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Abstract

The development of 3D bioprinting in recent years has provided new insights into the creation
of in vitro microenvironments for promoting stem cell-based regeneration. Sweat glands (SGs)
are mainly responsible for thermoregulation and are a highly differentiated organ with limited
regenerative ability. Recent studies have focused on stem cell-based therapies as strategies for
repairing SGs after deep dermal injury. In this review, we highlight the recent trend in 3D bioprinted
native-like microenvironments and emphasize recent advances in functional SG regeneration
using this technology. Furthermore, we discuss five possible regulatory mechanisms in terms of
biochemical factors and structural and mechanical cues from 3D bioprinted microenvironments, as
well as the most promising regulation from neighbor cells and the vascular microenvironment.
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Highlights

* 3D-bioprinting technology shed light on regenerative medicine.

* Niche was essential for SG development and regeneration.
* 3D-bioprinted niche facilitated SG regeneration.
* Factors of 3D-bioprinted niche involved in SG regeneration.

Background

Regenerative medicine is an interdisciplinary research field
which spans the disciplines of tissue engineering, develop-
mental cell biology, cellular therapeutics, gene therapy, bio-
materials, chemical biology and nanotechnology [1]. To date,
it has become increasingly recognized that the development
and implementation of novel strategies can help in the repair,

© The Author(s) 2022. Published by Oxford University Press.

replacement or regeneration of damaged or diseased cells
or tissues to restore their normal function. Among these
numerous strategies, progress in the coupling of biomaterials
to advance their use as scaffolds and matrices, as well as
various advanced biomaterial-based integrated technologies,
effectively promote regeneration both structurally and func-
tionally or contribute to tissue healing [2,3].
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Skin is located on the body surface and is relatively simple
and highly organized in structure and function, therefore
it is an optimal model for both basic and clinical regen-
erative research. It has long been known that sweat gland
cells (SGCs), in particular, unlike other skin appendage cells,
can participate in epithelialization during wound healing,
although their own regeneration capability is very limited
[4]. As an entire glandular tissue consisting of a functionally
distinctive duct and secretory portions, regeneration of SGs
seemed to be more difficult, but not inconceivable.

SGs are tiny and are distributed all over the body in
humans to regulate body temperature. Dysfunction of SGs
leads to hyperthermia which is linked to heat stroke and
even death. An SG is a single tubular structure with a coiled
secretory part below a straight duct. The secretory coil con-
tains three distinct cell types: dark cells, clear cells and
myoepithelial cells. Dark and clear cells are secretory cells,
clear cells secrete water and electrolytes and dark cells secrete
glycoproteins. Myoepithelial cells mechanically support the
functional luminal structure. Mutations of ectodysplasin A,
its receptor ectodysplasin A receptor and the adaptor pro-
tein EDAR-associated death domain cause abnormal devel-
opment of SGs [5]. Mutation of Ca** release related genes
ITPR2, ORAII and STIM1, resulted in a marked reduction in
sweat secretion despite normal SG development. The Foxal-
Best2 cascade was found to be involved in dark cells related
to sweat secretion. Foxal mutant mice showed anhidrosis,
while knockout of Best2 resulted in severe hypohidrosis [6].
Although cells of the secretory coil could respond to minor
injury and proliferate to repair and cells of the duct could
self-renew and replenish the epidermis and intraepidermal
duct, severe burns caused failure of SG regeneration after the
epidermis was restored [5].

We have proved that overexpression of some specific
transcription factors could induce the transdifferentiation of
epidermal cells and epidermal stem cells (ESCs) into SGCs
[7,8],and bone marrow mesenchymal stem cells (BMSCs) and
umbilical cord MSCs could differentiate into SGCs with treat-
ment in vitro. However, the low efficiency of transdifferenti-
ation, risk of exogenous gene introduction, long-term safety
and the requirement for ethics permission have obstructed its
clinical application. Hence it is urgent that a safe and more
efficient strategy for SG regeneration be established.

The creation of microenvironments, often modeled on var-
ious stem cell niches that provide specific cues to manipulate
cells, will likely be important in promoting optimal regenera-
tive responses from therapeutic target cells [9]. Epithelial stem
cells and SG-derived stem cells are both susceptible to niche
regulation, and transplanting them to different body sites
induced differentiation to other related tissues [4,10]. Our
studies revealed that induced SGCs showed differential repair
effects in different degrees of burn, which suggested that the
difficulty of SG regeneration is strongly related to the destruc-
tion of their niche [8]. Additionally, adjusting the geometry
and architecture of the tissue is of significant importance
for guiding SG differentiation and morphogenesis. Therefore,

reestablishing the SG niche in vitro paves an effective pathway
to induce cell differentiation and tissue regeneration.

Conventional 3D biofabrication techniques such as
scaffolding, microengineering and cell sheet engineering are
limited in their capacity to fabricate complex tissue constructs
to replicate biologically relevant tissues. 3D bioprinting offers
great versatility to fabricate biomimetic, volumetric tissues
that are structurally and functionally relevant. 3D bioprinting
aims to generate and utilize biomimetic tissue or organ
substitutes to replace, repair or augment those damaged by
injuries or diseases [11]. Zopf et al. created a bioresorbable
airway splint with laser-based 3D bioprinting to treat an
infant with tracheobronchomalacia [12]; Laronda et al.
created a bioprosthetic ovary using 3D printed microporous
scaffolds to restore ovarian function in sterilized mice
[13]; An ef al. functionally reconstructed injured corpus
cavernosa using 3D-printed biodegradable scaffolds seeded
with hypoxia inducible factor 1 (HIF-1)-expressing stem
cells [14]; Skardal et al. created single and integrated multi-
organoid body-on-a-chip systems through 3D bioprinting for
drug compound screening [15]; Deng created artificial dural
onlay based on 3D printing technology to repair meningeal
defects after brain trauma [16]; and Shokouhimehr et al. [17]
and Sun et al. [18] created bone scaffold for jaw bone repair
and damage-specific bone regeneration. Although emerging
evolution in translational application of 3D bioprinting
technology has been shown, the requirement for suitable
bioinks, blood vessel construction and development of
bioprinting technology still need to be tackled.

3D bioprinting technology has great potential for provid-
ing accurate and organized iz vitro stimulation of the stem cell
niche by recapitulating the highly organized tissue geometry
of skin through spatiotemporal control of various types of
bioinks and cells [3]. Native tissues are composed of various
cell types and tissue morphogenesis is driven by cell—cell
contact and biochemical signals. Structural and mechanical
signals are important for SG differentiation and development,
by which 3D bioprinted scaffold promotes self-organization.
Moreover, blood vessels are important to functional tissues
because the vascular network not only transports nutrients
and oxygen, but also secretes growth factors to regulate
adjacent cell behavior [9]. Furthermore, in terms of clinical
application, delivering living cells with biocompatible
materials, in sufficient numbers and within the right
environment, with the use of 3D bioprinting, offers significant
advantages [19].

In this article, we review the various factors involved in
regeneration of SGs, including spatial structure, biochemical
factors, mechanics, vascular niche and signals from neighbor
cells (Figure 1).

Review

Research progress in SG regeneration
MSCs are the most widely used stem cells in the research of
regenerative medicine because of their advantages, including
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Figure 1. Microenvironmental factors involved in sweat gland regeneration. ECM extracellular matrix, FA f-actin, DNA deoxyribonucleic acid, RNA ribonucleic acid

low immunogenicity, they are less affected by the external
factors of a large-scale wound, they can be stored in large
numbers and are easy to access [20]. Li et al. observed that
BMSCs could differentiate into SG-like cells directly when
co-cultured with heat shock treated SGCs and promoted SG
regeneration after transplanting into nude mice [21]. How-
ever, there were still some disadvantages such as trauma to the
human body and a long inductive process. Compared with
BMSCs, HUMSCs had higher proliferative activity and lower
immunogenicity. Xu et al. showed that human umbilical
mesenchymal stem cell (HUMSCs) could differentiated into
SG-like cells and expressed SGCs markers when keratinocyte
growth factor was added to the culture medium [22]. Liang
et al. induced amniotic fluid MSCs differentiation into SG-
like cells with conditioned medium of human SGCs, and
found that sonic hedgehog played an important role in the
induction [23]. Zhao et al. demonstrated that overexpression
of nuclearfactor kappaB (NF-«B) and lymphoid enhanced
factor 1 (Lef-1) in fibroblasts could reprogram fibroblasts
into SG-like cells [24]. Furthermore, overexpression of
Irf6 or foxcl in epidermal cells induced differentiation
into SGCs [7,8]. Although the above methods successfully

induced regeneration of SGCs, clinical application was
still restricted by their limited predictive performance
in vivo.

The role of niche in SG development

Differentiation of cells on the surface of the ectoderm led
to the development of the mammalian epidermis, including
the stratification and the formation of skin appendages such
as SGs, hair follicles and sebaceous glands [25]. The niche
was mainly composed of neighbor cells, glycosaminoglycans,
adhesion proteins, structural proteins and soluble factors
[26]. Plenty of studies have shown that niche plays an
important role in regulating cell localization, behavior and
differentiation [4,10]. In order to challenge the impact
of niche on cell fate, Ferraris et al. co-cultured corneal
epithelial stem cells with embryonic mouse foot dermis,
upper lip dermis and dorsal dermis. The results showed
that the cells co-cultured with foot dermis expressed SG-
specific keratin (K9) and the cells co-cultured with back
dermis formed hair follicle morphology and expressed hair
follicle-specific keratin (K15), while the cells co-cultured
with the upper lip dermis differentiated into epidermis
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with a multi-layer structure [10]. In addition, Lu et al.
transplanted SG progenitor cells into a mouse mammary
gland fat pad, and found that they formed branches like
mammary glands with decreased expression of ATP1al and
increased expression of milk protein. SG progenitor cells
grafted into mouse back skin could form stratified epidermis.
However, when SG progenitor cells were transplanted into a
mouse shoulder fat pad, they formed a curly tubular shape
and expressed SG-specific keratin (K18) [4]. Collectively,
microenvironmental factors played an essential role in fate
specification.

In patients with extensive trauma, although the skin injury
could be repaired after skin transplantation, SGs could not
be regenerated [27]. Our research showed that the damage
of niche might be responsible for loss of SGs [8,27]. In mice,
epithelial stem cells differentiated into SGs in the paw pad
while they differentiated into hair follicles and sebaceous
glands in the back [27]. This specific distribution of skin
appendages provided a great animal model to study the
impact of niche on cell behavior.

Progress of 3D bioprinting technology in regenerative
medicine

3D bioprinting is a comprehensive technology that integrates
computer-aided design, computer-aided manufacturing, com-
puter numerical control, precision drive, biomaterials, cell
biology and molecular biology. 3D bioprinting not only pro-
vides a new clinical method for tissue repair, but also an
exciting research tool for regenerative medicine, tissue engi-
neering, stem cells, cancer and other research fields [28].
Pati et al. successfully induced adipose MSCs to express
the specific markers of cardiomyocytes and chondrocytes by
adding extracellular matrix (ECM) of myocardial tissue and
cartilage into bioink and constructing a 3D structure with 3D
bioprinting technology [29]. Lee et al. induced endogenous
MSC:s to differentiate into menisci i vivo by constructing 3D
printing scaffolds that could continuously release a variety of
growth factors, and repaired meniscus damage in sheep [30].
Miller et al. utilized stereolithography to print out a func-
tional vascular system and simulate oxygen exchange in the
alveolar structure [31]. Feinberg et al. used freeform reversible
embedding of suspended hydrogels to print collagen through
3D bioprinting to control the composition and structure
accurately, and constructed a heart [32]. The above studies
have fully proved that 3D bioprinting has great potential in
simulating niche to induce stem cell differentiation and the
reconstruction of organs iz vitro.

Actually, there are no effective clinical treatments for SG
regeneration at present. Firstly, the regenerative capability of
SG is weak and the maintenance of morphology and function
of SG significantly depends on its niche. Secondly, in a severe
burn or wound, the niche of SG is destroyed completely.
The structure of skin appendages like SGs is tiny and subtle,
which is why SGs are difficult to isolate and purify, blocking
the progress of artificial skin. However, induced SG with the

use of 3D bioprinted niche and MSCs could greatly advance
clinical treatment. The technique not only provides numerous
and safe source of SGCs for transplantation, but also the
artificial niche supports the maintenance of regenerated SG
to promote functional regeneration. Therefore, 3D printing is
important and necessary for SG regeneration.

3D bioprinted niche facilitated SG regeneration

3D bioprinted niche induced ESC differentiation into SGCs
ESCs were considered as seed cells for SG regeneration as SGs
are derived from embryonic ESCs. Given that dermal com-
ponents and growth factors in ECM were vital for epithelial
cell-fate determination, homogenate of mouse paw pad and
epidermal growth factor (EGF) were added into a mixture
of gelatin and sodium alginate as bioink to print with the
set model and construct iz vitro niche [33,34]. SG-like cells
were observed after 14 days of culture and transplanting
the substitute SG-like cells into a burn model could partially
repair functional SG tissue. As niche is complex and multi-
dimensional, a single EGF could not induce cell differentia-
tion, and the efficiency of cell differentiation in conventional
culture methods was much lower than in a 3D environment.
Tissue homogenates provide complex inducible growth fac-
tors and biomaterial scaffolds provide structural space and
attachment sites for cell differentiation, which made it possi-
ble for 3D printing models to accurately induce directional
differentiation of cells and promote cell proliferation and
matrix secretion. Surprisingly, the efficiency of cell differentia-
tion reached >50% after 2 weeks of culture (Figure 2) [34]. In
terms of safety, it is not necessary to consider tumor formation
and exogenous gene intake. In a word, the strategy was safer
than previous methods for avoiding tumor formation induced
by foreign gene intake and it showed excellent potential for
clinical application due to the short induction time and high
inductive efficiency.

Cell behaviors such as cell proliferation, migration and
gene expression depend on the geometry of niche, which
fosters cell cytoskeletal tension and provides cell adhesion
[35]. Researchers have demonstrated that the apoptosis rate
of cells increased in a smaller space but decreased in a
larger cell space because the nucleus would become larger
resulting in increased chromatin depolymerization and DNA
synthesis and cell proliferation [36,37]. MSCs tended to be
adipogenic when they were small and osteogenic when large
[38]. Therefore, we further studied the role of structural
factors in SGC induction [39]. Two printing nozzles with
diameters of 300 and 400 wum, respectively, were used to
construct 3D scaffold with different pore diameter and thread
width. There were no significant differences in cell viability
and proliferative capacity between the two groups of 3D
scaffold. The degradation rate of the 300 um group was
slowly than that of the 400 um group, while the 300 um
group released a higher concentration of bone morphogenesis
protein 4 (BMP4) factor than the 400 pum group after 1-
7 days of culture. In addition, the expression of SG markers
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Figure 3. 3D scaffolds with different structures and their influences on cell behavior and tissue morphogenesis. PD plantar dermis

(K18, K19) was detected in the 300 um group, but not in
the 400 pum group within 5 days of culture. These results
showed that the pore diameter and geometric parameters of
the 3D scaffold printed by the 300 um printing nozzle were
more conducive to cell differentiation and tissue morphogen-
esis because of the appropriate concentration of nutrition
factors and space. When the SG-like tissue was moved to
a conventional Petri dish, its morphology disappeared and

cells adhered to the bottom of the culture dish, which further
proved the importance of geometry (Figure 3) [39].

In general, fabricating patterns of materials at microscale
and nanoscale resolutions could regulate cell fate, although it
was difficult to mimic the micro-structure of ECM precisely
in a 3D environment. There is a need for 3D scaffolds
that can be engineered with precise geometric control and
micropatterning to mimic the real structural cues.
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Biochemical and structural cues of 3D-printed scaffold
synergistically direct MSC differentiation for functional SG
regeneration Considering the large demand for seed cells
in clinical SG regeneration, we used BMSCs as seed cells
for induction in the 3D printed scaffold. Functional SGCs
formed 2 weeks later and could specifically repair SGs in mice.
Pithelial-mesenchymal  transitioin-mesenchymal-epithelial
transition (EMT-MET) oscillations were observed during
this process, which might have contributed to promoting
the transdifferentiation efficiency. In studying the underlying
molecular mechanism, it was found through proteomic
analysis that collagen triple helix repeat-containing protein
1 (CTHRC1) protein was highly expressed during SG
development and acted as a biochemical factor in the 3D
scaffold; further transcriptomics analysis proved that 3D
structural factors played an indispensable and important role
in the differentiation process of BMSCs by up-regulating the
expression of Hmox1. Gene ontology functional analysis
showed that the 3D structure and soluble factors could
synergistically initiate GO items of glandular development
and the occurrence of branch structures through activating
the expression of BMP2, which is involved in the production
of SGs. Adding CTHRC1 antibody to antagonize CTHRC1
protein in biological ink or down-regulating the expression
of Hmox1 in BMSC by inhibitors could seriously reduce
the inductive effect (Figure 4) [40]. Inflammation factors
also inhibited SG differentiation in a 3D construct [41]. In
addition to soluble proteins, biochemical factors in the niche,
including exosome proteins, non-coding RNA, circulating
RNA and circulating cells, were also important to tissue
regeneration, and related mechanisms need further study.

Vascular niche and SG regeneration New blood vessel
formation in the early stages of wound healing provide
nutrients for rapid closure of the wound. A wound cannot
close if there are insufficient new blood vessels, resulting in
continuous stimulation and chronic wounds such as diabetic
wounds [42]. Reestablishment of the vascular system is a
prerequisite for the regeneration of appendages after skin
transplantation [43].

Some researchers have shown that in addition to providing
nutrients and oxygen, blood vessels also regulate the location
and behavior of stem cells nearby through cytokine secre-
tion of endothelial cells [44]. In liver, central vein endothe-
lial cells could regulate the self-renewal of peripheral liver
cells by secreting Wnt2 and Wnt9b [45]. In various tis-
sues, MSCs located around capillaries differentiated into
adipocytes, osteoblasts and smooth muscle cells with factors
such as SDF-1, SCE, PDGF-b and Wnt secreted by endothelial
cells [46]. Neuronal stem cells differentiated into astrocytes
and oligodendrocytes with pigment epithelium-derived factor
(PEDF), betacellulin (BTC) and other factors secreted by
endothelial cells [47]. Specially, there was abundant horizon-
tal vascular plexus near the activated zone of hair follicle
stem cells in telogen, which maintained them in quiescence
by secreting BMP4 [44]. In skin, SGs, hair follicles, sebaceous
glands and white fat were structurally interrelated to form a
skin attachment unit [48]. The fact that hair follicles and SGs
had similar development patterns and induction processes
[49], as well as the observation that SGs were surrounded by
blood vessels, suggested that vascular regulation was essential
to the niche of SGs. The anatomical structure of the secretory
portion of SGs is located close to blood vessels, and the der-
mal microvasculature network surrounding several SG units
facilitates sweating, however the mechanism of biological
communication between vascular endothelial cells and SGCs
remains unknown.

Neighbor cells and SG regeneration Adjacent cells and
the signals they secrete are indispensable for stem cells to
maintain stemness and activation during tissue regeneration
[50,51]. Fibroblasts, hair follicles, sebaceous glands and
adipocytes are adjacent to SGs and support their morphology
and function by secreting Wnt, BMP2, BMP4 and other
growth factors. Researchers have shown the degree of cell-
cell contact involved in the fate of MSCs or neural stem
cells. High cell density or cell proliferation increased cell
interactions and promoted maintenance of stemness, while
cells at low density were inclined to differentiate because of
the weak signals of adjacent cells [52,53].
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Fibroblast heterogeneity is responsible for diverse skin
functions by providing signals for epidermal differentiation.
The dermis is structurally divided into three layers: papillary
dermis, reticular dermis and hypodermis. The expression of
genes related to the wnt signaling pathway in fibroblasts of
the papillary dermis is higher, indicating that it is related
to the development and function of skin appendages. The
expression of ECM-related genes was higher in the fibroblasts
of the reticular dermis, indicating that it was related to
wound repair and scar formation. The function of fibroblasts
in the hypodermis is related to nutrient supply and fat
metabolism as its genes are associated with the adipogenic
signaling pathway. Fibroblasts synthesize ECM proteins to
form specific structures and regulate the differentiation,
stratification and keratinization of the epidermis through
secreting soluble factors [54]. Although the subpopulation of
fibroblasts responsible for the development of SGs has not
been identified, it could control the fate of SGs by artificially
manipulating the gene expression of mouse embryonic dermal
fibroblasts, which suggested the importance of its role in SG
development and function.

Mechanical cues and SG regeneration Changes in the stiffness
of the ECM could be transmitted to the nucleus through
cell adhesion and the cell cytoskeleton, and then induce the
alternation of gene expression [35,55]. BMSCs were used as
seed cells to induce SG regeneration while hydrogel stiffness
played an extremely important role in the fate of MSCs. They
differentiated into adipocytes in hydrogel of 0.1-1 KPa, and
into myoblasts or osteoblasts in hydrogels of 1-10 or 10—
100 KPa. Muscle stem cells tended to maintain stemness in
hydrogels of 1-10 KPa while differentiating into myoblasts in
hydrogels of 10-100 KPa. Embryonic stem cells in hydrogels
of 0.1-1 KPa differentiated into immature cardiomyocytes,
became functionally mature when transferred into 1-10 KPa
hydrogel, and even transdifferentiated to fibrotic myofibrob-
lasts in 10-100 KPa hydrogel. In skin, the increase in stiff-
ness of the ECM during wound healing also promotes the
transformation of fibroblasts into myofibroblasts, leading to
scar [56-58]. Scar firstly changed the composition of dermal
fibroblasts, which the adjacent cells of SG damaged, resulted
in the lack of signals inducing SG regeneration. Secondly,
the increase in ECM stiffness due to accumulation of a
large amount of collagen was obstructive for budding and
formation of SG ducts which need to penetrate deep into the
dermis and are important for sweating. Finally, the increased
stiffness of the ECM did not facilitate angiogenesis, which
was also harmful to SG regeneration.

Conclusions

The major challenges of 3D-bioprinted microenvironments
for regenerative medicine include how to combine the syner-
gistic cues for accurate cell-matrix signaling and simultane-
ously deliver a heterogeneous set of cues to recapitulate native
microenvironments. For example, by using 3D bioprinting

technology and ECM homogenate to mimic SG niche in vitro
to induce SG regeneration, we proved that structural cues,
biochemical factors and mechanical cues were involved in
maintaining the function of tissue and driving tissue regener-
ation. Increased understanding of the key elements involved
in 3D bioprinted microenvironments of SG regeneration will
likely be important to clarify the difficulties of organ con-
struction iz vitro and also in advancing the field. We also posit
that the facile nature of 3D bioprinting techniques will allow
for the creation of vascular and neighbor cellular microen-
vironments that can robustly and appropriately recapitulate
the heterogeneous cellular microenvironment. All of these key
elements are typically believed to be essential for successful
regeneration of a fully functional organ in vitro, and future
further exploration of the underlying mechanisms is needed.
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