengineering

The paradigm-changing discoveries of reprogramming adult cells

intohumanpluripotent stemcells anddirectly reprogrammedcell

types has enabled the production of specific stem, progenitor, or

mature cell types needed for engineering universal tissues andor-

gans [3, 4]. Current preclinical and clinical transplantation studies

using isolated cell populations will inform our understanding of

the optimal cell type(s) and stage of maturation required for ro-

bust and sustained therapeutic function of each different tissue

and organ. This knowledge, in turn, will help guide the selection

of cell types needed to engineer specific functional and engraft-

able tissues and organs.

In addition to selection of cell types, engineering of tissues and

organs will require methods to organize and pattern these cells

into a three-dimensional structurewith the appropriate cell inter-

actions needed for function and full vascularization needed for

delivery of oxygen andnutrients. During humandevelopment, or-

gans and tissues are assembled over relatively long time periods

(e.g.,weeks tomonths),whereas tobeclinically andcommercially

practical, engineered transplantsmustbe ready forpatientswhen

they need them. Therefore, such transplantable tissue must be

rapidly constructed, while accurately emulating the function

and structure of these complex organs and tissues. Rapid gener-

ation of functional tissues for transplantation will require exper-

tise in diverse disciplines, including cell and developmental

biology, immunology, tissue engineering, cell manufacturing, ro-

botics, and imaging [5, 6]. Coordination of strategies to meet

these challenges will more rapidly lead to breakthroughs in

both regenerative medicine and our basic knowledge of human

biology.

A number of distinct approaches are now being pioneered to

facilitate the manufacture of whole organs. Some of these ap-

proaches incorporate preformed tissue scaffolds on which cells

are placed,whereas others require self-organization of deposited

cells. Subtractive or top-down approaches start by decellularizing

cadaveric animalorhumanorgans toyieldminimally immunogenic

organ scaffolds that can be repopulated with either allogeneic

HLA-matched or autologous stem/progenitor cells and then ma-

tured into an organ [7]. Self-organization of complex mixes of

tissue stem cells, stroma, and other specialized cell types into

ordered structures similar to adult organs suggests that forma-

tion of organ architecture is driven byorgan-intrinsicmechanisms

[8]. Nonetheless, innervation and extrinsic perfusion of self-

assembled organs needs to be considered and will require addi-

tional patterning of blood vessels comprising endothelial and

smoothmuscle cells. These cells arederived fromdistinct cell line-

ages and highlight the complexity of constructing a fully func-

tional organ.

Alternatively, as an example of a bottom-up approach, cell

layers or sheets can be individually grown and, if needed, stacked

into more complex structures including sheet and tubular organs

and tissues such as cornea, esophagus, vagina, and skin [5]. An-

other bottom-upapproach is touse robotic systems to repeatedly

print or place individual cells or groups of cells in prespecified

three-dimensional positionswithin a bindingmatrix to form tis-

sue and organ structures [9]. It is likely that complex scaffolds

will incorporate combinations of synthetic nanotechnology

with natural extracellular matrix scaffolds to enhance cel-

lular function, modulate immune response, or alter scaffold
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architecture/bioactivity at both micro- and nanoscales, so as to

recapitulate both the structure and signaling properties of the

matrix [10].

The ex vivo production processes highlighted above may be

complemented by in vivo production of functional human organs

in animals. It remains to be determinedwhether immunologically

compatible human organs can be generated in other species

[11]. A more straightforward application of in vivo organ gen-

eration would be the direct transplant of human organ rudi-

ments into patients to facilitate final tissue patterning and

maturation.

Each of the above approaches to organ generation will face

challenges, but together they offer a set of complementary

paths toward engineered tissues of various complexities—

from skin and cartilage to pancreas, liver, kidney, and heart.

Understanding how cells interact with one another and with

scaffolds to yield functional organs will both require and en-

gender advances in systems biology knowledge. Likewise, ma-

jor progress in biomedical materials science will emerge and

benefit multiple disciplines.

New Generation Technologies and Instrumentation for
Cell, Tissue, and Organ Manufacturing

A major consideration for the regenerative medicine field is

the need for large-scale, cost-effective production of cells

and tissues in a good manufacturing practices (GMP)-compatible

manner. Even relatively small and homogeneous organs such

as the heart are comprised of billions of cells and multiple cell

types. Whether the most efficacious therapy is a single cell

type delivered alone or on a scaffold or a more complex pre-

formed tissue or organ, any regenerative medicine product will

require consistently manufacturing large quantities of cells.

Although it is highly likely that distributed facilities and

multidisciplinary staff, for example, industry/academic/

clinical collaborations, will be required for initial clinical

development, it is envisaged that ultimate commercial produc-

tion of universal organs would be conducted in more centralized

facilities. Centralized commercial production (one, or a few

manufacturing centers, per country or continent) is likely to de-

crease cost of goods and reduce the complexities associated with

securing skilled workforces and maintaining regulatory compli-

ance that would be needed to ensure safe and consistent manu-

facture of universal organs. Although centralized production of

such organs is likely to be themost feasible commercial approach,

key merits and demerits of distinct production schemes are

highlighted in Table 3. Regardless of which manufacturing sce-

nario is used, efficient and reproducible production of

biologically active cells will benefit from codevelopment of

the methods, integrated systems, and instrumentation to

produce the distinct cell types, tissues, or organs at the needed

scale and will require appropriate media and reagents, instru-

mentation, automation, and robotics. Together, these elements

will help to isolate, purify, expand, or grow the “product”

with the foremost goal of ensuring endpoint bioactivity and

safety [12].

Routine ex vivo production of human organs will rely on fur-

ther development of large-scale, closed-system bioreactors

that are likely to incorporate nanoscale biosensing technology

formonitoringmetabolic function, growth and quality of cells/

tissues. It must be considered that each cell bank, tissue, or

organ will require several weeks to manufacture and that in-

dividual bioreactor systems likely will need to be at least

5–10 times the size of themanufactured organ. Therefore, fur-

ther advances in automated cell handling systems and clean

room technologies will be required to design and construct

automated, high volume, parallel processing, and GMP-

compatible instrumentation to fully enable the establishment

and maintenance of cell banks and production for universal

donor tissues and organs. In addition, standards relating to

key issues such as cell potency assay development and valida-

tion and cell characterization will be important (ARM and

Figure 1. Rapid progress toward universal donor tissues and organs will require highly interdisciplinary consortia with expertise from diverse
fields.

Tsukamoto, Abbot, Kadyk et al. 3

www.StemCellsTM.com ©AlphaMed Press 2016



several other public and private organizations are working to

establish a standards-coordinating body to harmonize stan-

dards and standards development). It will also be critical to de-

velop low-cost manufacture of GMP-grade essential growth

media, enzymes, and growth factors to minimize production

costs. Having the government work with private entities to

standardize production of low-cost, quality reagents for this

manufacturing sector could ultimately result in lower costs

of therapies. In turn, development of thematerials, processes,

and instruments required to produce universal donor organs

calls for a newmanufacturing sector. Conquering these manu-

facturing hurdles alone may provide therapies using trans-

plants of cells, with or without a matrix, for a variety of

disorders.

Chemical and biomolecular engineering are providing new

materials and platforms for efficient and scalable manufac-

ture of various cell types. Thermoresponsive hydrogels and

nanobridges are examples of new materials used in three-

dimensional stem cell culture systems that are capable of

producing higher-fold expansions and yields in a more man-

ageable volume than traditional two-dimensional culture

systems [13]. Similar to the White House’s Materials Genome

Initiative and BRAIN Initiative, a new initiative in regenera-

tive medicine will spur research and create new jobs in tech-

nology development, leading to lower manufacturing costs.

Ultimately, and most importantly, this initiative will accel-

erate the delivery of new and more effective therapies to

patients.

Long-Term Survival of Organs in the Absence of
Nonspecific Immunosuppression

Autologous induced pluripotent stem cells (iPSCs) would the-

oretically be the ideal immune-compatible cell source for or-

gan generation; however, the cost, time, and logistics

associated with manufacturing GMP-compatible autologous

iPSC-derived products may be prohibitive. Direct reprogram-

ming methods may offer a more efficient way to achieve the

rapid production of autologous specialized cell types [14],

but it is likely that for cost-effective and large-scale organ

production, allogeneic cells and/or scaffolds will be used.

Therefore, the ultimate success of using bioengineered cells

and organs for transplantation will require a concerted effort

to overcome the key challenges associated with allogeneic

cell or tissue transplantation: the immunological rejection

of these products and assurance of long-term survival and

safety. It is imperative to achieve immune tolerance for sus-

tained function of transplanted organs and to eliminate, or at

least minimize, the need for prolonged immunosuppression

to prevent organ rejection. To date, long-term organ trans-

plantation tolerance in humans has required transplantation

of donor hematopoietic stem cells (HSCs) leading to stable

“mixed chimerism” (coexistence of donor and host blood

and immune cells) and immune tolerance of the transplanted

organ [15]. This method is complicated by its requirement for

dual transplantation of the immune system and the organ of

Table 2. Actions needed by the federal government

1. Designate universal donor tissue as a 21st Century Grand Challenge.

2. Coordinate and incentivize multidisciplinary teams needed to
overcome technical hurdles (e.g., manufacturing, imaging, immune
suppression).

3. Coordinate sustained funding efforts from public and private sources.

4. Consolidate and coordinate efforts across involved federal agencies to
define priorities, accelerate innovation, and facilitate progress on the
national effort.

5. Establish manufacturing center(s) of good manufacturing practice
quality reagents for the regenerativemedicine field to standardize quality
and lower costs.

6. Establish a standards-coordinating body for regenerative medicine to
act as a source of knowledge and experience to enablemore efficient and
successful clinical and commercial development through coordinating
and prioritizing development of national/international standards for
measurement assurance

Table 1. Key questions to achieve universal replacement tissues and
organs

What is needed to manufacture functional, transplantable organs?

•What level of endogenous stem cell function should be incorporated
into universal organs to provide long-term functionality?

•What level of cellular organization/organ architecture must be
created in a universal organ before implantation?

•What minimal organ functions will have to be developed to ensure
clinical efficacy of a universal organ system, for example, renal filtration
function with or without endocrine capacity, etc.?

• Can universal organs be engineered, or otherwise modified, to be
resistant to underlying pathological processes that may have rendered
recipient organs dysfunctional?

•Would ex vivo organogenesis have to recapitulate all aspects of
developmental organogenesis, and if so how long might this take, and
how would potentially tumorigenic stem cells be eliminated or
differentiated?

•Howcanbiological andengineeringexpertisebeeffectively ralliedand
organized to overcome multidisciplinary challenges?

• How many distinct cell types would be required to manufacture
universal organs?

•What methods and stage(s) of differentiation (stem cell, progenitor
cell, or mature cell) will be optimal for universal organ seeding?

•Will organ scaffolds be required, and should universal organs be
manufactured from the bottomup or top down, that is, bioprinting-like
additive approaches or recellularization of cadaveric decellularized
scaffolds or synthetic frameworks?

How is graft tolerance achieved?

•What is the best source of cells (iPSC-derived, genome engineered,
purified allogeneic HSCs) to induce tolerance in transplant recipient?

•What degree of histocompatibility antigen matching or induced
tolerance will be required to avoid immunogenicity and ensure
long-term patency of universal cells, tissues, or organs produced from
unrelated donor cells?

Are cells, tissues, or whole organs needed to restore function?

• Can transplanted purified, expanded tissue stem cells derived from
any source (e.g., primary tissues, ESCs, or iPSCs) provide sufficient
biological function to repair tissues/organs or are ex vivo organs
required for sufficient function?

• Can ex vivo organogenesis be cost-effective and commercially viable?

Abbreviations: ESC, embryonic stem cell; HSC, hematopoietic stem cell;
iPSC, induced pluripotent stem cell.

4 Challenging Regeneration to Transform Medicine

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE



Table 3. Considerations for centralized and decentralized manufacturing

Centralized manufacture (e.g.,
single site per country)

Limited distributed
manufacture (e.g., multiple

sites per country)
Point-of-caremanufacture (e.g.,

numerous clinical sites)

Technology transfer • Reduces numbers of
technology transfers

• Challenging to consistently
replicate labor-intensive
processes

• Consistent replication of
labor-intensive processes is
challenging

• Standardizes approaches to
regulatory compliance

• Automation of unit
operations or entire processes
would facilitate consistency
and compliance

• Not all points of care would
have access to required
infrastructure or staff

Scale of production • Similar to existing processes
for large-scale production of
cell-derived products, for
example, therapeutic
antibodies

• Space requirements for
certain patient-specific
therapies may be simple to
accommodate across multiple
sites

• Scale of production may be
substantially limited by
availability of infrastructure
and staff

• Increases risks and
consequences of single site
failures

• Could accommodate
regional requirements for
surge capacity

• Difficult to provide surge
capacity without site-to-site
transfer

• Potentially highly
cost-efficient

• Decreases risks of single-site
failures

Cost of production • Benefits from scale-related
economies in purchasing and
can facilitate full use of
infrastructure and labor

• Duplication of sites,
infrastructure, and staffing
may increase cost of goods

• Similar to distributed
manufacturing

• Discontinuous production
may result in staff and
infrastructure being not fully
used

Quality assurance and quality
control

• Facilitates cost-efficient
incorporation of process
analytical technologies and
standardization of QA/QC
procedures

• Requires replication of
training and compliance
procedures at each site

• Similar to distributed
manufacturing

• Rigorous QA and QC
procedures will be required to
maintain manufacturing
consistency across multiple
sites

• Telemetric assessment of
processes and product
characterizationmay facilitate
centralized assessment of
distributed manufacture

Regulatory compliance • Simplest to implement at a
single site

• Requires replication of
training and procedures to
ensure each site is in
compliance and may have to
be tailored to accommodate
region-specific requirements

• Similar to distributed
manufacturing

•Processesandproductsneed
to be compliant with local
regulations in states or
countries of use regardless of
product manufacturing
location

• On-site production assumes
production facilities need only
comply with local rather than
international regulations

Storage and distribution • Enables centralized storage
of product or product
intermediates

• Requires duplication and
maintenance of storage and
distribution infrastructure

• Assumes just-in-time
production and therefore
limited requirement for
storage infrastructure

• May require protracted
product stability studies

• Proximity of manufacturing
site to point of care could
reduce distribution costs

• On-site production reduces
shipping/distribution costs
and complexity

• Distribution costs are likely
proportional to distance of
point of manufacture from
point of care

• Reduces the need for
protracted nonfrozen stability
during distribution

• Universal organs likely
require nonfrozen
refrigerated shipping with
limited stability

• Provides for process and
product redundancy

• Potentially more susceptible
to regional, for example,
weather-related, failures in
transportation links

Abbreviations: QA, quality assurance; QC, quality control.
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interest and is associated with morbidity caused by myeloa-

balative conditioning needed for the HSC transplant.

Another approach to decrease the risk of immune rejection is

to transplant organs that are generatedusingHLA-matched iPSC

donors. These donors would be sourced fromGMP-grade banks

containing iPSCs selected for homozygosity of the most com-

mon HLA types in a given population [16]. Such iPSC “haplo-

banks” hold particular promise for providing HLA matches in

populations that have low levels of HLA diversity. For more di-

verse populations containing rare HLA genotypes that are diffi-

cult to match, it will still be important to pursue other effective

nontoxic methods to achieve tolerance of donor cells and

tissues.

New strategies to improve donor cell engraftment and toler-

ance induction with minimal toxicity have been defined in an-

imal models and are transitioning into clinical testing [17].

Methods being examined to prevent immune rejection of

transplanted organs also include a variety of novel immuno-

therapies that could dampen immunogenicity of transplanted

organs by manipulating the T-cell response. Further develop-

ment of humanized animal model systems (small and large as

appropriate) for testing transplantation tolerance and tissue

and organ safety, survival, and function will also be required

as a critical component of future universal donor organs and

will undoubtedly also inform the development of more con-

ventional therapeutic strategies for a myriad of autoimmune

disorders.

Disease Understanding and Noninvasive Monitoring of
Tissue and Organ Function

It will be critical to develop innovative noninvasive imaging

tools, cell-labeling technologies, and methods for monitor-

ing the survival, health, and function of transplanted cells,

tissues, and organs deep within patients. Despite rapid prog-

ress in in vivo imaging, biomedical monitoring of trans-

planted cells, tissues, and organs remains an open clinical

challenge. Fortunately, advances in nanoscience, molecular bi-

ology, and biomedical imaging are leading to new imaging

technologies to assess implants with enhanced reliability, sen-

sitivity, and diagnostic power. For example, biologists, physi-

cists, and engineers are developing nanoscale probes that can

highlight cell, tissue, and organ transplant location and provide

noninvasive functional assessment [18–20]. A focusedmultidisci-

plinary collaborative endeavor could develop and implement a

reliable, noninvasive monitoring system for widespread use at

hospitals and clinics.

Value of Achieving the Goal

A new era in regenerative medicine and advanced therapy is

approaching and offers the promise of treatments for

chronic, debilitating conditions that will become more prev-

alent as our population ages. The field of regenerative med-

icine has now matured to the point that developing banks of

genetically matched cells to create universal donor tissues is

an achievable goal. This new paradigm in medicine is broad-

based with seemingly diverse but critically interrelated

stakeholders at every level of science, engineering, andmed-

icine. What is now needed is a clear commitment by the

federal government and stakeholders to making the devel-

opment of universal donor tissues a national priority. The

key roles that the government would need to play are high-

lighted in Table 2. This commitment will require sustained

funding from public and private sources, as well as coordina-

tion across multiple federal agencies to define priorities, ac-

celerate innovation, establish centers of excellence, and

facilitate progress on a national level. Recognizing the com-

plexity of specific regenerative medicine goals that require

multidisciplinary expertise, new initiatives have coalesced

around specific regenerative medicine goals such as the

New Organ Liver Prize [21] to create a bioengineered liver

and to facilitate translational studies. In addition, the Food

and Drug Administration holds liaison meetings to convene

groups of stakeholders to bridge and advance regulatory pol-

icies in specific areas (i.e., cardiovascular, endocrine, and

others). Similar to the White House’s Materials Genome Ini-

tiative and BRAIN Initiative, a federal priority in regenerative

medicine would deliver a valuable national resource, in this

case by enabling a 10-year goal of developing universal donor

tissues. Such an initiative would also catalyze innovation to

realize new tools and technologies that will clearly position

the U.S. as the global leader in regenerative medicine

and bring new treatments and, most importantly, cures to

patients.
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