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Objective: The wound healing response may be viewed as partially over-
lapping sets of two physiological processes, regeneration and wound repair
with the former overrepresented in some lower species such as newts and the
latter more typical of mammals. A robust and quantitative model of regener-
ative healing has been described in Murphy Roths Large (MRL) mice in which
through-and-through ear hole wounds in the ear pinna leads to scarless
healing and replacement of all tissue through blastema formation and in-
cluding cartilage. Since these mice are naturally autoimmune and display
many aspects of an enhanced inflammatory response, we chose to examine the
inflammatory status during regenerative ear hole closure and observed that
inflammation has a clear positive effect on regenerative healing.

Approach: The inflammatory gene expression patterns (Illumina microarrays)
of early healing ear tissue from regenerative MRL and nonregenerative
C57BL/6 (B6) strains are presented along with a survey of innate inflamma-
tory cells found in this tissue type pre and postinjury. The role of inflammation
on healing is tested using a COX-2 inhibitor.

Innovation and Conclusion: We conclude that (1) enhanced inflammation is
consistent with, and probably necessary, for a full regenerative response and
(2) the inflammatory gene expression and cell distribution patterns suggest a
novel mast cell population with markers found in both immature and mature
mast cells that may be a key component of regeneration.

SCOPE AND SIGNIFICANCE
Tae MurrHY RoTHS LARGE (MRL)
mouse strain is a unique “mamma-

expressed between the MRL and the
C57BL/6 strain, a well-characterized
model of wound repair. We show dif-

lian laboratory” in which to study the
mechanistic details of spontaneous
regeneration at all scales—from
genes to whole tissues—and to com-
pare this process to wound repair,
the typical default healing response
of mammals. In this review, we show
that the innate immune system,
metabolic differences, and tissue re-
modeling genes are differentially

ferences in inflammatory cell types
in the two strains pre and postinjury
and identify a novel type of mast cell
that may play a role in regeneration.

TRANSLATIONAL RELEVANCE
Although humans typically heal

wounds via wound repair, the unex-

pected existence of a retained capacity
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for regeneration in mice offers the possibility that this
capacity may be elicited in patients by the controlled
modulation of inflammation.

CLINICAL RELEVANCE

The observation that the approved Cox-2 in-
flammatory inhibitor meloxicam profoundly in-
hibits regeneration in a mouse wound model and
should be considered for future clinical study of the
effect of NSAIDs on wound healing. This may be
especially relevant in the case of chronic wounds
and postsurgical intervention in general.

INTRODUCTION

The MRL mouse originally generated to transfer
the “cn” gene mutation for achondroplagia from
the AK virus—susceptible, from Rockefeller mouse
strain with a high leukemic background, to mice
with a low background® has been a “laboratory” for
mammalian regeneration studies for the past 15
years in our hands and in other laboratories.?® A key
feature that has allowed rapid progress along many
parallel paths in mammalian regeneration has been
the ear hole closure model that was first identified in
rabbits.'° Standardized reproducible ear holes in
mice are easily created, ear hole closure measure-
ments are easily quantifiable, and ear punctures are
considered to be relatively noninvasive as they have
been a traditional life-long identification marker
pioneered at the Jackson Laboratories.

This mouse ear hole model of regeneration also
lends itself well to large genetic studies, and quan-
titative genetic trait loci have been mapped by mul-
tiple laboratories using both the MRL/Mpd mouse
and its parental regenerative strain LG/J.11719 Al-
though the unusual healing property of the MRL
mouse has been confirmed in many different organ
systems including the heart, 222 digit,?>?* articular
cartilage and joint,?> 27 cornea,?® muscle,?>° skin
grafts,®! and central nervous system and peripheral
nervous system,?37 the ear being an external ap-
pendage is easily followed in longitudinal studies of
regenerative ear hole closure. Since the MRL mouse
is especially prone to autoimmunity (characterized
by chronic inflammation, it has for decades also been
a workhorse model of systemic lupus erythematosis
(SLE).?83% We previously proposed that these same
chronic inflammatory SLE properties were perhaps
key to the regenerative response of MRL as well.*%4!

In higher organisms, and mammals in particular,
wound healing occurs via the wound repair process as
opposed to the tissue/organ regeneration seen, for
example, in newts and axolotls. This process involves
a short and potent inflammatory response to infec-

tious organisms and tissue trauma that lasts only a
few days and engages both circulating cells of the
innate immune system such as platelets, neutrophils,
eosinophils, basophils, and monocytes in addition to
stationary mast cells and plasma proteins of the
blood. The cellular activation mechanisms of healing
include the release of inflammatory factors that en-
hance cell migration through blood vessels via adhe-
sion toward the affected site, and the resolution phase
mediated by TGFb, apoptosis, extracellular matrix
components, and specific inhibitory molecules such as
resolvins. Hence, inflammation is a requirement for
effective wound repair.*>** However, the early in-
flammatory episode in healing can also take on a
morbid character if excessive and prolonged, or
chronic. This delicate balance of inflammation and
healing outcomes is exemplified by the observation
that inflammation converts the scarless healing re-
sponse seen in embryos to scar formation in
adults.*>*® The importance of the inflammatory re-
sponse is further supported by the macrophage PU.1
knockout mouse that also displays enhanced wound
healing,*” as do many other inflammatory gene
knockout mice.*>4®

On the other hand, there are also reports that in-
flammation has a totally different effect on the pro-
cess of regeneration.*® It has been shown that
inflammation enhances both neural protection and
axonal regeneration.’®! Pro-inflammatory media-
tors such as leukotriene B4 and lipoxin A4 have been
shown to both positively and negatively regulate
stem cell proliferation and differentiation®® and IL-4
has been found to enhance liver regeneration.’® The
innate immune response (inflammatory cells) ap-
pears to also be an important factor in MRL mouse
regeneration! that brings cells to the injury site re-
sulting in enhanced remodeling, including neutro-
phils and monocytes, which produce increased levels
of matrix metalloproteinases.*® In the MRL mouse,
prolonged inflammation is very apparent during
blastema formation at the site of the ear hole injury,
while in control mice, the inflammation is much less.

Further support comes from novel lines of
mice that show that MRL ear hole closure is posi-
tively associated with inflammation. AIRmax and
AIRmin mice were selectively bred for maximum
and minimum acute inflammation, respectively.®*
These two mouse lines display different neutrophil
and macrophage migration phenotypes with AIR-
max having enhanced ear hole closure. A genetic
analysis showed a significant linkage of ear hole
closure, neutrophil infiltration, and the AIRmax
allele of the gene SicI1al or Nramp, a protein in-
volved in endosomal ion transport in macrophages
and neutrophils,®® reviewed in this issue.?®
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Thus, the contrarian view of a positive role of
inflammation in regeneration, as opposed to wound
healing, is well supported. In this article, we will
discuss the cells, genes, and pathways that are dif-
ferentially expressed in MRL and B6 ear hole wound
tissue both at steady state and during ear hole clo-
sure to determine the possible functioning of in-
flammatory genes in regenerative as opposed to
nonregenerative wound healing. Using meloxicam,
an inhibitor of inflammation, which blocks the pro-
inflammatory molecule COX-2, we show that this
treatment blocks regenerative healing in the MRL
mouse. We further suggest that the MRL has a un-
ique mast cell, as noted previously®’ and discussed
in this issue,”® which may also be a major player in
the MRL inflammatory and regenerative response.
On another level, inflammation is also known to be
dependent on glycolytic metabolism,’* %! and in fact
we find that the basal metabolic state of the MRL
mouse is indeed characterized by extensive aerobic
glycolysis, reminiscent of the Warburg effect.’? In
this review we will also explore genes involved in the
glycolytic response, which could directly contribute
to inflammation.

DISCUSSION

Gene expression in MRL versus B6 mice

To understand the baseline molecular events
associated with ear hole closure, we compared
whole genome gene expression profiles between
MRL and B6 mice at time 0 of the ear hole punch.
Out of 18,761 expressed genes, 158 genes were
significantly and differentially expressed at least
two-fold between the two strains: 28 genes were
upregulated in MRL/B6 and 130 genes were down-
regulated. An analysis of functions and processes
overrepresented in the list of the 158 genes de-
scribed above showed 13 enriched categories (Fig. 1),
the majority [10 different gene ontology (GO) cate-
gories] were related to innate immune responses,
metabolic differences, or tissue remodeling.

In terms of the inflammatory process, those ca-
tegories and their definitions that are involved in
the activation and recruitment phases include (1)
heparin binding, which contains glycosaminogly-
cans mainly found as intracellular components of
mast cells; (2) the immune response defined as a
response to potential internal or invasive threat;
(3) lysosomes, the cytoplasmic organelles contain-
ing a variety of hydrolases responsible for elimina-
tion of pathogens and the regulation of inflammation;
(4) proteolysis or the ATP-dependent hydrolysis of
proteins involved in defense responses; (5) external
side of plasma membrane, which includes receptors

for cell activation; and (6) respiratory burst during
defense, defined as a phase of elevated metabolic
activity during which oxygen consumption increases
as part of a defense response leading to NADH-
dependent production of hydrogen peroxide (HyOs),
superoxide anions, and hydroxyl radicals.

The categories that may be involved in the resolu-
tion phase of the inflammatory response include (1)
regulation of caspase activity using cysteine-type
endopepetidase activity for apoptotic processes; (2)
Cu ion-binding proteins that have anti-inflammatory
effects; (3) retinoic acid metabolism being anti-
inflammatory; and (4) oxidation reduction that could
oppose or reverse glycolytic processes.

Inflammatory genes. With the analysis of the
158 differentially expressed between MRL and B6
genes on day 0, we found a number of genes that
were significantly different (at least twofold with
p<0.05) and involved in inflammation. We will
discuss how these molecules might affect wound
healing and could provide worthwhile candidates
for further study. Two of those molecules were
found to be upregulated in MRL tissue: Tpsabl and
Mpo. The rest were found to be downregulated in
MRL including Fcerlg, Adam17, Aoc3, Ctsc, Cigf,
Angl, Serpina3g, and Loxl4.

The first upregulated molecule, Tpsabl, encodes
the mast cell protease 7 (MCP7)/tryptase alpha,
which is 20-fold upregulated in the MRL mouse and
is a potent inflammatory mediator. It is a tryptase
that can regulate clot formation, fibrinogen/integrin
interactions, and is pro-angiogenic.®>¢ This has
also been shown to be important in wound repair.®”
The second upregulated gene, Mpo (7.8-fold up),
myeloperoxidase, is a well-known marker of inflam-
mation and mainly expressed by neutrophils and
macrophages, which produces hypochlorous acid from
H505 and chloride and is toxic to pathogens and tis-
sue.®*" Here, we show that MPO is upregulated in
normal MRL tissue compared with B6 and is found in
mast cells (Fig. 2). After wounding, it is upregulated
in MRL neutrophils (data not shown). Thus, with in-
creased mast cell numbers as well as increased MCP7
and MPO levels in the MRL mouse, this suggests a
highly active MRL mast cell population.

Several genes with antioxidant activity, ald1a7
(—-6.2-fold), glrx1 or glutaredoxin (—5.3-fold), and
prdx2 or peroxiredoxin (— 14.7-fold) are all reduced
in the MRL.”>"® Since these molecules reduce
H50,, this gene expression pattern could further
potentiate MPO.

However, the mast cell receptor Fcerlg, which
encodes the high affinity IgE receptor g chain, a
key element in inflammation though involved with
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Term Enr Sens P FDR | 1 | 4 | Genes (MRL/B6 fold)
BP G0:0002679 respiratory 2/2
burst during defense response (=S (100%) 0.01 | 17% | 1 | 1 | Mpo (7.8), Prax2 (-14.7)
::n:pﬁc?e(:::‘t?gsgg binding 35 (2/1102) 0.003 | 4% | 1 | 3 | Dhcr24 (-22.7), H2-Aa (-51.8), H2-Ab1 (-21.6), H2-Ea (17.3)
BP GO:0042573 317
G B e e Ll e 29 (17%) 0.005 | 7% | 0 | 3 | Adh7 (-129.2), Aldh1a7 (-6.2), Rbp1 (-4.1)
BP GO:0043281 4
regulation of caspase activity 13 (8/05/3 0.003 | 5% | 0 | 4 | Casp9 (-6.8), Dhcr24 (-22.7), Mult (-4.4), Rnf7 (-36.9)
:\:nongeor:?:r?sb?r?Zing 11 (44?/(-,1) 0.006 | 7% | 0 [ 4 | Ang1 (-5.3), Aoc3 (-5.4), Loxl4 (-2.9), Sparc (-13.1)
BP GO:0019882 antigen 05 | 587 | 0002 | 3% | 1| 5 | Feer1g (:67.5), H2-Aa (-51.8), H2-Ab1 (-21.6), H2-D1 (-51.5), H2-Ea (17.3),
processing and presentation ’ (5%) ) ° Psmb9 (-6.7)
BP GO:0051345 iti 4/81
regulation of hycIIJr(:)T;s“éeactivity 82 | (4o | 001 | 17% | 0 | 4 | Angt (5:3), Caspo (6:8), Mult (4.4), Rnf7 (-36.9)
p]n:p(a;l'?nolg?\?i?g; 7.9 (4‘{08/3 0.01 16% | 1 | 3 | Ang1 (-5.3), Ctgf (-3.4), Mpo (7.8), Rpl29 (-19.8)
CC GO0:0005764 5.7 6/178 0004 | 4% | 2 | g | 5430435G22Rik (-4.9), 9630031D17Rik (-14.3), Ctsc (-8.4), H2-Aa (-51.8),
lysosome : (3%) : ° H2-Ea (17.3), Lip1 (-11.9), Man2b1 (-8.5), Mpo (7.8)
CC GO:0009897 external side of | , o | 6/206 | (- | go | 1 | g | Foortg (:57.5), H2-Aa (-51.8), H2-Ab1 (-21.6), H2-D1 (-51.5), H2-Ea (17.3),
plasma membrane : (2%) : ° 116st (-6.0), GM4672 (-3.6)
. 39515 (-3.5), Adam17 (-5.5), Ccl21b (-2.7), Fcerlg (-57.5), H2-Aa (-51.8), H2-
AP LR 4.2 122/;71 0.0001 [ 0.2% | 2 | 11 | Ab1 (-3.8), H2-D1 (-51.5), H2-Ea (17.3), Mpo (7.8), Prdx2 (-14.7), Psmb9 (-6.7),
LHITE) (EE P (2%) Serpina3g (-4.5), Trat1 (-4.5)
BP GO:0055114 o7 | 11672 | (006 | g% | 1 | 10| Adh7 (-129.2), Aldh1a7 (-6.2), Aoc3 (-5.4), Cyp2g1 (-5.1), Dhcr24 (-22.8),
oxidation reduction : (1%) : ° Glrx1 (-5.3), Loxl4 (-2.9), Mpo (7.8), Ndufa13 (-4.2), Prdx2 (-14.7), Rdhe2 (-3.7)
. 2610018103Rik (-3.2), Adam17 (-5.5), Casp9 (-6.9), Ctsc (-8.5), Dhcr24 (-22.7),
BrP tG°|'°°.°55°8 22 14/11,?34 0.008 | 11% | 1 | 13 | Mul1 (-4.4), March8 (-3.5), Psmb9 (-6.7), Psmd8 (-11.3),
proteolysis (1%) Rnf7 (-36.9), Tpsab1 (20.4), Trim11 (-6.0), Ube2i (-4.0), Usp39 (-3.90)

Figure. 1. Gene ontology categories enriched among genes differentially expressed between Murphy Roths Large (MRL) and B6. RNA samples were prepared from
ear holes from MRL/MpJ (Jackson Laboratories) and C57BL/6 (Taconic Laboratories) female mice in duplicate with each sample being from two ears from one mouse.
RNA was extracted using TRIzol. RNA quality was assessed by gel electrophoresis and nanodrop analysis and then amplified according to lllumina. Raw intensities and
detection p-values were extracted using lllumina Bead Studio v3.0. Arrays were then quantile normalized and probes were removed from further analysis if their
intensity was low (detection p-value >0.05) relative to background in all samples. Differentially expressed genes were determined using SAM algorithm® with
significance level set to FDR <30% and fold change threshold of 2.0, calculated as a ratio between averages of two groups of replicates. Enrichment of gene ontology
annotation terms were done using DAVID software®* and only enrichment results of more than two-fold and FDR < 20% were reported. Enr, enrichment (fold over
randomly expected); Sens, sensitivity K/N where K=number of genes in analyzed list and N =total number of genes within the enriched category; p, p-value of the
enrichment; 1/, number of genes with higher/lower expression in MRL; BP, biological process; MF, molecular function; CC, cellular component.

many different cell types, is 57-fold downregulated
in the MRL. It has been reported that the Fcerlg-
deficient mouse showed reduced infarct size’® and
may be similarly advantageous to the healing re-
sponse in MRL.

The downregulation of other inflammatory factors
found in the MRL mouse include Adam17 or Tace
(—5.5-fold), a key enzyme in notch signaling and en-
ergy homeostasis. It has been reported that Adam17-
deficient mice are hyper-metabolic and lean,”” while
Adam17 inhibition reduces tumor invasiveness un-
der hypoxia.” Low Adam17 level may be related to
decreased L-selectin shedding,” though L-selectin is
also necessary for neutrophil accumulation.

Another molecule involved with cell adhesion
and migration into inflammatory sites is Aoc3
(amine oxidase or vascular adhesion protein 1),%°
which is 5.4-fold down in the MRL. This is a copper-

containing molecule found on adipocyte and endo-
thelial cell membranes and has been reported to be
responsible for leukocyte extravasation.®! Likewise,
Ctgf, or connective tissue growth factor, is associ-
ated with cell migration, adhesion, wound healing,
and fibrosis. It is 3.4-fold down in the MRL.5%83
Also, Loxl4, or lysyl oxidase-like 4, which is involved
in collagen cross-linking and potentiating cell mi-
gration from bone marrow-derived populations is
2.88-fold down and may indicate reduced recruit-
ment of cells from circulation and scar formation.?*
This suggests that the MRL has mechanisms that
mitigate inflammatory cell accumulation.

On the other hand, Angl (—5.3-fold) or angio-
poietinl is important in angiogenesis and vascular
development and potenitally reduces vascular
leakage and maintains lymphatic integrity during
inflammation.®® This would have an opposite effect
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Figure. 2. Normal ear tissue from B6 (Taconic; /eft) and MRL/MpJ (JAX;
right) 8-week-old female mice were stained with anti-MPO antibody (red) and
DAPI (blue). The staining pattern was consistent with toluidene blue staining
for mast cells (data not shown). The level of staining was quantified and shown
in the lower panel, indicating that MRL showed approximately threefold more
staining than B6. Image analysis was carried out using an Olympus AX70
fluorescent microscope and SPOT camera with bounded software. The spe-
cific signal was measured by the Imaged v1.46f software, provided by the NIH.
To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/wound

of the above two molecules with increased vessel
leakiness in the MRL.

Ctsc (cathepsin C) is a dipeptidyl peptidase I ly-
sosomal peptidase, which is central to the activation
of serine proteases in inflammatory cells®® and is 8.4-
fold down in the MRL. The cathepsin inhibitor Ser-
pina3g is a serine protease inhibitor found upregu-
lated in activated macrophages stimulated with
INFg and LPS and is found in the nucleolus where it
can interact with individual cathepsins.®” It is reg-
ulated by HIF1la and hypoxia®® and could explain
why it is 4.5-fold downregulated in MRL ear (see
“Hypoxia-Related Genesis MRL Regeneration”).
However, it has also been reported to be upregulated
in the MRL/lpr mouse spleen by autoimmune anti-
bodies through an Fe-independent mechanism.®?

Finally the molecule Adh7 or alchohol dehydroge-
nase 7 is involved in the production of retinoic acid
and is dramatically reduced (- 129-fold) in the MRL.
Adh7 levels have been shown to be inversely associ-
ated with the degree of inflammation in human gas-
tric mucosa® and the molecule BCMO1 involved in
vitamin A synthesis when knocked out also leads to
increased inflammation.”® Taken together, this sug-
gests that an increased inflammatory response may
be caused by decreased retinoic acid production.®?

Hypoxia-related genes in MRL regeneration.
HIF1a is a major potentiator of the metabolic aer-
obic gylcolytic state, de-differentiation, cell mi-
gration, and specifically and importantly for this
discussion, a key promotor of inflammation in re-
sponse to hypoxia.®?:5%9293 One mechanism for the
regulation of HIF'1a, a protein that is constitutively
made, is its breakdown through ubiquination and
degradation processes.?* Though no differences in
MRL/B6 Hifla mRNA are seen, there are three
differentially expressed genes involved in degra-
dation of HIF 1« protein: Rnf7, Psmd8, and Psmb9.
These molecules are all significantly down-
regulated in MRL tissue which might lead us to
predict that HIF1a protein is not being degraded
and is both elevated and stabilized in MRL. Most
dramatic is the gene Rnf7, also known as Sag/
Roc2/Rbx2, which is 37-fold lower in MRL and
regulates HIF7 levels (Fig. 3). RNF7 targets HIF 1«
through the ubiquination/degradation pathway
and has been previously described.”” RNF7 func-
tions as a reactive oxygen species scavenger when
acting alone, or with other E3 ubiquitin ligase com-
ponents, promoting ubiquitination and degradation
of a number of protein substrates.”® Suppressing
Rnf7 mRNA using siRNA specifically stabilizes
HIF1« levels.”® Furthermore, the importance of this
gene comes from our recent studies mapping ear-
hole closure genes'®'®'? in which we identified Rnf7
as a candidate healer gene at a locus on Ch 9.

The proteasomal protein Psmd8, which encodes
a non-ATPase 19S subunit and Psmb9, which en-
codes a 20S core beta subunit are both down-
regulated (Fig. 3) and could prevent or reduce
HIF1a degradation by proteasomes. Interestingly,
proteasome inhibitors were reported to stimulate
bone formation and hair growth.®’

Another molecule, Ube2i or Ubc9, is also down-
regulated in the MRL (4.0-fold) and could influence
HIF1a stability. Ube2i acts as a SUMO conjugase
and being expressed in reduced levels could de-
crease HIF 1o SUMOylation. The role of SUMOyla-
tion in HIF1« stability, however, is controversial®®
being reported to target HIF1o for pVHL-dependent
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Figure. 3. Relative expression levels of genes related to HIF1a. Experimental details of microarray transcript studies are described in Figure 1.

degradation or have an opposite effect by increasing
its stability.®

In support of HIF1a’s role in MRL regeneration,
HIF1a target genes are in fact upregulated in MRL
tissue. From the array results, we observed in-
creases in Ldha (10%), Vegfc (74%), Hmox1 (12%),
Met (7%), Ntbe (19%), Pkm2 (13%), and Gadph
(20%). Examination of endothelial cell gene ex-
pression showed MRL/B6 ratios for Vegfc at 15x,
hemoxygenase (Hmox1) at 2.9x, Met at 3.5, and
Ntbe at 5.8 x and examination of neutrophil pop-
ulations showed MRL/B6 ratios for Ldha at 7.3 x,
Pkm2 at 8.2x, Gadph at 6.2x, and Hmox1 at
32.6x (data not shown). Furthermore, HIF1a pro-
tein levels are indeed upregulated in normal MRL
mice and expression levels increase during injury
compared with nonregenerator mice suggesting an
important role in the regenerative response (Zhang
et al., submitted).

Increased inflammatory cell populations in the MRL
regenerative versus C57BL/6 (B6) nonregenerative
mouse ears during regenerative healing

As a preliminary study, we examined differences
in the numbers of innate immune cells participat-
ing in the inflammatory response between MRL
and B6 ear punch tissue. Early time points in MRL
pre and post ear hole injury reveal differences in
three inflammatory cell components during the
early phases of the regenerative response (Fig. 4A—
C). Mast cells stained with toluidine blue O are
elevated in normal MRL ear tissue compared with
B6. The number of cells drops after injury and then
increases to uninjured levels by day 5. Mast cells
are found in the dermis around blood vessels and
act as a sentinel for injury. Upon injury, mast cell

histamine release causes capillary dilation and
leakiness, edema, and inflammatory cell infil-
trates. Two of these infiltrate populations, neutro-
phils and macrophages, are significantly increased
in MRL over B6 day 1 postinjury, during the acti-
vation phase. Along with the gene expression data,
our analysis supports a pro-inflammatory regen-
erative environment with an increased number of
pro-inflammatory cells.

Inhibition of healing by an anti-inflammatory
COX-2 inhibitor

To more directly test whether the inhibition of
inflammation would affect regenerative ear hole
closure, we used meloxicam, a COX-2 inhibitor.
Meloxicam is a nonsteroidal anti-inflammatory
drug, which inhibits cyclooxygenase or COX, an
enzyme that converts arachidonic acid into pros-
taglandin H2, a mediator of inflammation.'®® Of
the two COX species, meloxicam targets COX-2
over COX-1.19%102 Qince inflammatory genes are
upregulated in the MRL mouse and inflammation
so prominently accompanies blastema formation,
we proposed that blocking inflammation might also
block the regenerative response. As seen in Fig. 5,
meloxicam given for just the first 3 days signifi-
cantly reduces the level of hole closure. It should be
noted that a longer treatment period may yield a
more complete inhibition given the increased levels
of mast cells and neutrophils in the MRL on days 5
and 7 respectively (Fig. 4).

A unique population of mast cells

From our studies discussed above, we propose
that the MRL mouse has a unique population of
mast cells that may be important in the regenerative
response. Mast cells, as mature cells, are found at



598 GOUREVITCH ET AL.

A Toluidine blue O positive cells
80 B
= == MRL
® 60 =
3 }\ f’ \'\
o 40 S e .
2 142% So - 152% ‘i
E . N == H =
35 20 Aum— i ==
=
0
norm d1 d3 d5 d7
Time points
B LyBC positive cells
500 — B
B 400 - 5 == MRL
©
(4]
‘S 300 -
2
= 200
=
0-
Time points
C F4/80 positive cells
600
P 500 -
3 400 |
© 300
2
£ 200 -
=3
= 100 -
u 1
1d 3d 7d
Time points

Figure. 4. Mouse ear tissue from female MRL/MpJ (JAX; red) and C57BL/6
mice (Taconic Labs; blue) show more mast cells (determined by toluidine blue
0 staining), sentinels of inflammation, in the MRL ear (A) on day 0, preinjury.
The number of neutrophils (determined by anti-Ly-6C immunostaining; B) and
macrophages (determined by anti-F4/80 immunostaining; C) are increased in
the MRL ear, 1 day postinjury. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

the interface with the outside world such as blood
vessels, skin, and mucosa, and are in the perfect
position to be one of the first populations that will
respond to insult or injury. They begin as myeloid
progenitors in bone marrow without any specific
mast cell receptors or granules, but do express CD34.
Once they enter the vascular circulation, they be-
come committed mast cell precursors, or essen-
tially immature mast cells, still lacking most of the
granules and specific markers of mature mast cells
such as FCER1G and CD14/CDw17 but now do
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Figure. 5. MRL/MpJ female mice, 6-8 weeks of age (Jackson Laboratories)
were ear punched, intraperitoneally injected with PBS or Meloxicam (40 mg/
kg) on days 0-2, and followed for 28 days for ear hole closure. For day 21,
p=0.03 and for day 28, p=0.08. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

express CD34/ckit and MCP7 or mast cell protease
7 (Tpsabl).!% The final step in their maturation
includes migration into different tissues where the
cells become fully mature and express markers in-
cluding Adam17 (TACE), which “processes” ckit,
ANG1, CTGF, PKM2, LDHA, VEGF and HMOX1,
and FCER1G, which allows the cells to bind IgE and
to degranulate in response to antigen +C’, playing a
role in anaphylaxis.'®*!% Interestingly, all these
cell markers are differentially expressed in MRL
vs. B6 ear tissue. Since we did not actually isolate
mature tissue mast cells, we will assume that the
highly specific mast cell markers found by our mi-
croarrays on ear tissue are indeed represented on
mast cells.

As mentioned above (Fig. 4), one noticeable dif-
ference in MRL vs. B6 tissue is the number of To-
luidine Blue O-positive cells where MRL has 2.5-fold
150% more stationary mast cells full of granules,
strong evidence of their mature state with increased
levels of MCP7 and MPO (Fig. 2). Also PKM2,
LDHA, VEGF, and HMOX1 (HO1), all HIF1a targets
and markers of glycolysis and mature mast cells, are,
as we would predict, higher in MRL tissue. HMOX1
in particular leads to less mast cell sensitivity to
stimuli and more resistant to degranulation, and this
is a property of tumor-associated mast cells. %617

On the other hand, multiple mature mast cell
markers including FCER1G, ADAM17 (TACE),
ANG]1, and CTGF are reduced in MRL over B6. An-
other interesting “deviation” in MRL tissue is a lower
level of the molecule DAO1 (diamine oxidase),®”
which is one of two major enzymes degrading hista-
mine thus regulating its function. Though it is not
expressed by mast cells, it is made by other cells and
may affect mast cell function. This lower level might
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affect MRL cells when they degranulate with their
histamine staying longer in the injury area.

This MRL gene expression pattern should lead
to mast cells with unique properties. These cells
may be less likely to degranulate due to antibody
but we know that these cells will effectively de-
granulate due to injury and disappear from the
injury site similar to B6 cells. However, MRL in-
jured ear tissue shows a second wave of mast cells
at the injury area by day 5, only to have them de-
granulate again by day 7. This phenomenon is
completely absent in the control B6. These cells
may be capable of releasing more cytokines and
chemokines without degranulating. Also, MRL
mast cells are probably more glycolytic and thus
potentially more migratory'°®1°° and have a more
stable membrane due to increased HMOX1 levels
and have histamine that is longer acting.

These MRL mast cells are more abundant, express
both mature and immature cell markers, display
membrane stability characteristic of tumor-associated
mast cells and produce longer acting histamine.
Their unusual phenotype could be one of the major
players in longer and more potent inflammation.
This could prevent basement membrane formation
allowing motile fibroblasts to expand the regener-
ative blastema and to fully close the ear hole. Thus,
the MRL mast cell has characteristics that would
place them somewhere between an immature and
mature mast cell (Fig. 6). At an estimated density

Common Myeloid Progenitor

of 7,000 to 20,000 mast cells per cubic millimeter
for skin,''° a rough extrapolation would indicate
that mast cells comprise about one percent (i.e., one
kilogram) of the human total whole body soft tissue
mass. Thus, there is a significant physiological and
evolutionary commitment to this well-distributed
cell type whose primary physiological function is
still somewhat obscure. Is it possible that the mast
cell is a “regeneratiive remnant” in mammals that
can yet be recruited for medicine?

CONCLUSION

The MRL mouse starkly illustrates the major
biological differences between wound repair and
regeneration in mammalian wound healing. This
article has focused on the role of inflammation in
regeneration as elucidated by MRL mouse gene
expression. Globally, the MRL displays enhanced
inflammatory gene expression at the basal level and
in its response to wounding compared with control
nonregenerating strains. Most studies in mamma-
lian wound healing have historically focused on
wound repair as this is the dominant wound healing
process found in mammals in general and in hu-
mans. The role of inflammation except in the most
delimited sense has been shown to be pathologic.
Examples include chronic wounds, keloids, and au-
toimmunity following tissue damage or viral insult.
Thus, enhanced inflammatory responses that are

Myeloblast Neutrophil

—7 1
CD34 + . S —— o ___‘B.Monome
%D

v

Committed Mast Cell Progenitor (MCp)
(immature, circulating mast cell)

* IL-6 synthesis
Mature Mast Cell

MCP-7 +
MCP-7 (Tpsab1)+ :
cosrckit - (@ am () . oo
CD14-CDw17- . : [;,.ER;'O .
FCER1G - Anaphylaxis  ,.* 2
» IgE triggered i / B %
MRL Regenerative Mast Cell cegranuiation ; 2
(Stable membrane, , Tumor Microenvironment
Lack of FCER1G) I - Stable membrane
M‘?NPF;: + Inflammation . E.):ffNenT.Isl oy
MPO + » VVascular permeability « Fibroblast activation
FCERIG - * Recruitment of neutrophiis * Myeloid suppressor
* Recruitment of macrophages || cell reguiation

Figure. 6. The maturation of mast cell populations is shown here. The myeloid progenitor begins as a CD34™ cell that leaves the bone marrow and matures
into a myeloblast and then into neutrophils and monocytes or into a circulating mast cell progenitor, which now expresses MCP-7. This cell becomes a mature
mast cell that weakly expresses TNFa, FCER1G, and MPO and is involved with degranulation upon exposure to antigen, is involved with the enhancement of
inflammation, or can be active in the tumor microenvironment by producing multiple cytokines. In the MRL mouse, increased numbers of mast cells at the
regenerative site show increased MPO levels, but the tissue is strikingly low in FCER1G, a marker of mast cell maturity, and high in MCP7. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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either mediating or necessary for regen-
eration is a contrarian view only because
of the historical absence of a mammalian
regeneration model.

The course of the inflammatory re-
sponse is known to determine wound
repair,*® which is so spectacular in em-
bryos, where no inflammation is observed
in the wound repair site.*® The MRL
mouse is known to show immunologic
abnormalities and several genes related
to immune response have been already
found to be differentially regulated in
the MRL.*° The differential regulation of
several genes involved in the immune
response in the MRL may support the
idea that modulation of the inflammatory
response to the injury could explain re-
duced scarring.*® Finally, the MRL
mouse may have inflammatory cell pop-

ulations, which may make it quite unique.
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TAKE-HOME MESSAGES

Ear hole closure is a model of mammalian regenerative healing as seen
in the MRL mouse.

An enhanced inflammatory response is required for regenerative healing
(see also de Franco and colleagues, this issue).®

At baseline, the genes differentially expressed between a regenerator
and a nonregenerator are enriched for inflammatory responses, metabolic
differences, and remodeling.

As suggested from the genes expressed, the inflammatory response in
the regenerator shows more remodeling, reduced scarring, with more
stable cell populations that are less cytotoxic. There is increased vas-
cular leakage but less cell migration, more angiogenesis, with an en-
hanced HIF1a response.

A novel population of mast cells is proposed for the regenerator mouse,
which is more immature than normal, is less sensitive to lysis, and may
produce more factors, similar to what is seen for cancer-associated mast
cells.
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Abbreviations and Acronyms
ADH7 = alchohol dehydrogenase 7
ANG1 = angiopoietin1
AOC3 = amine oxidase

B6 = C57BL/6
BP = hiological process
CC = cellular component
COX = cyclooxygenase
CTSC = cathepsin C
CTGF = connective tissue growth factor
DAQ1 = diamine oxidase
FCER1G = Fc receptor for IgE (high affinity,
gamma chain)
GLRX1 = glutaredoxin
HIF1a = hypoxia-inducible factor 1a
H,0, = hydrogen peroxide
LOXL4=lysyl oxidase-like 4
MCP7 = mast cell protease 7
MF = molecular function
MPQ = myeloperoxidase
PRDX2 = peroxiredoxin
RNF7 =ring finger protein 7
SERPINa3g = serine protease inhibitor a3g
SLE = systemic lupus erythematosis




