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Abstract

The Holy Grail to address the clinical grand challenge of human limb loss is to develop innovative strat-

egies to regrow the amputated limb. The remarkable advances in the scientific understanding of regen-

eration, stem cell science, material science and engineering, physics and novel surgical approaches in

the past few decades have provided a regenerative tool box to face this grand challenge and address

the limitations of human wound healing. Here we discuss the convergence approach put forward by

the field of Regenerative Engineering to use the regenerative tool box to design and develop novel

translational strategies to limb regeneration.
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Introduction

Regeneration of complex tissues and organ systems such as a knee

or whole limb has remained a clinical fascination in the 20th cen-

tury. However, this has now been recognized as one of the Grand

Challenges that need to be addressed to reach the next level of medi-

cal advances required for the 21st century [1]. It has been estimated

that in the USA alone, �185, 000 people undergo upper or lower

limb amputation every year [2]. Moreover, it has been projected

that the number of people living in the USA with limb loss due to di-

abetes alone, can triple by 2050 [2]. Historically, prosthetic devices

are used to rehabilitate those who are living with limb loss. In spite

of the significant advances in improving the functions of these elec-

tromechanical devices in the past few decades, they still lack the

ability to perform complex functions such as sensation for tactile in-

put, normal gait and movement feedback [3, 4]. Surgical repair and

reconstruction of human digits and limb injuries have also been at-

tempted with some success [5, 6].

The ideal clinical strategy to address the issue of limb loss will be

to regenerate a whole functional limb. The regenerative capabilities of

vertebrates vary significantly from amphibians to mammals. Urodele

amphibians exhibit the remarkable ability to completely regrow sev-

ered limb any time during their life time via ‘Epimorphic

Regeneration’ [7, 8]. On the other hand, the amputated limbs in hu-

mans do not possess the ability to regenerate. Some studies, however,

have reported the ability of digit tips to regenerate demonstrating that

adult human beings still retain some regenerative potential [5, 6].

This is further corroborated by the fact that tissues such as blood and

epithelia are continuously regenerated in the adult body. Bone is an-

other example, which retains regenerative capability to a certain ex-

tent upon injury. In addition, multipotent reserve stem/progenitor cell

populations have been identified through out the human body to as-

sist the regenerative process [9]. In spite of these positive features, ma-

jority of adult human tissue fail to follow a regenerative cascade upon

injury and instead follow a repair process leading to scar tissue forma-

tion [10]. The unique regenerative healing exhibited by urodele

amphibians has therefore became a field of intense study to under-

stand the characteristics of a regenerative limb [11–13].

Epimorphic regeneration occurs through the formation of a blas-

tema, which consists of a population of progenitor cells with intrin-

sic morphogenetic cues capable of unfolding a highly orchestrated
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biological process to control the growth and pattern of the regener-

ating structure [7]. Briefly, upon amputation, the surface of the

stump will be rapidly covered with epidermal cells to form the

wound epidermis, which in turn thickens to form the apical epithe-

lial cap (AEC). The AEC coordinates the key cellular processes in-

volved in the regeneration. In addition, a class of proteases called

matrix metalloproteinases (MMPs) plays a crucial role at this stage

in extracellular matrix (ECM) remodeling, release and support the

proliferation of cells from the stump tissues and present growth fac-

tors to modulate cellular activity. Under the AEC, a cluster of het-

erogeneous population of dedifferentiated cells aggregate to form a

blastema [14, 15]. The blastema presents a highly complex gene pro-

file due to the heterogeneity of the cell population and the multiface-

ted processes involved in the course of regeneration. The unique

ECM of the blastema also presents directional cues to modulate cel-

lular functions. Even though the key signaling pathways involved in

blastema formation and subsequent regenerative processes are not

well understood, studies have shown that some of the pathways that

control embryonic limb formation such as fibroblast growth factor

(FGF) and wnt-b catenin signaling are essential [16, 17]. Also, simi-

lar to embryonic development, retinoic acid and Shh signaling plays

a key role in patterning and morphogenesis during limb regeneration

[18, 19]. This implies that soluble factors such as retinoic acid has

the potential to control the positional identity of cells and thereby

impact patterns of tissue regrowth. The role of immune system (par-

ticularly macrophages) and innervation, in establishing a regenera-

tive permissive environment in the blastema is also well recognized

[20]. Even though these new insights are very encouraging, consider-

ing the diverse regenerative capabilities of the vertebrates, it is clear

that only some regenerative mechanisms are conserved throughout

evolution. Nevertheless, the lessons learned from the regenerative

process in urodele amphibians have the potential to inform us on

what is required for a regenerative limb to regenerate as well as pro-

vide hints to design novel translational strategies to induce a non-re-

generative limb such as human limb to regenerate.

From an engineering perspective, the past two decades have seen

significant efforts towards regenerating single tissues in vitro and

in vivo using the tissue engineering approach. Tissue engineering has

been defined as the application of biological, chemical and engineer-

ing principles toward the repair, restoration and regeneration of tis-

sues using biomaterials, cells and factors alone or in combination

[21]. Even though the approach led to several proof-of-concept tech-

nologies to regenerate single targeted tissues such as skin, bone and

cartilage, the number of clinically available tissue engineered prod-

ucts are relatively low [22].

Regenerative enginering

The limitations of the current biological and engineering approaches

towards limb regeneration show that a paradigm shift is required

to successfully address this Grand Challenge. A trans-disciplinary

approach utilizing the cutting edge technologies currently available

in disparate fields such as biology, material sciences, physical, chem-

ical and engineering sciences, new understanding to harness the

body’s innate regenerative capabilities along with early clinician par-

ticipation to develop technologies that have clinical potential may

hold the key to realize the dream of human limb regeneration. The

research efforts in this direction led to the emergence of a new field

called ‘Regenerative Engineering’ which has been defined as the

Convergence of Advanced Materials Sciences, Stem Cell Sciences,

Physics, Developmental Biology and Clinical Translation for the regen-

eration of complex tissues and organ systems [23–25]. The convergence

of the trans-disciplinary cutting edge science and technologies presents

exciting opportunities to seek new solutions to address the current chal-

lenges to human limb regeneration.

For instance, the outstanding research in regenerative medicine

over the past few decades gave us a deeper understanding of adult

and embryonic stem cells and to appreciate some similarities these

cells have to blastema cells. The research also led to novel protocols

to create induced pluripotent stem cells (iPSCs) from differentiated

cells via the expression of few additional genes [26]. This has some

stark similarities to the process of cellular dedifferentiation happen-

ing in blastema. Moreover, a recent study showed that three of the

crucial iPSC genes (Sox2, Klf4 and c-myc) are up-regulated in regen-

erating newt lens and limb [27]. Considering the blastema cells be-

ing molecularly similar to a cell that has been driven to a more

undifferentiated state, the possibility of controlling the extent of cel-

lular dedifferentiation may have significant impact on developing a

translational protocol for limb regeneration in humans. Some of

these key innovative findings in developmental and cell biology are

highly promising and can greatly inform us to address the less opti-

mal regenerative capabilities in humans. Similarly, in the past two

decades, the field of biomaterials science has significantly advanced

from the level of biodegradable polymers and ceramics to custom-

designed biomimetic and regenerative biomaterials. The focus in the

field has been shifted from space-filling scaffolds to developing ad-

vanced biomaterials wherein the physical, mechanical and biological

properties of the biomaterial scaffold can be fine tuned to enhance

the natural regenerative process of the body. Studies have shown

that the bioactivity of the advanced biomaterials can be significantly

enhanced using biological proteins/peptides as well as biologically

active effector molecules and inducerons (small molecule inducers of

Figure 1. Inducerons are capable of inducing stem and progenitor cells to undergo desired differentiation and to produce their own endogenous growth factors
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cell differentiation). The inducerons have the potential to make a

paradigm shift in the field of regenerative engineering where they

can be utilized in place of recombinant growth factors [28]. We

have previously demonstrated the ability of calcium and phosphate

ions as simple signaling molecules to impart intrinsic osteoinductiv-

ity by the induction of osteoinductive growth factors such as bone

morphogenetic protein-2 (BMP-2) in cells [28]. Similar to calcium

and phosphate ions, a large number of simple signaling molecules or

inducerons are being identified (Fig. 1) which are capable of induc-

ing stem and progenitor cell differentiation to specific lineages via

autocrine and paracrine loops. Further research in these new class of

bioactive molecules called ‘inducerons’ is warrantied, and they have

the potential to serve as more cost-effective and safe bioactive mole-

cules to develop advanced biomaterials. Not only the composition

of the biomaterial but also the three-dimensional (3D) structure of

the material has been shown to modulate cellular functions and

therefore optimizing the biomaterial scaffold has the potential to

create a permissive microenvironment to support regeneration. The

developments in micro- and nanotechnologies lend new methodolo-

gies to create 3D biomimetic scaffolds. Last decade saw significant

growth in the fabrication and characterization of nanofibrous 3D

structures as biomimetic scaffolds [29]. Additive manufacturing or

3D printing is the latest innovation in this direction that has the po-

tential to print patient-specific complex 3D organ mimetic structures

to promote regeneration [30]. The role of physical forces such as

electrical and mechanical forces in morphogenesis and patterning is

also becoming very obvious based on some of the recent studies

[31].

Using the top-down and bottom-up approaches, the field of

Regenerative engineering aims to address the grand challenges in limb

regeneration. The bottom-up approach is largely a cellular approach

that capitalizes on the tremendous advances we are witnessing in the

field of cell/molecular and developmental biology. The top-down ap-

proach aims to integrate the innovative strides in advanced material

science and engineering, with cells having unique capability for mor-

phogenesis and patterning, with physical forces that could play subtle

but crucial role in morphogenesis, along with ways to modulate the

immune system and enhance innervation, to recreate a highly permis-

sive regenerative microenvironment. In summary, the convergence ap-

proach put forward by the field of regenerative engineering has the

potential to bring together the tremendous innovations occurring in

these distinct fields in a holistic manner to move beyond individual tis-

sue repair to the regeneration of complex tissues and organ systems.

Acknowledgements

This work was supported by the NIH Director’s Pioneer Award,

1DP1AR068147, R21-AR062771, R01-AR063698 and funding from

Raymond and Beverly Sackler Center for Biomedical, Biological, Physical and

Engineering Sciences. C.T.L. was the recipient of the Presidential Faculty

Fellowship Award from President William Clinton and the Presidential

Award for Excellence in Science, Mathematics, and Engineering Mentorship

and the National Medial of Technology and Innovation from President

Barack Obama.

Conflict of interest statement. None declared.

References

1. Reichert WM, Ratner BD, Anderson J. et al. 2010 Panel on the biomate-

rials grand challenges. J Biomed Mater Res A 2011;96:275–87.

2. Ziegler-Graham K, MacKenzie EJ, Ephraim PL. et al. Estimating the prev-

alence of limb loss in the United States: 2005 to 2050. Arch Phys Med

Rehabil 2008;89:422–9.

3. Belter JT, Dollar AM. Performance characteristics of anthropomorphic

prosthetic hands. In: Proceedings of the IEEE International Conference

Rehabilitation Robotics, 2011, pp. 921–27. Zurich, Switzerland.

4. Tucker MR, Olivier J, Pagel A. et al. Control strategies for active lower ex-

tremity prosthetics and orthotics: a review. J Neuroeng Rehabil 2015;12:1.

5. Shieh S, Cheng T. Regeneration and repair of human digits and limbs: fact

and fiction. Regeneration 2015;2:149.

6. Quijano LM, Lynch KM, Allan CH. et al. Looking ahead to engineering

epimorphic regeneration of a human digit or limb. Tissue Eng Part B Rev

2015. doi : 10.1089/ten.TEB.2015.0401.

7. Stoiek-Cooper CD, Moon RT, Weidinger G. Advances in signaling in ver-

tebrate regeneration as a prelude to regenerative medicine. Genes Dev

2007;21:1292–315.

8. McCusker C, Gardiner DM. The axolotl model for regeneration and aging

research: a mini review. Gerontology 2011;57:565–71.

9. Murphy MB, Monvivais K, Caplan AI. Mesenchymal stem cells: environ-

mentally responsive therapeutics for regenerative medicine. Exp Mol Med

2013;45:e54.

10. Harty M, Neff AW, King MW. et al. Regeneration or scarring: an immu-

nologic perspective. Dev Dyn 2003;226:268–79.

11. Gardiner DM, Carlson MR, Roy S. Towards a functional analysis of limb

regeneration. Semin Cell Dev Biol 1999;10:385–93.

12. Menger B, Vogt PM, Kuhbier JW. et al. Applying amphibian limb regenera-

tion to human wound healing: a review. Ann Plast Surg 2010;65:504–10.

13. Bryant SV, Endo T, Gardiner DM. Vertebrate limb regeneration and the

origin of limb stem cells. Int Dev Biol 2002;46:887–96.

14. Gardiner DM, Muneoka K, Bryant SV. The migration of dermal cells dur-

ing blastema formation in axolotls. Dev Biol 1986;118:488–93.

15. Tamua K, Ohgo S, Yokoyama H. Limb blastema cell: a stem cell for mor-

phological regeneration. Dev Growth Differ 2010;52:89–99.

16. Kawakami Y, Esteban CR, Raya M. et al. Wnt/b-catenin signaling regu-

lates vertebrate limb regeneration. Genes Dev 2006;20:3232–7.

17. Ferretti P, Zhang F, Santos-ruiz L. et al. FGF signaling and blastema growth

during amphibian tail regeneration. Int J Dev Biol 2001;45:S127–8.

18. Cunningham TJ, Duester G. Mechanisms of retinoic acid signaling and its roles

in organ and limb development. Nat Rev Mol Cell Biol 2015;16:110–23.

19. Singh BN, Koyano-Nakagawa N, Donaldson A. et al. Hedgehog signaling

during appendage development and regeneration. Genes (Basel)

2015;6:417–35.

20. Whited JL, Tabin CJ. Regeneration review reprise. J Biol 2010;9:15.

21. Laurencin CT, Ambrosio AA, Bordern MD. et al. Annual review of bio-

medical engineering. In: Yarmush MI (ed). Annual Reviews. Palo Alto,

1999, 19–46.

22. Samadikuchaksaraei A. Scientific and industrial status of tissue engineer-

ing. Afr J Biotechnol 2007;6:2897–909.

23. Laurencin CT, Nair LS. Regenerative engineering: approaches to limb re-

generation and other grand challenges. Regen Eng Transl Med 2015;1:1.

24. Laurencin CT, Khan Y. Regenerative engineering. Sci Transl Med

2012;4:160ed9.

25. Laurencin CT, Khan Y (eds). Regenerative engineering. CRC Press,

Taylor and Francis, Boca Raton, FL, 2013.

26. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from

mouse embryonic and adult fibroblast cultures by defined factors. Cell

2006;126:663–76.

27. Maki N, Suetsugu-Maki R, Tarui H. et al. Expression of stem cell pluripo-

tency factors during regeneration in newts. Dev Dyn 2009;238:1613–6.

28. Cushnie EK, Ulery BD, Nelson SJ. et al. Simple signaling molecules for in-

ductive bone regenerative engineering. PLoS One 2014;9:e101627.

29. Laurencin CT, Nair LS (eds). Nanotechnology and regenerative engineering:

the scaffold, 2nd edn. CRC Press, Taylor and Francis, Boca Raton, FL, 2014.

30. Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat

Biotechnol 2014;32:773–85.

31. Messerli MA, Graham DM. Extracellular electrical fields direct wound

healing and regeneration. Biol Bull 2011;221:79–92.

Limb regeneration: A regenerative engineering approach 125




