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Abstract

Tissue regeneration is widespread in the animal kingdom. To date, key roles

for different molecular and cellular programs in regeneration have been

described, but the ultimate blueprint for this talent remains elusive. In animals

capable of tissue regeneration, one of the most crucial stages is wound healing,

whose main goal is to close the wound and prevent infection. In this stage, it is

necessary to avoid scar formation to facilitate the activation of the immune sys-

tem and remodeling of the extracellular matrix, key factors in promoting tissue

regeneration. In this review, we will discuss the current state of knowledge

regarding the role of the immune system and the interplay with the extracellu-

lar matrix to trigger a regenerative response.
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1 | INTRODUCTION

Tissue regeneration is widely distributed across Metazoa,
and this capacity varies among highly related animals.
Ambystoma mexicanum, Danio rerio, and Xenopus sp. are
examples of animals that have the fascinating ability to
regenerate appendages, such as limbs and fins, and
organs, such as the heart and brain. However, even in
very closely related species, differences in regenerative
ability are observed. Newts, such as Notophthalmus vir-
idescens, perform lens regeneration throughout their life,
while the Mexican salamander A mexicanum can regen-
erate its lens only for a short time period during early
development (developmental stages 44-52).1-3 Some ani-
mals regenerate specific organs or tissues, while others,
such as planarians, sea stars, and hydras, can rebuild the
body axes from small fragments. For a long time, it was
thought that adult mammals cannot regenerate; however,

interesting research on deer clearly shows that they have
the capacity to regenerate their antlers throughout life.4

A more recent addition to the field of mammalian regen-
eration is the African spiny mouse, which has been
shown to be capable of scar-free skin regeneration. To
gain more in-depth knowledge of regenerative
programs,5,6 it will be important to perform more com-
parative cross-species studies to gain a better understand-
ing of the cellular and molecular programs that drive
each specific type of tissue regeneration.

In all animals, the first event that occurs after trauma,
independent of size, is wound closure; depending on the
characteristics of the epithelium that grows during closure,
a regenerative or reparative process (scar formation) will be
triggered.7 One aspect that is thought to define whether
organisms have a regenerative or a reparative outcome is
the immune response and the remodeling of the extracellu-
lar matrix (ECM). Animals that naturally regenerate tissues,
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such as A mexicanum, D rerio, and Acomys sp., share some
similarities in the wound healing process, such as rapid re-
epithelization, a dampened immune system, delayed depo-
sition of collagen, and remodeling of the ECM.8

The immune systems of invertebrates and vertebrates
(Figure 1) share two common components: innate and
humoral responses. The innate immune response is com-
posed of mainly phagocytic cells that trigger the initial
injury response, while the humoral component is com-
posed of different kinds of secreted molecules.9 In inverte-
brates, because of the variety of ecological niches and
body patterns, the composition of the innate immune sys-
tem has become more diversified.10 However, one core cell
type is phagocytic cells, such as hemocytes or
coelomocytes, which are also found in invertebrates. In
vertebrates, the innate immune system includes a wide
variety of cells, such as hematopoietic cells, leukocytes,
and phagocytes. Vertebrates also have an adaptive
immune system that includes B cells, the wide range of
immunoglobulins they express, and T cells, which act
mainly by T-cell receptors that could mediate cell death.
These cells help the immune system to retain a memory of
previous infections and trigger a different set of

inflammatory cytokines to modulate the response.11 In
organisms that lack an adaptive immune system (ie, inver-
tebrates), humoral immune components, such as comple-
ment proteins, are an important front line of defense
against microbes. In humans, the complement pathway
consists of over 50 protein components that are largely
synthesized and secreted into the blood by the liver, but
other cell types, including fibroblasts, lymphocytes, adipo-
cytes, and endothelial cells, have been shown to synthesize
complement components as well.12,13 In addition to com-
plement proteins, other ancient components of the innate
immune system that are present in invertebrates and ver-
tebrates include the signaling pathway Toll-to-NF-κB.14

This pathway leads to the differential expression of genes
involved in innate immunity, such as antimicrobial genes
and complement genes, which are important components
of the humoral response in invertebrates.9,15,16

1.1 | The ECM and regeneration

The ECM is a three-dimensional network that supports
cells and modulates important cellular processes such as

FIGURE 1 Comparative components of the immune system and the extracellular matrix (ECM) between some vertebrates and

invertebrates. The immune systems of invertebrates and vertebrates have similarities between innate and humoral responses. The innate

immune response involves mainly phagocytic cells and the humoral response of secreted molecules. One of the main ECM proteins in all

these organisms is collagen, which is a key molecule that must be successfully remodeled to establish scar-free wound healing
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proliferation, adhesion, migration, cell differentiation,
and inflammation.17-19 The ECM is formed for a variety
of macromolecules, such as collagen isoforms, fibronec-
tin, tenascins, laminin, and glycosaminoglycans, which
include heparin sulfate proteoglycans, chondroitin sulfate
proteoglycans, dermatan sulphates, and hyaluronan
(hyaluronic acid). These components are highly con-
served during evolution.20 The composition of the ECM
can vary depending on the cellular context; for example,
neurons are frequently found in a laminin- and
fibronectin-rich ECM, while muscle cells favor a collagen
IV-rich ECM but also one containing fibronectin. The
specific composition of the ECM can play an important
role in directing cell fate decisions.

In response to injury, some of the first events to occur
include the activation of the immune systems and the
upregulation of matrix metalloproteases (MMPs). MMPs
are a large family of zinc-dependent proteases that are
important for the degradation of ECM after injury, and
each MMP has substrate specificity. The progression of
the response of cells to an injury signal and the final out-
come are in some part controlled by the specific MMPs
present in the wound bed and the duration of their activ-
ity. In regeneration-competent organisms that heal scar
free, the ECM undergoes a series of modifications to
accomplish the goal of tissue regeneration, which is to
regenerate a tissue with the same morphological and
functional features as the uninjured tissue.21

A key component of ECM breakdown is phagocytic
macrophages, which have been reported to be essential
to regeneration in several animals, including A
mexicanum,22 D rerio,23-25 and Acomys sp.26,27 The inhibi-
tion of macrophage recruitment to the injury site has
been shown to inhibit regeneration; however, the effect
on ECM remodeling is less studied in vivo to date.

To understand the interplay between the ECM and
the immune system, in vitro models and mouse models
of wound healing have mainly been used. Data from both
of these systems have begun to shed light on the different
factors that are secreted by macrophages in the wound
bed to trigger the activation of genes important for the
modulation of the ECM, including transforming growth
factor beta (TGFβ), MMPs, elastin microfibril interfacer
(EMILIN), and a range of cytokines.28 Additionally, the
type of hyaluronic acid (high molecular weight vs low
molecular weight) may modify macrophages to generate
an anti-inflammatory or pro-inflammatory response.29

The ECM component heparan sulfate has been reported
to be an important modulator of concentration gradients
to regulate the migration of leukocytes by the control of
chemokines in mammals.30,31

The interactions between the ECM and the immune
system have been studied mainly in models related to

mammalian tissues; however, how this interplay between
the ECM and the immune system works in highly regen-
erative organisms across the tree of life is far less under-
stood. Here, we will review the state of knowledge of the
role of the immune system and ECM in different research
organisms that are used in the regeneration field in com-
parison to scar-prone mammals.

2 | THE IMMUNE SYSTEM AND
WOUND HEALING INTERACTIONS
IN INVERTEBRATES

2.1 | Cnidarian

Cnidaria diverged from bilaterians ~650 million years
ago, giving them a unique position on the tree of life as a
sister group to bilateria.32,33 Considering the vast evolu-
tionary distance between cnidaria and humans, genomic
sequencing efforts revealed an unanticipated degree of
complexity in the genomes of cnidarians.34,35 For exam-
ple, the starlet sea anemone Nematostella vectensis is
steadily rising to prominence as a genetically tractable
organism for research on development and regenera-
tion.36,37 The Nematostella genome is more similar to the
human genome in size and content than Drosophila
melanogaster or Caenorhabditis elegans and harbors a
near complete complement of most gene families, includ-
ing Wnt and a proto-Hox cluster that seems to function
analogously to bilaterian Hox genes.38-43

It has been suggested that the main modulators of the
immune system in cnidarians are proteases, serine prote-
ase inhibitors, antimicrobial proteins, and the comple-
ment system.44 One of the signaling pathways that has
been reported as crucial for the wound healing phase in
N. vectensis is MAPK (ERK) signaling; inhibition of this
pathway after injury leads to dramatic wound healing
defects.39 The MAPK pathway plays several roles in the
modulation of the immune system. It is involved in the
induction of pro-inflammatory mediators such as cyto-
kines and chemokines; in other research organisms, this
pathway is triggered by pattern recognition receptors
(PRRs) expressed in immune cells.45 However, cnidarians
do not have specialized immune cells,14 and how MAPK
is triggered to allow the expression of immune-related
genes is unknown.

In hydra, which is a very well-established research
model in the tissue regeneration field, the molecular sig-
natures activated during the wound healing phase are
consistently upregulated regardless of where along the
body the regenerative program is started (eg, head, foot,
and whole body).46 Wenger et al reported approximately
1000 transcripts related to the immune response as genes
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involved in the remodeling of the ECM.47 Some of those
genes are evolutionarily conserved immune-related
genes.47 One example is heat shock proteins (HSPs),
which are upregulated during wound healing in hydra.
HSP genes have the capacity to indirectly modulate the
NF-kB pathway, inducing an innate response in inverte-
brates and acquired immunity in vertebrates.48 In the
context of hydra regeneration, HSPs have been reported
to be upregulated very early after amputation, suggesting
a role in wound closure.47 Additionally, after injury, the
immune response of hydra includes proteolytic compo-
nents, such as calpain-15, which could trigger the activa-
tion of the NF-kB pathway, allowing the production of
different cytokines that may activate the remodeling of
the ECM, allowing the recruitment of migratory cells to
the wound via this pathway.49

A primitive mechanism of immunity is antimicrobial
peptides (AMPs). During hydra regeneration, some genes
classified as AMPs are upregulated, such as hydramacin
(specific hydra AMP).47 To date, few connections have
been described between AMPs and the ECM. Capodici
et al reported that cathepsin G, an AMP module, may be
involved in the degradation of collagen.50 The ECM of
hydra shares similar macromolecules to those expressed
in vertebrates, such as collagen IV, laminin, heparan sul-
fate proteoglycan, and fibronectin-like molecules.51

Moreover, the ECM of hydra has multiple pores that act
as a means of communication between the two cell layers
(endoderm and ectoderm).52 It is well known that the
ECM in hydra has important roles in general morpho-
genesis, pattern formation and cell differentiation pro-
cesses, and it is thought that the recovery of the ECM
after an injury is a key aspect of regeneration in hydra
and probably in other cnidarians such as N. vectensis.51

2.2 | Tunicates

Tunicates are members of the phylum Chordata belonging
to the urochordates, a subphylum that occupies a key phy-
logenetic position because they are one of the closest
related species to vertebrates53 and are a key research
organism for regenerative and developmental studies.54

Among tunicates, solitary, and colonial ascidians have
been most extensively studied in the context of innate
immunity.55 The adult animal is covered by a flexible
ECM structure made up primarily of cellulose called the
tunic. The tunic is developmentally derived from the ecto-
derm and represents the first barrier against infection.
Damage to the tunic can lead to death, indicating an
essential role in the health of the organism.56 During the
remodeling phase after a wound, the tunic matrix is
remodeled by immune cells, such as degranulating cells.57

Interestingly, mutual association between bacteria
and ascidians has been reported.57,58 This may involve
secreted active products, such as antimicrobial proteins,
that function together with phagocytic cells as a part of
the innate immune system.59 The AMP may also have a
role in the initial wound healing response.57 However,
the complexity of this interaction of the microbiome
modulating the immune response and ECM matrix dur-
ing the wound healing phase in other organisms is poorly
understood.

In addition, during wound healing in tunicates, an
innate immune system that involves a humoral and cell-
mediated response protects the organism and helps heal
the wound.57 These cells include hemocytes, whose pri-
mary function is phagocytosis of pathogens. In mollusks,
which also have hemocytes, these cells have been
reported to undergo a phenotype switch during wound
healing and adopt a fibroblast-like phenotype.60

2.3 | Echinoderms

Echinoderms represent a significant phylogenetic point
that could help to infer both the early evolution of
bilaterian immunity and the development of the verte-
brate adaptive immune system.61 During the wound
healing phase in starfish and brittle stars, components of
the immune system, such as the proteins Ese-fib-like
(starfish) and Afi-ficolin (brittle stars), are upregulated
after injury.62 In this organism, the hematopoietic tissue
has been described as the coelomic epithelium that
secretes coelomocytes.63 These are important modulators
of wound healing, as they migrate to the wound site to
form a clot and play a role in the modulation of the
ECM.64 The coelomic epithelium may be involved in the
production of fibrinogen-like proteins, such as Ese-fib-
like, which is a fibrinogen-related domain (FReD)-
containing protein.62

Interestingly, the Afi-ficolin protein also contains a
FReD, and in vertebrates and invertebrates, ficolin is an
important lectin in the innate immune response.65,66 In
general, FReD proteins have been reported in many
metazoans, from porifera to mammals, and have a variety
of biological functions, including roles in the innate
immune response and in wound repair.65-67 In mammals,
such as humans, this domain is present in fibrinogen-
related proteins (FRePs), which include different ECM
molecules, such as tenascin, fibrinogen, angiopoietin,
and ficolin, with important roles in regenerative
responses.68,69 The wide distribution of these types of pro-
teins in the tree of life is an example of the interplay
between the immune response and ECM during wound
healing (Figure 2).
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In sea cucumbers, which also excel at tissue
regeneration,70,71 coelomocytes may act as an important
modulator of the immune response and wound repair. As
in hydra, the activation of HSPs during the wound
healing phase in sea cucumbers is an important modula-
tor of the wound response. HSP70, which is expressed by
coelomocytes and plays a role in cellular differentiation
and migration, may exert a protective function against
wounds and environmental stresses such as temperature
stress, acidic pH levels and microbial infections.72 The
link between HSP and the modulation of ECM proteins
is poorly understood. However, in mammals, HSP70 is

known to be an important modulator of ECM in the con-
text of muscle repair.73

2.4 | Planaria

Planarians are freshwater flatworms in the Platyhelminthes
phylum of organisms and possess the outstanding ability to
regenerate an entire animal from a small piece of tissue.
The impressive regenerative capabilities of planarians are
due to the pro-regenerative response of endogenous stem
cells called neoblasts.74 The two most commonly studied

FIGURE 2 The interplay between the immune system and the extracellular matrix. Summary of the different molecules of the immune

system and the extracellular matrix that can act as regulators or activators of signaling pathways. The interactions between these two

systems play a crucial role in the response to injury, and many of these pathways are conserved between invertebrates and vertebrates
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species of planarians are Schmidtea mediterranea and
Dugesia japonica, both of which express genes involved
with innate immunity, including various PRRs, TLR signal-
ing, selectins, and complement components.75 Apart from
playing a role in mediating the innate immune response,
both RIG-1 (retinoic acid-inducible gene I) and CTL (C-
type lectin-like protein) are upregulated during regenera-
tion. However, their precise role in tissue regeneration is
not well characterized. The knockdown of CTL results in
delayed wound healing after decapitation, but whether this
inhibits head regeneration is not clear.76 RIG-1 knockdown
leads to downregulation of antimicrobial and antiviral
genes, but whether this results in regenerative defects has
not been reported.77

Furthermore, in planarians undergoing regeneration,
proteins of the complement system, such as the C1q-like
domain, are upregulated 6 hr post amputation.78 In
humans, it has been reported that proteoglycans, impor-
tant components of the ECM, interact with C1q-like, and
this interaction could lead to a downregulation of pro-
inflammatory cytokines.79

Apart from the innate signaling pathways, planarians
also harbor a cellular component of their innate immune
system. Gut epithelial cells, which represent a major bar-
rier tissue, are highly phagocytic.80 Additionally, nongut
mesenchymal cells, called reticulocytes, are known to
phagocytose Escherichia coli and migrate to injury sites
within 10 hours of injury.81-83 Presumably, reticulocytes
function to remove pathogens at an injury site and could
function to promote tissue remodeling. The transcription
factor FoxF-1 has been recently implicated in the mainte-
nance of cathepsin+ phagocytic cells, but whether these
correspond to reticular cells is not clear.84 Cathepsin is a
protease that functions in phagolysosomes to aid in the
destruction of phagocytosed pathogens and is broadly
expressed in pigment cells, glia, and undetermined mes-
enchymal cells in planaria.40,84,85 Additionally, cathepsin
is considered an important modulator during wound
healing by the degradation of ECM components.50,86

2.5 | Drosophila as a model to study
wound healing

D melanogaster has long been a workhorse for genetic
discovery. The relative ease of laboratory husbandry,
rapid life cycle, and vast genetic toolkit have highlighted
this organism as a premier research organism in which to
investigate the genetic basis of development and dis-
ease.87 Similar to other invertebrates, Drosophila lacks an
adaptive immune system but utilizes an extensive cellular
and molecular repertoire in its innate immune system.
Indeed, many of the cellular and molecular responses to

wounding are conserved between Drosophila and mam-
mals.88 Larval Drosophila has an open circulatory system
consisting of a liquid component called hemolymph, sim-
ilar to human plasma, and a cellular component called
hemocytes, which play an important role in embryonic
development, wound detection, and healing, as well as
pathogen clearance.88-93

Epithelial wounding in embryonic and larval Drosophila
is a widely used injury model to investigate the cellular,
molecular, and genetic underpinnings of wound healing.
Injury results in the activation of signaling cascades that
appear to be largely evolutionarily conserved between
worms, flies, fish, amphibians, and human cells. Initial
injury leads to the formation and rapid propagation of a cal-
cium wave through the damaged epithelium, leading to a
burst in reactive oxygen species (ROS).89,94-97 The resulting
increase in ROS is critical for the recruitment and traffick-
ing of various leukocytes, such as neutrophils and macro-
phages, to the lesion.23,98-100 Following fin amputation in
zebrafish, the ability of leukocytes to respond to increased
hydrogen peroxide is dependent on the ROS-sensitive Src
family kinase Lyn.97 Similarly, in flies, the Lyn homologue
Src42a is required for hemocyte migration to the injury.101

While it is clear that injury-induced signals such as
ROS and other DAMPs are important for leukocyte hom-
ing to injuries, whether these factors are truly acting as
chemoattractants or rather a permissive signal that sensi-
tizes leukocytes to additional recruitment signals is not
clear. While hydrogen peroxide is necessary for hemocyte
migration to injuries,98 it likely acts as a permissive cue
that sensitizes hemocytes to the wound attractant. This
function (hemocyte migration) could be related to the
capacity of hematocytes to produce laminins for their
migration using autocrine mechanisms.102 It will be
interesting in the future to see if this same signaling
kinetics applies to vertebrates such as zebrafish, which
are similarly amenable to live-cell imaging approaches.

3 | VERTEBRATE REGENERATION
AND THE IMMUNE SYSTEM:
INSIGHTS FROM THE AXOLOTL
AND AFRICAN SPINY MOUSE

3.1 | Wound healing and the immune
system in nonregenerative mammals

Full-thickness skin wounds in mammals result in com-
plex cascades of cell-cell, cell-ECM, and growth factor
signaling that most often result in scar formation.
Wounding disrupts blood vessel networks, leading to the
activation of various clotting factors, infiltration of plate-
lets, and ultimately formation of a fibrin clot.8,103,104 The
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fibrin clot fulfills several functions during mammalian
wound healing: (a) it provides structural support for the
migration of various local and recruited cell types, such
as keratinocytes or leukocytes and (b) it helps to potenti-
ate growth factor signaling, such as PDGF, VEGF, bFGF,
and TGF-beta.105,106 The activation of cells to fill in the
missing tissue after injury is thought to involve an epithe-
lial to mesenchymal transition, an event that may also
involve activation of the immune system, reviewed in
Reference 107. Mechanical disruption of the skin and the
resulting cellular and molecular events stimulates an
inflammatory response. Neutrophils are the first cell type
to infiltrate the wound bed and function to kill microor-
ganisms, clear debris, and release various cytokines that
recruit other leukocytes. Specifically, macrophages are
the next inflammatory cell type to arrive at the wound
bed. Macrophages secrete various cytokines, including
TNF-α, IL-1β, PDGF, TGF-β, and FGFs, which further
regulate the inflammatory response after wounding but
also stimulate the formation of new tissue called granula-
tion tissue.8,103,104 Ultimately, mammalian wound
healing results in the formation of scar tissue due to
excessive collagen deposition and a failure to remodel
collagen.8,103,104 Additionally, mammals fail to regenerate
skin appendages such as hair follicles or sebaceous
glands, which results in functional impairment.

Classical studies in the 1970s aimed to evaluate the
effects of neutrophils and macrophages during wound
healing in guinea pigs. Interestingly, antisera depletion of
neutrophils largely had no effect on wound healing; how-
ever, depletion of macrophages with antisera and steroids
led to defects in wound healing.108,109 Collectively, these
results suggest that macrophages are necessary for wound
healing and that neutrophils may not play an
appreciable role.

Scar-free wound healing occurs in fetal mammals in
the absence of an inflammatory response and in postna-
tal mice lacking macrophages and functional neutrophils,
suggesting that scar formation results from robust
wound-induced inflammation.110 However, these studies
do not provide insight into the physiological role of the
innate immune system during adult wound healing.

Macrophage depletion during the early or middle stages
of wound healing affected the formation of granulation tis-
sue, neovasculogenesis, and transition of granulation tissue
into scar tissue. However, macrophage depletion during
the late phase of wound healing did not affect the overall
process.111 Interestingly, a similar result has been observed
in axolotl limb regeneration, where the early depletion of
macrophages results in a lack of regeneration but later
depletion has no significant impact on regeneration.22

These studies suggest that different immune cells are
important at select timepoints after injury.

Interestingly, myeloid-specific IL-4 receptor α signal-
ing results in the secretion of RELM-α, which stimulates
the expression of the collagen crosslinking enzyme Plod2
in fibroblasts and contributes to fibrillary collagen remo-
deling in scar tissue.112 Additionally, defects in insulin/
IGF-1 receptor signaling, specifically in myeloid cells,
decreased granulation tissue formation but did not affect
overall wound healing.113 However, insulin/IGF-1 recep-
tor signaling is critical for the normal epidermal-dermal
inflammatory response to detergent treatment (SDS) and
UV B exposure.113 Collectively, these studies support a
role for the immune system in regulating the mammalian
response to wound healing. However, the genetic or con-
ditional ablation of various components of the innate
immune system does not (a) result in scar-free wound
healing or (b) appear to affect the regeneration of skin
appendages, such as hair follicles or sebaceous glands.
Therefore, it is unlikely that a binary relationship exists
between the presence or absence of immune cell subtypes
and scar-free wound healing.

Other important key factors in scar-free wound
healing in fetal mammals are attenuated biochemical
stress, the potential role of stem cells, growth factors and
the protein conformation of the ECM. The key compo-
nents of the ECM in fetal scar-less wounds are type III
collagen and hyaluronan.110,114 Collagen III confers a
small-fiber structure on the ECM of the wound, which
allows the reticular deposition of fiber in the wound,
resulting in a more flexible wound bed. Additionally, the
increased level of hyaluronan upregulates the expression
of collagen III and TGF-β. It has been reported that TGF-
β is an important modulator of the scar phenotype, as
TGF-β1 and TGF-β2 are the principal isoforms expressed
in postnatal scar wounds, while no expression of TGF-β3
is detected.114 As we learn more about the pathways that
drive scar-free wound healing in regeneration-competent
animals, it will be interesting to determine which TGF
forms and interacting partners are key to this outcome.

3.2 | Scar-free wound healing in the
African spiny mouse

While most mammals have poor regenerative ability after
wounding, African spiny mice (Acomys spp.) are able to
regenerate their skin in a scar-free manner and replace
skin appendages, such as hair follicles.6 In the wild, it is
com to find spiny mice in various states of regeneration,
as they release their back skin and fur relatively easily.
This is thought to be a defense mechanism against preda-
tion that makes it easier for the mouse to escape if cau-
ght. Remarkably, the mouse is able to regenerate the lost
tissue scar free and regenerate hair follicles de novo
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through the activation of Wnt and BMP signaling.6 Initial
comparative gene expression studies suggest that Acomys
spp. have a dampened inflammatory response compared
to Mus musculus after wounding.26 In terms of macro-
phage profiles, Acomys spp. and M musculus display a
marked difference; MI macrophages are mainly present
in the scar-prone M musculus, while M2 phenotypes are
present in the scar-free Acomys spp., which has a more
pronounced pro-regenerative cytokine profile.26 The dif-
ferences in the macrophage profiles may generate differ-
ent ECM microenvironments. COLXII and COLXIV are
present at much higher levels in M musculus than in
African spiny mice. Additionally, Acomys spp. have
higher expression of proteases and collagen remodeling
proteins, which help to successfully remodel the ECM
after a wound. One of these proteins is CTHRC1, which
helps to reduce the expression levels of collagen I.115 In
humans, it has been shown that the activation of
CTHRCI, which is modulated by M2 macrophages, pro-
motes wound healing by the regulation of TGF-β, a key
pathway involved in ECM remodeling.116,117

In addition to scar-free skin regeneration, Acomys is
also able to regenerate after a 4 mm ear hole punch, which
Mus is unable to fully close.27,118 Following an ear hole
punch in Mus, there is a large, rapid influx of CD11b
+ myeloid cells; an influx of myeloid cells occurs in
Acomys, but to a much lesser degree.27 Further characteri-
zation revealed that neutrophils made up a majority of the
infiltrating myeloid cells in Mus, and there was no signifi-
cant difference in the proportion of macrophages between
the two species; however, the key difference may lie in the
subtypes of macrophages present in the wound area.118

Additionally, following injury in Acomys, there is a strong
ROS burst, which was postulated to be generated by infil-
trating macrophages. Comparatively, a strong ROS burst
was absent inMus.27 The functional significance of the dif-
ference in ROS levels in Acomys compared to Mus was not
determined. However, ear hole punch regeneration is
dependent on macrophages, as the ablation of macro-
phages by the injection of clodronate-containing liposomes
results in regenerative defects.27 Cell ablation with
clodronate indiscriminately ablates cells with phagocytic
activity, but it is presumed that regenerative defects are
primarily due to macrophage depletion. Whether macro-
phage ablation was sufficient to affect ROS levels after
injury remains to be determined.

3.3 | Nonmammalian vertebrate
scar-free wound healing

While mammals largely fail to heal wounds scar free,
fish, frogs, and salamanders do regenerate full-thickness

wounds scar free.7,8,94,104 Furthermore, these non-
mammalian models successfully regenerate various skin
appendages, such as gland cells. These observations high-
light the importance of studying wound healing across
various species to better understand the molecular mech-
anisms that support scar-free wound healing. While frogs
largely lose the ability to regenerate after metamorphosis,
wound healing studies conducted across species and life
stages suggest that aspects of skin regeneration persist
past metamorphosis. Scar-free skin regeneration occurs
in froglets in the apparent absence of an inflammatory
response, suggesting that this process could be similar to
fetal wound healing in mammals.7,100,104,119 However, in
postmetamorphic frogs, various inflammatory cell types
arrive at the wound bed within 24 hours of injury.120 Spe-
cifically, macrophages, neutrophils, and lymphocytes
were observed throughout the wound bed and were
immunopositive for various pro-inflammatory molecules,
such as TNFα, iNOS, and TGFβ.120 Interestingly, adult
Lithobates catesbeiana (American bullfrogs) regenerate
skin exocrine glands that lack ducts, suggesting that these
structures are not functional.121 However, adult
Lithobates sphenocephalus (southern leopard frogs) and
Xenopus mulleri regenerate exocrine glands and ducts,
suggesting species-specific differences in regenerative
capabilities.104 Whether these differences reflect varia-
tions in immune cell trafficking or cytokine profiles
remains an interesting question.

Salamanders are able to undergo scar-free wound
healing at various life stages.122 Full-thickness excisional
wounds are completely regenerated by 80 days post
wounding in adult axolotls.122 Even animals that were
forced to metamorphose after thyroxine injections are
able to regenerate scar free. Metamorphosed animals do
take longer to regenerate, partially due to an extended re-
epithelialization phase and increased duration of ECM
deposition). The difference in regenerative rate could be
due to altered expression profiles of various MMPs
and/or earlier leukocyte infiltration.122 During wound
repair in larval zebrafish, the crucial role of MMP9 dur-
ing collagen reorganization has been reported to be criti-
cal for acute and chronic wound repair, showing how the
NF-κB signaling pathway drives the expression of MMP9
in the epithelium during caudal fin regeneration.123

During limb regeneration in salamanders, MMPs play
crucial roles during the formation, maintenance, and
growth of the regenerative blastema.124,125 MMPs may
have dual roles: they are expressed during blastema for-
mation when the cells are starting to dedifferentiate and
later during blastema outgrowth. It has been postulated
that MMPs could help to prevent scar formation by remo-
deling the ECM and creating a permissive environment
for blastema cell proliferation and migration.125
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Similarly, a dual role for the ECM during muscle regener-
ation has been reported where hyaluronic acid, tenascin,
laminin, and fibronectin modulate myoblast identity dur-
ing limb regeneration. During the early stages of limb
regeneration, hyaluronic acid and tenascin help keep
myoblasts in an undifferentiated state, while during later
stages, laminin and fibronectin are upregulated and pro-
mote myoblast differentiation.68 This dynamic expression
of ECM-related genes during the regenerative process
could also be related to the dynamic changes in the
immune response, since both processes share similar sig-
naling pathways, such as TGF-β,126,127 and it is known
that MMPs can modulate the immune response (eg,
MMP7).128 This interplay between the ECM and the
immune system has been explored in other biological
contexts, such as skin diseases, ischemic brain injuries,
and response to infection.129-131 It would be interesting to
further investigate the interplay in the context of scar-free
wound healing between different organisms.

Scar-free wound healing in axolotls seems to be
characterized by the early deposition of type III colla-
gen, which is replaced by type I collagen at later time
points.122 A recent study identified the transcription
factor Sall4 as a critical regulator of scar-free wound
healing in axolotl. Specifically, Sall4 functions to regu-
late the timing of collagen deposition by directly regu-
lating the expression of type I and type XII
collagens.132 The precise role of type XII collagen dur-
ing scar-free wound healing is not well understood.
However, type XII collagen is also highly upregulated
during spinal cord regeneration in zebrafish.133

Whether Sall4 is expressed in leukocyte subtypes or
regulates the inflammatory response to wounding in
axolotls is not clear.

3.4 | The immune system during
complex tissue regeneration

While it is clear that the immune system plays a critical
role in scar-free wound healing, its function during com-
plex tissue regeneration has only recently been addressed.
Axolotl limb and heart regeneration is dependent on
macrophages, as depletion of phagocytic cells with
clodronate liposomes immediately prior to injury leads to
regenerative defects.22,134 Specifically, during limb regen-
eration, macrophage depletion leads to altered expression
dynamics of various pro- and anti-inflammatory cyto-
kines.22 However, macrophage depletion once the blas-
tema has already formed results in largely normal limb
regeneration.22 This suggests that the injury-induced
inflammatory response is essential for blastema forma-
tion. Consistent with this hypothesis, early blastema

progenitors upregulate IL-8 expression, which is neces-
sary for the recruitment of myeloid cells, including mac-
rophages, into the regenerating limb.135 IL-8 knockdown
or pharmacologic inhibition of its receptor leads to
decreased myeloid cell migration, defective blastema for-
mation, and defects in regeneration.135

Macrophage ablation after cryoinjury to the axolotl
heart results in increased fibrosis and reduced functional
recovery. The increase in fibrosis is likely due to dys-
regulated expression of various collagens, MMPs, and col-
lagen remodeling enzymes.134 Whether macrophages
play a key role in regulating the cytokine profile during
heart regeneration, as they do during limb regeneration,
remains an interesting question.

Similar to axolotls, zebrafish are able to functionally
regenerate heart tissue after injury.136 This is in contrast
to a closely related fish, the medaka, which is unable to
regenerate after heart injury. A comparative approach
revealed that the immune response to injury in medaka
is dampened compared to that in zebrafish and consists
mostly of neutrophil infiltration.137 Ablation of macro-
phages in zebrafish resulted in regenerative defects,
while activation of the innate immune system in
medaka by poly(I:C) injection resulted in an enhanced
regenerative response to injury. Interestingly, macro-
phage ablation in zebrafish led to sustained neutrophil
presence at the injury site, suggesting macrophage-
dependent mechanisms facilitating neutrophil clear-
ance.137 Whether neutrophils play a functional role dur-
ing axolotl heart and limb regeneration and whether
there is similar cross talk between macrophages and
neutrophils is not clear. Additionally, in the context of
zebrafish fin regeneration, macrophages are reported to
be crucial during the wound healing and blastema for-
mation stages.24

4 | FUTURE DIRECTIONS

The crosstalk between the immune system and ECM in
the context of scar-free wound healing unquestionably
plays an important role in enabling a regenerative pro-
gram. However, our knowledge about the secreted factors
from resident cells in the wound, the cells that migrate to
the wound, such as immune cells, and the local environ-
ment that helps to remodel the ECM is in its infancy. In
addition we still have much to learn in nonregenerative
vs regenerative animals about the interplay of the ECM,
EMT, and the immune system.107

Studying wound healing in a wide range of different
research organisms may help understand the cellular and
molecular programs that drive the wound healing
response. This could lead to a more in-depth
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understanding of how interactions between an ancestral
immune system and ECM have evolved to drive scar-free
wound healing and the regulation of complex tissue
regeneration in some species.
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