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Systemic factors associated with antler
growth promote complete wound healing
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Deer antlers are the only mammalian appendages that can fully regenerate from periosteum of
pedicles (PP). This regeneration process starts from regenerative healing of wounds. Removal of PP
abolishes antler regeneration, however, the regenerative cutaneous wound healing proceeds,
indicating that some factors in the circulation contribute to this healing. In this study, we produced a
wound in the scalp of deer either in antler regeneration period (ARP) (n = 3) or in non-ARP (n = 3).
Results showed full regeneration took place only when the wound was created during ARP.
Interestingly, topical application of systemic factors from ARP (n = 9) promoted regenerative wound
healing in rats. Comparative proteomics analysis (n = 3) revealed that PRG4 and IGF-1 were high
during ARP, and topical application of PRG4 + IGF-1 promoted restoration in rat FTE wounds. We
believe that, ultimately, incorporating systemic factors into advanced wound care modalities could

offer new opportunities for regenerative healing in the clinical setting.

As the first line of defense against external insults, the skin, the largest body
structure, is constantly exposed to injuries. In adult mammals, skin generally
develops a fibrotic scar following deep wounding'. Scars differ from normal
skin in that they lack cutaneous appendages, such as hair follicles and glands,
and are characterized by fibrotic extracellular matrix (dense and parallel
fiber bundles versus a ‘basket-weave’ pattern in normal skin); thus, they lack
a normal thermoregulatory or barrier function™.

Despite efforts to reduce scar formation in the clinical setting, we lack
effective treatments to obtain a regenerative outcome in wound repair due, in
part, to the lack of appropriate animal models that would enable a fuller
understanding of the fundamental mechanisms of regenerative wound healing
in a natural setting. Although fetal skin in mammals (including humans)
exhibits scarless healing™, few adult mammals do likewise’. Promising models
of scar-free healing include spiny mice (Acomys spp.) and MRL mice, but in
both cases, the type of wound healing is fundamentally different from that of
adult human skin®~". Therefore, there is a need for a model in a large and tight-
skinned adult mammal, where wound healing approximates that of humans
and, at the same time, exhibits regenerative repair.

Although complete regeneration of appendages is rare in adult
mammals, the deer is an exception in that their antlers are fully regenerated
annually from the permanent bony protuberances, known as pedicles™’.
This process initiates from the regenerative wound healing over the apex of a
pedicle stump following the casting of the previous (hard) antler'. Our

previous studies have confirmed that the very rapid healing (within 2 weeks)
of this large wound (up to 10 cm diameter) is achieved in a regenerative
manner including regeneration of cutaneous appendages, such as hair fol-
licles and sebaceous glands (SGs)"'. The regenerated architecture and pat-
tern of the healed skin is velvet-like and markedly different from that of the
pedicle skin (typical scalp skin), from which the healed skin originates, thus
termed velvet skin or velvet'*"*"*. Thus far, the mechanism underlying this
unique type of regenerative wound healing with a transition from scalp skin
to velvet skin has not been explored.

Full antler regeneration is known to be driven by antler stem cells
(AnSCs) resident in the pedicle periosteum (PP) or in the early antler
blastema'*™", and starts from almost scarless healing of a cutaneous wound.
Recent studies have shown that local paracrine factors from the closely
abutted PP, where the AnSCs reside, play a key role in this regenerative
healing of pedicle wounds'"'*". Interestingly, when we investigated the
mechanism underlying full antler regeneration, we found that while PP
deletion abolishes antler regeneration and the transition to velvet skin,
regenerative wound healing over the pedicle stump still takes place although
the type of healed skin is essentially no different from that of the pedicle
skin®. These results clearly indicate that systemic factors from the circu-
lating blood must be involved in this generic regenerative wound healing,
whereas local factors from the PP are indispensable for antler regeneration
and for the change in skin type involved in the healing process.
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To test this hypothesis, we believe that it is necessary to tease apart the
effect of systemic factors from local factors, where one approach to achieving
this is to shift the site of wound healing to other somatic sites, other than
from the apex of the pedicle. In this study, we constructed a full-thickness
excisional (FTE) wound model in the forehead region in sika deer to ensure
elimination of the effects of local factors. Notably, in a previous study, we
castrated male sika deer stags in winter to induce hard antler casting and
regeneration of new antler’’; we found that the rate of wound healing over
the pedicle stump was severely impaired, and although regenerative wound
healing with velvet skin and antler regeneration were eventually achieved,
the quality and quantity of both events were compromised, compared to
those that occurred naturally in late spring or early summer (unpublished
data). These results indicate that systemic factors in the circulating blood of
the stag must be different in composition and in concentration between the
two seasons of spring and winter.

To test this assumption, we created the same type of wounds in two
different seasons, summer and winter and carefully recorded the process of
wound healing both quantitatively and qualitatively. To investigate whether
the effective systemic factors for regenerative wound healing were species-
specific, we also tested their effects on the healing of dorsal cutaneous
wounds in a rat model. We then performed comparative proteomics ana-
lysis of the systemic factors from the antler regeneration period (ARP) with
the non-regeneration period (non-ARP) to identify the key differentially
expressed factors that might effectively promote regenerative wound
healing.

Overall, the purpose of our study was to confirm whether the blood-
carried systemic factors collected during ARP and non-ARP would produce
different wound healing outcomes, i.e., regeneration or scar formation, no
matter in deer or rats, and to identify the potentially effective differential
factors. We believe that further isolation and identification of the molecules
responsible for the full skin regeneration without scar in blood-carried
systemic factors collected during ARP would lay the foundation for scarless
wound healing in the clinical setting.

Results
Forehead wounds in ARP exhibits regenerative healing in
sika deer
Identical cutaneous wounds of 20 mm in diameter in full-thickness skin
(Fig. 1a) were created in the forehead region of adult male sika deer during
both the antler regenerating (ARP) and non-regenerating periods (non-
ARP). On post-operative day (POD) 30 after excisional injury (Fig. 1b), the
scab remained in the center of the wounds in non-ARP. In contrast, in the
wounds in ARP, scabs had flicked off to reveal that wound healing was
morphologically complete. By POD 60 (Fig. 1b), the non-ARP wounds
exhibited healing with scarring, having a distinct boundary with the unin-
jured skin. Whereas, the ARP wounds exhibited almost scarless healing, and
the boundary between the wound margin and uninjured skin was barely
distinguishable (Fig. 1b).

Histological analysis confirmed the restoration of skin appendages
(Fig. 1c and Supplementary Figs. 1 and 2a) with numerous neogenic hair
follicles (HFs), SGs, and sweat glands (SWGs). These regenerated skin
appendages were also confirmed by the expression of specific cytokeratins
14 and 19 for HF/SG, and cytokeratin 18 for SWG (Fig. 2a and Supple-
mentary Fig. 2b) and positive staining of oil red O for lipid (Fig. 2a). Despite
the existence of epithelial invaginations within the healed skin in non-ARP
wounds, these structures failed to evolve into definite HFs at least by POD 60
(Fig. 1c and Supplementary Fig. 1). HFs, if any, present in the non-ARP
wounds were all limited to the wound margins (Fig. 1c and Supplementary
Fig. 1). Quantification of HFs and SGs on POD 60 confirmed that the
numbers of HFs and SGs in the ARP wounds were restored to 72% + 8.5%
and 79% + 9.2%, respectively of the pre-injury levels; in contrast, the non-
ARP wounds restored only to 12% =+ 3.2% and 26% + 7.0% (Fig. 2b, ¢). The
fact that there were more regenerated HFs and SGs in the ARP wounds
compared with non-ARP wounds may be attributed in part to the presence
of more dividing cells in the epidermis (especially the basement membrane)

and dermis (especially HFs and SGs) in the ARP wounds compared with the
non-ARP wounds (Fig. 2d, e and Supplementary Fig. 3).

Skin ECM architecture/organization is integral part of the functional
skin. Therefore, we evaluated the quality of ECM in healed tissues from
ARP- and non-ARP wounds, including the density and architectural
arrangement of collagen fibers using unwounded skin as a control. The ARP
wounds exhibited more neogenic collagen fibers on POD 9 (Fig. 2g). Col-
lagen fibers, primarily collagen I, densely occupied the wound bed of both
ARP- and non-ARP wounds on POD 30. On POD 60, thickened and robust
collagen fibers in the ARP wounds, including both collagen I and III, were
rearranged through remodeling to a basket-weave-like pattern, resembling
that of intact dermis (Fig. 2f, g). In contrast, fine and immature collagen
fibers that filled the wound bed of non-ARP wounds were rearranged in a
thick parallel bundle fashion with collagen I dominating the healing dermal
tissue, reminiscent of a human scar. Taken together, by POD 60, the non-
ARP wounds healed with a fibrotic scar, but the ARP wounds showed
appendage neogenesis and matrix architecture restoration, indicating a
process of regenerative healing.

Molecular hallmarks of differential healing outcomes

As wound healing comprises multiple phases, it is critical to examine each
phase at the cellular and molecular levels. We detected the inflammatory
response to wounding in each type of healing using L-Plastin (pan-leuko-
cytic marker)” staining. In both types of healing, an influx of leukocytes was
observed on POD 3 after wounding, and the number of leukocytes increased
continually until it peaked on POD 9 (Fig. 3a). Quantitative analysis showed
no significant differences in the expression of L-Plastin between the two
groups, but the average expression level of L-Plastin in the ARP wounds was
lower than that in the non-ARP wounds on POD 3, 9 and 14, respectively
(Fig. 3b).

The transition from the fibroblast to the myofibroblast during wound
healing plays a critical role in the formation of a fibrotic scar”~’; therefore,
we sought to detect myofibroblasts using specific marker a-SMA staining.
Strong specific staining for myofibroblasts was found in the healing skin of
the non-ARP wounds (Fig. 3c), where mean optical density (MOD) values
of a-SMA staining were significantly higher than those of the ARP wounds
on POD 9 (Fig. 3d). We also detected neogenic blood vessels using a-SMA
staining as a-SMA expression is also a marker of the blood vessel wall. The
results showed that the neogenic vessels were rich in healing tissue in ARP
wounds (Fig. 3¢), and the number of the vessels was significantly higher than
that in the non-ARP wounds both on POD 9 and on POD 60 (Fig. 3e). We
therefore conclude that, at least in part, the ARP wounds healed in a
regenerative manner likely achieved through impairment in the inflam-
matory response, a lower level of myofibroblast differentiation, and an
increase in angiogenesis compared with non-ARP wounds.

Blood plasma from ARP in sika deer promotes regenerative
wound healing in rats

Our previous studies have shown that the large pedicle wound (10 cm
diameter or more) left by casting of the previous hard antler naturally
achieves regenerative restoration, realized through a paracrine pathway
from the closely abutted AnSCs. However, without the presence of the
paracrine factors of AnSCs, cutaneous wounds on the forehead region
during ARP also healed in a regenerative manner, despite the fact that this
healing was not accompanied by a change in skin type from pedicle skin to
antler velvet (skin); this indicates that systemic factors during ARP also play
indispensable roles in regenerative healing, although the change in skin type
may be caused by local factors.

To determine whether the effects of systemic factors on promoting
regenerative healing in deer is species-specific, we topically applied lyo-
philized deer plasma, collected during both ARP (ARPBP) and non-ARP
(non-ARPBP), to acute FTE cutaneous wounds in rats (Fig. 4a). On POD 14,
in the ARPBP-treated group, scabs had flicked off which revealed the
completion of wound healing morphologically, while in the non-ARPBP-
treated group, a small scab still remained in the center of the wound (Fig.
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Fig. 1| Morphological and histological observation during the course of forehead
skin healing in adult sika deer in antler regeneration period (ARP) and antler
non-regeneration period (non-ARP). a Schematic of wounding sites in ARP and
non-ARP. b Full-thickness excision wounds on the foreheads photographed on
post-operative day (POD) 0, 9, 30, or 60 days. The healing skin grew centripetally,
encircling the scab. Note that at POD 30 after initial wounding, healing was

POD 30

POD 60

morphologically completed in the ARP wounds in a regenerative manner, but in
non-ARP wounds in a scar manner. ¢ Masson’s trichrome staining on skin sections
from POD 60 ARP and non-ARP excision wounds; note that numerous neogenic
appendages were visible in the ARP wounds, but in contrast, significantly fewer
appendages were observed in the non-ARP wounds.

4b). On POD 28, a reasonably dense population of hairs was evident on the
healed skin of the ARPBP-wound (Fig. 4b), and histological results showed
that numerous regenerated skin appendages were distributed in the healing
skin; in sharp contrast to the non-ARPBP-treated group, in which very few
appendages were seen and only appeared at the wound margin (Fig. 4b-d).
These morphologically identified neogenic appendages were further

confirmed to be HFs and SGs, respectively, through CK19 and oil red O
staining (Fig. 5a, b). Consistent with the results of HE and Masson’s staining,
CK19 expression was significantly higher in the ARPBP-treated wounds
than in the non-ARPBP-treated wounds. Next, using the expression status
of Lefl, a specific marker for neogenic HFs (Fig. 5b and Supplementary Fig.
4), we confirmed the different developmental stages of HFs. The results
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showed that the ARPBP-treated wounds had more Lef1™ cells than those in
the non-ARPBP-treated wounds throughout the healed dermis (Supple-
mentary Fig. 4). Specifically, most Lef1" cells appeared in the bulb region of
epithelial invaginations in the ARPBP-treated wounds, suggesting they are
the initiation point of HFs regeneration (Fig. 5b). Quantification of the HFs
and SGs on POD 28 confirmed that numbers of HFs and SGs were both

Unwounded

significantly higher in the ARPBP-treated wounds (HF: 57% *6.7%,
SG:105% + 12.7%) than in the non-ARPBP-treated wounds (HF:
4.4% +0.71%, SG:14% + 4.7%, Fig. 5¢, d).

We next detected the proliferating cells in the healing tissues on POD
28 using Ki67 staining. The number of Ki67" cells in the epithelial basal layer
in the ARPBP-treated wounds was significantly higher than that in the non-
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Fig. 2 | Deer forehead skin exhibits regenerative healing after wounding
during ARP. a Neogenic HFs, SGs, and SWGs within the ARP wounds stained for
Cytokeratin 19 (CK19; green), oil red O (red), and Cytokeratin 18 (CK18; green). Ep,
epidermis; De, Dermis; HF, hair follicle; SG, sebaceous gland; SWG, sweat gland.
b, ¢ Quantification of neogenic HFs and SGs. Note that the numbers of regenerated
HFs and SGs in the ARP wounds were significantly higher than that in the non-ARP
wounds. Data are shown as the mean + SEMs (n = 3), with eight fields were ran-
domly chosen from three replicate of each tissue sections for statistical analysis.

d The diving cells within ARP- and non-ARP wounds stained with Ki67 (green). The
inset image shows the proliferating HF cells via staining with Ki67 (green) and CK19
(red). e Quantification of diving cells in epidermis and dermis. The number of
positive cells was significantly higher in ARP wounds both in epidermis and dermis

compared with non-ARP wounds. Data are shown as the mean + SEMs (n = 3) with
six fields randomly chosen from three replicates of each tissue section for statistical
analysis. f, g ECM properties for intact skin and ARP- and non-ARP wounds. Col I
(red/orange) and Col III fibers (green) were discriminated via picrosirius red
staining under polarized light microscope. On POD 9, more collagen fibers were
observed in the ARP-wound bed than in the non-ARP wounds. By POD 30, neogenic
collagen fibers, mainly collagen I, have filled in the healed tissue of both ARP and
non-ARP wounds. Note that on POD 60 in ARP wounds, the collagen fibers were
thickened, robust, and rearranged in a basket-weave-like pattern, similar to that of
unwounded skin. In contrast, in non-ARP wounds, neogenic collagen fibers were
rearranged in a dense parallel bundle fashion, similar to that of fibrotic scar. RD
regenerated dermis, RE regenerated epidermis.
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Fig. 3 | Molecular hallmarks during the course of healing of ARP- and non-ARP
wounds. a Cells of hemopoietic lineages were detected using L-plastin staining on
the wound bed at different time points. An influx of leukocytes (black arrowheads)
was observed on POD 3 after wounding in both cases, and the number of leukocytes
increased until the peak on POD 9, and then decreased; WM, wound margin.

b Quantification of the MOD (mean optical density) value of L-plastin, based on the
results of (A). Note that the mean MOD value of L-Plastin staining was increased in
ARP wounds compared to non-ARP wounds at any given time point, although the
difference was not significant. Data are shown as the mean + SEMs (1 = 3) with six
fields randomly chosen from three replicates of each tissue section for statistical
analysis. ¢ Myofibroblasts and neogenic blood vessels were detected on the wound
bed using a-SMA staining. Strong specific staining for myofibroblasts (blue

arrowheads) was highly significantly detected in the non-ARP wounds compared to
the ARP wounds. On the contrary, significantly more neogenic blood vessels (red
arrowheads) were observed in the ARP wound bed compared to the non-ARP
wounds. d Quantification of a-SMA staining for myofibroblasts. Note that the MOD
value of a-SMA staining in ARP wounds was significantly higher than that in the
ARP wounds on POD 9. Data is shown as the mean + SEMs, n = 3, six fields were
randomly chosen from three replicates of each tissue section for statistical analysis.
e Quantification of neogenic blood vessels. Note that the number of neogenic blood
vessels in ARP wounds was significantly higher than that in non-ARP wounds either
on POD 9 or POD 60. Data are shown as the mean + SEMs (n = 3) with eight fields
randomly chosen from three replicates of each tissue section for statistical analysis.
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Fig. 4 | Morphological observation and histological assessment of the effects of
deer blood plasma from ARP (ARPBP) and non-ARP (non-ARPBP) on cuta-
neous wound healing. a Schematic diagram of the experimental design.

b Morphological comparison of the healing process of rat dorsal full-thickness
wounds between ARPBP and non-ARPBP treatment groups. Note that on POD 28,
there is a sparse population of hair in the center of the wound in the ARPBP
treatment group. ¢ Skin sections from POD 28 excision wounds with HE staining.
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Note that numerous neogenic appendages were observed in the wounds after
ARPBP treatment, while very few appendages were seen at the wound margin in the
non-ARPBP treatment group. d Skin sections from POD 28 excision wounds with
Masson’s trichrome staining. Consistent with the HE staining results, ARPBP sig-
nificantly improved wound healing quality evidenced by restoration of skin
appendages.

ARPBP-treated wounds (Fig. 5e, f), suggesting that the increased pro-
liferation rates might be related to further epithelial invagination and
transformation into HFs from epithelial invagination in the ARPBP-treated
wound epidermis. In the dermis, the number of Ki67* cells in the ARPBP-
treated wounds was also significantly higher than in the non-ARPBP
wounds and was distributed mainly in the newly forming HFs and SGs (Fig.
5e, g). Overall, treatment with ARPBP promoted the rate of cell proliferation
in the healing tissues, which may be related to the formation of HFs and SGs.

To explore the ECM status of the regenerated healing tissue, we
measured the density and architectural arrangement of collagen fibers using
Sirius red staining. On POD 28 after ARPBP treatment, the pattern of
collagen composition and architectural arrangement in the healing dermal
tissue were almost restored to the pre-wounding level including both col-
lagen T and III, with a basket-weave-like architecture (Fig. 5h), and the

wound dermis was virtually indistinguishable from the adjacent uninjured
dermis, suggesting a complete regeneration of the dermal matrix. In con-
trast, after the non-ARPBP treatment, the healing tissue comprised pre-
dominantly collagen I, which was arranged in a dense parallel bundle
fashion, typical of a fibrotic scar. Taken together, our results show that the
ARPBP treatment of the acute wounds significantly improved the quality of
healing including a completely restored dermis, in contrast to the non-
ARPBP treatment, and these effects are not species-specific.

ARPBP inhibits inflammatory and promotes anti-inflammatory
response

It has been proposed that whether healing of a wound is realized in a
regenerative fashion or as a fibrotic scar is closely associated with the level of
inflammatory response, with exaggerated inflammation contributing to
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Fig. 5| ARPBP promotes regenerative wound healing in rats. a, b Neogenic HFs
and SGs in the ARPBP-treated wounds, stained with CK19 (green), CK14 (red), Lefl
(green and brown), and oil red O (red). The white arrowheads point to the neogenic
HFs and SGs. ¢, d Quantification of neogenic HFs and SGs. Note that the numbers of
regenerated HFs and SGs in the ARPBP treatment group were significantly higher
than those in the non-ARPBP treatment group. Data are shown as the mean + SEMs
(n = 3) with ten fields randomly chosen from three replicates of each tissue section
for statistical analysis. e Diving cells in the wound bed stained with Ki67 (green) and

°
3
g P<0.0001
c
E
S 804
2
3 N -
2
&
8 404
e
[
w
-
5 [y N _ .
T
3
& P<0.0001
3
£ 150
3
]
o 100
2
K
[
: 50 '
® sl
= T T
f E 25 g 0 25
g P=0.0087 g P=0.0314
E‘ 20 8 20-]
c
E154 o 15
2 . 3
® 40 o
o 10 i 5 10 —— -
N w ©
g 5 : 2 o
s 2 | e n
°
x 0 T T =0 T T
[ ARPBP = non-ARPBP |

CK19 (red). Note that ARPBP treatment group had significantly more stained cells
(white arrowheads) than the non-ARPBP group. f, g Quantification of diving cells in
epidermis and dermis. Note that the ARPBP group had significantly moreki67* cells
in both epidermis and dermis than the non-ARPBP group. Data are shown as the

mean + SEMs (n = 3) with six fields randomly chosen from three replicates of each
tissue section for statistical analysis. h ECM ultrastructural properties for healed skin
on POD 28. Note that the ECM architecture in the ARPBP group was comparable to
normal skin, whereas fibrosis characteristics were evident in the non-ARPBP group.
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Fig. 6 | Immunohistochemical (IHC) staining. a [HC staining of myeloperoxidase
(MPO), L-plastin, and CD163. Note that ARPBP group had much stronger
CD163 staining (blue arrowheads), but much weaker staining of MPO (red
arrowheads) and L-plastin (green arrowheads). b IHC staining of a-SMA. Note that
ARPBP group had much stronger staining for neogenic blood vessels (blue

arrowheads), but much weaker staining for myofibroblasts (red arrowheads),
compared to the non-ARPBP group. ¢ IHC staining of TGF-1 and TGF-p3. Note
that ARPBP group had much stronger TGF-[3 (red arrowheads) staining, but much
weaker TGF-B1 (blue arrowheads) staining, compared to the non-ARPBP group.

increased fibrosis™. In order to characterize the inflammatory response,
L-plastin staining was performed on the wound bed on POD 3. Based on the
number of L-plastin® cells, we found the non-ARPBP-treated wounds
exhibited a more severe infiltration of leukocytes into the wound bed,
whereas ARPBP-treated wounds showed weaker positive staining (Fig. 6a).
Comparative analysis of L-plastin® cells showed that the number of leu-
kocytes was significantly lower (P < 0.001) in ARPBP-treated wounds than
in non-ARPBP-treated wounds (Fig. 7b). To further quantitate the
inflammatory response, we examined neutrophil infiltration using staining
with myloperoxidase (MPO), a marker of neutrophils. Consistent with the
results of L-plastin staining, MPO-staining showed that the number of
neutrophils was significantly lower in the ARPBP-treated than in the non-

ARPBP-treated wounds (Figs. 6a and 7a), indicating a reduced inflamma-
tory response after ARPBP treatment. Next, we performed staining with
CD163, a marker of anti-inflammatory monocytes, to assess the anti-
inflammatory response in the healing tissue on POD 3. The results showed
that number of CD163" cells in ARPBP-treated wounds was significantly
higher than that in non- ARPBP-treated wounds (Figs. 6a and 7c), indicating
an enhanced anti-inflammatory response following ARPBP treatment.

ARPBP inhibits myofibroblast differentiation but elevates the
ratio of TGF-33 to TGF-31

Next, we investigated the differences in myofibroblast transition and
angiogenesis in the proliferation phase of wound healing in the ARPBP-
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a

Fig. 7 | Molecular hallmarks during the course of healing in ARPBP- and non-
ARPBP-treated wounds. a-f Quantification of the number of MPO™ and CD163"
cells, and MOD values for L-plastin, a-SMA, TGF-p1, and TGF-$3, based on the

results of IHC staining. Data are shown as the mean + SEMs (1 = 3) with six fields
randomly chosen from three replicates of each tissue section for statistical analysis.
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treated and non-ARPBP-treated wounds using a-SMA staining. Strong
positive staining for myofibroblasts was present in the healing tissue in both
cases on POD 3. Through the progression of wound healing, the number of
myofibroblasts gradually declined to an undetectable level in the healing
tissue by POD 28 (Fig. 6b). The intensity of specific staining for myofi-
broblasts on POD 3 and POD 10 was significantly higher in non-ARPBP-
treated wounds than those in ARPBP-treated wounds, respectively (Fig. 7d).
In contrast, the newly formed blood vessels were more dense in the ARPBP-
treated wounds than those of non-ARPBP-treated wounds.

To further evaluate the differences between the ARPBP-treated and
non-ARPBP-treated wounds at the molecular level, we examined the
expression levels of genes related to wound healing, namely TGF-f1 and
TGF-B3 through IHC. Strong TGF-f3 expression was detected in the
healing tissues of the two types of wounds on POD 3; subsequently, the
expression level became low on POD 10, and was maintained a similar level
thereafter (Fig. 6¢). Comparative analysis showed that the average level of
TGF-B3 in the healing tissues of the ARPBP-treated wounds was higher
than that of the non-ARPBP-treated wounds, with the differences on POD
10 and 28 being statistically significant (Fig. 7e). Cells positive for TGF-p1
were found only sparsely in the healing tissue of the ARPBP-treated wounds
on POD 3, but they increased and peaked on POD 10, subsequently declined
to virtually undetectable level by POD 28. The non-ARPBP-treated wounds
showed a similar expression trend to the ARPBP-treated wounds, but TGF-
BL" cells in the non-ARPBP-treated wounds were significantly higher than
in the ARPBP-treated wounds on POD 3 and 10, respectively (Figs. 6¢c and
7f). Overall, the ARPBP-treated wounds exhibited a higher ratio of TGF-f3
to TGF-B1 than the non-ARPBP-treated wounds (Fig. 7g), a situation
reminiscent of fetal regenerative wound healing”’.

ARPBP promotes regenerative healing through actively
remodeling ECM

The final stage of wound healing is ECM remodeling; dysregulation of ECM
remodeling has been shown to contribute to the pathogenesis of several
wound healing disorders, such as scar formation. RNA sequencing (RNA-
seq) analysis of the healing skin from ARPBP-treated and non-ARPBP-
treated wounds on POD 28 was performed to gain further insights into the
remodeling processes that led to different healing outcomes. GO annotation
analysis for differentially expressed genes (DEGs) showed that significantly
enriched GO terms were mainly related to ECM architecture/organization
through collagen trimer, extracellular matrix organization, extracellular
structure organization, intermediate filament, and fibrillar collagen trimer,
which were all consistent with the histological results (Fig. 7h). That is, the
composition and arrangement of collagen in the ARPBP-treated wounds
were comparable to the uninjured levels, in sharp contrast to the parallel
arrangement of immature and thin collagen fibers in the non-ARPBP-treated
wound. Further, we found that genes for multiple types of collagens were
significantly up-regulated in the ARPBP-treated wounds with the enriched
term collagen trimer, including fibrillar collagens through Collal, Colla2,
Col3al and Col5al (for structural scaffold formation), and non-fibril forming
collagens through Col7al (for basement membrane formation), Col6al (for
beaded-filament forming) and Coll2al (orchestrating proper skin matrix
structure) (Fig. 7i). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis showed that the significantly enriched pathways for DEGs included
the “estrogen signaling pathway” (important in wound healing), “relaxin
signaling pathway” (anti-fibrosis and promotion of collagen remodeling™)
and several other metabolism-related signaling pathways (Fig. 7j). Taken
together, we conclude that it is the ARPBP treatment that has induced ECM
regeneration through orchestration of appropriate collagen remodeling.

In summary, wound healing consists of three distinct but overlapping
phases (Fig. 7k), effects of ARPBP treatment on regenerative wound healing
may be achieved through the impaired inflammatory response, reduced
myofibroblast transition, increased angiogenesis, increased ratio of TGF-3
to TGF-B1 and orchestrated collagen remodeling; and all these collectively
contribute to the final outcome of regenerative wound healing in the ARPBP
treatment group compared to the non-ARPBP treatment group.

Regeneration-related factors are enriched in the ARPBP

To identify systemic factors potentially contributing to regenerative healing
in either deer forehead wounds or rat dorsal wounds, we performed com-
parative DIA quantitative proteomics analyses of deer plasma to detect the
differentially expressed protein (DEPs) factors between the ARPBP and
non-ARPBP. Principal component analysis (PCA) was carried out to
determine the spatial distribution, and similarities and differences between
the two types of plasma; the results showed that samples collected from the
same season were unambiguously grouped together (Fig. 8a). Proteomic
results showed that 106 significantly DEPs were enriched and 52 proteins
were upregulated, and 54 proteins were down-regulated in the ARPBP
compared to the non-ARPBP (Fig. 8b). These DEPs could be divided into
15 subgroups according to their functional classification using PantherDB
(Fig. 8c), among which upregulated proteins function as transfer/carrier
protein, protein modifying enzyme, etc (Fig. 8d). KEGG analysis showed
that DEPs that were significantly enriched in the pathways related to
metabolism, including “Cholesterol metabolism”, “Proteasome”, and
“Pyruvate metabolism”; in addition, the platelet activation pathway, which is
widely recognized as having a critical role in tissue regeneration”’, was also
enriched (Supplementary Fig. 5).

Given that ARPBP promoted complete regenerative healing and was
associated with orderly changes in inflammatory response, cell proliferation,
myofibroblast transformation, and matrix remodeling, we focused on the
protein factors involved in these processes in the upregulated proteins and
identified ten candidate factors that are correlated with wound healing and
tissue regeneration, includjng IGF-1, PRG4, MMP2, POSTEN, ADIPOQ,
FMOD, COL12A1, LUM, THBS4, PRL (Table 1). Together, these data
suggest that these differentially expressed and wound healing-associated
proteins may be the key factors in inducing different healing outcomes.

The combination of PRG4 and IGF-1 on the promotion of regen-
erative wound healing in rats

Among the above candidate factors, we noted that IGF-1 and PRG4 are
involved in multiple wound-healing processes. Consistent with a previous
report that IGF-1 is significantly elevated during ARP relative to the other
phases of the antler growth cycle and exhibits a strong positive correlation
with antler growth rate, we found that plasma levels of IGF-1 during ARP
were significantly higher than that during non-ARP; the same was to PRG4.
PRG4 was reported capable of enhancing tissue regeneration. To identify
the key plasma factors and potential combinations for promoting regen-
erative wound healing in both deer and rat skin, we focused on these two up-
regulated factors: IGF-1 and PRG4. The morphological results showed that
on POD 14, wounds in the IGF-1 and IGF-1 4+ PRG4 groups were essen-
tially closed; whereas in the control group, the wounds were still evident (Fig.
9a). Wound closure was significantly accelerated in the IGF-1 or IGF-
1 + PRG4 group compared with the control group. Notably, the differences
between IGF-1 and IGF-1 + PRG4 groups were also evident on POD 3 and
POD 10 with the IGF-1 + PRG4 treatment being the most effective treat-
ment for accelerating wound healing (Fig. 9b). On POD 28, healed skin was
harvested for histological evaluation of the quality of healing. The results
showed that the healing tissue of control wounds contained dense, parallel
collagen bundles without appendages, whereas healing tissues of wounds
treated with IGF-1 or IGF-1 4+ PRG4 demonstrated reduced fibrosis with an
appreciable number of HF/SG-like structures appearing at the margin and
middle of the wounds (Fig. 9c-e), indicating that PRG4 and IGF-1 are both
effective in promoting regenerative wound healing. Notably, the combina-
tion of PRG4 and IGF-1 achieved even better results: it accelerated both the
rate of wound healing and promoted regenerative wound healing, sug-
gesting that PRG4 and IGF-1 may have additive effects in promoting
regenerative wound healing.

Given the role of IGF-1 and PRG4 on angiogenesis, we examined
neovascularization on the wound bed to explore the possible paths whereby
IGF-1 and PRG4 promote wound healing, using CD31 immunohisto-
chemical staining. The results showed that the neogenic vessels were rich in
healing tissue in IGF-1 4+ PRG4 treated group (Fig. 9f), and the number of
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the vessels was significantly higher than in the other groups (Fig. 9g).
However, there was no significant difference between the IGF-1 and the
control group, suggesting that PRG4 may play a major role in promoting
angiogenesis rather than IGF-1.

To test the above hypothesis, a tube formation assay was performed to
detect the effect of exogenous PRG4 on angiogenesis in vitro. Unexpectedly,
there was no significant difference in vitro angiogenic ability of HUVECs
between PRG4 and the control group (its corresponding vehicle control, i.e.,
PBS, Fig. 9h, j, k). We speculate that PRG4 may not act directly on HUVECs
for the promotion of angiogenesis. To confirm this, rat dermal fibroblasts
(DFCs) and macrophage RAW264.7 cell lines were respectively co-cultured
with HUVECs, and PRG4 was added to explore its indirect effects on the
proliferation of HUVECs. As shown in Fig. 9i, the angiogenic ability of
HUVECs was significantly increased when being co-cultured with DFCs;
whereas angiogenic ability was significantly decreased after co-culture with
raw264.7 cells. The addition of PRG4 enhanced the angiogenic effect of
DFCs on HUVECs. A large number of intact polygons formed by HUVECs
was observed in the DFC + PRG4 group, and quantitative results showed
that both branch number and total branch length were significantly
increased than other groups (Fig. 9i, 1, m), indicating that PRG4 may pro-
mote angiogenesis in wound healing by regulating the behavior of DFCs
such as the secretion of angiogenesis-related factors such as VEGF, which
then functions on endothelial cells.

Discussion

To the best of our knowledge, this is the first detailed study solely focused on
the roles of systemic factors from the circulating blood of male deer in
regenerative healing of cutaneous wounds applying an approach that can
effectively tease apart systemic and local factors. The results, using the
creation of FTE wounds on the deer forehead region, exhibited differential
healing outcomes depending on whether the healing process took place
during the ARP (spring-summer) or in non-ARP (winter). Forehead
wounds during ARP achieved regenerative healing, whereas, during non-
ARP, scarring was the final outcome. Therefore, key systemic factors from
the circulating blood plasma during ARP (ARPBP) must be responsible for
the effects. Topical application of ARPBP (as a source of systemic factors) on
FTE wounds in the rat promoted healing in a regenerative manner, whereas
plasma collected in the non-ARP (non-ARPBP) did not, suggesting that
these factors are not species-specific. Our investigations revealed that
regenerative healing was achieved through an increase in cell proliferation
and angiogenesis, an impairment of the inflammatory response, a reduction
in myofibroblast transformation, and an orchestrated remodeling of col-
lagen associated with an increase in the ratio of TGF-3 to TGF-pl.
Comparative proteomics analysis of the ARPBP and non-ARPBP identified
some highly up-regulated factors from the ARPBP with regeneration-
stimulating potential, such as PRG4 and IGF-1. Topical application of IGF-1
or PRG4 + IGF-1 on rat FTE wounds greatly promoted regenerative
healing, and the effects of the latter were better than the former. Further
analysis confirmed that PRG4 promoted angiogenesis by indirectly reg-
ulating endothelial cells via functioning on DFCs, evidenced by the results
from our co-culture system. Overall, our findings demonstrate that,
although both local paracrine factors and systemic factors during ARP are
required for the realization of full antler regeneration, the latter likely creates
a unique niche that favors cutaneous regeneration over scar formation after
wounding, not only in deer but also in other mammals, such as rats. In
contrast, local factors may play a specific role in ARP se, and in alteration of
the type of skin.

Deer antlers are the only mammalian structures, that, once lost can
fully regenerate”’, and antler regeneration starts from the regenerative
healing of a wound (up to 10 cm in diameter) over a pedicle stump'®"*".
Although being claimed as regenerative, the healed skin is no longer a scalp/
pedicle-type in nature but rather a velvet-like type, which features a shiny
surface with sparsely adorned thin HFs, exaggerated SGs, and absence of
SWGs and arrector pili muscle'”"". Interestingly, we found that deletion of
the periosteum from a pedicle (which removes local factors) in summer can
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effectively abolish antler regeneration but cannot inhibit regenerative
wound healing over the periosteum-deprived-pedicle, even though the
healed skin was no longer velvet-type, but remained as of scalp/pedicle-
type”. This indicates that systemic factors in the circulating blood during the
antler growth season must have contributed to the regenerative healing of
cutaneous wounds on pedicles; in contrast, local factors from the periosteum

(where AnSCs reside) must be indispensable for antler regeneration, and
also noting their involvement in the formation of exaggerated SGs, the lack
of SWGs and arrector pili muscle, and in the miniaturization and thinning
of HFs. The claim that it is local factors from the AnSCs that change the skin
type to velvet-like during wound healing on the pedicle stump is indirectly
supported by our recent publications on cutaneous wound healing of rats
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Fig. 9 | The effects of PRG4 and IGF-1 on promotion of regenerative wound
healing in rats. a Morphological comparison of the healing process of rat dorsal full-
thickness wounds between different treatments. b Quantitative evaluation of wound
closure during healing (n = 3). Note: application of IGF-1 and/or IGF-1 + PRG4
promoted the rate of wound healing rate compared to the control. The best treat-
ments was that of IGF-1 + PRG4. ¢ Skin sections from the excision wounds on POD
28 with Masson’ trichrome staining. Note that HF/SG-like structures were clearly
seen at the margin and middle of the wounds in IGF-1 or IGF-1 + PRG4 group,
while no appendages were observed in the wound bed of the control group.

d, e Quantification of neogenic HFs and SGs. Note that numbers of regenerated HFs
and SGs in the IGF-1 and IGF-1 + PRG4 treatment group were significantly higher
than those in the control group. Data is shown as the mean + SEMs (n = 3) with six

fields randomly chosen from three replicates of each tissue section for statistical
analysis. f THC staining of CD31 on POD 10. Note that a large number of neogenic
vessels were seen on the wound bed after IGF-1 + PRG4 treatment. g Quantification
of neogenic vessels. Note that the number of the vessels in IGF-1 + PRG4 group was
significantly higher than the other groups, and there was no significant difference
between the IGF-1 and the control group. Data is shown as the mean + SEMs (n = 3)
with six fields randomly chosen from three replicates of each tissue section for
statistical analysis. h, i Tube structure on Matrigel could be observed 4 h after seeding
HUVECs. j-m Quantification of the branch number and the total branch length.
Data is shown as the mean + SEMs (n = 3) with six fields randomly chosen from
three replicates for statistical analysis.

using either AnSCs', AnSCs-exosomes™, or AnSCs-conditioned medium™.
The treatments in these studies all achieved regenerative wound healing in
rats, but without exception, each type of regenerated skin tissue featured at
least the partial feature of velvet skin, including partially exaggerated SGs.

Over the years of working with deer, we have observed that cutaneous
wounds in male deer, either accidental or resulting from surgery, can heal
not only quickly but also in a regenerative manner during spring-summer
(the antler growth period), but such healing appears to be slower in winter,
and seems more likely to heal with a scar. This observation is now supported
by our experimental results, in that the rate of healing of the pedicle wound
in winter, induced by castration, was less than half of that in summer, and
notably the quality of healing was also inferior (unpublished data). There-
fore, we hypothesized that systemic factors in ARPBP must contain key
factors that support regenerative wound healing compared with non-
ARPBP. To verify this assumption in the present study, we created FTE
wounds on the deer forehead regions both in summer and in winter, and the
results convincingly demonstrated that wounds in summer healed in a
regenerative manner, whereas in winter the wounds healed in a scarring
manner. Next, we respectively collected ARPBP and non-ARPBP, for the
treatment of acute wounds in a FET model in rats and found that the former
significantly improved the quality of wound healing and promoted skin
regeneration, while the latter did not. Taken together, the above results
confirmed that systemic factors in ARPBP could support the robust
regeneration of skin tissues after wounding and are not species-specific.

Wound healing is generally divided into three distinct but overlapping
phases: inflammation, proliferation, and remodeling”. To identify the
underlying mechanism of a regenerative path induced by systemic factors in
ARPBP, the major hallmarks of healing in these three phases were inves-
tigated. In the inflammation phase, ARPBP treatment promoted an anti-
inflammatory but suppressed a pro-inflammatory response; in the pro-
liferation phase, ARPBP inhibited myofibroblast differentiation, but
increased angiogenesis and the ratio of TGF-B3 to TGF-B1; in the remo-
deling phase, ARPBP induced ECM regeneration through orchestrated
collagen remodeling (Fig. 10). These results indicate that the systemic fac-
tors functioned in the above unique molecular events may be the key factors
for promoting regenerative wound healing.

To identify the putative factors in deer blood plasma collected in the
summer, we conducted a comparative analysis through DIA quantitative
proteomics between ARPBP and non-ARPBP. The results showed that the
differentially up-regulated proteins in ARPBP were mostly related to wound
healing or tissue regeneration, and from which we identified ten candidate
factors, including IGF-1, PRG4, POSTN, ADIPOQ, FMOD, etc. The plasma
levels of IGF-1 have long been reported to be significantly elevated during
the antler growth phase relative to the other phases and show a strong
positive correlation with the rate of antler growth™*. It is known that
IGF-1 is a potent mitogen and plays an important role in increasing the
proliferation of mesenchymal stem cells and chondrocytes resident in the tip
of growing antlers” ™, indicating that its high-level expression likely con-
tributes to the enhanced effects on cell proliferation in the healing tissues
both in deer or in the rat as shown in the present study. Here, we examined
the effect of IGF-1 on wound healing in rats and found that it significantly
improved wound healing, including faster healing speed and increased

healing quality. More surprisingly, the combined application of both IGF-1
and PRG4 (proteoglycan 4) showed a better therapeutic effect than that of
IGF-1 alone. PRG4 is a boundary lubricant originally identified in articular
cartilage and has been since shown to have immunomodulation and anti-
fibrotic properties***’. Recent reports have shown that PRG4 treatment
could improve repair quality by increasing re-vascularization after full-
thickness skin wounds in a preclinical porcine model®. IGF-1 has also been
reported to play a role in angiogenesis, so CD31 staining was performed to
determine whether the combined application of PRG4 and IGF-1 would
improve wound healing by promoting angiogenesis. Surprisingly, IGF-1
had no significant effect on the promotion of neovascularization, while the
combination of IGF-1 and PRG4 significantly increased neovascularization,
suggesting that PRG4 plays a major role in promoting re-vascularization
rather than IGF-1. Subsequent in vitro experiments confirmed that PRG4
indirectly enhanced the ability of tubing formation by HUVECs via reg-
ulating DFCs, which may be achieved by increasing the expression of
angiogenic-related growth factors, such as VEGF. This assumption requires
further verification experimentally. In addition to IGF-1 and PRG4, other
differential candidates up-regulated in ARPBP have also been reported to
contribute to tissue regeneration through functioning in different stages of
wound healing. For example, POSTN appears to be important for stimu-
lating keratinocyte proliferation and collagen fibrillogenesis*, ADIPOQ
regulates cutaneous wound healing by promoting keratinocyte proliferation
and migration®. In addition, the sources of the highly contained factors in
the ARPBP warrant also further exploration. Amongst these sources, AnSCs
resident in PP, which drives the whole antler regeneration during ARP*,
would be an unneglected one. Whether the putative factors of the AnSCs-
derivative are regenerative wound healing-promoting is worthy of further
exploration.

Taken together, ARPBP treatment could achieve regenerative healing,
but non-ARPBP could not, in which differential systemic factors must play
crucial roles. Furthermore, our finding may go even beyond the cutaneous
wound healing, for instance, our ARPBP may also functions on bone
fracture and internal parts of an open injury, if that is the case that would
make our finding even more significant. In summary, regenerative wound
healing over a pedicle stump prior to antler regeneration is regulated by both
local and systemic factors. Local factors play indispensable roles in ARP se
and in the alteration of the type of healing skin (to velvet skin), which
includes miniaturization of HFs, production of large and multi-lobed SGs,
and terminating the appearance of SWGs and arrector pili muscle. In
contrast, systemic factors promote generic wound healing including
enhancing the anti-inflammatory, suppressing the pro-inflammatory
response, increasing angiogenesis, inhibiting myofibroblast transition,
increasing the ratio of TGF-B3 to TGF-P1, and orchestrating collagen
remodeling. These findings are highly likely to have potential medical
applications: (1) through analysis of systemic factors, we may identify
molecules/substances specifically responsible for the regulation of the for-
mation of each type of skin appendages, such as HFs, SGs, and SWGs; (2) to
find and isolate the molecules responsible for the full regeneration of skin
without scar, in order to design a synthetic medicine that could be used to
both reduce the time of recovery from surgery and injury, as well as to induce
full regeneration of skin in those cases without the unesthetic scars.
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Fig. 10 | Schematic illustration depicts the differ-
ent healing outcomes in the forehead region under

/" ARP

the influence of systemic factors either from cir-
culating blood in ARP or non-ARP in sika deer.
ARP Antler regeneration period, non-ARP non-
Antler regeneration period. Created with Adobe
Ilustrator and Adobe Photoshop software.
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Methods

Animals

Nine adult sika deer (Cervus nippon) stags of similar body weight
(90-100 kg) were housed in an outdoor enclosure at DongAo Deer Farm for
the duration of experimental procedures. Three were assigned for blood
sample collection, and the other six were assigned to the wounding
experiments. Experiments were performed during the period of rapid antler
growth (June to August, ARP) and antler ossification (September to
November, non-ARP). Male Sprague Dawley (SD) rats (weighing 150 g)
were 6-8 weeks of age at the time of wounding. Rats were group housed (3
rats per cage) in a controlled environment (12h light/dark cycle at
21-24 °C) with unrestricted access to water and a standard chow diet. Rats
were randomly designated to each experimental group.

All manipulations on experimental deer and rats were performed
under the guidelines and study protocols of the Institutional Animal Care
and Use Committee of Changchun Sci-Tech University (Permit Number:
CKARI202213, CKARI202321).

Skin wound creation and tissue collection

Sika deer wounding: three deer (stags 1, 2, and 3) were used during ARP and
the other three (stags 4, 5, and 6) during non-ARP. All animal handling was
done in the early morning to reduce any potential heat stress. The deer were

anesthetized (Medetomidine, 0.07-0.15 mg/kg) and then blindfolded. Sternal
recumbency was maintained to reduce the risk of aspiration of regurgitated
rumen contents. The depth of anesthesia, heart, and respiratory rate, and
temperature were monitored continuously. Analgesia was accomplished with
administration of a non-steroidal anti-inflammatory (Meloxicam, 0.5 mg/
kg). Forehead skin was clipped to remove hair and prepped with alternating
betadine and alcohol wipes. One FTE wound (20 mm diameter) was created
on the forehead skin of each deer. Sedation/anesthesia was then reversed
(Atipamezole, intramuscular injection at 5 times the dose of medetomidine
used). In each stag, each wound was sampled twice; healing tissue was col-
lected from the wounds on stags 1 and 4 on day 3 post-operation (POD) and
then allowed to heal before the second sample on day 30 POD; similarly, the
wounds on stags 2 and 5 were sampled on day 9 and 60 POD, and those on
stags 3 and 6, were sampled on day 14 and 60 POD. The healed tissues
(harvested area: 0.3 cm” on day 3, 0.5 cm” on day 9, 0.6 cm’ on day 14, 1.5 cm®
on day 30 and 60) were harvested along the margin of the wounds by
excisional biopsy utilizing the same anesthetic protocol.

SD rat wounding: all rats (n =18 for ARPBP and non-ARPBP plus
n =9 for protein factors) were anesthetized with 2% isoflurane, their dorsal
hair was removed with depilatory cream, and the exposed skin was sterilized
with 70% ethanol and betadine. One round FTE wound was created for each
rat with a sterile 12 mm biopsy punch on the dorsal skin between the
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forelimbs and the hindlimbs. Each rat was housed in an individual cage after
surgery. In rats receiving plasma, the procedure was: immediately following
injury, 50 pl of concentrated deer plasma (10x concentration) was injected
subcutaneously into the uninjured tissue at the margin of each wound. The
treatment was repeated weekly. At the indicated POD (3, 10, or 28, 1 = 3 per
time point), rats were euthanized by carbon dioxide inhalation, and the
wound tissues were harvested by excising a 1.5 mm ring of tissue around
each wound. For the protein factors used in rats per wound: 50 pl of
recombinant human IGF-1 (40 ng/pl; PeproTech, USA) or IGF-1/PRG4
(IGF-1: 2 ug; recombinant human PRG4:0.5 ug, CUSABIO, China); and the
vehicle control, PBS, each was injected locally into the wound as described
above. The treatment was repeated weekly. The wound tissues were col-
lected on day 28 post-surgery (n = 3).

All samples from deer wounds or rat wounds were divided into three
parts. One-third of each sampled tissue was fixed in 4% paraformaldehyde
immediately after removal. The next third was snap-frozen in clear opti-
mum cutting temperature compound (OCT, Sakura, USA) on dry ice fol-
lowed by storage at —80 °C until further use. The remaining third was flash-
frozen in liquid nitrogen and stored at —80 °C until use.

After surgery, animals were monitored daily, and no aberrant behavior
was detected.

Preparation of deer blood samples

Blood samples were collected from three male sika deer during the rapid
antler regeneration phase (June, 2023) and again from the same deer during
the antler ossification period in late autumn (October, 2023). All blood
sample collections were carried out in the early morning (6:00 am) to
minimize any heat stress. Deer were anesthetized as described above. Blood
was drawn from the jugular vein and samples were collected in 0.1 M EDTA
tubes. Plasma was obtained by centrifuging at 3000 rpm at 4 °C for 15 min,
filtered through 0.22-um pore size filters (Millipore Corp, Billerica, MA),
and stored at —80 °C. For animal experiments, plasma samples from the
three deer were blended and further concentrated (10x concentration) via
lyophilization, and finally rehydrated with PBS.

Histology

After fixation, the samples were washed with running water, dehydrated
through serial ethanol washes, cleared with xylene, infiltrated with paraffin
through serial incubations, and embedded in paraffin. Sections were cut at a
thickness of 5 um and incubated at 60 °C for 3 h to affix sections to slides prior
to staining. Tissue sections were deparaffinized, rehydrated, and stained with
haematoxylin-eosin (H&E) and Masson’s trichrome using commercial kits
(Solarbio, Beijing, China) according to the manufacturer’s protocols. The
stained images were captured under an inverted microscope (Nikon, Japan)
or slice scanner (M8 microscope and scanner, PreciPoint, Germany).

Skin glands and extracellular matrix structure analysis
For evaluation of the density and architectural arrangement of collagen fibers,
Picrosirius Red staining was performed using commercial kits (Tianenze,
Beijing, China) according to the manufacturers’ protocols. In brief, tissue
sections were placed in Picrosirius Red solution for 2 h, washed and finally
stained with hematoxylin for 5min. Stained sections were dehydrated,
mounted, and then imaged using polarized light microscope (Nikon, Japan).
Neogenic SGs were assessed and confirmed by Oil red staining using
commercial kits (Beyotime, Shanghai, China) according to the manu-
facturers’ protocols. In brief, frozen tissue was cryosectioned at 10 pm
thickness, and placed on positively charged slides. Tissue sections were
thawed, washed with phosphate-buffered saline (PBS), and then placed in
oil red staining solution for 20 min, washed and counterstained with hae-
matoxylin for 5min. After staining, tissue sections were photographed
under a microscope (EVOS M5000, Thermo Fisher, USA).

Immunohistochemistry
For paraffin-embedded sections, immunohistochemistry was performed
using an UltraSensitiveTM SP (Mouse/Rabbit) THC Kit (MX

Biotechnologies, China) according to the manufacturer’s protocol. Briefly,
skin tissue sections were dewaxed, rehydrated with xylene and ethanol
(100%, 95%, 80%, 70%), and subjected to antigen retrieval. Thereafter, the
sections were washed in PBS, placed in 5% bovine serum albumin to block
non-specific binding to antibodies, and then incubated with primary anti-
bodies overnight at 4 °C. Sections were washed with PBS and incubated with
biotinylated secondary antibody for 10 min at room temperature, visualized
using DAB (3,3-diaminobenzidine) (MX Biotechnologies, China), and
counterstained with haematoxylin for 5 min. Primary antibodies included
rabbit anti-a-SMA (1:2000, Abcam, ab32575), rabbit anti-plastin-L (1:200,
Abcam, ab109124), rabbit anti-ki67 (1:1000, Abcam, ab16667), rabbit anti-
TGEF-B3 (1:100, Abcam, ab15537), or mouse anti-TGF-B1 (1:100, Abcam,
ab190503), rabbit anti-CD163 (1:500, Abcam, ab182422), rabbit anti-CD31
(1:1000, ab182981), rabbit anti-MPO (1:150, Abcam, ab9535). Images were
captured under an inverted microscope (Nikon, Japan) or slice scanner (M8
microscope and scanner, PreciPoint, Germany). The number of Ki67",
CD163%, and MPO™" cells per field (2 fields per section, 3 sections) were
counted manually. For the staining of plastin-L, a-SMA, TGF-p1, and TGF-
(3, the MOD values per field (2 fields per section, 3 sections) were defined as
IOD/area (the area indicated the total number of pixels in the picture) using
Image-Pro Plus software. The ratio of TGF-p3 to TGF-f1 was calculated as
the MOD mean value of TGF-{3 to the MOD mean value of TGF-B1.
For immunofluorescent staining, frozen tissues were cryosectioned at
10pm thickness, thawed, and then washed with PBS. Non-specific binding
sites were blocked by incubating sections for 1 h in 10% goat serum con-
taining 0.3% Triton-X in PBS. Primary antibodies were diluted in PBS and
incubated overnight at 4 °C. The sections were washed three times with PBS
and incubated with the secondary antibodies for one hour at room tem-
perature; sections were washed with PBS for 3 min, and incubated with
DAPI dye (1:500) for 5 min. Images were captured under a fluorescence
microscope (EVOS M5000, Thermo Fisher, USA). The number of Ki67*
cells per field (2 fields per section, 3 sections) were counted manually.

Proteomic analysis

The differential protein expression of plasma samples collected in ARP and
non-ARP was detected using DIA quantitative proteome technology by the
Novegene Company (Beijing, China). In brief, total protein was extracted
and quantified using the bicinchoninic acid assay (BCA assay), then digested
with trypsin according to filter-aided sample preparation (FASP) protocol
(Wisniewski et al.”’). The peptides obtained by FASP were desalted with
C18-SD Extraction Disk Cartridge, and then dried via lyophilization and
rehydrated with 40 pl of 0.1% formic acid. Purified digested peptide frac-
tions were analyzed by LC-MS/MS using Orbitrap Astral high-resolution
mass spectrometer. The LC-MS/MS raw files were uploaded into the DIA-
NN software for database querying. The search parameters for the library
were set with a mass tolerance of 10 ppm for precursor ions and 0.02 Da for
fragment ions. Post-translational modifications encompassed alkylation of
cysteine, oxidative modification of methionine, and N-terminal modifica-
tions such as acetylation, loss of methionine, and loss of methionine +
acetylation. Furthermore, only one missed cleavage site was allowed. In this
experiment, the identified proteins were defined by protein functional
annotation, protein quantitative analysis, and differential protein expression
analysis. Proteins were identified as differentially expressed (DEPs) if they
demonstrated a |FoldChange|> 1.5, with a p value <0.05. Using PANTHER
19.0*, functional protein classification of the DEPs was further examined,
focusing on the “Protein Class”. KEGG pathway enrichment analysis was
carried out by KOBAS-i”. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (https:/
proteomecentral proteomexchange.org) ~ via the iProX  partner
repository”*”' with the dataset identifier PXD052882.

RNA sequencing

The healing skin tissues treated with plasma in ARP or non-ARP were used
for RNA extraction. RNA-seq was performed by Gene Denovo Bio-
technology Co. (Guangzhou, China), including RNA quantification, library
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preparation, clustering, and sequencing. After removing low-quality reads
(fastp 0.18.0)’, mapping to the Rattus norvegicus reference genome
(Rnor_6.0, rn6) using HISAT2 2.1.0”. An R package DESeq2** was used for
DEGs examination, with a threshold absolute value of log2FC(Fold-
Change) >1 and FDR (false discovery rate) < 0.05. The raw matrix was
further normalized to FPKM (fragment per kilobase of transcript per mil-
lion mapped reads) for gene expression quantification. Subsequently, GO
enrichment analysis and KEGG pathway enrichment analysis were per-
formed using Omicsmart, a real-time interactive online platform for data
analysis (http://www.omicsmart.com). Sequence reads were deposited in
the NCBI Sequence Read Archive (SRA) under accession number
PRJNA1120002.

Establishment of cell co-culture system and tubing
formation assay
The HUVEC cell line was from the cell bank in our lab (Jilin Provincial Key
Laboratory of Antler Biology), and cultured in DMEM medium supple-
mented with 100 U/ml penicillin, 100 pig/ml streptomycin, and 10% fetal
bovine serum (HyClone, Beijing, China), in a humidified incubator with 5%
(v/v) CO, atmosphere at 37 °C. For the establishment of cell co-culture
assay, HUVECs were seeded at the bottom, and the DFCs or Raw264.7 cells
were respectively seeded at the top using Transwell with 0.4 pm inserts.
For tubing formation assay, 5 x 10"/well HUVECs of each group were
seeded on the top of 100 ul matrigel (AWB, China) in a 48-well plate and
incubated at 37 °C for 4 h. The pattern of tubing formation was stained using
calcein and captured under a microscope (EVOS M5000, Thermo Fisher,
USA). The tubing branch number and total branch length were analyzed by
Image] software.

Statistical analysis

The results are presented as mean + SEMs. Statistical significance was
evaluated using GraphPad Prism 9.0.1 (GraphPad Software, La Jolla, CA)
software. The comparisons of single and multiple variables were performed
using a one-way or two-way ANOVA, respectively, and Student’s ¢ test was
used to compare two variables. Values were set at p <0.05 for statistical
significance.

Data availability

RNA sequence reads were deposited in the NCBI SRA under accession
number PRJNA1120002. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (https://
proteomecentral proteomexchange.org) via the iProX partner repository
with the dataset identifier PXD052882. All data generated or analyzed
during this study are included in this published article and its supplementary
information files. Additional data are available from the corresponding
author upon reasonable request.
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