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The dermal microvascular unit (DMU) is a perivascular functional unit in the dermis. It
is composed of microvascular and capillary lymphatics surrounded by immune cells.
In this study, jet needle-free injection system was used to injected biocompatible
carbon nanoparticles into the cervical skin of domestic pigs (Sus scrofa domestica) and
assessed the morphological distribution of DMUs by hematoxylin erythrosine staining,
immunohistochemistry (IHC), and transmission electron microscopy (TEM), and TEM
was also used to observe the ultrastructural changes of DMUs after jet needle-free
injection. Following our study, we identified DMUs in the dermis stratum papillare and
similar structures in the dermis stratum reticulare, but the aggregation of CD68* and
CD1a cells in the dermis stratum papillare of DMUs by IHC confirmed that DMUs act as
reservoirs of dermal immune cells, while similar structures in the dermis stratum reticulare
should not be considered as DMUs. Ultrastructure of DMUs was revealed by TEM.
Marvelous changes were found following xenobiotics attack, including the rearrangement
of endothelial cells and pericytes, and the reactivity of immune cells. Novel interstitial cell
telocyte (TC) was also identified around the microvasculature, which may have been
previously known as the veil cell. Our results successfully identified the distribution of
DMUs in the skin of domestic pigs, which might act as reservoirs of immune cells in the
skin and play a role in immune surveillance and immune defense.

Keywords: dermal microvascular unit, domestic pigs (Sus scrofa domestica), macrophages, jet needle-free
injection, skin immunity, veil cells, telocyte

INTRODUCTION

The skin is the first line of defense against the outside world in higher vertebrates. Not until Streilein
introduced the concept of skin-associated lymphoid tissue (SALT) did people regard the skin as
having dual roles as physical barrier and immune function. It is found that the dermis is the major
site where immune function occurs and contains twice as many immune cells in the circulatory
system. These immune cells are not randomly distributed in the dermal structures, but share a close
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anatomical relationship with the microvessels of the dermal
superficial vascular plexuses (DSVPs) (1, 2). The dermal
microvascular unit (DMU) is the basic model for this
constellation of dermal cells centered on the vasculature. In
the original study, DMUs were considered to contain dermal
microvascular endothelial cells (DMECs), dermal perivascular
dendrocytes (DPDCs, including dendritic-like macrophages and
dendritic cells), dermal perivascular T cells (DPTCs), dermal
perivascular mast cells (DPMCs) and other cells unrelated to
immunity (e.g., fibroblasts, and pericytes), which could not
completely reveal the mechanism of its involvement in cutaneous
immunity as a functional unit. Therefore, recent studies
have complemented the original theory by including capillary
lymphatics, which share an intimate anatomical relationship with
these structures, in DMUs (3, 4).

Since capillary lymphatics and capillaries are not easily
identifiable in routine histological evaluation, electron
microscopy remains the best method for identifying DMUs
(5). Ultrastructural evidences suggest that the center of DMUs is
composed of DMECs that originate from the horizontal papillary
plexuses (6). These structures are responsible for the blood
supply to the dermis stratum papillare and are responsive to
injury (7), hypoxia (8), and stress (9, 10), which manifests in
the ultrastructure by gap formation and altered deposition in
the basement membrane material of the vascular wall (11-13).
Pericytes are located adjacent to or above endothelial cell
junctions, which can control the contraction of DMECs by
upregulating endothelin-1 (ET-1) and downregulating of iNOS
expressed by DMECs (14, 15). During inflammation, pericytes
can cover the endothelial cell gap through rearrangements,
which is important in the study of skin pathology (16, 17).
The existence of DPDCs, DPTCs and DPMCs located on the
periphery of pericytes allows the DMU to act as a functional
unit of cutaneous immunity, these cells accumulate near DMECs
and serve as a possible reservoir for lymphocyte recirculation
in the skin (18, 19). The capillary lymphatics that comprise
belonging to DMUs are superficial dermal lymphatic plexuses
and not mentioned in the manuscript originally introducing the
concept of DMUs, but their unique immunological role in the
dermis has encouraged the possibility of exploring them as part
of DMUs (3, 4). It has been found that during the inflammatory
or immune response phase, lymphendothelial cells (LECs) guide
the directional migration of dermal dendritic cells (d DCs,
10-15%) and T cells (80-90%) via CCL21 and sphingosine-1
phosphate (S1P) signaling, and LYVE-1 has also been identified
to guide the migration of d DCs (20-23).

Domestic pigs (Sus scrofa domestica) are economically
important animals and a major source of meat in many
countries. Vaccination of domestic pigs is usually performed
by injection, but this may cause lesions in pork carcasses and
losses to the pig industry (24). In recent years, transdermal
immunization methods including transdermal delivery system
(TDS), transdermal needle-free injection (NFI) and solid
microstructured transdermal system (sMTS) have endeavored
to solve the problems caused by traditional injections, which
have been used on a small scale with good effects (25-27).
However, there are no reports confirming the presence of DMUs

in domestic pigs, and even a few studies have dug deep into
the ultrastructural changes of DMUs during xenobiotics (i.e.,
antigenic or non-antigenic substance) attack on the skin of
domestic pigs. In this study, the presence of DMUs in domestic
pig skin was confirmed for the first time by histological analysis
and immunohistochemistry (IHC), and DMUs were identified
as reservoirs of immune cells for the first time. In addition,
transmission electron microscopy (TEM) was employed to
analyze the ultrastructural changes of DMUs after attack of the
skin by xenobiotics, which have elucidated the ultrastructure
of DMUs and validated the potential role of DMUs involved
in passive skin immunity. Our results will contribute to a
profound understanding of the mechanisms of passive skin
immunity under foreign substance attack and provide new ideas
for the development of transdermal immunization methods in
domestic pigs.

MATERIALS AND METHODS

Animals and Ethics Statement

Three-month-old male domestic pigs, 45 to 49kg, were
purchased from Jiangsu Zhongcheng Company (Yancheng,
China). Pigs were randomly divided into two groups: Control and
5% biocompatible carbon nanoparticles, five pigs in each group.
Under pentobarbital sodium (30 mg/kg, Sinopharm Chemical
Reagent Co., Shanghai, China) anesthesia, biocompatible carbon
nanoparticles was injected into the cervical skin by group
through the POK-MBX jet needle-free injection system (DERM-
G1-2, German Derm Co., Hong Kong, China), and the control
group was left untreated. One hour later, animals were sacrificed
and the cervical skin was collected.

The study protocol was approved by the Animal Ethics
Committee of Nanjing Agricultural University. The animals
were housed in the experimental animal center of Nanjing
Agricultural University and leave libitum access to filtered
water and food, adaptive feeding was given for 5 days before
the experiment.

Histological Evaluation

Cervical skin was fixed in 4% paraformaldehyde for 48h,
embedded in paraffin, sectioned at a thickness of 7 um. After
deparaffinization, the sections were stained with hematoxylin
eosin staining solution (Leagene biotechnology, Beijing, China)
for light microscopic analysis using Olympus microscope (DP73,
Tokyo, Japan).

Immunohistochemistry

Paraffin sections (7 wm) were deparaffinized on positively
charge slides, blocked endogenous peroxidase with 3% hydrogen
peroxide for 10 min at 37 °C, and used sodium citrate buffer
(0.01M, pH 6.0, 95°C) to expose antigenic epitopes. Treated
samples were blocked with 5% bovine serum albumin for
40min (BSA, Boster Biological Technology, Wuhan, China)
and incubated with rabbit anti-CD68 antibody (1:100, Boster
Biological Technology, Wuhan, China), rabbit anti-CDlc
antibody (1:100, Bioss Biological Technology, Beijing, China),
and rabbit anti-CDla antibody (1:100, Boster Biological
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Technology, Wuhan, China) overnight at 4°C, negative
controls were set up with phosphate buffered saline (PBS,
0.1M, pH 7.4) instead of primary antibody. The next day,
samples washed with PBS (0.1 M, pH 7.4) were incubated
with anti-rabbit IgG antibody (1:100, Servicebio Technology,
Wuhan, China) at 37°C for 1h, washed again and analyzed
for peroxidase activity with diaminobenzidine (DAB, Boster
Biological Technology, Wuhan, China), and nuclei were stained
with hematoxylin.

Transmission Electron Microscopy

Skin tissue sectioned to 1 mm?® in size was fixed overnight in
2.5% glutaraldehyde at 4°C. After PBS (0.1 M, pH 7.4) rinsing, 1%
osmium tetroxide (Polysciences Inc. Warrington, Pennsylvania,
USA) was used to fix the tissue at room temperature. Following
the dehydration treatment, the tissue was embedded in Epon812
(Merck & Co Inc., New Jersey, USA) for 3 days at 60°C.
The treated tissue samples were fine-sliced into 50 nm ultrathin
sections and anchored on copper grids. Sections were stained
with uranyl acetate and lead citrate, observed under the Hitachi
TEM system (H-7650, Tokyo, Japan).

Statistical Analysis

Ten randomly selected DMUs and similar structure consisting of
deep dermal vascular plexuses (DDVPs) in the dermis stratum
reticulare from the same immunohistochemical section were
photographed under the same field of view, and gray-scale
analysis of the integral optical density (IOD) was done by
using Imagepro Plus 6.0. Statistical differences between the
two groups were analyzed by student’s ¢-test (R version 4.1.1
and Rstudio version 1.4). The ggplot 2 visualization package
(version 3.3.5) for the R (version 4.1.1) programming language
was used to generate box plots, P < 0.05 was considered
statistically significant.

RESULTS

Distribution and Identification of DMUs

HE results of pig neck skin showed that the DMU was
composed of capillary lymphatic, microvessel and peritubular
cells (Figure 1A). However, the morphology of capillary
lymphatics in HE results is often “collapsed” and difficult to
identify. Nevertheless, we can observe that DMUs were observed
to be widely distributed in the dermis, mainly in the papillary
dermis near the epidermis (Figure 1A) rather than in the dermis
stratum reticulare. Although blood vessels and lymphatics are
also distributed in the dermis stratum reticulare, they tend to be
separate and do not function in concert (Figure 1A). Based on
previous knowledge and this study, we drew a model diagram to
describe the spatial position of the DM Us in the microcirculation:
Blood vessels and lymphatic vessels are widely distributed in the
dermis, with the DMUs found mainly in the papillary dermis,
consisting of a network of microvessels belonging to DSVPs and
lymphatic vessels belonging to the superficial dermal lymphatic
plexuses. The reticular dermis is blood supplied by DDVPs
and few immune cells existed, although it also has a similar
structure of intertwined vascular lymphatic vessels. Immune

Capillary loop

Epidermis

Stratum papillare

Stratum reticulare

FIGURE 1 | Location of DMUs in the skin with HE staining. (A) Localization of
DMUs as well as DDVPs in the skin; (B) Describe the distribution and structure
of DMUs in the skin. DMU, dermal microvascular unit; DSVPs, dermal
superficial vascular pleauxes; DDVPs, deep dermal vascular plexuses; dLN,
draining lymph node; Scale bar in circular region denotes 100 wm and scale
bar in square area denotes 20 pm.

cells in the skin can enter the draining lymph nodes through
DMUs from lymphatic vessels or high endothelial microvessels
(Figure 1B).

Immunological Structural Characteristics
of DMUs

IHC was used to identify the relationship between immune
cells and DMUs in the dermis. We labeled immune-associated
cells in DMUs with CD68, CD1a, and CDlc. CD68*, CDla *
and CDIc" cells were observed in the interwoven lymphatic
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FIGURE 2 | The immunological structure of DMUs identified by IHC. (A) DMUs in pig cervical skin marked by CD68; (B) DMUs in pig cervical skin marked by CD1a;
(C) DMUs in pig cervical skin marked by CD1c; (D) DDVPs in pig cervical skin marked by CD68; (E) DDVPs in pig cervical skin marked by CD1a; (F) DDVPs in pig
cervical skin marked by CD1c; (G) CD68* expression quantified by 10D in DMUs and DDVPs; (H) CD1a™ expression quantified by IOD in DMUs and DDVPs; (1)
CD1c* expression quantified by IOD in DMUs and DDVPs. (J) The anatomical location of DMUs in the skin and the structure of DMUs are presented in a schematic
diagram. ns indicates no significant difference; *P < 0.05 indicates significant difference. Asterisks (*) point to microvasculature and arrows (— ) point to capillary
lymphatics; DMU, dermal microvascular unit; DDVPs, deep dermal vascular plexus; 10D, integrity optical density; scale bar (A-E) = 20 um.

and microvascular areas (Figures 2A-C). Although a small
number of CD68%, CDla®™ and CDIlct cells accumulated
near vessels in DDVPs, they were not common and some of
these immune-positive cells were not even found near DDVPs
(Figures 2D-F). We performed student’s ¢-test on mean IOD
of the positive results presented by the IHC to show that there
were significantly more CD68™ cells (P < 0.05, Figure 2G) and
CDla* cells (P < 0.05, Figure 2H) clustered near lymphatic
vessels and blood vessels of DMUs than DDVPs. CDIlct
cells located in DMUs were slightly more than those near
DDVPs, but the statistical significance was not recognized (#s,
Figure 2I).

Ultrastructural Analysis of DMUs

TEM evaluation observed that the capillary wall was mainly
composed of a layer of endothelial cells and basal membrane
(Figures 3A,B). The thin cross section of capillaries was
surrounded by a single endothelial cell (Figure 3c), and the
thicker capillaries were surrounded by multiple endothelial
cells (Figure 3a). A little connective tissue was found outside

the basal membrane of endothelial cells. Kinds of flat and
protuberant pericytes, which forms a tight connection with the
endothelial cells through the rupture of the basal membrane
were found between the endothelial cells and the basal
membrane (Figure 3a). DPMCs, macrophages (Figure 3A), and
d DCs (Figure3B) were seen around the microvasculars.
Among them, mast cells are oval with irregular membrane
and a large number of basophilic particles can be seen
in cytoplasm (Figure 3b). Capillary lymphatics were thin-
walled lumens made up of monolayer lymphatic endothelial
cells (Figure 4A), which have very thin cytoplasm except for
the perinuclear region. The connections between LECs were
loose, lacking tight connections and adhesion connections,
and intercellular stacked tile-like structures at the junctions
existed at adjacent endothelial cell connections (Figure 4a).
The lymphatic vessels also contain a variety of cells: T
cells (Figure 4b), dendritic cells (Figure 4c), and macrophages
(Figure 4d). This led us to draw a pattern of DMUs:
microvascular and capillary lymphatic in the region share an
intimate anatomical relationship, and DPMCs, macrophages, d
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endothelial cell. Scale bar (A,B) = 4 pm; (a—c) = 2 pm.

FIGURE 3 | Ultrastructural analysis of microvessels at the steady state via TEM. (A,B) Ultrastructure of microvessels and surrounding cells in steady state; (a) is the
magnification of the microvessel in (A); (b) is the magnification of the mast cells in (A); (c) is the magnification of microvessels in (B). RBC, red blood cell; EC,
endothelial cell; P, pericyte; MC, mast cell; M¢, macrophage; Cf, collagen fiber; By, blood vessel; DC, dendritic cell; —, Tight junctions between the pericyte and the

DCs, and T cells were present around or in the lumen of the
vessels (Figure 4B).

Ultrastructural Changes in DMUs After Jet

Needle-Free Injection

After needlefree injection of biocompatible carbon nanoparticles,
we observed via TEM that the DMECs showed varying degrees
of swelling, with increased cytoplasm in the area surrounding the
nucleus (Figures 5A,a). d DCs (Figures 5b,c), T cells (Figure 5¢)
and macrophages (Figure 5B) surrounded the microvessels, and
the number of cells gathered was larger than before. Carbon
nanoparticles also appears in the phagocytes of surrounding
macrophages (Figure 5B). We also observed thickening of the
basement membrane of blood vessels was observed (Figure 6b),

and the connection junction between DMECs and pericytes was
tighter (Figure 6B). In addition, the number of perivascular
neutrophils increased (Figure 6a), and magnification viewing
revealed the presence of obvious nanocarbon particles around
the neutrophils (Figure 6a). In addition, some of DMECs already
showed degranulation (Figure 6C). Similarly, the LECs appeared
significantly swollen. There were fewer cells in the lumen of
the lymphatic vessels than before, but dendritic cells appeared
outside the lumen (Figure 6D).

Association Between TCs and DMUs

In addition, when observing DMUs, we found that interstitial
cell telocyte (TC) newly discovered in recent years was
inextricately related to DMUs (Figures 7, 8). The morphology
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dDC
T cell

Endothelial cell

overlap of endothelial cells. The scale bar (A) = 6 um; (@—d) = 1 pm.

‘ ‘/ Capillary lymphatic
(4

Macrophage

FIGURE 4 | Ultrastructural analysis of lymphatic vessels at the steady state via TEM. (A) The ultrastructure of lymphatic vessel and surrounding cells in the steady
state; (a) is the enlargement of lymphatic endothelium in (A); (b) is the enlargement of T cells in (A); (c) is the enlargement of the dendritic cell in (A); (d) is the
enlargement of the macrophage in (A); (B) Pattern diagram of DMUs in the steady state. EC, endothelial cell; M¢, macrophage; DC, dendritic cell; —, Imbricate

and distribution of TCs are very similar to the characteristics
of veil cells described in the previous article. The cell bodys
of TCs are small and fusiform, with a spindle or oval nucleus
whose processes extend tens or even hundreds of microns in
length (Figures 7A,B). The elongated protuberations of TCs
allow it to contact other components such as microvessels
(Figure 7B), DPMCs (Figure 7a), T cells (Figure 7b), and d
DCs (Figure7c) in the DMUs, forming homomorphic or
heteromorphic connections and complex three dimensions
(3D) networks. In addition, a portion of TCs were located
between DMUs and collagen fiber (Figure 7C), which may be
the barrier between DMUs and the dermis. A large number
of unreleased vesicles were observed in the telopodes (Tps,
cytoplasmic protrusion of TCs), (Figures 7B,C). However, after
jet needle-free injection of carbon nanoparticles, it was observed

that the TCs around the DMUs released many vesicles of different
sizes (Figures 8A-D).

DISCUSSION

The immune mechanism of the skin remains poorly understood
despite SALT has been proposed for a long time. The
dermal microvascular unit, or the DMU, a unique immune
structure in the skin, is considered to be significant for the
immune function of the skin (3, 4). With the innovation
of modern veterinary medicine, there is a recognized need
for non-invasive and efficient injection methods that can be
used to reduce injection costs and prevent animal stress,
and DMUs naturally became a widely acknowledged research
point. An initial aim of this project was to identify the
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FIGURE 5 | Ultrastructural analysis of microvascular groups via TEM after jet needle-free injection. (A) Ultrastructure of microvessels and surrounding cells after jet
needle-free injection; (a) is the enlargement of the capillarie in (A); (b) is the enlargement of the dendritic cell in (A); (c) is the enlargement of dendritic cells and the T cell
in (A); (B) Macrophages that engulf carbon nanoparticles. By, blood vessel; EC, endothelial cell; DC, dendritic cell. The scale bar (A) = 4 wm; (B) (@—) = 1 wm.

predictive ability of DMUs in domestic pigs, which is an
important consideration, especially when manipulating them
for immunoprophylaxis.

This is the first study that confirms that DMUs is significantly
associated with intradermal immune responses based on jet
needle-free injection technology in domestic pigs. These findings
correlate with previous description of the ultrastructure of
DMUs and further support a role of DMUs in Transdermal
passive immunity. DM Us are composed of microvessels, capillary
lymphatics and peritubular cells, which jointly constitute the
immune units within the dermis and acts as reservoirs for skin
immune cells. We also found that DMUs undergo ultrastructural
changes, including endothelial cell changes and migration of
immune cells, in response to xenobiotics attack. Surprisingly, a
type of novel interstitial cell TC has been found to participate in

the composition of DMUs, perhaps what used to be known as
veil cells.

In histological analysis, DSVPs and DDVPs were identified
as responsible for the blood supply to the papillary and
dermis stratum reticulare, respectively, and DSVPs also have
an intimate anatomical relationship with the superficial dermal
lymphatic plexuses (28). CDla, CDlc and CD68 are all
faithful markers of immune cells within the skin. Interestingly,
there are significantly more CD1at, CD1ct, and CD68* cells
around DSVPs intertwined with superficial dermal lymphatic
plexuses (i.e., DMUs) than in similar structures composed
of DDVPs (28, 29). This perivascular immune structure is
often mediated by vascular endothelial growthfactor receptors
(VEGFR) family, monocyte chemoattractant protein-1 (MCP-
1) and endogenous nitric oxide (NO) and is important
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FIGURE 6 | Ultrastructural analysis of the microvessel via TEM after jet needle-free injection. (A) Ultrastructure of the microvessel and surrounding cells after jet
needle-free injection; (a) is the enlargement of neutrophils in (A); (b) is the enlargement of blood vessels in (A); (B) Swollen microvessels after jet needle-free injection;
(C) Mast cell that is degranulating after jet needle-free injection. (D) Swollen lymphatic vessel and surrounding dendritic cell after jet needle-free injection. By, blood
vessel; NEUT, neutrophil; DC, dendritic cell; Lv, lymphatic vessel. The scale bar (A) = 6 um; (B,D) (b) =2 m; (C) (a) = 1 um.

evidence that DMUs play an immune surveillance role at steady
state (30-33).

At steady state, immune cells in the skin of domestic pigs
were found to be clustered around capillaries and in capillary
lymphatics via TEM. Macrophages, DPMCs, d DCs and T
cells were regularly distributed around the microvasculature.
DPMC:s were often found at the peripheral edge of the pericytes,
and intercellular gap junctions were observed. In contrast,
other immune cells were often located at the periphery of
mast cells, within collagen fibers. We also noted immune cells
within the stacked LECs, which lack the regularity of the
vascular microenvironment but bridging the skin to the draining
lymph nodes. Recent studies have indicated that DPMCs and
macrophages can stimulate angiogenesis through potent pro-
angiogenic factors, and secretory DPMCs, macrophages and T
cells have also been noted to affect adjacent non-endothelial
cells or to recruit each other via chemotactic signals, and
these potential factors jointly maintain the stability of the skin
microenvironment (34, 35).Marvelous ultrastructural changes

appeared during xenobiotics attack. Pericytes underwent tighter
junctions with DMECs but did not generate the pathological
changes of gap formation (9, 10, 36-40). We tend to identify it
as a physiological change caused by altered local permeability
pressure after needle-free injection, since pericytes play an
important role in regulating microvascular permeability, which
would permit more hemolymph exchange to proceed (41).
Postcapillary microvenules and lymphatic vessels have been
considered to be important channels for the entry and exit of
immune cells into draining lymph nodes, as well as constituting
an important component of DMUs. TEM evaluation revealed
a large number of macrophages, d DCs and T cells clustered
around postcapillary microvenules, concomitant hypertrophy
and linkage rearrangement of lymphatic endothelial cells (29),
which providing direct cytological evidence for the synergistic
involvement of the components of DMUs in the immune
response. We therefore concluded with caution that the large
number of immune cells in the dermis and surrounding blood
vessels during the immune response may be partly derived
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FIGURE 7 | Ultrastructural analysis of TCs in the steady state via TEM. (A) Location of TC in the DMUs in the steady state; (a) is the enlargement of the mast cell and
surrounding TCs in (A); (b) is the enlargement of T cells and surrounding TCs in (A); (B) TCs surrounds the DMUs; (C) TC between collagen fibers and dendritic cells.
RBC, red blood cell; EC, endothelial cell; P, Pericyte; MC, mast cell; M$, macrophage; TC, telocyte; Tp, telopode; Cf, collagen fiber; DMU, dermal microvascular unit;
DC, dendritic cell; Blue mark, telocytes. The scale bar (A) = 10 wm; (B) (a,b) = 2m; (C) = 1 pm.

from blood-lymphatic exchange within the skin, as these cells
are abundant in normal cutaneous lymphatic vessels and rare
around microvessels.

DPMCs, as immune sentinel cells within the skin, have
been found to degranulate and migrate following xenobiotic
attack. Neutrophils were observed after needle-free injection.
Recent studies have suggested that neutrophil recruitment may
be related to the synthesis of MIP-2 and tumor necrosis
factor (TNF) by mast cell degranulation (42-44). Similarly,
histamine released by DPMCs degranulation contributes to
increased endothelial permeability and promotes hemolymph
exchange. Histamine also enhances the modulatory effects of
macrophages and interleukin-8 (IL-8) by increasing granulocyte-
macrophage colony-stimulating factor (GM-CSF) production,
which facilitates an efficient immune response (45, 46).
These factors, although increased immune efficiency, may
trigger unnecessary inflammation. Therefore, how transdermal
immunity controls the stability of mast cell membranes

to mitigate possible inflammatory responses remains to be
investigated thoroughly.

TC is a novel type of interstitial cell, similar in morphological
characteristics with the interstitial cells of Cajal (ICCs), and
was named interstitial Cajal-Like cells (ICLCs) at a time until
Popescu identified it as a completely new interstitial cell (47).
According to the identification criteria proposed by Popescu,
we identified TCs in DMUs (48). TCs were mainly distributed
in the periphery of microvessels, separating DMUs from the
dermis, and we also found TCs in the periphery of dendritic
cells, T cells, mast cells, and macrophages, suggesting that TCs
may be involved in the regulation of skin immunity (49).
Following attack by xenobiotics, TCs were observed to produce
vesicles of varying sizes, which were believed to contain proteins,
lipids, microRNA (miRNA), long non-coding RNA (IncRNA)
and mRNA, indicating that TCs play a crucial role in signaling
skin immunity and potentially control the transcriptional activity
of the cells involved (50-52).
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mark, telocytes; Red mark, vesicles. Scale bar (A=D) = 1 pm.

FIGURE 8 | Ultrastructural analysis of TCs after jet needle-free injection via TEM. (A-D) After jet needle-free injection, TCs at different locations in the DMUs releases a
large number of vesicles. BV, blood vessels; M¢, macrophage; TC, telocyte; Tp, telopode; Cf, collagen fiber; SMC, smooth muscle cell; EC, endothelial cell; Blue

It is worth mentioning that a mysterious cell called veil cell was
proposed in early studies and it was thought to form part of the
DMU (53). Veil cells were described as separating the DMU from
the dermis, 3D computer reconstruction showed their cell bodies
with multiple wing-like projections, and were factor XIIIa*t (54).
TEM evaluation revealed veil cells with vesicles and candy-like
protrusions, and showed non-specific morphological changes in
response to microenvironmental alterations (55, 56). Since TCs
had not been discovered at that time and the characteristics of
veil cells were similar to TCs, we cautiously inferred that veil cells
might be the same type of cells as TCs, a speculation that needs
further proof by immunological means.

In a nutshell, our results firstly identified DMUs consisting
of DSVPs and capillary lymphatics in domestic pig skin,
which occur in the dermis stratum papillare and confirmed

as reservoirs of immune cells via IHC. TEM evaluation was
used to understand the ultrastructure of DMUs in the dermis
stratum papillare, which underwent ultrastructural changes and
migration of immune cells after attack with xenobiotics. These
changes supported the involvement of lymphatic vessels and
microvessels as a whole unit in the cutaneous immune response.
The role of lymphatic vessels during jet needle-free injection
may be substantial because of their uncharacteristic endothelial
ultrastructural changes. Evidence to date is lacking to confirm
the role arising from endothelial changes in lymphatic vessels,
which is potentially fertile ground for cutaneous immune studies.
TCs was found to produces heterogeneous junctions with
DPMCs, T cells, d DCs and DMECs in DMUs and separates
microvessels from dermal collagen fibers. The ultramorphology
of TCs resembles that of veil cells around microvessels in the early
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literature, unfortunately, we did not further demonstrate whether
they are the same type of cells. This study provides morphological
evidence for DMUs as reservoirs of immune cells and channels
of passive immunity in the skin, and morphological evidence for
the possible role of TCs in regulating the function of DMUs is
also revealed.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of Nanjing Agricultural University.

REFERENCES

1. Kissenpfennig A, Malissen B. Langerhans cells-revisiting the paradigm
using genetically engineered mice. Trends Immunol. (2006) 27:132-
9. doi: 10.1016/}.it.2006.01.003

2. Clark RA. Skin-Resident T cells: the ups and downs of on site
immunity. ] Invest Dermatol. (2010) 130:362-70. doi: 10.1038/jid.
2009.247

3. Sontheimer RD. Perivascular dendritic macrophages as immunobiological
constituents of the human dermal microvascular unit. J Invest Dermatol.
(1989) 93:596-S101. doi: 10.1038/jid.1989.17

4. Nicolas J-F, Guy B. Intradermal, epidermal and transcutaneous vaccination:
from immunology to clinical practice. Expert Rev Vaccines. (2008) 7:1201-
14. doi: 10.1586/14760584.7.8.1201

5. Criado PR, Criado RE, Valente NY, Queiroz LB, Martins JE, Vasconcellos C.
The inflammatory response in drug-induced acute urticaria: ultrastructural
study of the dermal microvascular unit. ] Eur Acad Dermatol Venereol. (2006)
20:1095-9. doi: 10.1111/j.1468-3083.2006.01744.x

6. Braverman IM. The cutaneous
and microanatomical organization.
4:329-40. doi: 10.3109/10739689709146797

7. O’Brien TD. Impaired dermal microvascular reactivity and implications for
diabetic wound formation and healing: an evidence review. ] Wound Care.
(2020) 29:521-S8. doi: 10.12968/jowc.2020.29.Sup9.521

8. Sun Y, Xiong X, Wang X. Hiflalpha/Mir-199a/Adm feedback loop
modulates the proliferation of human dermal microvascular endothelial
cells (HDMECS) under hypoxic condition. Cell Cycle. (2019) 18:2998-
3009. doi: 10.1080/15384101.2019.1666611

9. Cao N, Chen T, Guo Z-p, Qin S, Li M-m. Monoammonium
glycyrrhizate suppresses tumor necrosis factor-A induced chemokine
production in HMEC-1 cells, possibly by blocking the translocation
of nuclear factor-Kb into the nucleus. Can ] Physiol Pharm. (2014)
92:859-65. doi: 10.1139/cjpp-2014-0022

10. Sanchez B, Li L, Dulong ], Aimond G, Lamartine ], Liu G, et al. Impact of
human dermal microvascular endothelial cells on primary dermal fibroblasts
in response to inflammatory. Stress. (2019) 7:44. doi: 10.3389/fcell.2019.00044

11. Roy S, Sato T. Role of vascular basement membrane components
in diabetic microangiopathy. Drug News Perspect. (2000) 13:91-
8. doi: 10.1358/dnp.2000.13.2.858468

12. Tan W, Wang J, Zhou F, Gao L, Yin R, Liu H, et al. Coexistence of Eph
Receptor Bl and Ephrin B2 in port-wine stain endothelial progenitor cells
contributes to clinicopathological vasculature dilatation. Br ] Dermatol. (2017)
177:1601-11. doi: 10.1111/bjd.15716

ultrastructure
(1997)

microcirculation:
Microcirculation.

AUTHOR CONTRIBUTIONS

XM, ZZ, and PY: conceptualization, data curation, and writing—
review and editing. BD, QC, PY, and YL: formal analysis. XM,
ZZ7Z,NA, QM, QW, and PY: methodology. XM and ZZ: writing—
original draft. All authors have read and agreed to the published
version of the manuscript.

FUNDING

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
this work was supported by the Key Research and Development
Program of Jiangsu Province (Grant Number: BE2020336),
the Nanjing Agricultural University Student Research Training
Project Fund (Grant Number: 202110307114Y), and the Priority
Academic Program Development of Jiangsu Higher Education
Institutions, China.

13. Frech TM, Revelo MP, Drakos SG, Murtaugh MA, Markewitz BA, Sawitzke
AD, et al. Vascular leak is a central feature in the pathogenesis of systemic
sclerosis. ] Rheumatol. (2012) 39:1385-91. doi: 10.3899/jrheum.111380

14. Martin AR, Bailie JR, Robson T, McKeown SR, Al-Assar O, McFarland
A, et al. Retinal pericytes control expression of nitric oxide synthase and
endothelin-1 in microvascular endothelial cells. Microvasc Res. (2000) 59:131—
9. doi: 10.1006/mvre.1999.2208

15. Imayama S, Urabe H. Pericytes on the dermal microvasculature of the rat skin.
Anat Embryol. (1984) 169:271-4. doi: 10.1007/BF00315632

16. Mirancea N, Hausser I, Beck R, Metze D, Fusenig NE, Breitkreutz
D. Vascular anomalies in lipoid proteinosis: basement membrane
components and ultrastructure. ] Dermato Sci. (2006) 42:231-
9. doi: 10.1016/j.jdermsci.2006.01.004

17. Ansell DM, Izeta A. Pericytes in wound healing: friend or foe? Exp Dermatol.
(2015) 24:833-4. doi: 10.1111/exd.12782

18. Sueki H, Telegan B, Murphy GF. Computer-assisted 3-dimensional
reconstruction of human dermal dendrocytes. J Invest Dermatol. (1995)
105:704-8. doi: 10.1111/1523-1747.ep12324502

19. Cassisa A. Cutaneous and systemic vasculitis: cellular players and
pathogenetic aspects. Giorn Ital Dermatv. (2015) 150:29-40.

20. Randolph GJ, Ivanov S, Zinselmeyer BH, Scallan JP. The lymphatic
system: integral roles in immunity. Annu Rev Immunol. (2017) 35:31-
52. doi: 10.1146/annurev-immunol-041015-055354

21. Teijeira A, Hunter MC, Russo E, Proulx ST, Frei T, Debes GE et al
T cell migration from inflamed skin to draining lymph nodes requires
intralymphatic crawling supported by Icam-1/Lfa-1 interactions. Cell Rep.
(2017) 18:857-65. doi: 10.1016/j.celrep.2016.12.078

22. Baeyens A, Fang V, Chen C, Schwab SR. Exit strategies: S1p signaling and T cell
migration. Trends Immunol. (2015) 36:778-87. doi: 10.1016/.it.2015.10.005

23. Hunter MC, Teijeira A, Halin C. T cell trafficking through lymphatic vessels.
Front Immunol. (2016) 7:613. doi: 10.3389/fimmu.2016.00613

24. Ferreira LCL, Cooke RE, Marques RS, Fernandes HJ, Fernandes CE, Stelato
R, et al. Effects of vaccination against foot-and-mouth disease virus on
reproductive performance of bos indicus beef cows. J Anim Sci. (2016)
94:401-5. doi: 10.2527/jas.2015-9537

25. Ko EY, Cho J, Cho JH, Jo K, Lee SH, Chung Y], et al. Reduction in lesion
incidence in pork carcass using transdermal needle-free injection of foot-
and-mouth disease vaccine. Korean J Food Sci Anim Resour. (2018) 38:1155—
9. doi: 10.5851/kosfa.2018.e46

26. McCrudden MT, Torrisi BM, Al-Zahrani S, McCrudden CM, Zaric M, Scott
CJ, et al. Laser-engineered dissolving microneedle arrays for protein delivery:
potential for enhanced intradermal vaccination. ] Pharm Pharmacol. (2015)
67:409-25. doi: 10.1111/jphp.12248

Frontiers in Veterinary Science | www.frontiersin.org

April 2022 | Volume 9 | Article 891286


https://doi.org/10.1016/j.it.2006.01.003
https://doi.org/10.1038/jid.2009.247
https://doi.org/10.1038/jid.1989.17
https://doi.org/10.1586/14760584.7.8.1201
https://doi.org/10.1111/j.1468-3083.2006.01744.x
https://doi.org/10.3109/10739689709146797
https://doi.org/10.12968/jowc.2020.29.Sup9.S21
https://doi.org/10.1080/15384101.2019.1666611
https://doi.org/10.1139/cjpp-2014-0022
https://doi.org/10.3389/fcell.2019.00044
https://doi.org/10.1358/dnp.2000.13.2.858468
https://doi.org/10.1111/bjd.15716
https://doi.org/10.3899/jrheum.111380
https://doi.org/10.1006/mvre.1999.2208
https://doi.org/10.1007/BF00315632
https://doi.org/10.1016/j.jdermsci.2006.01.004
https://doi.org/10.1111/exd.12782
https://doi.org/10.1111/1523-1747.ep12324502
https://doi.org/10.1146/annurev-immunol-041015-055354
https://doi.org/10.1016/j.celrep.2016.12.078
https://doi.org/10.1016/j.it.2015.10.005
https://doi.org/10.3389/fimmu.2016.00613
https://doi.org/10.2527/jas.2015-9537
https://doi.org/10.5851/kosfa.2018.e46
https://doi.org/10.1111/jphp.12248
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Meng et al.

DMUs in Domestic Pigs

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kohli AK, Alpar HO. Potential use of nanoparticles for transcutaneous
vaccine delivery: effect of particle size and charge. Int J Pharm. (2004)
275:13-7. doi: 10.1016/j.ijpharm.2003.10.038
TV, Koh GY. Organ-specific
from development to  pathophysiology.
215:35-49. doi: 10.1084/jem.20171868

Huxley VH, Scallan J. Lymphatic fluid: exchange mechanisms and regulation.
J Physiol. (2011) 589:2935-43. doi: 10.1113/jphysiol.2011.208298

Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol. (2011) 11:723-37. doi: 10.1038/nri3073
Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant
protein-1 (Mcp-1): an overview. ] Interf Cytok Res. (2009) 29:313-
26. doi: 10.1089/jir.2008.0027

Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L. VEGF receptor
signalling-in control of vascular function. Nat Rev Mol Cell Bio. (2006)
7:359-71. doi: 10.1038/nrm1911

Kubes P, Suzuki M, Granger DN. Nitric-oxide-an
modulator of leukocyte adhesion. P Natl Acad Sci
88:4651-5. doi: 10.1073/pnas.88.11.4651

Norrby K. Mast cells and angiogenesis. APMIS.
71. doi: 10.1034/j.1600-0463.2002.100501.x
DeNardo DG, Ruffell B. Macrophages
immunity and  immunotherapy.  Nat
19:369-82. doi: 10.1038/541577-019-0127-6
Sluimer JC, Kolodgie FD, Bijnens AP, Maxfield K, Pacheco E, Kutys B,
et al. Thin-walled microvessels in human coronary atherosclerotic plaques
show incomplete endothelial junctions relevance of compromised structural
integrity for intraplaque microvascular leakage. ] Am Coll Cardiol. (2009)
53:1517-27. doi: 10.1016/j.jacc.2008.12.056

Yun JH. Interleukin-1beta induces pericyte apoptosis via the Nf-Kappab
pathway in diabetic retinopathy. Biochem Biophys Res Commun. (2021)
546:46-53. doi: 10.1016/j.bbrc.2021.01.108

Hosaka K, Yang Y, Nakamura M, Andersson P, Yang X, Zhang Y, et al.
Dual roles of endothelial Fgf-2-Fgfr1-Pdgf-Bb and perivascular Fgf-2-Fgfr2-
Pdgfrbeta signaling pathways in tumor vascular remodeling. Cell Discov.
(2018) 4:3. doi: 10.1038/s41421-017-0002-1

Ogura S, Kurata K, Hattori Y, Takase H, Ishiguro-Oonuma T, Hwang
Y, et al. Sustained inflammation after pericyte depletion induces
irreversible  blood-retina  barrier breakdown. JCI Insight. (2017)
2:€90905. doi: 10.1172/jci.insight.90905

Gautam J, Cao Y, Yao Y. Pericytic laminin maintains blood-brain barrier
integrity in an age-dependent manner. Transl Stroke Res. (2020) 11:228-
42. doi: 10.1007/512975-019-00709-8

Adair TH, Moffatt DS, Paulsen AW, Guyton AC. Quantitation of changes in
lymph protein concentration during lymph node transit. Am J Physiol. (1982)
243:H351-9. doi: 10.1152/ajpheart.1982.243.3. H351

Schultz GS, Davidson JM, Kirsner RS, Bornstein P, Herman IM. Dynamic
reciprocity in the wound microenvironment. Wound Repair Regen. (2011)
19:134-48. doi: 10.1111/j.1524-475X.2011.00673.x

Ngo Nyekel E, Pacreau E, Benadda S, Msallam R, Abrink M, Pejler G, et al.
Mast cell degranulation exacerbates skin rejection by enhancing neutrophil
recruitment. Front Immunol. (2018) 9:2690. doi: 10.3389/fimmu.2018.02690
Marzano AV, Lipsker D, Cugno M. Editorial: neutrophil-mediated
skin diseases: immunology and genetics. Front (2019)
10:2377. doi: 10.3389/fimmu.2019.02377

vasculature:
(2018)

Petrova lymphatic

J  Exp Med.

endogenous
USA. (1991)
(2002) 110:355-

of tumour
(2019)

as regulators
Rev  Immunol.

Immunol.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ishikawa T, Kanda N, Hau CS, Tada Y, Watanabe S. Histamine induces
human &#X3b2;-defensin-3 production in human keratinocytes. | Dermatol
Sci. (2009) 56:121-7. doi: 10.1016/j.jdermsci.2009.07.012

Nakamura T, Murata T. Regulation of vascular permeability in anaphylaxis.
Br ] Pharmacol. (2018) 175:2538-42. doi: 10.1111/bph.14332

Popescu LM, Faussone-Pellegrini MS. Telocytes - a case of serendipity:
the winding way from interstitial cells of cajal (ICC), via interstitial
cajal-like cells (ICLC) to telocytes. J Cell Mol Med. (2010) 14:729-
40. doi: 10.1111/j.1582-4934.2010.01059.x

Gherghiceanu M, Manole CG, Popescu LM. Telocytes
endocardium: electron microscope evidence. J Cell Mol Med. (2010)
14:2330-4. doi: 10.1111/§.1582-4934.2010.01133.x
Gherghiceanu M, Popescu LM. Cardiac
and functional implications. Cell  Tissue
79. doi: 10.1007/s00441-012-1333-8

Fertig ET, Gherghiceanu M, Popescu LM. Extracellular vesicles release by
cardiac telocytes: electron microscopy and electron tomography. J Cell Mol
Med. (2014) 18:1938-43. doi: 10.1111/jcmm.12436

Zheng Y, Cretoiu D, Yan G, Cretoiu SM, Popescu LM, Fang H, et al.
Protein profiling of human lung telocytes and microvascular endothelial
cells using itraq quantitative proteomics. J Cell Mol Med. (2014) 18:1035-
59. doi: 10.1111/jcmm.12350

Xu MY, Ye ZS, Song XT, Huang RC. Differences in the cargos and functions
of exosomes derived from six cardiac cell types: a systematic review. Stem Cell
Res Ther. (2019) 10:194. doi: 10.1186/s13287-019-1297-7

Goldsmith LA. The veil cell: a shy cell. Arch Dermatol. (1986) 122:828-
9. doi: 10.1001/archderm.122.7.828

Braverman IM, Sibley J, Keh-Yen A. A study of the veil cells around normal,
diabetic, and aged cutaneous microvessels. ] Invest Dermato. (1986) 86:57-
62. doi: 10.1111/1523-1747.ep12283816
Nuttall RP, Wessells NK. Veils,
in neurons elongating in vitro.
74. doi: 10.1016/0014-4827(79)90345-8
Braverman IM, Fonferko E. Studies
Ii. The microvasculature. | Invest Dermato.
8. doi: 10.1111/1523-1747.ep12508027

in

telocytes-their
Res.  (2012)

junctions
348:265-

mounds, and vesicle aggregates
Exp Cell Res. (1979) 119:163-

Cutaneous
(1982)

in Aging:

78:444—

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Meng, Zhu, Ahmed, Ma, Wang, Deng, Chen, Lu and Yang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

12

April 2022 | Volume 9 | Article 891286


https://doi.org/10.1016/j.ijpharm.2003.10.038
https://doi.org/10.1084/jem.20171868
https://doi.org/10.1113/jphysiol.2011.208298
https://doi.org/10.1038/nri3073
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1038/nrm1911
https://doi.org/10.1073/pnas.88.11.4651
https://doi.org/10.1034/j.1600-0463.2002.100501.x
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1016/j.jacc.2008.12.056
https://doi.org/10.1016/j.bbrc.2021.01.108
https://doi.org/10.1038/s41421-017-0002-1
https://doi.org/10.1172/jci.insight.90905
https://doi.org/10.1007/s12975-019-00709-8
https://doi.org/10.1152/ajpheart.1982.243.3.H351
https://doi.org/10.1111/j.1524-475X.2011.00673.x
https://doi.org/10.3389/fimmu.2018.02690
https://doi.org/10.3389/fimmu.2019.02377
https://doi.org/10.1016/j.jdermsci.2009.07.012
https://doi.org/10.1111/bph.14332
https://doi.org/10.1111/j.1582-4934.2010.01059.x
https://doi.org/10.1111/j.1582-4934.2010.01133.x
https://doi.org/10.1007/s00441-012-1333-8
https://doi.org/10.1111/jcmm.12436
https://doi.org/10.1111/jcmm.12350
https://doi.org/10.1186/s13287-019-1297-7
https://doi.org/10.1001/archderm.122.7.828
https://doi.org/10.1111/1523-1747.ep12283816
https://doi.org/10.1016/0014-4827(79)90345-8
https://doi.org/10.1111/1523-1747.ep12508027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Dermal Microvascular Units in Domestic Pigs (Sus scrofa domestica): Role as Transdermal Passive Immune Channels
	Introduction
	Materials and Methods
	Animals and Ethics Statement
	Histological Evaluation
	Immunohistochemistry
	Transmission Electron Microscopy
	Statistical Analysis

	Results
	Distribution and Identification of DMUs
	Immunological Structural Characteristics of DMUs
	Ultrastructural Analysis of DMUs
	Ultrastructural Changes in DMUs After Jet Needle-Free Injection
	Association Between TCs and DMUs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


