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Introduction

Thanks to investments by the Department of
Defense (DoD) and Department of Veterans
Affairs (VA) to advance research, development,
and clinical rehabilitation programs, the majority
of wounded warriors with amputated limbs today
lead active lifestyles that just two decades ago may
not have been possible. Prior to the global war on
terrorism, the majority of service-related amputa-
tions occurred mainly as the result of noncombat
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causes, including disease and vascular disorders,
and involved older veterans [91]. Current DoD and
VA investments in programs to support amputa-
tion research and care came about largely in
response to recognizing that the injury patterns of
service members wounded in more recent global
conflicts against terrorism involved mostly young
combat amputees with a desire for active lifestyles
[31, 32, 56, 91, 110]. These young combat ampu-
tees desire and deserve every opportunity for func-
tional recovery, which for some means returning
to the battlefield [20, 54, 91, 123].

Some military medical investments have sup-
ported novel approaches to rehabilitating combat
amputees at the Walter Reed Army Medical Center
(WRAMC) Military Amputee Research Program
(MARP), initiated in 2004. The MARP closed in
2011, to be followed by the opening of the Military
Advanced Training Center (MATC) at the Walter
Reed National Military Medical Center
(WRNMMC). These programs have transformed
amputee care from its traditional emphasis on
healing and retraining basic living skills to a rela-
tively more extensive program whose goal is to
help wounded service members reclaim active and
mobile lives. Through strategic partnership
between MARP and the Telemedicine and
Advanced Technology Research Center (TATRC)
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Advanced Prosthetics and Neural Engineering
Research Portfolio (2004-2014), technological
advancements were made possible to include
motorized knees and ankles and advanced fitting
that allow amputees to climb stairs, walk on
uneven terrains, and in some cases even compete
as Olympic athletes. Depending on patients’ injury
severity scores, functional recovery, medical and
physical exams, and job positions, combat ampu-
tees may also return to active duty. Though the
precise numbers are difficult to pin down, a small
percentage (13—16%) of combat amputees have
returned to active duty, including a smaller number
(57 as cited in [20] Washington Post article) have
even returned to combat [8, 20, 21, 54, 106, 123].

In 2014, the Defense Advanced Research
Projects Agency (DARPA) Revolutionizing
Prosthetics Program, first established in 2006,
produced an FDA-cleared, advanced neuro-
controlled prosthetic arm that allows the user to
control the arm by thought, much as if it were a
native limb. Other recent significant prosthetic
technical advances and improvements include
interfaces that allow increased movement, mobil-
ity, and somatosensory feedback [112].

Despite dramatic technological advances,
most amputees would naturally still prefer not to
have lost their own natural limbs. A native limb
provides a high degree of proprioception, rapid
reflexes, flexible ability to walk on different ter-
rains, energy efficiency when ambulating, dexter-
ity to control fine finger motor movements,
freedom from phantom limb pain [3, 53, 98], and
the simple joy of touch. The preference to pre-
serve these abilities is reflected in the decisions
of upper limb amputees who opt for limb trans-
Dr.
W.P. Andy Lee has performed several upper limb

plantations. Johns Hopkins surgeon
transplants, including for military amputees, and
notes that some lower limb amputees have also
expressed a desire for lower limb transplants.
Much additional research and development must

be explored to achieve the ideal of reestablishing

natural limbs with fully preserved capabilities and
without the risks currently associated with limb trans-
plantation, which include tissue rejection, infection,
and the need for immune-suppressive drugs. The next
technological challenge is to accomplish limb regen-
eration through limb regrowth or tissue engineering.
The remainder of this chapter will consider the current
state of the art in recreating a lost limb, either through
stump regeneration or via reattachment and reinner-
vation of a tissue-engineered limb.

Limb Regeneration: Past and
Current Research

Limb regeneration in salamanders has been stud-
ied for centuries, but many consider it a biologi-
cal exception rather than a phenomenon relevant
to human limb regeneration. Newts and sala-
manders possess extraordinary regenerative
capabilities that extend beyond limb regenera-
tion, but these animals are generally small,
aquatic or semiaquatic, and evolutionarily dis-
tant from mammals. However, the salamander
limb is actually anatomically similar to the
human arm, and there are large salamander spe-
cies (e.g., Chinese giant salamanders grow to
over 5 ft in length and weigh up to 145 1b) that
retain regenerative capabilities. This suggests
that the overall size of the limb does not repre-
sent an insurmountable obstacle for successful
limb regeneration.

Regenerative ability has been thought an
evolved trait and therefore phylogenetically spe-
cific [37]. This runs counter to a more classical
view of limb regeneration as an ancestral prop-
erty of all vertebrates, lost through evolution
[99, 100]. If regenerative capability is an ances-
tral property, it may be possible to reawaken the
trait in humans, as tooth formation was reawak-
ened in birds after 75 million years of repression
[16, 45]. The two views are not mutually exclu-
sive, i.e., it is likely that regeneration is a primi-
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tive trait that has differentially evolved among
specific vertebrate groups. Nevertheless, the abil-
ity to regenerate a limb in an adult vertebrate is
restricted to certain organisms, so an understand-
ing of the regeneration process can only come
from studies on salamanders and newts.

An initial and important consideration is to
recognize that limb regeneration is a process, not
a single event. Additionally, it is important to dis-
miss the misconception that the solution for
human limb regeneration will be the discovery of
a “magic potion” to miraculously stimulate limb
regrowth. Limb regeneration involves a series of
stages and steps, beginning with limb amputation
and traversing through wound healing, dediffer-
entiation, blastema formation, growth, pattern

formation, morphogenesis, and finally redifferen-
tiation (Fig. 12.1).

Fig. 12.1 Stages of limb regeneration in salamanders.
Outer images represent staged drawings of newt limb
regeneration. Stages include wound healing (WH), dedif-
ferentiation (DD), early bud (EB), medium bud (MB), late
bud (LB), palette (PAL), and early digit (ED) before redif-
ferentiating into a replacement limb. Central image shows
a blastema with distal mesenchyme, differentiated proxi-
mal tissue, and a gradation of differentiating tissues in
between. (Modified from Iten and Bryant [48])

Key to this process is the formation of a tran-
sient structure, called a blastema, which is com-
posed of an immature and specialized epidermis
encasing a population of proliferating, undiffer-
entiated cells. The blastema has characteristics
similar to the limb bud that forms during embryo-
genesis [79, 80]; however, there are important
differences. First, the limb bud emerges from the
flank of the embryo and forms the entire limb
structure, whereas the blastema forms at the level
of limb amputation and only forms the limb
structures that have been removed by amputation.
This indicates that blastema cells need a mecha-
nism to determine what portion of the limb struc-
ture survives the amputation injury, so the
appropriate anatomy of the limb can be replaced.
This characteristic of blastema cells is called
positional information, an as yet poorly under-
stood spatial map of the limb anatomy that is
integral to defining what will regenerate and to
establishing a functional interface with the
mature tissues of the limb stump. The developing
limb also needs a system of positional informa-
tion to specify the various anatomical parts of the
limb. Since the limb bud possesses regenerative
abilities, evidence suggests a developmental map
of positional information that must be amenable
to the process of regeneration.

The concept of positional information lies at
the heart of understanding regeneration, and the
process of intercalation (see Fig. 12.2) is a unify-
ing principle. It is generally accepted that cells
must possess positional information that controls
the differentiation of anatomically distinct tissues
[117]. There is an abundance of indirect evidence
implicating fibroblastic cells (of the interstitial
tissues) as the cell type that possesses positional
information [11, 15, 85, 97]. Since these cells do
not differentiate into physiologically distinct
parts of the body, they are proposed to act by
directing cells such as myoblasts, chondroblasts,
and osteoblasts to undergo spatially patterned
differentiation responses. In this way, anatomi-
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Fig.12.2 Intercalation. (a) Limb cells possess positional
information that identifies a cell’s position relative to the
limb as a whole. Positional information is depicted here as
upper arm (A-D), forearm (E—H), wrist (I-J), digits (K—
N). (b) During development, cells first specify the most
proximal (A/B) and the most distal (M/N) information.
Intermediate positions are then established by intercala-
tion. ¢ During limb regeneration, positional information

cally distinct components with similar physiolog-
ical function can be established.

As metaphor, it may be helpful to consider the
global positional system (GPS) and how we use it
to navigate the planet. Targeting positional infor-
mation to a specific cell type that conveys spatial
information to other cell types mimics the GPS,
in that positioning is controlled based on interac-

of the stump (A/B) and the most distal tip (M/N) are rees-
tablished after amputation; intervening information is
then formed by intercalation. (d) An accessory limb can
be ectopically induced from a simple skin wound; induc-
tion requires deviation of a transected nerve to the wound
and a graft of skin from the opposite side of the limb. (e,
f) Stages of accessory limb formation. (d—f Modified from
Endo et al. [28])

tions with a series of satellites which in turn con-
vey spatial information to specific geographical
landmarks. In biological terms, an example to
consider is the proximal-distal patterning of the
vertebrate limb. The limb initially forms a chon-
drogenic skeletal pattern that is later replaced by
more permanent osteogenic cells. The proximal-
distal skeletal pattern includes a single element in
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the upper limb (humerus, femur), paired elements
in the lower limb (radius/ulna, fibula/tibia), and
multiple small elements in the hand/foot region
(carpels, tarsals, and phalangeal elements)
(Fig. 12.2a). Prior to differentiation, the cells of
the limb bud display spatially distinct patterns of
gene expression, such that some genes are
specifically expressed in cells associated with the
distal limb region and other genes are specifically
expressed in those cells associated with the prox-
imal limb region [111]. Studies on the mouse
limb bud provide evidence that the specification
of the proximal and distal limb regions occurs
early in development and is followed by the spec-
ification of the intervening (intermediate) limb
regions [72] (Fig. 12.2b). It has long been hypoth-
esized that positional interactions between limb
regions, as exemplified by the mouse limb stud-
ies, control cell proliferation and the formation of
intervening limb regions by a process called
intercalation [34].

Studies on the regenerating salamander limb
help to uncover the characteristics of positional
information and intercalation. Using these pro-
cesses, the amount of tissue that regenerates is
always linked to the level of amputation, and the
pattern of the regenerate is always normal. The
mature tissues of the adult salamander limb are
quiescent and do not respond to spatial cues
required for regeneration [13]. For this reason, it
is generally thought that positional information is
reacquired as a response to amputation injury
and, indeed, genes that are expressed in a
position-specific manner during limb develop-
ment are reexpressed in the blastema during limb
regeneration. One critical finding was that very
early in the regeneration process, genes associ-
ated with the level of limb amputation and genes
associated with the distal limb region were reex-
pressed at the amputation wound [36]. This cre-
ates conditions at the amputation wound that are
very similar to the early developing limb: both
proximal and distal cells are present in the early

blastema, and as regeneration proceeds, interven-
ing limb regions between the distal tip and the
stump are proposed to regenerate by intercalation
(Fig. 12.2c). The process of intercalation is pre-
sented here in a simple one-dimensional format
using the proximal-distal axis of the limb to help
conceptualize limb patterning in both limb devel-
opment and limb regeneration. Studies using a
variety of regenerating models, including insects
and planaria, illustrate how universal this concept
is for regeneration [1, 7, 34].

A second major difference between limb
development and regeneration following amputa-
tion injury is that the latter must undergo a heal-
ing response. In salamanders, this includes a
rapid wound closure response, an inflammatory
response, the histolysis of existing tissues around
the wound, and the release of cells with stem-like
characteristics that are recruited to form the blas-
tema. There is clear evidence that wound closure
and inflammatory response are necessary for the
regeneration process [39, 102], but it is not yet
clear whether the two responses involve indepen-
dent mechanisms. A number of progenitor cell
types that are released from stump tissues and
participate in blastema formation are lineage
restricted, which is to say they produce in the
regenerate the same cell type that they formed in
the limb prior to amputation [55]. These include
epidermal cells, Schwann cells, and muscle pro-
genitor cells. The involvement of muscle progen-
itor cells has been the focus of considerable
attention and controversy in the limb regenera-
tion field [60]. It is now clear that muscle tissues
regenerate by activating stem cells called satellite
cells in the newt but that in the axolotl (also called
the Mexican salamander), mature myofibers
undergo a dedifferentiation response that involves
cellularization and fragmentation to generate
individual progenitor myoblasts [76, 101]. These
differences within the urodeles, an order of
amphibians that include salamanders and newts,
exemplify how regenerative strategies have
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evolved to facilitate a successful regenerative
response.

In addition to the variety of lineage restricted
progenitor cells that make up the blastema, there
is evidence that multipotent fibroblastic cells of
the interstitial connective tissue also contribute to
the blastema. The connective tissue of the dermis
has been studied most extensively. Tissue graft-
ing studies show that cells of the dermis over-
contribute to the blastema [83] and that these
cells participate in regenerating other limb tis-
sues (e.g., skeletal, tendons) as well as re-forming
the dermis [27, 55]. Since there are a number of
distinct cell types in dermal connective tissue,
e.g., fibroblasts, vascular, and perivascular cells,
it remains to be demonstrated which of these cell
types are multipotent. The cells of the dermis
have also been implicated in controlling the pro-
cess of intercalation so they represent the best
candidate cell type for expressing positional
information during regeneration [109]. It is
unclear whether there is direct, indirect, or no
relationship between dermal over-contribution to
the blastema, multipotency of dermal cells, and
the role that the dermis plays in regulating posi-
tional information.

Unraveling the process of blastema formation
is not a simple matter. In animals that regenerate,
limb amputation is always followed by blastema
formation which leads to growth and morpho-
genesis of the regenerated limb. Traditional
experimental approaches involve modulation to
inhibit limb regeneration, for example, denerva-
tion of the limb inhibits blastema formation and
limb regeneration. This suggests that truncated
nerves produce a factor or factors necessary for
limb [105].
characterize the “neurotrophic factor” have iden-

regeneration Experiments to
tified a number of factors that can rescue part or
all of the denervation effect [59, 70, 75, 77].
Attempts to enhance the regenerative response of
non-regenerating limbs have generally been
unsuccessful [33]. The major reason for this is

that limb regeneration is a process and not an
event, i.e., regeneration requires an ordered series
of critical steps to be successful. The clearest
example of this is observed by experiments in
which regeneration is stimulated not by limb
amputation but by modifying a lateral wound on
a limb surface to stimulate an ectopic or acces-
sory limb to form in a salamander [28].

Skin wounds on the salamander limb undergo
a rapid and perfect healing response, but deviat-
ing an intact transected nerve to the wound site
stimulates blastema formation. The induced
blastema eventually regresses, and the limb is
not structurally modified. However, combining
nerve deviation with a graft of skin from the
opposite side of the limb results in the produc-
tion of a blastema that undergoes growth and
morphogenesis to produce an ectopic limb
(Fig. 12.2d-f). One role of the nerve is to stimu-
late the wound epidermis to transition into a
functional apical epithelial cap (AEC), which is
required to initiate blastema formation [102].
This represents an important step in the regen-
eration process; blastema formation alone is
insufficient to stimulate limb regeneration.
Beyond the transformation of the wound epider-
mis to the AEC to stimulate blastema formation,
limb regeneration requires that the blastema
itself must be composed of cells from disparate
parts of the limb that presumably use positional
the
response. Thus, a secondary requirement is to

information to organize regeneration
introduce cells that are derived from the opposite
side of the limb to create the necessary positional
disparity. This stepwise model for limb regener-
ation establishes a foundation for considering
how limb regrowth is controlled in regeneration-
competent animals [28] and provides important
insight into how regeneration can potentially be
stimulated in regeneration-incompetent animals
such as humans.

A third difference that sets the regenerating
limb apart from the developing limb is that the
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regenerated structure must reestablish a func-
tional interface with the mature tissues of the
limb stump. There is experimental evidence that
the process of limb regeneration is autonomous,
i.e., explanting a regenerating blastema to an
ectopic site results in the formation of an ectopic
limb [107]. Indeed, accessory limb studies show
very clearly that the induced regenerated limb
need not have a skeletal interface with the host
limb (Fig. 12.2f). This implies that a critical
aspect of regenerating a limb involves an inde-
pendent integrative process of melding a devel-
oping structure with the mature tissues of the
injured limb. During limb regeneration, the
stump/regenerate interface appears histologically
as a graded transition. For example, in the central
image in Fig. 12.1, a differentiated skeletal ele-
ment can be seen at the base, transitioning to the
differentiating cartilaginous template of the
regenerating proximal skeleton at the base of the
blastema to the still undifferentiated blastema of
the distal regenerate. This process has been
poorly studied but likely involves the activities of
matrix-eroding cells, such as osteoclasts, as well
as the production of proteolytic enzymes, such as
matrix metalloproteinases that are known to be
upregulated in association with the regenerative
response [114, 119]. This process is also likely to
be important for establishing a functional inter-
face between mature tissues and newly regener-
ated structures using scaffolds and/or stem cells.

Are Humans Capable
of Regeneration?

There are several factors that limit the ability of
human tissues and organs to respond to injury by
regenerating amputated body parts such as arms
and legs. Considerable speculation is necessary
to address the question of how these limitations
might be overcome. One way to think about
human regeneration is in developmental terms.

The mature human oocyte has developmental
potential — i.e., the capacity to form the human
body pattern — yet cannot do so in the absence of
fertilization. If the oocyte is defective, then its
full developmental potential is not realized even
if fertilization does occur. We can use a similar
analogy to conceptualize limb regeneration. The
salamander limb possesses regenerative potential
because, upon amputation, a sequence of specific
events temporally and spatially coordinates the
replacement of amputated structures. The ques-
tion of whether humans are capable of regenera-
tion can be rephrased to ask whether human cells
possess developmental (regenerative) potential.
This question is easier to address because we can
evaluate amputation injury in the context of
regenerative mechanisms and experimentally test
if structural replacement can be enhanced. Recent
regeneration studies focusing on a rodent digit
amputation model provide convincing evidence
that the regenerative potential of mammals is
quite high and that humans may indeed be capa-
ble of regeneration [120, 121].

We start by outlining some conceptual bound-
aries for how mammalian regeneration studies
might proceed. First, recent evolutionary studies
suggest that specific molecules such as the cell
surface three-finger protein Prodl, which are
critical for salamander limb regeneration, are
unlikely to be present in mammals [37]. This
does not mean the regenerating salamander limb
model is not important; it simply raises caution
that some of the molecular pathways for regen-
eration may be unique. Second, since the regen-
eration process will parallel the developmental
process, we can focus on the similarities of the
molecular pathways between regeneration and
embryonic mammalian development. This is
clearly the case for the process of differentiation
during tissue turnover or replacement following
injury, i.e., myogenesis during muscle repair par-
allels myogenesis in development [122], and the
same is true for osteogenesis during bone healing
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[29]. Third, many studies show that relative to
mammalian adult tissue, regenerative capability
is enhanced in the mammalian embryo, fetus, and
neonate; this indicates that developing tissues
possess an enhanced regenerative potential. In
rodents, embryonic limb amputations in vitro
elicit a partial regenerative response [14, 24], and
in utero limb or digit amputations in mice result
in clear regenerative responses [95, 116]. In
humans, experiments have shown that amputated
fetal digits initiate a regenerative response when
maintained in long-term culture [2], and trans-
verse limb defects in newborns are associated
with small digit-like structures called “nubbins”
that are hypothesized to represent a regenerative
response to in utero injury [35]. Studies of skin in
fetal wound healing demonstrate a scarless heal-
ing response, which in newborns transitions to
scar-forming healing [62]. However, embryonic
amputation studies indicate that the ability for
scarless wound healing by itself is not sufficient
for limb regeneration [116]. These studies point
to the use of developmental models as one way to
understand regenerative potential [81] and to tis-
sue maturation as a key process that negatively
impacts the ability for tissue regeneration. This
process has spawned the concept that there are
regeneration “barriers” that are progressively
established as the limb matures [78].

Fingertip and Digit Tip
Regeneration

The regeneration of fingertips in both children
and adults is well documented in the clinical lit-
erature [25, 47, 65]. More recently, parallels
between digit tip regeneration in mice and finger-
tip regeneration in humans have peaked interest in
the feasibility of human limb regeneration [82]. In
this regard, mouse digit regeneration has become
an important experimental model to explore both
the fundamental mechanisms of mammalian

regeneration and potential strategies to enhance
limb regenerative capabilities. The mouse digit tip
regenerates following amputation from early
development and through adulthood, although
specific details such as regenerative rate do vary
with age. Regeneration of fetal digits can also
occur in vitro, making this model valuable for cell
and molecular biological experimental studies.
Genetic studies show that Msx1, a transcriptional
repressor important for embryonic cell differenti-
ation and highly expressed in the forming digit
tip, is required for successful fetal digit regenera-
tion [43]. Other related transcription factors that
are also expressed specifically in the developing
digit tip, Msx2 and DIx5, have been shown not to
be required for regeneration [63]. The MsxI
mutant phenotype can be rescued during digit
development in vitro by extrinsic treatment with
BMP4, a growth factor in the bone morphogenetic
protein family shown to be downstream of Msx1
activity. Both fetal and neonatal digit regeneration
are inhibited by treatment with the BMP antago-
nist Noggin [43, 120], whereas the regeneration
of normally non-regenerating digit amputations
can be induced by treatment with BMP2 or BMP7
[120, 121]. Based on these studies, there has been
considerable attention focused on the role of BMP
signaling in both endogenous and induced regen-
eration (see discussion to follow).

Neonatal and adult digit tip regeneration
involves the formation of a blastema [30, 44].
The mouse digit tip is structurally defined by the
terminal or third phalangeal element (P3); this
bone has the shape of a flattened cone with a
basal bone marrow region and a pointed distal
tip (Fig. 12.3a, b). The P3 element articulates
proximally with the second phalangeal element
(P2) forming the P2/P3 joint (Fig. 12.3b). The
P3 element is unique because it is encased within
the nail organ that has recently been shown to be
required for the regenerative response [108].
Surrounding the P3 element and subjacent to the
epidermal layer is a thin layer of loose connective
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Fig. 12.3 Digit tip regeneration. (a) External view of
mouse digit tip with P3 skeletal element outlined; solid
line indicates amputation plane. (b) Section of adult digit
showing P3 skeletal element, bone marrow cavity (mc),
connective tissue (cf), and nail organ (n). P3 element artic-
ulates proximally with P2 skeletal element. (c) Section of
digit tip immediately after amputation involving bone (b),
connective tissue (cf), and nail (n) but not marrow cavity
(mc). (d) TRAP staining identifies osteoclasts (arrow)
localized to the amputated stump. (e) Section of regener-
ating digit at 7 DPA showing epidermal migration (arrow)
through eroded stump bone causing re-amputation and

sloughing of amputated bone (b). (f) Micro-CT scan

shows a re-amputated distal bone fragment (arrow) prior
to being sloughed off. (g) Distal blastema (b/) and initia-
tion of proximal skeletal differentiation (arrow) first evi-
dent by 12 DPA. (h) At 17 DPA, new trabecular bone (1b)
regenerates proximally, while blastema (b) is present dis-
tally. (i, j) At 28 DPA, regenerated trabecular bone (tb) is
histologically distinct from the stump bone (/) but ana-
tomically similar (arrow) to the amputated structure (J).
(k) Increased bone density of the regenerate at 128 DPA
(a, c-k Modified from Fernando et al. [30])
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tissue that consists of fibroblasts and vascula-
ture. Digit tip amputation transects the length of
the P3 element without exposing the marrow
region; thus the amputation wound includes a
central bony region surrounded by loose connec-
tive tissue with nail epidermis on the dorsal and
lateral aspects and
(Fig. 12.3¢).

Following amputation, the wound healing

epidermis  ventrally

response is complicated because the wound epi-
dermis does not heal over the amputated P3 ele-
ment. Instead, there is an upregulation of
osteoclasts that gradually erodes the distal bone
(Fig. 12.3d), and the wound epidermis closes
through the eroded bone (Fig. 12.3e). The timing
of wound closure is quite variable, but results in
the development of a secondary amputation plane
and a distal bone fragment in the process of being
discarded are often observed in micro-CT images
of the regenerative response (Fig. 12.3f). This
secondary amputation opens the bone marrow
region to the digit tip amputation wound, and
once wound closure is completed (7-10 days
the
(Fig. 12.3g). The blastema is composed of prolif-

post-amputation), blastema  forms
erating mesenchymal cells, and cell marking
studies show that cells are derived from multiple
tissues of the digit stump [66, 96, 118]. Like
amphibian limb regeneration, skeletal differenti-
ation initiates in the proximal blastema and pro-
gresses distally until the complete digit tip is
regenerated (Fig. 12.3h, i). The regenerated digit
tip is structurally similar to the original; however,
the regenerated bone forms rapidly and is trabec-
ular rather than cortical bone (Fig. 12.3j). With
time the regenerated bone becomes denser, but
the trabecular nature of the bone is maintained
long after the regeneration process is complete
(Fig. 12.3k).

Transplantation of labeled hematopoietic
stem cells and parabiosis studies show that cir-
culating cells do not contribute to the major
structural tissues of the regenerated digit [96].

Cell-specific lineage mapping studies show that
a number of mesodermal and endodermal cell
types are lineage restricted during digit tip
regeneration. In these lineage studies, cell mark-
ing involving the induction of a cell type-specific
label shows that Col2-expressing chondrocytes
do not contribute to the regenerate, whereas Sp7-
and  VE-cadherin-
expressing endothelial cells contribute to the

expressing  osteoblasts
regenerate and are lineage restricted [66, 96].
The use of promoter-specific Cre expression to
track cell lineage has also been useful in deter-
mining whether specific cell types change phe-
notype during regeneration. Unfortunately, it is
impossible to determine whether cells of the
regenerate are specifically derived from labeled
stump cells or from other labeled cells. Cell
labeling studies have excluded Sox9-expressing
skeletal cells, Scx-expressing tendon cells, and
Tie2-expressing endothelial cells, as cell types
that do not undergo transdifferentiation during
regeneration [96].

Epidermal cells are lineage restricted and
play a critical role in the regeneration response.
The major epidermal structure of the digit tip is
the nail organ, which is comprised of the proxi-
mal nail matrix, the distal nail bed, and the over-
lying differentiated nail plate. Nail stem cells are
localized in the nail matrix and give rise to
proximal-distal columns of cells that extend into
the nail bed and differentiate into the continu-
ously elongating nail plate. The importance of
the nail in regeneration is highlighted in a recent
study showing that nail stem cell differentiation
is Wnt dependent and that disrupting the canoni-
cal Wnt signaling pathway in the epidermis not
only inhibits nail growth but also inhibits the
skeletal [108].
Additionally, gain-of-function studies show that

regenerative  response
activation of canonical Wnt signaling in the epi-
dermis of proximal (non-regenerating) P3 ampu-
tations induces nail and skeletal regeneration.
Since the epidermis is well known to be essential
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for amphibian limb regeneration, perhaps it is
not surprising that mammalian regeneration is
also dependent on the epidermis. It does foster
confidence that parallel strategies for regenera-
tion have been maintained between evolution-
arily diverse species. Together, these cell lineage
studies identify the epidermis as essential for a
regenerative response and provide evidence that
the regeneration blastema is composed of a het-
erogeneous population of multiple, lineage-
restricted progenitor cell types.

BMP signaling has also been identified as a
signaling pathway important for digit regenera-
tion [120, 121]. Multiple BMPs and their recep-
tors are prominently expressed during blastema
formation, and digit tip regeneration is inhibited
by treatment with the BMP antagonist, Noggin.
The neonatal mouse digit has been a useful model
for studying induced regenerative responses.
Amputation through the P2 element is proximal
to the nail organ and never elicits a regenerative
response, rather always forming a truncated skel-
etal stump (Fig. 12.4a, b). The application of a
microcarrier bead containing BMP2 induces a
consistent regenerative response that involves the
regrowth of the P2 skeletal element and marrow
region (Fig. 12.4c, d). Like the P3 regenerative
response, the newly formed bone is trabecular
and smoothly integrated with the stump bone.
Critical aspects of this induced regenerative
response include the placement of a transient
BMP2 source, and the timing of the treatment
must be coincident with the completion of wound
closure. This suggests that the dynamics of
wound closure create conditions in which the
healing response can transition to a regenerative
response by modifying the microenvironment of
the amputation wound.

What is the nature of the BMP2 response? The
most immediate effect of BMP2 is the transient
upregulation of Msx/ and Pedf, two genes that
are associated with the endogenous P3 regenera-
tive response. The role of PEDF in regeneration

has not been characterized; however it is known
to antagonize angiogenesis, and the digit blas-
tema is avascular [30]. In addition, within 24 h of
BMP2 treatment, there is enhanced proliferation
of cells that are directly responsive to the canoni-
cal BMP signaling pathway (Fig. 12.4e). Within
48 h of BMP2 treatment at the amputation site,
endothelial cells begin to express the chemokine
SDF-1, which acts as a chemoattractant to recruit
CXCR4-positive mesenchymal cells to the
wound [64] (Fig. 12.4f). By 3 days post-BMP2
treatment, a zone of proliferating mesenchymal
cells distinguishes the BMP2-treated amputation
from non-regenerating controls (Fig. 12.4g). At
this same time, a population of Col2al-expressing
chondrocytes initiate differentiation at the distal
end of the stump. Hypertrophic chondrocytes are
not present at 3 days post-BMP2 treatment. By
day 5, however, the Col2al-expressing chondro-
into  CollOal-
expressing hypertrophic chondrocytes in the

cytes begin differentiating
proximal region of the regenerate (Fig. 12.4h, i).
By 7 days post-BMP2 treatment, there is a dis-
tally localized zone of proliferating chondrocytes
and a proximal zone of hypertrophic chondro-
cytes that establish an interface with the stump
bone (Fig. 12.4j). In addition, osteoblasts make
their first appearance at 7 days post-BMP2
treatment and initiate osteogenesis within the
This
regenerative response only

zone of hypertrophic
BMP2-induced
involves the regeneration of new bone tissue,

chondrocytes.

and there is no evidence for the differentiation of
chondrogenic tissues of the P2/P3 joint. What is
novel about this response is the de novo forma-
tion of an ectopic endochondral ossification cen-
ter [121]. Endochondral ossification typically
occurs between two growing skeletal elements
and is the mechanism for bone elongation during
maturation. By understanding how to control the
formation of new endochondral ossification cen-
ters, it may be possible to stimulate patterned
bone regeneration from any amputated stump.
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Wound

Closure
#

4 Days

Fig.12.4 BMP2-induced endochondral ossification cen-
ter. (a) Diagram shows amputation level (blue line) and

positioning of BMP2 bead when wound closure is com-
plete 4 days after amputation. (b) Control digits show no
regeneration with treatment with a BSA bead (*¥). (c)
Digits treated with a BMP2 bead (*) show skeletal regen-
eration. (d) Radiographic section showing regenerated
trabecular bone (tb) and skeletal irregularities (double
arrow) identifying the amputation level. (e) EAU incorpo-
ration (arrow) in the BRE-Gfp transgenic reporter mouse
shows that BMP2 acts as amitogen. (f) Co-immunostaining

While BMP signaling is well known to play an
important role in bone regrowth, studies using the
digit regeneration model indicate that the cells at
the amputation wound site respond to BMP2 in a
position-specific manner. It is important to
remember that limb regeneration requires that
cells at the site of injury retain or reacquire spatial

information concerning the level of amputation.

7 |

BSA/14d

E BMP2/24h

V4

shows that BMP2 induces endothelial cell (red) expres-
sion of the chemoattractant SDF-1a (green). (g) Section
showing mesenchymal cell accumulation following
BMP2 treatment (*). (h—j) In situ hybridization showing
Col2al (arrow in h and i) and Coll0al transcripts (arrow
in j) are induced in sequence by BMP2. (k) Regenerating
endochondral ossification center contains proliferating
chondrocytes (PC) (arrows) apically and a quiescent
proximal zone of hypertrophic chondrocytes (HC) con-
tiguous with the stump (S). (a—e, g-k Modified from Yu
etal. [121]; f Modified from Lee et al. [64])

Since the mammalian regenerative response is
restricted to the digit tip, it has been impossible to
determine whether a system of positional infor-
mation is present and required for successful
regeneration. BMP2 has been shown to induce a
regenerative response from two distinct digit lev-
els, and the anatomy of the responses is also dis-
tinct. Detailed analyses of the two responses show
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that BMP2 stimulates cells at two amputation lev-
els to regenerate in a position-specific manner
(Fig. 12.5). BMP2-induced digit regeneration,
whether from a proximal P3 amputation or a mid-
P2 amputation, establishes an endochondral ossi-
fication center that mediates skeletal regeneration.
What is distinct between the two amputations is
the proximal-distal polarity of the endochondral
ossification centers. The regenerated endochon-
dral ossification center displays an inherent polar-
ity that can be identified based on the relationship
of the proliferating and hypertrophic chondrocyte
populations.

During development of the distal end of P2
element, proliferating chondrocytes are distal
relative to the hypertrophic chondrocytes,
whereas the P3 element forms with only a proxi-
mal growth plate in which the proliferating chon-

Col2al

CollOal

Fig. 12.5 Patterning of BMP2-induced regeneration is
level dependent. Distal is toward the fop in all images.
Microcarrrier beads are indicated by *. (a—d) Section in
situ hybridization of induced regeneration from proximal
P3 amputation (a, b) and P2 amputation (¢, d) shows that
BMP2 induces endochondral ossification centers of oppo-

drocytes are proximal to the hypertrophic
chondrocytes (Fig. 12.5e). Thus, the develop-
mental polarity of endochondral differentiation at
the P2/P3 articulation is reversed. Similarly,
BMP2-induced P3 regeneration forms an endo-
chondral ossification center with proliferating
chondrocytes proximal to the hypertrophic chon-
drocytes (Fig. 12.5a, b), whereas the BMP2
response to P2 level amputations results in an
endochondral ossification center with proliferat-
ing chondrocytes distal to hypertrophic chondro-
cytes (Fig. 12.5¢, d). These studies show that in
response to the same inductive signal, cells of the
P2 and P3 amputation wounds respond in a
position-dependent manner to regenerate the
appropriate skeletal structures. This finding
establishes for the first time that a system of posi-
tional information is present in the mammalian

mmm Col2al
mmm CollOal

ﬂl

site polarity indicated by the expression domains of
Col2al (a, ¢) and ColOal (b, d). (e) Diagrammatic sum-
mary displaying shift in polarity of the endochondral ossi-
fication centers induced by BMP2 (blue bead) from two
different amputation levels (black arrows). (Reprinted
from in Yu et al. [121])
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digit and that this system is used to organize and
induce regenerative responses.

The digit represents an excellent model to
explore fundamental aspects of mammalian regen-
eration and to discover ways to enhance the regen-
erative response. However, by comparison to the
limb, the digit is small and far less complex. For
example, digits lack muscle tissue, and the amount
of regenerated tissues that require reinnervation
and revascularization is much smaller. To explore
whether BMP2 treatment can enhance regenerative
responses in adult limbs, the neonatal digit regen-
eration studies were used as a guide. Amputation of

B 1WPA

Fig. 12.6 Regeneration response to Bmp2 after adult
limb amputation. Distal is toward the bottom of all images.
(a) pCT image showing skeleton of the mouse hind limb
shank (consisting of the tibia (r) and fibula (f) that fuse
distally), and the level of amputation (arrow). Simple
amputation was made through the mid-shaft of the shank
to transect both tibia and fibula proximal to the point of

the hind limb shank at a level proximal to the fusion
of the tibula and fibula was selected for studies, so
that the distal fusion of these two skeletal elements
could be used as a patterning marker for regenera-
tion (Fig. 12.6a). Using a protocol that was appro-
priately modified for an adult limb amputation (i.e.,
proportionally enhanced dose, modification of the
delivery vehicle, modification of treatment timing,
etc.), a single treatment of the limb amputation
wound with BMP2 was found to be effective in
eliciting a patterned skeletal regenerative response
in adult mice [121]. Control amputations treated
with the vehicle failed to elicit a regenerative

fusion. (b, ¢) pCT scans of a BSA control (b) and a
BMP2-treated limb (¢) at 1, 3, and 8 weeks post-
amputation (WPA). BMP2-treated amputations displayed
organized distal bone growth resulting in skeletal elonga-
tion and distal bone fusion indicative of a properly pat-
terned regenerative response. (Modified from Yu et al.
[121])
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response. The BMP2- treated amputations regener-
ated significantly more bone that involved bone
lengthening as well as fusion of the tibia and fibula
(Fig. 12.6b, c). Like the digit model, this regenera-
tive response only involved the formation of new
bone tissue, and the induced response was incom-
plete. Nevertheless, the data clearly show that adult
limb regenerative capacity can be enhanced by the
spatiotemporal targeting of BMP2 administration.
This offers a proof of concept that the general strat-
egy of tapping into unrealized regenerative poten-
tial can provide a path for future therapies in
regenerative medicine.

Regeneration and Pathology

With an enhanced understanding of the regenera-
tive potential following traumatic injury, it is
instructive to reevaluate pathological conditions
involving tissue overgrowth. There is growing
concern about the number of modern war zone
amputations displaying heterotopic ossification
(HO) associated with the healing response. HO
refers to the atypical formation of bone in soft
tissue, joints, and muscle, which presents a sig-
nificant obstacle to rehabilitation and the fitting
of prosthetic devices. While HO occurs infre-
quently in civilian amputee populations (11%),
the prevalence of HO is approximately 63% in
combat-related amputations. This difference has
been attributed to modern ballistics designed to
maximize gross foreign contamination by the
inclusion of nontraditional projectiles that maxi-
mize infection by microorganisms [26, 93, 94].
The formation of heterotopic bone is painful, cre-
ates problems with prosthetic devices, and can
require multiple surgical revisions to remove the
excessive bone. HO presents a major obstacle to
the rehabilitation of previously healthy soldiers
to high levels of activity [92]. Although HO is a
significant pathological problem in combat ortho-
pedics [19], the regeneration biologist can be

encouraged by the fact that new bone is forming
at the amputation wound, albeit in an inappropri-
ate fashion. It suggests that the body is respond-
ing to the injury by attempting to regenerate,
even if the conditions at the wound do not sup-
port a functional response. This represents an
opportunity to use our understanding of mamma-
lian regeneration to guide the body’s response
toward controlled ossification that can be func-
tionally integrated with the bone stump.
Heterotopic bone formation is attributed to a
number of distinct healing responses including
inflammation, vascularization, and an ectopic
BMP signaling source that initiates endochondral
ossification [67, 94]. Chondrocytes initially form
a chondrogenic template that is subsequently
invaded by the vasculature and osteoprogenitor
cells that form the new bone. Our understanding
of HO is enhanced from research on the genetic
disorders fibrodysplasia ossificans progressiva
(FOP) [51] and progressive osseous heteroplasia
[50], both of which present with heterotopic bone
formation. Studies on patient-derived cell lines
suggest that overexpression of both BMP4 and
BMPRI1A, as well as underexpression of BMP
antagonists, is required for HO development [23,
103]. There is evidence that a number of different
cell types can be recruited and act as progenitors
for HO, including adipocytes, mesenchymal stem
cells, and perivascular cells [67, 86, 90]. The
pathology of HO has clear parallels to the BMP-
induced regenerative response described above,
with the BMP signaling cascade acting as an ini-
that
recruitment, and chondrogenesis to establish an

tiating center stimulates proliferation,
endochondral ossification center. There is also a
temporal component to the regenerative response
in that BMP2 treatment prior to wound closure or
late in the wound healing process induces ectopic
bone formation rather than regeneration (Yu and
Muneoka unpublished data). Thus, there is a
clear relationship between the spatiotemporal

positioning of a BMP source and whether or not
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a regenerative response is induced. It is signifi-
cant that the non-regenerative BMP2-induced
response is the formation of ectopic bone similar
to the pathological condition of heterotopic bone.
Obvious parallels between this model of regener-
ated/ectopic bone and the pathology of HO sug-
gest that one approach to controlling HO is to
focus on the BMP signaling pathway during
wound healing. Since HO initiates by forming an
endochondral ossification center, then one obvi-
ous therapeutic approach would be to inhibit this
process by modulating the recruitment, prolifera-
tion, or differentiation of chondroblast progenitor
cells. Alternatively, it may be possible to manipu-
late the presentation of HO to engineer a func-
tional ossification response and control skeletal
regeneration of the amputated bone stump. In this
way, broadening our understanding of regenera-
tive potential in mammals and humans in particu-
lar has dual benefits. On the one hand, this
understanding can be applied to treating specific
pathological conditions such as HO. On the other
hand, the pathological response to traumatic
injury can be instructive for gaining insight into
human regenerative potential.

Limb Regeneration Through Tissue
Engineering Strategies

In this section, we explore the concept of tissue
engineering, including regenerative medicine-
based strategies and bioprinting technology cur-
rently being explored for the development of
replacement tissues and organs (see also [71]).
Tissue engineering involves the use of living cells
and other materials living and/or nonliving to
form a scaffold structure that can support tissue
formation. Since tissue engineering was first con-
ceived in 1987, its potential has been advanced
by more recent developments and significant
achievements in regenerative medicine, includ-
ing autologous engineered bladder constructs for

cystoplasty [4], tissue-engineered cartilage for
knee repair [46], and tissue-engineered airway
for replacement and transplantation [69]. Some
tissue-engineered products have been implanted
into patients with favorable outcomes [40, 42,
89]. Given these accomplishments, it seems pos-
sible that the same principles of tissue engineer-
ing and regenerative medicine could be applied
to reconstruct other human body parts such as
digits and limbs. Certainly we recognize that the
tissues successfully engineered to date are sig-
nificantly less complex than entire human
extremities characterized by multiple tissue types
and layers, intricate micro-architectural struc-
tures, elaborate microvasculature, and an inte-
grated peripheral nervous system. Formidable
challenges must be overcome to make possible in
practice what we can, for now, imagine only in
principle. Here we provide an overview of poten-
tial near-term strategies and applications, with
reference to supporting literature. We encourage
the interested reader to learn more from other
more comprehensive works in the field of tissue
engineering (e.g., [61, 115]).

We begin with a focus on the current possibil-
ity of using tissue engineering and regenerative
medicine strategies to reconstruct functional tis-
sue of the amputated limb itself, as may be useful
to improve prosthetic socket fit, regenerate stron-
ger bone and muscle tissues for osseointegration,
or implant tissue-engineered constructs to
strengthen peripheral nerve interfaces for electro-
myogram (EMG) control of a prosthetic device.
Where there is insufficient tissue mass or func-
tional tissue to don and control a prosthetic
device, for example, tissue engineering could be
applied to create a larger tissue mass. Direct
implantation of an experimental acellular bio-
logic scaffold material that received an investiga-
tional device exemption (IDE) from the US Food
and Drug Administration (FDA) has been clini-
cally tested for the treatment of volumetric mus-
cle loss in a small number of patients with varying
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success to increase strength and function [38, 73,
104]; however, a different research group has
tried to duplicate the study in small preclinical
animal model but failed to observe notable func-
tional improvements in the treated animals [5].
Also in development is an in vitro tissue-
engineered muscle repair construct combined
with bladder acellular matrices for treating volu-
metric muscle loss injury; this approach was
evaluated in a small preclinical animal model and
shown to improve functional outcome compared
to the untreated leg of a control animal [18].
Scaffold-free approaches have also been consid-
ered [113]. These strategies could be applied to
address lost muscle volume and to strengthen the
surrounding muscle tissue of an amputated limb
for improving fit and control of the prosthetic
device along with a prescriptive rehabilitation
program [38].

Recent papers offer comparison of tissue
engineering and regenerative medicine strategies
for regeneration of volumetric muscle loss and
identify key challenges [41, 74]. TATRC has also
invested and explored development of tissue-
engineered muscle constructs as biomimetic
peripheral nerve interfaces to act as a signal
amplifier for improving the control of an EMG-
based prosthetic device. For upper limb ampu-
tees who lack sufficient musculature to control
motorized neural prosthetics, this approach
could offer an alternative to surgical targeted
reinnervation without having to sacrifice healthy
tissues [57, 58].

In theory, tissue engineering and regenerative
medicine-based strategies could be applied
together to engineer tissue constructs for the
replacement of a human limb, in whole or in part.
A scaffold would first be needed to create the
desired tissue architecture. Scaffolds can be engi-
neered to provide geometry, porosity, mechanical
compliance, and microstructure similar to the tis-
sues or organs needed. Cells are then placed on
the scaffold to form the desired tissues. This can

be done using a variety of cell sources and types,
including autologous cells, stem cells, or induced
pluripotent cells (iPS). Biologically active mole-
cules such as growth factors may be added to
encourage neovascularization. Formation of the
tissue and its microstructures occurs largely
through self-assembly; a combination of forces
including diffusion and intramolecular forces
drives the placement of cells and biologically
active molecules on the scaffold. Uniform cell
distribution may not always be achieved; place-
ment and orientation of the cells may not result as
desired. Surfaces of the scaffold may need to be
engineered to provide directional guidance for
the cells to align in desired configuration.

More recently, bioprinting has been explored
as a technique to create tissue structures and
organs [12, 49, 84]. Bioprinting enables creation
of complex, three-dimensional tissue-engineered
structures by dispensing live cells (in liquid or gel
form) in a specific programmed pattern without
the need for a three-dimensional scaffold [87].
Bioprinters work by depositing one or several
cells at a time through the nozzle of each print
head, in the same way an inkjet printer dispenses
ink onto a piece of paper. This cell printing action
can generate one layer of cells at a time using one
or multiple print heads and cartridges. By print-
ing multiple tissue layers, one over the next, the
resulting multiple ultrathin layers of living cells
produce a three-dimensional cellular object such
as a living tissue. Printing can be programmed
and designed to dispense multiple ultrathin layers
composed of one or more types of cells and to
include other biological factors or biocompatible
components (e.g., growth factors and nutrients)
in various patterns to create specific micro-
architectural details and cell orientations. Thus,
placement of cells through bioprinting is more
precise than by tissue engineering. When com-
bined with three-dimensional design software
(e.g.,
known as CAD) that translates medical images of

computer-assisted design, commonly
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an organ or other body part, a personalized tissue
structure can be replicated, including the intricate
micro-architectural details of replacement tissue
or an organ capillary network. Advantages of this
approach include greater personalization,
improved precision, and the capability to more
closely mimic natural tissue structure.

Although bioprinting offers distinct capabili-
ties and flexibilities for design and creation of liv-
ing tissue structures, this technology also faces
the same formidable engineering challenges
associated with traditional tissue engineering.
These challenges include (1) the need to create a
vast, complex microvascular system to transport
nutrients through the tissues and to the cells,
export cellular debris, and exchange gases to
keep engineered tissues viable; (2) technical dif-
ficulties associated with culturing neurons, which
are required to engineer nerve pathways; and (3)
the need to coax innervations from the host sys-
tem to enable implanted muscle tissue to func-
tion. In addition, it is an enormous hurdle to
integrate multiple and different tissue types and
structures such that when combined, they can
function together as a whole to include muscle
tissue innervation and neurosensory pathway
regeneration. Here we will focus on the essential
challenge to engineer a vast microvascular net-
work that is capable of sustaining viable tissue-
engineered constructs.

Researchers working in tissue engineering
and bioprinting have explored ways to create a
microvascular networks. Tissue engineering
strategies have evolved beyond the inclusion and
controlled delivery of active biological mole-
cules, such as angiogenic growth factors, to acti-
vate development of neovascularization networks
[88]. Combination approaches now include novel
scaffold design with incorporation of a perfusion
system [10] and use of protein or cell therapy
with endothelial and endothelial progenitor cells
[17]. Nonetheless, the ability to engineer a
sophisticated microvascular network that can

reach every cell and tissue layer remains an elu-
sive achievement [6, 52]. Advances in bioprinting
technologies now provide the capability to create
a microvascular system that can mimic original
tissue through the use of biodegradable hydrogel
or biopolymer to create the channel space [9].
Channels are lined by dispensing and printing the
appropriate cells [22] to mimic microvascular
system properties (e.g., network, flexibility, path-
ways, diameters, etc.). However, this approach is
a slow process. Depending on channel diameter
size and network complexity, the bioprinting pro-
cess could take several days or weeks; it is driven
largely by the biology and time scale of cell and
tissue development. Delay is problematic because
in the absence of a finished and functional micro-
vascular network, earlier layers of printed cells
may lose viability. Without a microvascular net-
work in place, nutrient supply is driven mainly by
diffusion, which is a slow delivery process that
approaches a zero gradient once a critical dis-
tance is reached. Thus, the layers of cells and tis-
sues that are located farthest from oxygen and
nutrient sources will die. To date, it has not been
possible to construct a microvascular system
beyond a few millimeters in thickness [68]. This
is a significant limiting factor for the engineering
of large and complex human organs and tissue
structures that are multiple layers of tissues thick.
Still, hope remains that a functional engineered
limb may one day be realized.

Summary

Humans have an innate ability to heal following
traumatic injury, but we have no innate ability
to regenerate critical parts of ourselves lost to
injury or disease. We have discovered methods
to clone complete animals’ single adult cells,
and we have established the sequence of our
entire genome. We can defy aging by repro-
gramming an adult cell back to its embryonic



12 Limb Regrowth and Tissue Engineering Alternatives

231

state. These are enormous achievements, to be
sure. More profound still would be the ability to
regenerate lost or injured arms, legs, spinal
cords, hearts, jaws, eyes, and other organs and
structures. This objective is not yet easily
within reach, but it is well within the realm of
the possible. It is no longer merely the stuff of
science fiction.

Recent success demonstrating induced regen-
erative responses in adult mammals [121] pro-
vides proof of concept to validate a vision of
human regenerative potential. Commitment to
the vision and additional research will be neces-
sary to advance medical science and technology
in support. Tissue engineering and bioprinting
strategies may make it possible eventually to
engineer, modify, and/or replace lost limbs with
functionally equivalent extremities. Artificially
regenerated and tissue-engineered limbs are
now at least conceivable in theory. In practice,
engineering challenges must be overcome
through continued advancement of scientific
discovery and technology development.

Disclaimer The views expressed in this presen-
tation are those of the author(s) and do not reflect
the official policy or position of the US Army,
Department of Defense, or the US Government.
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