A finger on the pulse of regeneration: Insights into the cellular mechanisms of

adult digit tip regeneration

Mekayla A. Storer" and Freda D. Miller>#*

Wellcome-MRC Cambridge Stem Cell Institute, Jeffrey Cheah Biomedical Centre,
Cambridge Biomedical Campus, University of Cambridge, Cambridge, UK'.
Michael Smith Laboratories? and Department of Medical Genetics®, School of

Biomedical Engineering*, University of British Columbia, Vancouver, Canada V6T

174

*Correspondence to (Lead contact):

Freda D. Miller (Email: freda.miller@msl.ubc.ca)
+44 604-827-0863

Michael Smith Laboratories

University of British Columbia

2185 East Mall

Vancouver, BC Canada V6T 1Z4

Email of Co-Author
ms2786(@cam.ac.uk

Key Words: Regeneration, Digit Tip, Blastema, Wound Healing, Mammalian,

Development, Mesenchymal Precursors, Peripheral Nerve, De-differentiation



ABSTRACT

In mammals, multi-tissue regeneration is largely restricted to the distal portion of the
digit tip and involves the formation of a blastema, a transient, proliferating cell mass
that reforms the diverse tissues of the digit. Historically little was known about the
mammalian blastema but with recent advances in single cell transcriptomic approaches
and genetic lineage tracing, a more precise understanding of this critical structure has
begun to emerge. In this review we summarise the cellular mechanisms underlying
adult mammalian digit tip regeneration. We posit that understanding how some
mammals naturally regenerate complex tissues will lead to strategies for enhancing

regenerative abilities in humans.



1. INTRODUCTION

The number of species that are capable of some form of regeneration is extensive. Some
invertebrates, such as Hydra and planaria, display a remarkable capacity for
regeneration, being able to regenerate entire organisms from a small fragment of tissue
[reviewed in 1 and 2]. Among the vertebrates, urodele amphibians (newts and
salamanders) are renowned for their ability to heal in a scar-free manner and to
regenerate appendages, but not an entire organism. For example, axolotl salamanders
and newts can regenerate limbs, tail, lower jaw, retina, brain and many other tissues
[reviewed in 2 and 3]. Studying these highly regenerative species has revealed
important insights into how complex, multi-tissue appendages can be regenerated.
However, as these animals are quite divergent from humans, the translation of these

findings into clinical applications remains limited.

In contrast to these regenerative organisms, if one were to ask whether mammals can
regenerate, the answer would typically be no. In most cases, severe damage to
mammalian tissues does not induce a regenerative response but rather leads to wound
healing that culminates in fibrotic scarring. There are, however, several exceptions to
this rule. Examples of mammalian regenerative responses include the shedding and
regrowth of deer antlers [4,5], the closing of ear hole punches in rabbits and some
rodents [6,7], skin regeneration in spiny mice [8], regeneration of the heart in postnatal
mice and rats [9,10], and distal digit tip regeneration that occurs in rodents, monkeys

and humans [11-14].

In this review we discuss the cellular mechanisms underlying adult mouse digit tip
regeneration. This system is one of the best-characterized models of tissue regeneration
in a mammal and is clinically relevant, mimicking the regenerative response observed
in human fingertip injuries [14,15]. Notably, digit tip regeneration is level dependent;
removal of the distal potion of the digit results in recovery of the digit to its original
shape after approximately 28 days. Alternatively, amputations that occur more
proximally or that remove the nail bed, fail to regenerate [15,16]. The mouse digit tip,
therefore, provides a powerful model for studying the transition between wound healing

and regeneration in the same animal.



2. ESSENTIALS OF REGENERATION — THE BLASTEMA

Regeneration is a unique response of the distal digit tip that occurs following injury.
When the terminal phalanx is amputated, regeneration proceeds in a step-wise manner
that involves a transition from mature tissue, through to a relatively undifferentiated,
proliferative state, ultimately culminating in re-differentiation of cells to replicate the
original structure [15,17]. The transient proliferative structure that mediates the
regenerative response is called the blastema and is the critical feature that distinguishes
tissues that can regenerate from those that result in fibrotic scarring. What then are the
cell types that contribute to the blastema and where do they come from? Is the blastema
a homogenous population of multipotent progenitors or a complex mixture of cells each
determined to form a specific tissue? Are the cells in the distal digit tip inherently
different from those that reside more proximally? Is the blastema in the digit tip
equivalent to the developing limb bud? These are some of the key questions in
regenerative biology and it is clear, from this perspective, that any attempt to stimulate
regeneration and repair of limbs and other tissues in mammals requires a deeper

understanding of how the blastema forms and functions at the injury site.

3. THE BUILDING BLOCKS OF THE BLASTEMA

3.1 Cells of the Blastema & Regenerative Potential

The diversity and regenerative potential of mammalian blastema cells has been under
continual investigation for several decades. In principle the mammalian blastema could
be comprised of a single cell type that has the ability to differentiate into any of the
regenerating tissues. Alternatively, tissues of the digit could each supply distinct
lineage-restricted progenitors to the blastema. In recent years the prevailing view has
been the latter; that the blastema is a heterogeneous population of cells that remember
where they came from and only regenerate cells for their tissue of origin. Indeed, studies
using mouse genetic lineage tracing demonstrated that Sp7- or Sox9-marked skeletal
progenitors in the digit tip contribute exclusively to the regenerating bone and
periosteum [18,19]. Similarly, endothelial cells expressing VE-cadherin or Tie2 only
gave rise to endothelium [19], while Schwann cells marked by Sox2 contributed solely
to the regenerated glial lineage [20]. However, while these studies clearly demonstrate

that the mammalian blastema is not homogenous, a precise description of the cell types



present in the blastema is lacking and the potential for lineage flexibility was only

investigated in a limited number of cell types.

More recently, several studies have addressed these limitations using single-cell
transcriptional profiling and genetic lineage tracing. Firstly, in 2020, both Storer and
colleagues [21] and Johnson and colleagues [22] concurrently presented an unbiased
description of the variety of different cell types that comprise the mammalian blastema.
These cell types include vascular smooth muscle cells, pericytes, endothelial cells and
lymphatic endothelium, macrophages, neutrophils, T-cells, monocytes, Schwann cells,
pre-osteoclasts and numerous types of mesenchyme cells including osteoblasts [21,22].
These studies also provided support for the previous conclusion that, in spite of this
heterogeneity, the majority of blastema cells were mesenchymal in nature [21,22].
Secondly, using genetic lineage tracing two independent studies provided evidence that
not all blastema cells are pre-committed to generating specific tissue types. By taking
advantage of the finding that many of the mesenchymal cells within the endoneurium
of the nerve are neural crest-derived, Carr and colleagues [23] demonstrated that nerve
mesenchymal cells contribute to bone and nerve formation during mammalian digit tip
regeneration. Subsequently, Storer and colleagues [21] found that DmpI-positive cells
which reside in the bone and periosteum under homeostatic conditions, were able to
switch cell fates during regeneration and contribute to dermis and bone in the
regenerated digit tip. These results indicate that cells within the mammalian digit tip
blastema are not as restricted in terms of their fate as previously thought and suggest
that extrinsic cues in the local environment may, in part, specify the cell’s ultimate
contribution to the regenerated tissue. It will be important in the future to determine
whether this lineage flexibility is limited to mesenchymal cells, as exemplified in these

two studies, or if it occurs with other digit cell types as well.

3.2 Stem Cells or De-Differentiated Progenitors

In order to understand the origins of cells within the mammalian blastema, it is critical
to understand whether they arise by expansion of tissue-specific progenitor cells and/or
by dedifferentiation of more mature cells within local tissues. In this regard, tissue-
specific progenitor cells have been reported in many adult mammalian tissues and
shown to play important roles in repairing damaged muscle [24], bone [25] and skin

[26]. Additionally, although less common, a growing number of studies have indicated



that when exposed to the appropriate signals, certain mammalian cell types, including
Schwann cells [20,27] and epithelial cells [28], can be induced to dedifferentiate
following injury. Which of these cellular mechanisms is responsible for generating the
cells of the mammalian blastema? At present, the answer remains unclear.
Computational analyses of transcriptomic data from two independent studies have
reached somewhat opposing verdicts. In one study, cells in the uninjured and
regenerating digit tips were found to be transcriptionally similar to the blastema cells,
suggesting that these overlapping populations represent tissue-specific stem cells that
expand to form the blastema [22]. By contrast, the second study demonstrated that
blastema mesenchymal cells were distinct from the mesenchymal cells in the uninjured
digit tip [21] leading to the conclusion that uninjured mesenchymal cells must somehow
acquire a blastema phenotype, consistent with a dedifferentiation model. This latter
conclusion was further strengthened by lineage-tracing experiments showing that
uninjured bone cells that expressed Dmp 1, a gene associated with a more mature bone
cell phenotype, acquired a blastema transcriptional state after amputation and then
contributed to dermis regeneration. One explanation for these apparent discrepancies
in mechanisms responsible for generating the cells of the blastema may result from
technical differences between the two studies. Each study used a different strain of
inbred mice (FVB/NJ compared to C57 BL/6) of a different age (6 weeks of age
compared to 8-12 weeks) and different methods, numbers of cells and timepoints for
their analyses [21,22]. Nonetheless, it may well be that both mechanisms are important,
with blastema cells being generated both by progenitors resident in the uninjured digit
tip and by dedifferentiation of more biased mesenchymal lineage cells. Future studies
with additional lineage tracing strategies and greater numbers of single cell

transcriptomes will hopefully shed additional light on these apparent differences.

3.3 Cellular Sources of the Blastema

One of the fundamental questions surrounding digit tip regeneration involves the origin
of the mesenchymal blastema cells. Do the blastema cells arise from tissues local to the
site of the injury or perhaps from circulating cells in the bloodstream that can enter the
damaged tissues? Parabiosis studies, where two genetically distinct mice are conjoined
and acquire a common vascular system, showed that donor-derived cells made little to
no contribution to the regenerated digit of the recipient mouse [19], indicating that the

blastema cells are likely of local origin, similar to what is seen in other regenerative



species such as amphibians and zebrafish [29, 30]. Evidence also suggests that
mammalian blastema cells are derived from the initial wound site. Following
amputation of the distal digit tip, the remaining stump tissue undergoes histolysis,
releasing cells into the local environment and, intriguingly, when this this period of

bone degradation is enhanced, it results in blastemas of a larger size [31].

If the largely mesenchymal blastema is formed by local cells, then which mature tissues
contribute? Following amputation of the distal digit, regeneration first involves a
wound healing response that degrades the bone stump and results in a secondary
amputation at a more proximal level and epidermal closure [17,32]. Although wound
epidermis formation is the first observable event and is necessary for blastema
formation and regeneration, the epidermis is not a source of mesenchymal blastema
cells since lineage-tracing studies have shown that ectodermal and mesodermal-derived
digit tip cells do not cross germ-line boundaries during regeneration [19]. It is also
unlikely that the blastema cells originate from circulating or local blood cells, as
indicated by both parabiosis and hematopoietic stem cell transplantation studies [19].
Finally, lineage tracing has shown that the blastema cells do not originate from the local
blood vessel-associated vascular smooth muscle cells or pericytes [21]. Thus, by a
process of elimination, the mesenchymal blastema must derive from local
mesenchymal tissues such as the bone, bone marrow and/or dermis. Intriguingly, the
blastema develops at the interface between the bone marrow cavity and the newly
formed wound epidermis, suggesting that bone and bone-associated cells might be a
major source of blastema cells. Indeed, genetic lineage tracing using Dmpl, which
marks both osteoblasts and osteocytes, showed that 26% of cells in the adult murine
blastema originate from bone-associated cells. These are most likely osteoblasts that
have originated from the periosteum since depletion of this tissue but not the endosteum

leads to deficits in digit tip regeneration [21].

Local digit nerves represent a second, more surprising source of blastema mesenchymal
cells. While digit tip regeneration is known to be nerve-dependent [20,33], previous
work has focused on the contribution of nerve-derived Schwann cells to successful
regeneration [20]. However, a recent study by Carr and colleagues [23] showed that
local injured nerves are a source of neural crest-derived mesenchymal cells that

contribute to blastema formation and ultimately to bone regeneration. Thus, the



blastema cells apparently derive from local mesenchymal tissues such as the injured
bone and nerves. A key remaining question then involves the potential blastema
contribution made by the connective tissues of the digit tip, including the dermis, nail
bed mesenchyme and bone marrow stroma, a particularly intriguing issue given the

necessity of the nail bed for digit tip regeneration [34-36].

4.1S THE TIP DIFFERENT?
Many organisms experience changes in regenerative abilities throughout their lifespan.

For example, studies have shown that early mouse limb buds that exhibit no overt signs
of differentiation can regenerate following amputation in vitro [37] but that as the limb
develops further regeneration becomes restricted to the distal portion of the digit tip
[38]. These findings have led to the idea that the regenerative potential of the
developing limb bud is linked to the cells themselves rather than to any systemic
differences that may exist between embryonic and adult environments. If so, then does
this mean that the distal portion of the digit tip is still able to regenerate because the
cells selectively maintain their embryonic properties? Simply put, are the cells of the
regenerative digit tip different from the cells that reside more proximally in the non-
regenerative digit? The answer to both of these questions appears to be no. Recent
studies utilising global transcriptomic approaches demonstrated that unlike amphibians
[39], cells within the murine digit tip blastema do not closely resemble developing
embryonic limb progenitors at the transcriptional level [21]. Instead, the blastema cells
display a transcriptional profile that includes genes that are associated with tissue injury
responses as well as those that are important for limb development [41]. Thus,
mammalian digit tip regeneration occurs via a distinct adult mechanism rather than
simply recapitulating development, suggesting that it may be the unique environment
of the distal digit tip that allows for successful regeneration. Indeed, since both axolotls
and mice are able to regenerate their extremities, albeit through different mechanisms,
an unbiased comparison of single cell identities and/or the niche environment may
provide insight into the broad conditions necessary for a successful regenerative

response.

A related fundamental question involves the transcriptional state and nature of cells
found in the regeneration incompetent regions of the digit tip. Why do cells form a

blastema and regenerate following distal amputations, but simply repair the injured



digit stump with more proximal amputations? Insights into this question come from
experiments transplanting cells from regeneration incompetent regions of the body into
the amputated distal third of the digit. Remarkably, these cells were able to engraft,
participate in blastema formation and ultimately contribute to the newly regenerated
tissues of the digit [22, 41]. Additionally, recent studies have shown that even following
non-regenerative amputations digit tip mesenchymal cells acquired some facets of a
blastema transcriptional state [22, 42], suggesting that a regenerative response was
initiated but was then aborted or circumvented. These findings suggest that a
regenerative response is the default state, but that successful regeneration also requires
an environment with the appropriate regeneration-specific cues [22, 42]. Together, this
new research supports the concept that the blastema state is at least in part, determined
by external environmental cues and raise the possibility that if we can identify the

relevant cues we may be able to exogenously promote regeneration.

5. FUTURE PERSPECTIVES

If the ability to regenerate a human limb and/or even to promote regenerative repair
rather than fibrotic scarring is to one day become a reality, we must first understand the
difference between the remarkably regenerative distal digit tip and the majority of non-
regenerative mammalian tissues. While this may seem like a daunting task, the last few
years have yielded significant breakthroughs in our understanding of the cell
populations and interactions necessary for mammalian blastema formation, the critical
structure underlying digit tip regeneration. Moreover, these studies have led to the
conclusion that, at least within the mesenchymal lineage, adult cells can initiate a
regenerative response following injury, and that the difference between regeneration
and fibrotic scarring may simply be the injury environment. These findings pave the
way for future studies defining the regenerative environment. They also provide hope
that we will ultimately be able to exogenously promote human regeneration and repair
by altering the local environment, particularly in light of previous studies reporting
fingertip regeneration in humans from childhood through to old age [13,14,43]. In the
best-case scenario, this would involve adding a single factor that would galvanize a
regenerative response, but such a factor has not yet been discovered and may well not
exist. Instead, establishment and maintenance of a pro-regenerative response is likely
to involve multiple parameters including, but not limited to, paracrine ligands,

extracellular matrix composition and immune status. Ultimately, we may also need to



combine strategies manipulating the injury environment with transplanted cells to
ensure a robust regenerative response. Nonetheless, we now understand that
mammalian cells and tissues can regenerate under the right circumstances, and future
research holds the promise of moving this conceptual framework into a therapeutic

reality.
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FIGURE LEGEND

Figure 1. Summary of the cellular mechanisms that underlie mammalian digit tip
blastema formation. Top Panel: The nerve and bone have been shown to contribute
cells that form the mammalian digit tip blastema following injury. Middle Panel: At
early stages, regeneration of the adult mammalian digit tip occurs through mechanisms
that are distinct from embryonic limb development which include wound healing and
blastema formation. The latter stages of regeneration however utilise many molecular
pathways important for limb development. Bottom Panel: Potential mechanisms for
producing new cells that contribute to the blastema include the activation of stem cells
and de-differentiation of mature cells to produce dividing cells that display progenitor

like properties.
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