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Abstract: Lizards can spontaneously regenerate their lost tail without evoking excessive inflammation
at the damaged site. In contrast, tissue/organ injury of its mammalian counterparts results in wound
healing with a formation of a fibrotic scar due to uncontrolled activation of inflammatory responses.
Unveiling the mechanism of self-limited inflammation occurring in the regeneration of a lizard
tail will provide clues for a therapeutic alternative to tissue injury. The present review provides
an overview of aspects of rapid wound healing and roles of antibacterial peptides, effects of leukocytes
on the tail regeneration, self-blocking of the inflammatory activation in leukocytes, as well as
inflammatory resistance of blastemal cells or immature somatic cells during lizard tail regeneration.
These mechanistic insights of self-control of inflammation during lizard tail regeneration may lead
in the future to the development of therapeutic strategies to fight injury-induced inflammation.
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1. Introduction

Several adult vertebrates can spontaneously regenerate their lost appendages in high
fidelity, while such regenerative capacity is evolutionarily absent in mammals. Instead, ap-
pendage amputation of adult mammals often heals the wounding by the formation of a fibrotic
scar [1-5]. The observation of the appendage regenerating process in vertebrates reveals that
epimorphic regeneration shares conserved histological events, including re-epithelization of
the wound, formation of the blastema and growth of the different tissues [6-9].

The appearance of transient myofibroblasts and the formation of a highly proliferative
wound epithelium is the main trait in early wound healing. The wound is rapidly sealed
without the formation of scar tissue. After two days post-amputation (DPA), a wound
epithelium begins to grow and re-epithelialisation is complete within 5 DPA [7,10]. Af-
ter 7-10 DPA, the blastema derived from dedifferentiated tissue or existing progenitor
cells emerges near the distal end of the rupture site and gradually differentiates to form
a replacement appendage after 30 DPA [10-12]. Accordingly, the underlying cellular and
molecular mechanisms that govern the reconstruction of multi-tissue structures are highly
overlapped [8,13,14].

To date, many researches focus on the anamniotes, including teleosts and urodeles,
in an attempt to decipher the key regulators that influence the regenerative process of fins,
limbs and tails, while the amniotic reptiles at important phylogenetic position receive little
attention with respect to their robust ability in tail regeneration. Lizards have evolved
a successful strategy to escape from predation by voluntarily shedding or autotomizing
their tail, and generally, it takes months or years to regenerate a replica containing nerves,
blood vessels, skeletal muscles and cartilage [6,7,15]. To avoid possible infection at diverse
ecology and/or the endogenous activation of inflammation that will result in the failure
of the regeneration, the lizards are obliged to employ an efficient molecular or genetic
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mechanism to rapidly control excessive activation of inflammatory response following tail
amputation. In this review, we will introduce several aspects that lizards have evolved to
circumvent inflammation during the spontaneous tail regeneration, which may provide
a promising therapeutic alternative to mammalian traumatic inflammation.

2. Rapid Wound Healing and Protection of Antibacterial Peptides

Scar-free wound healing in lizards is rapidly initiated after tail amputation, which
stabilizes wound and protects against infection or desiccation. Such damage of the tail
causes minimal bleeding, attributing to the special tissue structure at the sixth caudal
vertebra (-Eublepharis macularius), where the vertebra can be split and the arterial sphincter
can rapidly contract. [15]. Within 0.5 DPA, the wound site develops a clot of blood, tissue
fluid and tissue debris [7]. By 7-14 DPA, the clot dissolves and reveals a smooth wound
epithelium, under which the blastema begins to differentiate to new tissues [7,15-17].
Notably, the natural hemostasis of the wounded tail is achieved within seconds, much
faster than those of mammals such as rats. We have found that the higher enzymatic
activity of lizard thrombin is responsible for procoagulation (manuscript in submission).
The rapid re-epithelialization of the wounds significantly reduces the risks of microorgan-
ism invasion and subsequent infection or inflammation, providing a favorable regenerative
microenvironment [17].

Antimicrobial peptides (AMPs) are an important protective barrier for lizards in terms
of anti-infection following tail amputation, which help these animals survive from chal-
lenging environments filled with bacteria [18,19]. Up until now, two types of antimicro-
bial peptides have been isolated and characterized from lizards, including defensin and
chatelicidin [20]. The well-known defensins contain three subclasses, including «, 3- and
0-defensins [21,22], but only (3-defensins have been identified in lizards that are defined
as having a bonding pattern of cysteines (Cys1-Cys5, Cys2—-Cys4, and Cys3-Cys6) [22].
Genomic analysis demonstrates that a total of 32 genes encoding different (3-defensin-like
peptides are deposited in the genome of the lizard Anolis carolinensis and likely also in other
lizards [22]. Tail amputation induces the expression of 3-defensins within the granulocytes
around the wound, where they are distributed in the phagosomes containing the degraded
bacteria [19]. As a consequence, the high production of these 3-defensins, such as A. caroli-
nensis beta defensins (AcBD15) and AcBD27 is correlated with the absence of inflammation
for the wounded tail [23,24], indicating the physiological importance of the 3-defensins
in protecting the exposed tissues from microbial invasion and occurrence of inflammation.

Cathelicidins are the other crucial antimicrobial peptides identified in lizards. Orig-
inally, they were stored in the azurophilic granules of neutrophils as the inactive pre-
propeptide before undergoing proteolytic cleavage by neutrophil elastase or serine pro-
tease [25-27]. The mature or active peptides are 12-80 amino acids long and encoded by
exon 4 of the cathelicidin gene [28]. A total of four cathelicidin members, including catheli-
cidins 1 (CATH-1), -2a, -2b, and -3, are characterized in the genome of the Carolina anole
lizard [29], but the mature forms of CATH-2a and -2b are the same [30]. CATH-1 and -2
are normally stored in granulocytes in the blood or in connective tissues of lizards, while
keratinocytes can be induced to produce and possibly release these molecules in response
to injury or microbial invasion [30,31]. As for CATH-3, there is still less information about
its function, except a study showing that it also contributes to killing gram negative and
gram positive bacteria at high dosage [32]. Taken together, both defensins and catheli-
cidins are key natural barriers of anti-bacteria and anti-inflammation following lizard tail
amputation [33].

3. Infiltration of Leukocytes to the Wounded Tail

The lower inflammatory response of the wounded tail does not mean a lack of leuko-
cyte infiltration at the injured sites of lizards. By contrast, wound healing is associated with
leukocytic response without activation of excessive inflammation [6]. Injury to the tail leads
to the disruption of vascular network system, which immediately triggers aggregation and



J. Dev. Biol. 2021, 9, 48

30f8

activation of platelets to begin the clotting cascade. During this process, chemokines and
cytokines produced by local cells and platelet degranulation recruit peripheral leukocytes
to wound sites [34-37]. Generally, neutrophils infiltration occurs within several minutes,
sequentially followed by monocytes and lymphocytes [38]. Besides functioning in phago-
cytosis and killing bacteria, they also release proteases, chemokines, and growth factors
which will stimulate cell proliferation and migration within the damaged tissues [39,40].
After the loss of the tail, heterophils, a kind of granulocytes equivalent to the mammalian
neutrophils, are recruited to the wound site to participate in phagocytosis of tissue debris
and defense of various microbes [23,41-43]. Inmunostaining reveals that these heterophils
upregulate the expression of 3-defensins, including AcBD15, to inhibit rather than trigger
the inflammation [23].

The tail amputation of lizards inevitably triggers monocytes/macrophages to partic-
ipate in the process of wound healing and subsequent regeneration. A large amount of
macrophages have been observed within the damaged tissues or underneath the wounded
epithelium following tail loss [23,43]. Though few mechanisms of the injury-induced
recruitment of macrophages have been elucidated, the proinflammatory cytokines or
chemokines are undoubtedly the main contributors of such cell events [34-37,43]. For ex-
ample, macrophage migration inhibitory factor (MIF) derived from spinal cord plays a key
role in the recruitment of the macrophages to the injured sites of spinal cord following gecko
tail amputation. The recruited macrophages have been found to be involved in the phago-
cytosis of pathogens or tissue debris. Experiments on both lizards and amphibian models
have clearly demonstrated that infiltration of macrophages to the damaged sites is essential
for successful appendage regeneration [43,44]. The deletion of the cells by clodronate
liposomes results in wound closure but the permanent failure of regeneration [43,44].
In addition, macrophages have been shown to be necessary for the epimorphic regen-
eration of organs in African spiny mice, suggesting the importance of the macrophages
in the modulation of appendage regeneration [45]. Interestingly, the relative abundance
appears to be correlated with the mode of wound healing, either scar formation or scar-free
regeneration [6]. Excessive influx of macrophages to the wounded tail of lizards prefers
the scar formation instead of scar-free regeneration [6]. A smart experiment that has been
performed by repetitive amputation or cauterization of the lizard results in the increase
of immune cells in the blastemas and a reduction of tail regeneration. This phenomenon
has indirectly uncovered the potential relations between overabundant macrophages and
the failure of regeneration [46]. In addition, amputated limb of lizards that heals with scar
formation maintains a high quantity of leukocytes in comparison with those in scar-free
tail regeneration [31,46-48]. The influence of excessive macrophages on tail regeneration of
lizards may be attributed to stimulating fibroblast activation and rapid production of colla-
gen fibrils underneath the wound epidermis [47]. Notably, two subtypes of macrophages
are dynamically present at injured tissues, the proinflammatory macrophages [M1] and
anti-inflammatory M2 subtype [49]. The M2-like macrophages together with Tregs lympho-
cytes are found to distribute among mesenchymal and epidermal cells of the regenerative
tail blastema [50-52].

4. Self-Blocking of the Proinflammatory Signal Pathway in Leukocytes

Phagocytes are evolutionarily retained from invertebrates to mammals, having the abil-
ity to wall-off invading microbial agents [53]. The macrophage seems to be more ancient
than other granulocytes [53]. Accordingly, the pattern-recognition receptors (PRRs) associ-
ated with the innateimmunity are also functionally conserved and expressed in the granu-
locytes of diverse animals in the phylogeny [54]. PRRs recognize microbial components,
known as pathogen-associated molecular patterns (PAMPs), to activate specific signaling
pathways and lead to distinct anti-pathogen responses [55]. Furthermore, they can interact
with the damage-associated molecular patterns (DAMPs) to initiate cellular inflammatory
responses [56]. PRRs include Toll-like receptors (TLRs), Nod-like receptor, and C-type
lectin receptor families, among which TLRs have the maximum number of transcripts
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in lizard splenic transcriptome [57]. This implies that TLRs in immune cells of lizards play
major roles in sensing and responding to invading pathogens or damaged tissues.

The tail amputation of a lizard triggers limited inflammatory responses in comparison
with those of limb injury [58]. For instance, several DAMPs, including proinflamma-
tory (high mobility group box 1) HMGB1 and MIF, are observed to be upregulated and
macrophages are observed to be accumulated at injury sites. However, they do not elicit
the inflammatory responses [43,59,60]. Two paralogs of HMGB1, HMGBla and HMGB1b
have been identified in the gecko, and HMGB1b is a response to the tail injury. Both
subtypes are not able to interact with TLR2/TLR4 receptors to activate the inflammatory
responses of macrophages. Instead, they can bind with the receptor for advanced glycation
end products (RAGE)receptor to promote migration of tissue cells (oligodendrocytes) in-
volved in tail regeneration [60]. The biological importance of oligodendrocytes in the tail
regeneration of lizards refers to Tokuyama et al. [61]. The distinct biological property of
evolved HMGBI protein in lizards has circumvented its proinflammatory action following
tail amputation.

Injury to the spinal cord always initiates excessive inflammatory responses in mam-
mals. However, the severed spinal cord of gecko following tail amputation suffers limited
inflammation as determined by an antibody array of various cytokines [59]. The investiga-
tion of the underlying mechanism has shown that upregulated expression of suppressor of
cytokine signaling-3 (SOCS3) in the macrophages/microglia negatively regulates the proin-
flammatory signals, which are evoked by granulocyte/macrophage colony-stimulating
factor (GM-CSF) and interferon-gamma (IFN-y). Inflammatory cytokine-induced expres-
sion of SOCS3 is able to bind with janus kinase 1/2 (JAK1/2), which in turn suppresses
the GM-CSF/IFN-y-driven inflammatory responses, and thereby serves as inflammatory
brake to control macrophage-derived inflammation [59].

Astrocytes are regarded as another inflammation-related cell type in the central ner-
vous system (CNS). In mammals, DAMPs, including MIF, can robustly activate the inflam-
matory responses of astrocytes [62,63]. However, MIF from gecko is not able to facilitate
the inflammatory response of gecko astrocytes. Instead, they activate the inflammatory
response of rat astrocytes [64]. By transcriptome analysis of MIF-stimulated astrocytes
from gecko and rats, it has been revealed that vav guanine nucleotide exchange factor 1
(VAV1) plays a key role in inhibiting MIF-mediated inflammation of gecko astrocytes [64].
Taken together, several negative regulators of inflammation are responsive to the tail injury
of lizards by contributing to the control of proinflammatory activation.

It is interesting to note that proinflammatory mediators cyclooxygenases 2 (COX2)
and prostaglandin E2 (PGE2) are upregulated at the injured site following gecko tail and
limb amputation. However, the different outcomes are observed with non-inflammatory
activation in the damaged tail but proinflammatory activation in the damaged limb [65].
During the early healing phase of the tail, EP4 receptor of PGE2 is simultaneously increased,
and PGE2-EP4 interaction is correlated to early resolution of inflammation by increasing
the anti-inflammatory mediator interleukin-10 (IL-10) and decreasing proinflammatory
mediators inducible nitric oxide synthase (iNOS), tumour necrosis factor-alpha (TNF-«),
IL-6, IL-17 and IL-22. In contrast, the expression of EP2, rather than EP4, is upregulated
in the limb. The binding of PGE2 with EP2 leads to the increase of proinflammatory
mediators and the reduction of anti-inflammatory mediators [65]. Such a strategy of
the lizard for preventing the activation of inflammation from a tail injury is likely ancient
and very efficient.

5. Crosstalk between Inflammation and Blastemal Cells or Immature Somatic Cells

The origin of blastemal cells in epimorphic regeneration of vertebrates results from
dedifferentiated somatic cells and/or resident stem cells. Following rapid proliferation,
these mesenchymal blastemal cells with high heterogeneity differentiate to multiple tissues
in a lineage-restricted manner, though the possible existence of transdifferentiation (salaman-
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der) [66], as is shown in the formation of cartilage and muscle [67]. To date, the investigation
regarding the lineage differentiation of blastemal cells in the lizard is elusive.

Accumulating evidence has shown that acute inflammation induced by appendage
injury is responsible for initiating regeneration of organs or tissues [68]. For example,
transient upregulation of IL-1f3 is necessary for normal fin regeneration of zebrafish by
inducing the expression of regeneration-related genes, but a prolonged high level of IL-13
is found to be detrimental for regeneration [69]. The complement of this is a primordial
sentinel of the innate immune response that engages in multiple inflammatory cascades,
and crosstalk is complementary with cytokine and growth factor signaling pathways that
drive tissue regeneration [70].

Hyaluronic acid (HA), an important immunosuppressive, is largely produced in blastema
of lizards, amphibians and fish, where it has the role of inhibiting immune response [71].
Although inflammation seems indispensable for inducing appendage regeneration of
vertebrates, prolonged activation of inflammation will inevitably exert negative effects
on the regenerative process. Such consequence is tightly associated with its influence
on the blastemal cells. On the one hand, transient inflammation promotes the prolifera-
tion of precursor/stem cells [68,72]. On the other hand, it also contributes to the aging
of these cells, such as proinflammatory cytokines IL-13, TNF-o and IL-6 in mediating
aging of hematopoietic stem cells (HSCs) if without resolution [73]. In addition, differ-
ent types of stem cells produce distinct characterizations and responses to inflammatory
stimulation [74].

In spite of the possible effects of inflammation on the blastemal cells, both transcrip-
tional and translational determination of a lizard’s damaged tail displays that the tail
regeneration is under control of limited inflammatory responses [58,59,75,76]. How the re-
generating tail of a lizard resolves the inflammation is still unclear. By referring to the results
from transplantation of stem cells in various diseases, it can be concluded that stem cells
themselves play key roles in mediating anti-inflammatory responses. For example, bone
marrow-derived mesenchymal stem cells (BMSCs) alleviated inflammatory responses of
allergic airway disease through secretion of Gal-1 [77]. At the site of tissue injury, MSCs can
repair tissue damage by producing growth factors and immunosuppressive molecules to
inhibit inflammatory cytokine storms [78]. They also attenuate LPS-induced inflammatory
responses by inhibiting the NF«B signaling pathway [79]. Taken together, stem cells exert
their beneficial effects not only by cell replacement but also by immunomodulation and
trophic support following tissue damage [80]. But the direct evidence of blastemal cells
playing anti-inflammatory roles during the lizard tail regeneration is lacking.

Comparative analysis of transcriptome profiles of gecko and rat astrocytes revealed
that adult gecko astrocytes display a profile of neural stem cells (NSCs) markers similar to
those of embryonic rat astrocytes, suggesting an immature cell trait [64]. Interestingly, gecko
astrocytes are insensitive to proinflammatory stimulation of MIF and LPS. Vav1, which is
abundantly expressed in the gecko astrocytes, contributes to suppressing the inflammatory
activation of gecko astrocytes, and its deficiency is able to restore sensitivity to inflammatory
stimuli [64]. These results indicate that the immature somatic cells of the lizard are resistant
to the various inflammatory stimuli following tissue damage.

6. Conclusions

The natural evolution of lizards has endowed them with the powerful capacity of
regenerating damaged tails by avoiding infection and inflammation. The lizards can heal
the wound rapidly through minimal bleeding and efficient hemostasis to reduce the risks
of infection and subsequent inflammation. Furthermore, they have established a protective
barrier using the antimicrobial peptides. To block DAMPs-mediated inflammatory activa-
tion on the leukocytes at injury sites, lizards evolved the distinct functions of DAMPs that
are unable to bind with the PRRs or upregulate the negative regulators of innate immunity
in leukocytes. The blastemal cells and immature somatic cells of lizards are resistant to
the various inflammatory stimuli following tail amputation. Therefore, tail-regenerative
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lizards are observed to apply a comprehensive and efficient strategy for fighting against
excessive inflammation to promote regeneration following injury.

Author Contributions: YW.,, B.H. and H.S. wrote this manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This work is supported in part by the National Natural Science Foundation of China
(No. 31871211), and the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: We thank Yan Liu in our lab for joining in discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Whitby, D.J.; Ferguson, M.W. Immunohistochemical localization of growth factors in fetal wound healing. Dev. Biol. 1991, 147,
207-215. [CrossRef]

2. Ferguson, M.W.; O’Kane, S. Scar-free healing: From embryonic mechanisms to adult therapeutic intervention. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2004, 359, 839-850. [CrossRef] [PubMed]

3.  Fernando, W.A; Leininger, E.; Simkin, J.; Li, N.; Malcom, C.A.; Sathyamoorthi, S.; Han, M.; Muneoka, K. Wound healing and
blastema formation in regenerating digit tips of adult mice. Dev. Biol. 2011, 350, 301-310. [CrossRef] [PubMed]

4. Han, M,; Yang, X,; Lee, ].; Allan, C.H.; Muneoka, K. Development and regeneration of the neonatal digit tip in mice. Dev. Biol.
2008, 315, 125-135. [CrossRef] [PubMed]

5. Seifert, AW,; Kiama, S.G.; Seifert, M.G.; Goheen, ].R.; Palmer, T.M.; Maden, M. Skin shedding and tissue regeneration in African
spiny mice (Acomys). Nature 2012, 489, 561-565. [CrossRef] [PubMed]

6.  Gilbert, E.A; Payne, S.L.; Vickaryous, M.K. The anatomy and histology of caudal autotomy and regeneration in lizards. Physiol.
Biochem. Zool. 2013, 86, 631-644. [CrossRef] [PubMed]

7. Peacock, HM.; Gilbert, E.A.; Vickaryous, M.K. Scar-free cutaneous wound healing in the leopard gecko, Eublepharis macularius.
J. Anat. 2015, 227, 596-610. [CrossRef]

8.  Khyeam, S.; Lee, S.; Huang, G.N. Genetic, Epigenetic, and Post-Transcriptional Basis of Divergent Tissue Regenerative Capacities
among Vertebrates. Adv. Genet. 2021, 2, e10042.

9.  Daponte, V.; Tylzanowski, P; Forlino, A. Appendage Regeneration in Vertebrates: What Makes This Possible? Cells 2021, 10, 242. [CrossRef]

10. Delorme, S.L.; Lungu, I.M.; Vickaryous, M.K. Scar-free wound healing and regeneration following tail loss in the leopard gecko,
Eublepharis macularius. Anat. Rec. 2012, 295, 1575-1595. [CrossRef]

11.  Alibardi, L. Review: Biological and Molecular Differences between Tail Regeneration and Limb Scarring in Lizard: An Inspiring
Model Addressing Limb Regeneration in Amniotes. J. Exp. Zool. B Mol. Dev. Evol. 2017, 328, 493-514. [CrossRef]

12.  Alibardi, L. Ultrastructural features of the process of wound healing after Tail and limb amputation in lizard. Acta Zool. 2010, 91,
306-318. [CrossRef]

13. King, B.L.; Yin, V.P. A Conserved MicroRNA Regulatory Circuit Is Differentially Controlled during Limb/Appendage Regenera-
tion. PLoS ONE 2016, 11, e0157106. [CrossRef]

14. Singh, B.N.; Koyano-Nakagawa, N.; Donaldson, A.; Weaver, C.V.; Garry, M.G.; Garry, D.J. Hedgehog Signaling during Appendage
Development and Regeneration. Genes 2015, 6, 417-435. [CrossRef]

15.  McLean, K.E.; Vickaryous, M.K. A novel amniote model of epimorphic regeneration: The leopard gecko, Eublepharis macularius.
BMC Dev. Biol. 2011, 11, 50. [CrossRef]

16. Jacyniak, K.; McDonald, R.P,; Vickaryous, M.K. Tail regeneration and other phenomena of wound healing and tissue restoration
in lizards. J. Exp. Biol. 2017, 220 Pt 16, 2858-2869. [CrossRef]

17.  Alibardi, L. Morphological and cellular aspects of tail and limb regeneration in lizards. A model system with implications for
tissue regeneration in mammals. Adv. Anat. Embryol. Cell Biol. 2010, 207, 1-109.

18.  Oguro-Okano, M.; Honda, M.; Yamazaki, K.; Okano, K. Mutations in the melanocortin 1 receptor, beta-defensin103 and agouti signaling
protein genes, and their association with coat color phenotypes in Akita-inu dogs. J. Vet. Med. Sci. 2011, 73, 853-858. [CrossRef]

19. van Hoek, M.L. Antimicrobial peptides in reptiles. Pharmaceuticals 2014, 7, 723-753. [CrossRef]

20. Lehrer, R.I; Lu, W. Alpha-Defensins in human innate immunity. Immunol. Rev. 2012, 245, 84-112. [CrossRef]

21.  Zhao, L.; Lu, W. Defensins in innate immunity. Curr. Opin. Hematol. 2014, 21, 37—42. [CrossRef]

22. Dalla Valle, L.; Benato, E.; Maistro, S.; Quinzani, S.; Alibardi, L. Bioinformatic and molecular characterization of beta-defensins-like
peptides isolated from the green lizard Anolis carolinensis. Dev. Comp. Immunol. 2012, 36, 222-229. [CrossRef]

23. Alibardi, L.; Celeghin, A.; Dalla Valle, L. Wounding in lizards results in the release of beta-defensins at the wound site and

formation of an antimicrobial barrier. Dev. Comp. Immunol. 2012, 36, 557-565. [CrossRef]


http://doi.org/10.1016/S0012-1606(05)80018-1
http://doi.org/10.1098/rstb.2004.1475
http://www.ncbi.nlm.nih.gov/pubmed/15293811
http://doi.org/10.1016/j.ydbio.2010.11.035
http://www.ncbi.nlm.nih.gov/pubmed/21145316
http://doi.org/10.1016/j.ydbio.2007.12.025
http://www.ncbi.nlm.nih.gov/pubmed/18234177
http://doi.org/10.1038/nature11499
http://www.ncbi.nlm.nih.gov/pubmed/23018966
http://doi.org/10.1086/673889
http://www.ncbi.nlm.nih.gov/pubmed/24241061
http://doi.org/10.1111/joa.12368
http://doi.org/10.3390/cells10020242
http://doi.org/10.1002/ar.22490
http://doi.org/10.1002/jez.b.22754
http://doi.org/10.1111/j.1463-6395.2009.00409.x
http://doi.org/10.1371/journal.pone.0157106
http://doi.org/10.3390/genes6020417
http://doi.org/10.1186/1471-213X-11-50
http://doi.org/10.1242/jeb.126862
http://doi.org/10.1292/jvms.10-0439
http://doi.org/10.3390/ph7060723
http://doi.org/10.1111/j.1600-065X.2011.01082.x
http://doi.org/10.1097/MOH.0000000000000005
http://doi.org/10.1016/j.dci.2011.05.004
http://doi.org/10.1016/j.dci.2011.09.012

J. Dev. Biol. 2021, 9, 48 70f8

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Alibardi, L. Granulocytes of reptilian sauropsids contain beta-defensin-like peptides: A comparative ultrastructural survey. J.
Morphol. 2013, 274, 877-886. [CrossRef]

Cole, A.M,; Shi, J.; Ceccarelli, A.; Kim, Y.H.; Park, A.; Ganz, T. Inhibition of neutrophil elastase prevents cathelicidin activation
and impairs clearance of bacteria from wounds. Blood 2001, 97, 297-304. [CrossRef]

Tongaonkar, P.; Golji, A.E.; Tran, P.; Ouellette, A.]J.; Selsted, M.E. High fidelity processing and activation of the human alpha-
defensin HNP1 precursor by neutrophil elastase and proteinase 3. PLoS ONE 2012, 7, €32469. [CrossRef]

Ponkham, P; Daduang, S.; Kitimasak, W.; Krittanai, C.; Chokchaichamnankit, D.; Srisomsap, C.; Svasti, J.; Kawamura, S.; Araki,
T.; Thammasirirak, S. Complete amino acid sequence of three reptile lysozymes. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
2010, 151, 75-83. [CrossRef]

Kosciuczuk, E.M.; Lisowski, P; Jarczak, J.; Strzalkowska, N.; Jozwik, A.; Horbanczuk, J.; Krzyzewski, J.; Zwierzchowski, L.;
Bagnicka, E. Cathelicidins: Family of antimicrobial peptides. A review. Mol. Biol. Rep. 2012, 39, 10957-10970. [CrossRef]

Dalla Valle, L.; Benato, F.; Paccanaro, M.C.; Alibardi, L. Bioinformatic and molecular characterization of cathelicidin-like peptides
isolated from the green lizard Anolis carolinensis. Ital. ]. Zool. 2013, 80, 177-186. [CrossRef]

Alibardi, L. Ultrastructural immunolocalization of chatelicidin-like peptides in granulocytes of normal and regenerating lizard
tissues. Acta Histochem. 2014, 116, 363-371. [CrossRef]

Alibardi, L. Immunocytochemical detection of beta-defensins and cathelicidins in the secretory granules of the tongue in the lizard
Anolis carolinensis. Acta Histochem. 2015, 117, 223-227. [CrossRef] [PubMed]

Holthaus, K.B.; Spisni, E.; Alibardi, L. Microbicide Activity of Two Reptilian Antimicrobial Peptides on Gram Positive and Gram
Negative Bacteria. J. Immun. Biol. 2016, 1, 104.

Alibardi, L. Ultrastructural immunolocalization of antimicrobial peptides targeting bacteria in the corneous layer supports
the presence of an antimicrobial barrier in reptilian epidermis. J. Cytol. Hisitol. 2016, 1, 1-7.

Reinke, ].M.; Sorg, H. Wound repair and regeneration. Eur. Surg. Res. 2012, 49, 35-43. [CrossRef]

Singer, A.].; Clark, R.A. Cutaneous wound healing. N. Engl. . Med. 1999, 341, 738-746. [CrossRef]

Bielefeld, K.A.; Amini-Nik, S.; Alman, B.A. Cutaneous wound healing: Recruiting developmental pathways for regeneration.
Cell. Mol. Life Sci. 2013, 70, 2059-2081. [CrossRef]

Schultz, G.S.; Davidson, ].M.; Kirsner, R.S.; Bornstein, P.; Herman, I.M. Dynamic reciprocity in the wound microenvironment.
Wound Repair Regen. 2011, 19, 134-148. [CrossRef]

Gadani, S.P.; Walsh, ].T.; Lukens, ].R.; Kipnis, J. Dealing with Danger in the CNS: The Response of the Immune System to Injury.
Neuron 2015, 87, 47-62. [CrossRef]

Mescher, A.L.; Neff, A W. Limb regeneration in amphibians: Immunological considerations. Sci. World J. 2006, 6 (Suppl. S1), 1-11.
[CrossRef]

Delavary, B.M.; van der Veer, WM.; van Egmond, M.; Niessen, F.B.; Beelen, R.H. Macrophages in skin injury and repair.
Immunobiology 2011, 216, 753-762. [CrossRef]

Canfield, P.J. Comparative cell morphology in the peripheral blood film from exotic and native animals. Aust. Vet. J. 1998, 76,
793-800. [CrossRef]

Park, J.E.; Barbul, A. Understanding the role of immune regulation in wound healing. Am. . Surg. 2004, 187, 11S-16S. [CrossRef]
Wang, Y.; Wei, S.; Song, H.; Zhang, X.; Wang, W.; Du, N.; Song, T.; Liang, H.; Chen, X.; Wang, Y. Macrophage migration inhibitory
factor derived from spinal cord is involved in activation of macrophages following gecko tail amputation. FASEB J. 2019, 33,
14798-14810. [CrossRef]

Godwin, ].W,; Pinto, A.R.; Rosenthal, N.A. Macrophages are required for adult salamander limb regeneration. Proc. Natl. Acad.
Sci. USA 2013, 110, 9415-9420. [CrossRef]

Simkin, J.; Gawriluk, T.R.; Gensel, ].C.; Seifert, A.W. Macrophages are necessary for epimorphic regeneration in African spiny
mice. eLife 2017, 6, €24623. [CrossRef]

Alibardi, L. Tail regeneration reduction in lizards after repetitive amputation or cauterization reflects an increase of immune cells
in blastemas. Zool. Res. 2018, 39, 413-423. [CrossRef]

Alibardi, L. Immunolocalization of 5BrdU long retaining labeled cells and macrophage infiltration in the scarring limb of lizard
after limb amputation. Tissue Cell 2016, 48, 197-207. [CrossRef]

Vitulo, N; Dalla Valle, L.; Skobo, T.; Valle, G.; Alibardi, L. Transcriptome analysis of the regenerating tail vs. the scarring limb in lizard
reveals pathways leading to successful vs. unsuccessful organ regeneration in amniotes. Dev. Dyn. 2017, 246, 116-134. [CrossRef]
Brancato, S.K.; Albina, J.E. Wound macrophages as key regulators of repair: Origin, phenotype, and function. Am. . Pathol. 2011,
178, 19-25. [CrossRef]

Alibardi, L. Autoradiography and inmmunolabeling suggests that lizard blastema contains arginase-positive M2-like
macrophages that may support tail regeneration. Ann. Anat. 2020, 231, 151549. [CrossRef]

Alibardi, L. Immunoreactivity for Dab2 and Foxp3 suggests that immune-suppressive cells are present in the regenerating tail
blastema of lizard. Acta Zool. 2021. [CrossRef]

Londono, R;; Tighe, S.; Milnes, B.; DeMoya, C.; Quijano, L.M.; Hudnall, M.L.; Nguyen, J.; Tran, E.; Badylak, S.; Lozito, T.P. Single
Cell Sequencing Analysis of Lizard Phagocytic Cell Populations and Their Role in Tail Regeneration. J. Immunol. Regen. Med.
2020, 8, 100029. [CrossRef]

Rowley, A.F. The evolution of inflammatory mediators. Mediat. Inflamm. 1996, 5, 3-13. [CrossRef]


http://doi.org/10.1002/jmor.20143
http://doi.org/10.1182/blood.V97.1.297
http://doi.org/10.1371/journal.pone.0032469
http://doi.org/10.1016/j.cbpc.2009.08.010
http://doi.org/10.1007/s11033-012-1997-x
http://doi.org/10.1080/11250003.2013.783632
http://doi.org/10.1016/j.acthis.2013.08.014
http://doi.org/10.1016/j.acthis.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25744089
http://doi.org/10.1159/000339613
http://doi.org/10.1056/NEJM199909023411006
http://doi.org/10.1007/s00018-012-1152-9
http://doi.org/10.1111/j.1524-475X.2011.00673.x
http://doi.org/10.1016/j.neuron.2015.05.019
http://doi.org/10.1100/tsw.2006.323
http://doi.org/10.1016/j.imbio.2011.01.001
http://doi.org/10.1111/j.1751-0813.1998.tb12328.x
http://doi.org/10.1016/S0002-9610(03)00296-4
http://doi.org/10.1096/fj.201801966RRR
http://doi.org/10.1073/pnas.1300290110
http://doi.org/10.7554/eLife.24623
http://doi.org/10.24272/j.issn.2095-8137.2018.050
http://doi.org/10.1016/j.tice.2016.03.007
http://doi.org/10.1002/dvdy.24474
http://doi.org/10.1016/j.ajpath.2010.08.003
http://doi.org/10.1016/j.aanat.2020.151549
http://doi.org/10.1111/azo.12380
http://doi.org/10.1016/j.regen.2020.100029
http://doi.org/10.1155/S0962935196000014

J. Dev. Biol. 2021, 9, 48 8of8

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801. [CrossRef]
Mandujano-Tinoco, E.A.; Sultan, E.; Ottolenghi, A.; Gershoni-Yahalom, O.; Rosental, B. Evolution of Cellular Inmunity Effector
Cells; Perspective on Cytotoxic and Phagocytic Cellular Lineages. Cells 2021, 10, 1853. [CrossRef]

Seok, ] K.; Kang, H.C.; Cho, Y.Y,; Lee, H.S.; Lee, ].Y. Therapeutic regulation of the NLRP3 inflammasome in chronic inflammatory
diseases. Arch. Pharm. Res. 2021, 44, 16-35. [CrossRef]

Priyam, M.; Tripathy, M.; Rai, U.; Ghorai, S.M. Tracing the evolutionary lineage of pattern recognition receptor homologues
in vertebrates: An insight into reptilian immunity via de novo sequencing of the wall lizard splenic transcriptome. Vet. Immunol.
Immunopathol. 2016, 172, 26-37. [CrossRef]

Vitulo, N.; Dalla Valle, L.; Skobo, T.; Valle, G.; Alibardi, L. Downregulation of lizard immuno-genes in the regenerating tail and
myogenes in the scarring limb suggests that tail regeneration occurs in an immuno-privileged organ. Protoplasma 2017, 254,
2127-2141. [CrossRef] [PubMed]

Zhang, X.; He, B,; Li, H.; Wang, Y.; Zhou, Y.; Wang, W.; Song, T.; Du, N.; Gu, X,; Luo, Y.; et al. SOCS3 Attenuates GM-CSF/IFN-gamma-
Mediated Inflammation During Spontaneous Spinal Cord Regeneration. Neurosci. Bull. 2020, 36, 778-792. [CrossRef] [PubMed]

Dong, Y; Gu, Y; Huan, Y,; Wang, Y; Liu, Y;; Liu, M,; Ding, F; Gu, X.; Wang, Y. HMGBI protein does not mediate the inflammatory response
in spontaneous spinal cord regeneration: A hint for CNS regeneration. J. Biol. Chem. 2013, 288, 18204-18218. [CrossRef] [PubMed]
Tokuyama, M.A.; Xu, C.; Fisher, R.E.; Wilson-Rawls, J.; Kusumi, K.; Newbern, ].M. Developmental and adult-specific processes
contribute to de novo neuromuscular regeneration in the lizard tail. Dev. Biol. 2018, 433, 287-296. [CrossRef]

Zhang, Y.; Zhou, Y,; Chen, S.; Hu, Y.; Zhu, Z.; Wang, Y.; Du, N.; Song, T.; Yang, Y.; Guo, A.; et al. Macrophage migration
inhibitory factor facilitates prostaglandin E2 production of astrocytes to tune inflammatory milieu following spinal cord injury. J.
Neuroinflamm. 2019, 16, 85. [CrossRef]

Su, Y.; Wang, Y.; Zhou, Y.; Zhu, Z.; Zhang, Q.; Zhang, X.; Wang, W.; Gu, X; Guo, A.; Wang, Y. Macrophage migration inhibitory factor
activates inflammatory responses of astrocytes through interaction with CD74 receptor. Oncotarget 2017, 8, 2719-2730. [CrossRef]

Du, N,; Li, H.; Sun, C.; He, B; Yang, T.; Song, H.; Wang, Y.; Wang, Y. Adult astrocytes from reptiles are resistant to proinflammatory
activation via sustaining Vav1 expression. . Biol. Chem. 2021, 296, 100527. [CrossRef]

Khaire, K.; Verma, U.; Buch, P; Patel, S.; Ranadive, I.; Balakrishnan, S. Site-specific variation in the activity of COX-2 alters
the pattern of wound healing in the tail and limb of northern house gecko by differentially regulating the expression of local
inflammatory mediators. Zoology 2021, 148, 125947. [CrossRef]

Tanaka, E.M.; Reddien, P.W. The cellular basis for animal regeneration. Dev. Cell 2011, 21, 172-185. [CrossRef]

Londono, R.; Wenzhong, W.; Wang, B.; Tuan, R.S.; Lozito, T.P. Cartilage and Muscle Cell Fate and Origins during Lizard Tail
Regeneration. Front. Bioeng. Biotechnol. 2017, 5, 70. [CrossRef]

Iribarne, M. Inflammation induces zebrafish regeneration. Neural. Regen. Res. 2021, 16, 1693-1701. [CrossRef]

Hasegawa, T.; Hall, C.J.; Crosier, PS.; Abe, G.; Kawakami, K.; Kudo, A.; Kawakami, A. Transient inflammatory response mediated
by interleukin-1beta is required for proper regeneration in zebrafish fin fold. eLife 2017, 6, €22716. [CrossRef]

Mastellos, D.C.; Deangelis, R.A.; Lambris, ].D. Complement-triggered pathways orchestrate regenerative responses throughout
phylogenesis. Semin. Immunol. 2013, 25, 29-38. [CrossRef]

Alibardi, L. Hyaluronic acid in the tail and limb of amphibians and lizards recreates permissive embryonic conditions for regeneration
due to its hygroscopic and immunosuppressive properties. J. Exp. Zool. B Mol. Dev. Evol. 2017, 328, 760-771. [CrossRef]

Bosak, V.; Murata, K.; Bludau, O.; Brand, M. Role of the immune response in initiating central nervous system regeneration
in vertebrates: Learning from the fish. Int. . Dev. Biol. 2018, 62, 403—417. [CrossRef]

Yang, D.; de Haan, G. Inflammation and Aging of Hematopoietic Stem Cells in Their Niche. Cells 2021, 10, 1849. [CrossRef]
Lenero, C.; Bowles, A.C.; Correa, D.; Kouroupis, D. Characterization and response to inflammatory stimulation of human
endometrial-derived mesenchymal stem/stromal cells. Cytotherapy 2021, in press. [CrossRef]

Murawala, H.; Ranadive, I; Patel, S.; Desai, I.; Balakrishnan, S. Protein expression pattern and analysis of differentially expressed
peptides during various stages of tail regeneration in Hemidactylus flaviviridis. Mech. Dev. 2018, 150, 1-9. [CrossRef] [PubMed]
Liu, Y,; Zhou, Q.; Wang, Y.; Luo, L.; Yang, J.; Yang, L.; Liu, M.; Li, Y,; Qian, T.; Zheng, Y.; et al. Gekko japonicus genome reveals
evolution of adhesive toe pads and tail regeneration. Nat. Commun. 2015, 6, 10033. [CrossRef] [PubMed]

Ge, X; Shi, K.; Hou, J.; Fu, Y,; Xiao, H.; Chi, F; Xu, J.; Cai, F; Bai, C. Galectin-1 secreted by bone marrow-derived mesenchymal
stem cells mediates anti-inflammatory responses in acute airway disease. Exp. Cell Res. 2021, 407, 112788. [CrossRef]

Wang, L.; Li, Y,; Xu, M,; Deng, Z.; Zhao, Y.; Yang, M.; Liu, Y,; Yuan, R,; Sun, Y.; Zhang, H.; et al. Regulation of Inflammatory
Cytokine Storms by Mesenchymal Stem Cells. Front. Immunol. 2021, 12, 726909. [CrossRef]

Yu, SH,; Kim, S.; Kim, Y.; Lee, S.E.; Park, ] H.; Cho, G.; Ha, ].C; Jung, H.; Lim, SM.; Han, K; et al. Human umbilical cord
mesenchymal stem cell-derived mitochondria (PN-101) attenuate LPS-induced inflammatory responses by inhibiting NFkappaB
signaling pathway. BMB Rep. 2021, in press.

Kokaia, Z.; Martino, G.; Schwartz, M.; Lindvall, O. Cross-talk between neural stem cells and immune cells: The key to better
brain repair? Nat. Neurosci. 2012, 15, 1078-1087. [CrossRef]


http://doi.org/10.1016/j.cell.2006.02.015
http://doi.org/10.3390/cells10081853
http://doi.org/10.1007/s12272-021-01307-9
http://doi.org/10.1016/j.vetimm.2016.03.002
http://doi.org/10.1007/s00709-017-1107-y
http://www.ncbi.nlm.nih.gov/pubmed/28357509
http://doi.org/10.1007/s12264-020-00493-8
http://www.ncbi.nlm.nih.gov/pubmed/32306216
http://doi.org/10.1074/jbc.M113.463810
http://www.ncbi.nlm.nih.gov/pubmed/23649623
http://doi.org/10.1016/j.ydbio.2017.10.003
http://doi.org/10.1186/s12974-019-1468-6
http://doi.org/10.18632/oncotarget.13739
http://doi.org/10.1016/j.jbc.2021.100527
http://doi.org/10.1016/j.zool.2021.125947
http://doi.org/10.1016/j.devcel.2011.06.016
http://doi.org/10.3389/fbioe.2017.00070
http://doi.org/10.4103/1673-5374.306059
http://doi.org/10.7554/eLife.22716
http://doi.org/10.1016/j.smim.2013.04.002
http://doi.org/10.1002/jez.b.22771
http://doi.org/10.1387/ijdb.180033vb
http://doi.org/10.3390/cells10081849
http://doi.org/10.1016/j.jcyt.2021.07.005
http://doi.org/10.1016/j.mod.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29410260
http://doi.org/10.1038/ncomms10033
http://www.ncbi.nlm.nih.gov/pubmed/26598231
http://doi.org/10.1016/j.yexcr.2021.112788
http://doi.org/10.3389/fimmu.2021.726909
http://doi.org/10.1038/nn.3163

	Introduction 
	Rapid Wound Healing and Protection of Antibacterial Peptides 
	Infiltration of Leukocytes to the Wounded Tail 
	Self-Blocking of the Proinflammatory Signal Pathway in Leukocytes 
	Crosstalk between Inflammation and Blastemal Cells or Immature Somatic Cells 
	Conclusions 
	References

