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Multilayered skin substitutes comprising allogeneic cells have been tested for the treatment of nonhealing
cutaneous ulcers. However, such nonnative skin grafts fail to permanently engraft because they lack dermal
vascular networks important for integration with the host tissue. In this study, we describe the fabrication of an
implantable multilayered vascularized bioengineered skin graft using 3D bioprinting. The graft is formed using
one bioink containing human foreskin dermal fibroblasts (FBs), human endothelial cells (ECs) derived from
cord blood human endothelial colony-forming cells (HECFCs), and human placental pericytes (PCs) suspended
in rat tail type I collagen to form a dermis followed by printing with a second bioink containing human foreskin
keratinocytes (KCs) to form an epidermis. In vitro, KCs replicate and mature to form a multilayered barrier,
while the ECs and PCs self-assemble into interconnected microvascular networks. The PCs in the dermal bioink
associate with EC-lined vascular structures and appear to improve KC maturation. When these 3D printed grafts
are implanted on the dorsum of immunodeficient mice, the human EC-lined structures inosculate with mouse
microvessels arising from the wound bed and become perfused within 4 weeks after implantation. The presence
of PCs in the printed dermis enhances the invasion of the graft by host microvessels and the formation of an
epidermal rete.
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Impact Statement

Three Dimensional printing can be used to generate multilayered vascularized human skin grafts that can potentially
overcome the limitations of graft survival observed in current avascular skin substitutes. Inclusion of human pericytes in the
dermal bioink appears to improve both dermal and epidermal maturation.

Introduction greater life-expectancy and increasing prevalence of diabe-
tes. Susceptible patients often have impaired wound heal-
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topical wound therapies/dressings and skin grafting.® Auto-
logous skin grafting, while effective, creates new wounds at
harvest sites that also heal poorly in these individuals.*> Al-
logeneic skin can provide wound closure, but triggers vigorous
rejection by the patient’s immune system.

Tissue-engineered multilayered skin grafts, such as Apli-
graf™, are a third treatment option. Apligraf is an engineered
bilayered structure containing an epidermis with human ker-
atinocytes (KCs) and a dermis with neonatal foreskin fibro-
blasts (FBs).” The clinical experience and basis for FDA
approval is that Apligraf functions as a source of growth
factors that enhance healing.”® However, it sloughs over a
matter of weeks. Interestingly, although the cellular constitu-
ents of Apligraf are allogeneic to the host, graft loss does not
appear to be an immune-mediated rejection of these cells and
does not sensitize the recipient’s immune system to them.

Notably, Apligraf and other approved bilayered skin re-
placements lack a dermal vasculature preventing long-term
stable engraftment. Our experience with recellularized dermis
suggested that engineering a dermal vasculature into a bilayered
skin substitute will promote stable integration of these grafts.'’
In addition, human vascular cells can provide angiocrine factors
that promote healing and tissue maturation.'"'*

A significant advance in tissue engineering over the last
decade has been the advent of 3D bioprinting, an adaptation
from tools developed for nonliving systems that has en-
abled the precise fabrication of living systems over multi-
ple and relevant length scales.'>™'> The complexity of skin
microvasculature and other three-dimensional structures that
are present in human skin are difficult to replicate in vitro
through simple manual fabrication methods.

Bioprinting approaches such as inkjet, microextrusion, and
laser-assisted printing are currently being explored in the de-
velopment of more complex synthetic skin models.'®'® Re-
cently, Huang et al. used a 3D bioprinting platform as a tool to
promote differentiation and regeneration of sweat gland cells.'
The authors demonstrated that a gelatin and alginate-based
scaffold can create an environment capable of inducing differ-
entiation of epidermal progenitor cells into sweat gland cells. In
addition, the matrix induced sweat gland regeneration when it
was directly printed on burn wounds in mice.*

Incorporation of pigment-producing melanocytes and
immune cells in printed skin structures has also been
reported.”'">* Other approaches using 3D bioprinting tech-
nology have shown to successfully generate perfusable
capillary-like structures in vitro.**> Despite these ad-
vances, there are still major limitations in the generation of
functional endothelial networks of physiologically relevant
dimensions in vitro. To our knowledge, the lowest diame-
ter reported of a 3D bioprinted perfused vessel in a skin
construct was of 80 um.?® This size is significantly larger
than the capillaries found in the skin microvasculature
(<26 um at the superficial horizontal plexus and <50 pm at
the dermal-subcutaneous plexus).?’*®

We have previously demonstrated the feasibility of using
3D bioprinting to fabricate a skin equivalent.”’ However,
this bioprinted skin tissue lacked a fully matured stratum
corneum and a vascularized dermis. In this study, we dem-
onstrate the fabrication of a multilayered, vascularized skin
construct using human cells and 3D printing technology that
becomes perfused through both graft and host microvessels
after implantation on immunodeficient mice.
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Materials and Methods
Cell isolation, culture, phenotyping, and modulation

Preliminary in vitro experiments were performed with
human dermal FBs and KCs cultured from freshly discarded
human foreskin under protocols approved by the University
of Pennsylvania Institutional Review Board. Subsequent
experiments used freshly discarded human foreskin obtained
at Yale under protocols approved by the Yale University
Institutional Review Board. FBs and KCs were isolated
from foreskin samples according to previously published
protocols.30 FBs obtained from the dermis and KCs obtained
from the epidermis were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) supplemented with 10%
fetal bovine serum (Atlanta Biologics), 1% Pen/Strep
(Gibco), and KGM Gold medium (Lonza), respectively.
Human endothelial cells (ECs) were cultured from cord
blood human endothelial colony-forming cells (HECFCs) in
EGM2 medium (Lonza).31 Pericytes (PCs) were isolated
and cultured in M199 medium (Gibco) sup3plemented with
20% fetal bovine serum and 1% Pen/Strep.>>

Fluorescence flow cytometry confirmed that cultured
dermal FBs uniformly expressed PDGFR-a, PDGFR-f3, and
CD90, but not NG2 (a marker of PCs), CD31 (a marker of
ECs), or CD45 (a marker of hematopoietic cells). In addi-
tion, immunofluorescence microscopy confirmed positive
staining for o-smooth muscle actin (Fig. 1A), suggesting
that cultured dermal FBs used in this study display a
myofibroblast-like phenotype.**** Fluorescence flow cytome-
try confirmed human placental PCs express NG2, CD90, and
PDGFR-f but lack PDGFR-a, CD31, and CD45 (Fig. 1B),
and HECFC-derived ECs express CD31 but not CD45
(Fig. 1C). To allow long-term live cell visualization of
endothelial networks in vitro, ECs were transduced with
lentivirus expressing RFP according to the manufacturer’s
instructions (GeneCopoeia). All cells were maintained at
37°C and 5% CO, until printing.

Preparation of dermal and epidermal bioinks

Dermal and epidermal bioinks were designed based on a
protocol previously described.®> The ratio of KCs and FBs
was optimized in vitro in preliminary experiments using
human foreskin as a reference. The condition that did not
show statistically significant differences in the thickness of
suprabasal and basal layers compared to human foreskin
was used to generate a 3D construct containing FBs and
KCs. The ratio of PCs and ECs to FBs in the dermal com-
partment of printed constructs was also optimized in vitro.
The condition that allowed stable endothelial self-assembly
in vessels without regression as well the addition of the
highest number of PCs without causing collagen contraction
in vitro was selected to fabricate a 3D printed construct
comprised of KCs, FBs, ECs, and PCs. Dermal bioink
was formulated with 7.0 10°/mL human FBs and, where
indicated, 7.0x 10°/mL human ECs with or without 3.5x
10°/mL human PCs, suspended in a solution comprising
2.2mL of 3.5mg/mL of rat tail type I collagen (Corning),
150 uL. of FBS (Atlanta Biologics), 290 uLL of 10 xpH re-
constitution buffer (0.05M NaOH, 2.2% NaHCO;, and
200mM HEPES), and 290 pL. of 10 xHAM-F12 medium
(Gibco) with subsequent storage at 4°C to avoid gelation.
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FIG. 1. Immunocharacterization and phenotyping of cultured human dermal FBs, placental PCs, and ECFC-derived ECs.

(A) Dermal FBs express o-smooth muscle actin, PDGFR-o, PDGFR-f, and CD90 but not NG2, as confirmed by immu-
nofluorescence microscopy. Placental PCs stained positive for a-smooth muscle actin, PDGFR-B, NG2, and CD90, but not
PDGFR-a. (B) Flow cytometry analysis of dermal FBs confirmed the expression of PDGFR-o, PDGFR-f, and CD90.
Furthermore, these cells lack expression of NG2, CD31, and CD45. PCs showed positive expression of PDGFR-, NG2, and
CD90, but lack expression of PDGFR-a, CD31, and CD45, as confirmed by flow cytometry. (C) Human ECFC-derived ECs
stained positive for VE-cadherin by immunofluorescence microscopy and showed positive expression of CD31, but not
CD45 by flow cytometry analysis. Specific staining by flow cytometry is shown in green; isotype-matched control staining
is shown in red. Similar results were observed in three independent isolations from different donors. Scale bar: 100 um. FB,

fibroblast; PC, pericyte; ECFC, endothelial colony-forming cell. Color images are available online.

Epidermal bioink was formulated with 2x 10%mL human
KCs in 500 pL of 1:1 KGM and skin differentiation medium
[DMEM/HAM’s F-12 (3:1) supplemented with 10% FBS,
0.1nM cholera toxin (Sigma), 5pg/mL insulin (Sigma),
5 png/mL apotransferrin (Sigma), 0.4 pg/mL hydrocortisone-
21 (Sigma), and 0.5ng/mL epidermal growth factor
(Peprotech)].

Three Dimensional bioprinting of skin equivalents

Preliminary experiments to improve epidermal differen-
tiation were conducted using a printing platform described
previously.*®37 Skin constructs were generated by printing
of 29mL of cold (4°C) dermal bioink containing FBs
(dispensed from a 3 mL syringe), at a resolution of 300 pm
and pneumatic pressure of 6 psi, on top of a six-well
Transwell PET insert with 3-um pore size. Upon gelation of
dermal layers at 37°C, 500 uL of the epidermal bioink
containing KCs was printed at a resolution of 300 pm and
pneumatic pressure of 2.5 psi, on top of the 3D dermal
construct. After printing, 1 mL of epidermal bioink without

KCs was added to the bottom compartment of the six-well
Transwell insert. Twenty-four hours after incubation at
37°C, the media on top and bottom of the Transwell insert
were removed and changed to 100% skin differentiation
medium, as described previously. After 4 days under me-
dium submersion, the Transwell insert containing the skin
equivalent was carefully transferred to air-liquid interface
(ALI) on top of a 100 um pore cell strainer placed in a
Falcon® six-well Deep Well Plate (Corning). The medium
on top was removed and 9 mL of skin differentiation me-
dium was added to the bottom of the cell strainer, making
sure that no bubbles were trapped under the Transwell in-
sert. The medium below the cell strainer was replaced every
3 days for 2 weeks.

Vascularized skin grafts were fabricated using a com-
mercially available Bio X bioprinter (CELLINK). An ex-
changeable print head comprising a sterile 30-gauge
stainless steel blunt needle (inner =: 0.15mm; outer =:
0.31 mm; CELLINK) and maintained at 4°C was used to
print the dermal bioink at extrusion pressure of 50kPa for
205s. Bioprinted constructs were submerged in EGM2
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medium for 4 days with daily medium change to allow self-
assembly of endothelial networks. At day 4, a sterile 32-
gauge stainless blunt needle (inner =: 0.10 mm; outer =:
0.24 mm; CELLINK) was used to print the epidermal bioink
at extrusion pressure of 35 kPa for 54 s. Twenty-four hours
later, the printed cultures were submerged in 100% skin
medium for 4 additional days and were subsequently sutured
on mice.

Morphological characterization of bioprinted grafts

To optimize conditions that minimize mixing of dermal
and epidermal compartments, 70% confluent cultures of
dermal FBs and KCs were fluorescently labeled with Cell-
Tracker™ Red CMPTX and CellTracker Green CMFDA
dyes (ThermoFisher Scientific), respectively, according to
the manufacturer’s instructions, 24 h before printing. Three
days after printing, the constructs were imaged on Nikon
Eclipse Ti-E inverted fluorescence microscope (Nikon In-
struments) with a motorized stage, and multiple Z-stack
images were acquired to assess the spatial distribution of
FBs and KCs in the printed constructs. Images were pro-
cessed in NIS-Elements software (Nikon Instruments) to
generate 3D projections of each sample.

Frozen sections (7 pm) of printed grafts were analyzed
by H&E, immunofluorescence, and immunohistochemical
staining. For immunofluorescence analysis, tissue sections
were immersed in cold acetone for 10 min and blocked for
1h with 10% normal goat serum in PBS or 10% donkey
serum. Slides were then incubated overnight at 4°C, in a
humid chamber, with primary antibodies against cytokeratin
10 (rabbit, 1:200, clone EP1607IHCY; Abcam), cytokeratin
14 (mouse, 1:200, clone LL0O02; Abcam), filaggrin (mouse,
1:200, clone FLG/1561; Abcam), collagen IV (mouse;
1:200, clone COL-94; Abcam), laminin 5 (rabbit, 1:100;
Abcam), ki67 (rabbit, 1:200, clone SP6; Abcam), human
CD31 (mouse, 1:200, clone JC70A, Agilent), mouse F4/80
(rat, 1:50, clone BMS; eBioscience™), fluorescein Griffonia
Simplicifolia Lectin I Isolectin B4 (GSL-I B4; 1:200; Vector
Laboratories), or fluorescein Ulex Europaeus Agglutinin I
(UEA-1; 1:200; Vector Laboratories). Slides were then
washed with PBS (3 x) and incubated for 1h at room tem-
perature with anti-mouse or anti-rabbit IgG H&L second-
ary antibodies conjugated with Alexa Fluor™ 488 or Alexa
Fluor 568 (goat, 1:500; Abcam). Slides were mounted with
VECTASHIELD antifade mounting medium containing
DAPI (Vector Labs) for nuclear staining and imaged on
a Nikon Eclipse Ti-E inverted fluorescence microscope
(Nikon Instruments). Immunohistochemical analysis was
performed with the following Biotin-SP AffiniPure IgG
(H+L) antibodies: donkey anti-rabbit IgG (H+L), donkey
anti-mouse IgG (H+L), and goat anti-rat. Substrate to the
secondary antibody was included in the VECTASTAIN
ABC Peroxidase Kit and AEC Peroxidase Substrate Kit
(Vector Laboratories).

Engraftment of bioprinted vascularized skin
in SCID/bg mice

All procedures were performed under protocols ap-
proved by the Yale Institutional Animal Care and Use
Committee. Printed skin constructs were engrafted under
sterile conditions onto the side of 6-12-week-old female
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C.B-17 SCID/bg mice (Taconic Farms, Germantown, NY)
anesthetized by intraperitoneal injection of ketamine/
xylazine. Mouse skin (~2 diameter) was excised from the
dorsal side of the animal and a comparable-sized piece of
printed skin was placed on the wound and sutured in place
using 6-0 Prolene suture. The graft was then covered with
two layers of Vaseline gauze, precoated with Bacitracin
cream, a layer of Tegaderm, two bandages covering the size
of the wound, and finally wrapped with Coban 3M tape.
Bandaging was removed 10 days after implantation.

Assessment of in vivo perfusion by tail vein injection
of fluorescein UEA-I

Fluorescein UEA I (Vector Laboratories) was diluted in a
1:1 ratio with saline solution. Two-hundred microliters were
injected per mouse via the tail vein and allowed to circulate
for 30 min before harvesting grafts. Mice were euthanized
and grafts were harvested and cut in half: one half was fixed
in 10% buffered formalin overnight for paraffin-embedding;
the other half was embedded in OCT, frozen, and cryosec-
tioned (7 um thick).

Results

Generation and characterization of distinct epidermal/
dermal compartments of bioprinted skin grafts

To enable the printing of multilayered 3D skin constructs, we
previously used nebulization with NaHCO; to crosslink colla-
gen.”? In this model, 8 layers of collagen precursor were se-
quentially deposited. Between each layer of collagen and FBs,
nebulized NaHCO; was applied as a crosslinking agent. We
tested this gelation method to fabricate a vascularized skin graft
composed of human primary cells and varied the nebulization
time from 5 to 10s. However, nebulization failed to promote
homogeneous distribution of FBs within the dermis and support
KC differentiation (Fig. 2A). When collagen layers were neb-
ulized for 5s, dermal FBs deposited at the bottom of the
Transwell insert, whereas nebulization for 10 s produced a stri-
ated pattern with visible separation between the layers of FBs.

In agreement with these observations, histological analysis
of the printed constructs at day 20 showed aggregation of
dermal FBs near the Transwell insert membrane when collagen
layers were nebulized for 5 s, while nebulization for 10s led to
spatial separation of the collagen and FBs layers. Both condi-
tions either showed no or poor epidermal differentiation. To
address this, we developed an alternative method for collagen
crosslinking by mixing cells with a pH reconstitution buffer
immediately before printing, with subsequent incubation at
37°C in skin differentiation medium (Fig. 2B).

Printed skin constructs were cultured at ALI starting at
day 4. At day 30, these bioprinted constructs showed sig-
nificant improvement in the distribution of FBs within the
dermis, and improved morphology of the subsequently
printed epidermal compartment (Fig. 2C), with positive epi-
dermal staining of filaggrin (a marker of stratum corneum),
CK14 (a marker of stratum basal), CK10 (a marker of su-
prabasal layers), and collagen type IV (a marker of basement
membrane), similar to human skin. In addition, the resulting
epithelium had well-organized cuboidal basal cells adherent
to the basement membrane, indicative of the development of
a mature skin tissue.
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FIG. 2. Optimization, maturation, and characterization of dermal/epidermal compartments of bioprinted skin constructs
in vitro. (A) Evaluation of the effect of nebulized NaHCOj as a collagen crosslinking agent on distribution of dermal FBs
and differentiation of KCs in 3D bioprinted constructs. Top images are shown as maximum projections of z-stack epi-
fluorescence images of printed constructs at day 3. FBs and KCs were fluorescently labeled with CellTracker Red CMPTX
and CellTracker Green CMFDA dyes, respectively. Botfom images show H&E staining of bioprinted constructs 20 days
after printing demonstrating heterogeneous distribution of FBs when collagen layers were nebulized. Scale bar: 100 pm. (B)
Schematic showing layer-by-layer bioprinting of human skin equivalents. (C) Representative images of H&E and immu-
nofluorescence staining of human foreskin and bioprinted constructs 30 days after in vitro maturation. Printed grafts show
positive expression of filaggrin, cytokeratin 14, cytokeratin 10, and collagen type IV, similar to human foreskin. Cell nuclei

were stained with DAPI (blue). Scale bar: 100 pm. KC, keratinocyte. Color images are available online.

Incorporation of human endothelial cells and placental
pericytes into the dermal compartment of 3D
bioprinted skin grafts

We assessed the ability of HECFC-derived ECs to pro-
duce vessel-like structures when incorporated in the dermal
compartment of bioprinted skin grafts. We first evaluated
the ability of skin differentiation medium to induce and/or
maintain endothelial networks in vitro (Fig. 3A). Live im-
aging analysis of constructs cultured in skin differentiation
medium did not show endothelial network formation during
4 days of culture (Fig. 3B, protocol A). In contrast, EGM2
medium during the initial culture period supported vessel
self-assembly, but was not required after day 4 (Fig. 3B,
protocol B).

Z-stack confocal imaging of dermal constructs in skin
medium at day 10 revealed 3D endothelial networks with
open lumens (Fig. 3C), which secreted collagen type IV, a
principal component of the basement membrane of the

capillary endothelium and were surrounded by dense colla-
gen fibers (Supplementary Movie S1). Importantly, no signs
of vessel regression were observed up to 50 days of subse-
quent culture in skin differentiation medium (Fig. 3D).

PCs stabilize microvessels in vivo and in vitro>>®
Therefore, we incorporated PCs into the dermal bioink.
Seven days after bioprinting, human PCs directly associated
with EC-lined vessels, while FBs remained randomly dis-
tributed within the matrix (Fig. 3C).

To generate vascularized bilayered skin constructs for
implantation, dermal and epidermal compartments were
printed in two stages. First, the vascularized dermal com-
partment was bioprinted with human ECs and FBs and
cultured in EGM2 for 4 days to promote vascular self-
assembly. Second, the epidermal compartment containing
KCs was bioprinted on day 4 and cultured in skin differ-
entiation medium until engraftment without exposure to an
ALI (Fig. 4A). This 2-step approach allowed self-assembly
of endothelial networks in the dermis as well as epidermal
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FIG. 3. Evaluation of culture conditions to allow endothelial network assembly in bioprinted dermal constructs in vitro.
(A) Timeline of culture conditions tested: RFP-expressing ECs cocultured with dermal FBs in bioprinted dermal constructs
cultured in skin medium for 4 days (protocol A); or EGM2 for 4 days and subsequently in skin medium until day 37 of
in vitro culture (protocol B). (B) Live cell fluorescence microscopy of bioprinted dermal constructs cultured with protocol
A, showing absence of EC network formation, whereas protocol B promoted self-assembly and long-term maintenance of
EC networks. Scale bar: 100 um. (C) 3D reconstruction of self-assembled endothelial networks in skin medium in vitro at
day 10. Scale bar: 50 um. Grids define the 3D space. (D) Printed samples were followed for 50 days to evaluate long-term
endothelial network stability and viability in skin medium. Live cells were stained with calcein (green) and nuclei with
Hoechst (blue). (E) Live imaging of cocultures of RFP-expressing ECs, Cy5-dermal FBs, and GFP-expressing PCs, 7 days

after printing. Scale bar: 100 um. Color images are available online.

keratinization. Immunohistochemical analysis of skin grafts
containing ECs at day 10 showed the presence of human
CD317 vessel-like structures within the dermis (Fig. 4B). As
expected, bioprinted grafts without human ECs did not
stain for human CD31" cells.

Similar to human skin, all bioprinted skin grafts showed
positive Ki67 and CK14 expression in the epidermal basal
layer, indicative of normal proliferation of basal KCs. In-
terestingly, in this experiment, the presence of PCs in the
dermis of the skin grafts significantly increased epidermal
thickness and maturation. Particularly, skin grafts contain-
ing human PCs showed increased expression of laminin 5, a
principal component of the epidermal basement membrane,
and presence of CK10" suprabasal terminally differentiated
KCs above well-organized CK14" cuboidal basal KCs.

Characterization of 3D bioprinted skin grafted
onto immunodeficient mice

Bioprinted skin grafts with and without incorporation of
human ECs and PCs were implanted on the dorsal part of im-
munodeficient mice after 8 days of in vitro culture (Fig. 5A). In
a pilot experiment, bioprinted skin grafts implanted for 14 days
showed a high degree of hemorrhage and inflammation, par-
ticularly in nonvascularized bioprinted grafts compared to
grafts containing human vascular cells (Fig. 5B). Skin substi-

tutes formulated with human ECs and PCs contained vascular
structures 2 weeks postengraftment and a higher degree of
epidermal organization as shown by cytokeratin 10 and 14
expression, as well as early-stage formation of rete ridges.

At 30 days after engraftment, the human origin of the epi-
dermis was assessed by involucrin staining, a marker of terminal
differentiation of human KCs (Fig. 6A). Immunohistochemical
analysis confirmed that the epidermis of bioprinted vascularized
skin grafts was formed by human KCs. Moreover, significant
contraction was observed in bioprinted grafts without ECs.
Histological analysis of bioprinted grafts at day 30 confirmed
that bioprinted grafts without EC were significantly smaller, and
a significantly larger area was occupied by mouse skin in
comparison to the grafted vascularized skin (Fig. 6B).

As expected, no human ECs were detected in grafts that
did not include human ECs (Fig. 6C). Constructs formulated
with human ECs contained vascular structures 4 weeks
postengraftment. Some microvessels were lined by mouse
ECs stained with GSL-B4, suggesting host angiogenesis.
However, many vessels distant from the wound bed were
lined with human ECs (Fig. 6C). Fluorescent UEA-1 in-
jected through the tail vein 30 min before explant labeled
human ECs, confirming perfusion of these vessels. Bio-
printed grafts containing PCs displayed human CD31"
vessels with many surrounded by a secondary layer of
CD31-negative cells.
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FIG. 4. Characterization of 3D bioprinted vascularized skin equivalents before engraftment. (A) Timeline of 2-stage
protocol to fabricate human vascularized skin equivalents. First, bioprinting of a vascularized dermal compartment cultured
in EGM2 for 4 days and, second, bioprinting of the epidermal compartment and culture in skin medium. At day 8,
bioprinted constructs were characterized or implanted onto an immunodeficient mouse model. (B) Representative images of
H&E and immunofluorescence staining of human adult skin and bioprinted constructs at the time of engraftment. Bioprinted
skin grafts containing ECs show human CD317 vessel-like structures, whereas bioprinted grafts without human ECs do not.
Bioprinted skin grafts showed positive Ki67 and CK14 expression in the epidermal basal layer. Skin grafts containing
human PCs showed increased expression of laminin 5 and CK10* suprabasal terminally differentiated KCs. Cell nuclei were
stained with DAPI (blue). Scale bar: 50 um. Color images are available online.

The presence of a mature stratified epidermis and the
formation of rete ridge-like structures were observed in
vascularized skin grafts, particularly in grafts containing
PCs. The expression of laminin 5 at the epidermal-dermal
junction was also observed in all grafts. Interestingly, grafts

Compared to the 14-day explants, the inflammation associ-
ated was reduced, suggestive of resolution.

Discussion

containing PCs in addition to ECs appeared to evoke a more
extensive angiogenic host response. All of the implanted
grafts showed infiltration of F4/80-expressing mouse mac-
rophages in both the wound bed and in the dermal and
basal layers of the epidermis of the grafted skin. In contrast,
grafts lacking ECs appeared more intensely infiltrated.

The absence of a vascular bed within currently available
bilayered skin equivalents limits their capacity for stable
engraftment as a permanent treatment for nonhealing cuta-
neous ulcers. In this study, we incorporated a vascular bed
self-assembled from human ECs, with or without human
PCs, in the dermal layer of a 3D bioprinted skin graft.
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Vascularized bioprinted
skin graft with ECs

Vascularized bioprinted
skin graft with ECs and PCs

FIG. 5. Characterization of
3D bioprinted skin grafts at
the time of engraftment and 2
weeks postengraftment onto
immunodeficient mice. (A)

At the time of engraftment

Photographs of bioprinted

grafts with and without B
incorporation of ECs and PCs
at the time of engraftment.
(B) Representative images of
H&E and immunofluores-
cence staining of bioprinted
constructs 2 weeks post-
engraftment. H&E staining
shows a higher degree of
hemorrhage in non-
vascularized bioprinted skin
grafts compared to grafts
containing ECs. UEA-1
staining shows the presence
of human EC-lined vessels.
Formation of rete ridges

was observed particularly in
vascularized bioprinted grafts
containing PCs. Scale bar:
50 um. Color images are
available online.

H&E

2 weeks post-engraftment
Human EC

CK10/14

Past approaches using 3D bioprinting technology have
generated capillary-like networks by prepatterning of chan-
nels lined with ECs in vitro.”**> We used an alternate ap-
proach that focuses on self-assembly of ECs to generate
prevascularized dermal compartments before engraftment.
Although patterning strategies offer the advantage of an
easy connection to a flow system, vessel patterning is often
achieved with nonphysiological designs, and small vessel
diameters are difficult to generate and perfuse.’**® In con-
trast, when ECs are allowed to self-assemble into micro-
vessels, they form complex morphologies with patterns that
resemble natural tissues with lumen diameters similar to
native microvessels.***!

Furthermore, we were able to demonstrate that our approach
overcomes limitations related to vessel regression in vitro and
perfusion in vivo.?*** Specifically, the incorporation of FBs
and PCs mitigated vessel regression before engraftment, and
the vessels were perfused in vivo both in an angiocrine manner
(as evidenced by host vessel invasion) and through anastomosis
(as evidenced by preinjected Ulex staining).

To our knowledge, the generation and implantation of a
3D bioprinted skin graft comprising a vascularized dermis
with perfused human EC-lined vessels and human epidermis
in vivo has not yet been realized. Recently, Kim e? al. used a
bioink from porcine skin-derived decellularized extracellu-

lar matrix (AECM) to bioprint a vascularized skin patch on
immunodeficient mice by using both extrusion and inkjet
printing modules.*> Human adipose derived mesenchymal
stem cells (ASC) and HECFC-derived ECs were loaded in
dECM bioink to generate a skin patch of 1 cm diameter and
I mm thickness. Accelerated wound closure was observed
in ASC + EC-dECM encapsulated bioprinted patches due
to rapid degradation of the dECM; host neovascularization
and reepithelization was observed through the recruitment
of host cells. Almost complete reepithelization (~90% of
initial gap length) by the host was achieved after 14 days.
However, the presence of perfused human EC-lined vessels
within the dermis of the bioprinted skin patch was not
reported.

One issue that limited our previous efforts was controlling
the gelation of type I collagen in the dermal bioink.”> We
improved the distribution of dermal FBs in the bioprinted
dermis by mixing a pH reconstitution buffer before printing
instead of nebulization with NaHCOs, which was previously
used for collagen crosslinking.”> However, under these
printing conditions, mixing the collagen precursor with a pH
reconstitution buffer initiates rapid crosslinking, increasing
viscosity and gelation, and potentially clogging the printing
assembly. We solved this problem by holding the dermal
bioink at 4°C, which was accomplished with CELLINK’s
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FIG. 6. Characterization of 3D bioprinted skin equivalents 4 weeks postengraftment. (A) Immunohistochemical staining
of human involucrin, at the wound edge, showing that epidermis of 3D bioprinted vascularized skin is of human origin.
Scale bar: 50 um. (B) Representative H&E images of bioprinted grafts showing the extent of contraction. Bioprinted grafts
without ECs and PCs were significantly smaller with a larger area occupied by the mouse skin. The border between
bioprinted graft and mouse skin was identified by thin epidermis, presence of hair follicles and deep dermis with adipose
tissue. Scale bar: 1 mm. (C) Substitutes formulated with human ECs contained vascular structures 4 weeks postengraftment.
Presence of mouse microvessels and infiltration of mouse macrophages were assessed by staining with GSL-B, and F4/80
antibody, respectively. To demonstrate that human EC-lined vessels were perfused, fluorescent UEA-1 was injected 30 min
before explant. Arrows point to perfused human-lined vessels. Vascularized bioprinted grafts displayed formation of rete
ridge-like structures, particularly in bioprinted grafts containing PCs. Scale bar: 100 pm. Color images are available online.

Bio X bioprinter with an exchangeable cooled printing head,
which is critical for robust, consistent, and high-throughput
fabrication of multiple bioprinted skin grafts in parallel.

We find that a period of in vitro maturation is critical to
produce skin equivalents with the degree of tissue organi-
zation observed in human skin. The skin basement mem-
brane is important for epidermal integrity and function,
including the permeability barrier, forming an adhesive
interface between dermis and epidermis, and controlling
cellular organization and differentiation.**~*¢

Exposure to ALI along with culture conditions necessary for
maturation are often used to induce epidermal differentiation of
skin equivalents,*”*® and these approaches have also been used
here. For example, bioprinted skin constructs cultured for 26 days
at an ALI showed markers of epidermal stratification (CK14,
CK10, and filaggrin), and positive expression of basement
membrane collagen IV, indicative of mature human skin de-
velopment. However, when we attempted to mature bioprinted
vascularized grafts in vitro, ALI culture caused vessel regression
and collapsing of self-assembled endothelial networks.

We believe that the significant water loss induced by ALI
has a detrimental effect on self-assembly of microvascular

structures. To overcome this, we adopted a 2-step approach
for skin structures intended for implantation. This 2-step
approach produced vessels with open lumens in the dermis
as well as differentiation of basal KCs in the epidermis.
Although this approach might limit the use of vascularized
bioprinted constructs for in vitro disease modeling, we be-
lieve that it is a superior method for producing constructs for
implantation and in vivo maturation.

When bioprinted grafts were implanted on immunodefi-
cient mouse, the bioprinted vascularized skin grafts became
perfused. Human EC-lined microvessels were present 2 and
4 weeks postengraftment. In addition, we observed rapid
invasion of the host microvasculature into the grafts, par-
ticularly in grafts containing PCs in addition to ECs,
which might explain the high graft survival of both non-
vascularized and vascularized bioprinted grafts. In agree-
ment with these observations, several studies have described
the role of PCs in regulation of vessel guidance in angio-
genesis through secretion of growth factors, such as hepa-
tocyte growth factor,**” and matrix metalloproteinases to
allow EC migration.”' Our data suggest that the inclusion of
PCs in engineered grafts may improve graft survival rate.
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Interestingly, we found that inclusion of PCs in the der-
mal bioink also improved KC maturation and formation of
epidermal rete 4 weeks postengraftment. This observation is
consistent with a prior report that dermal PCs can augment
the paracrine effect of FBs on epithelial regeneration.’”
More specifically, organotypic cultures containing PCs dis-
played a thickened epidermis, highly polarized organization
of cells within the basal layer and more ordered suprabasal
stratification. Incorporation of dermal PCs in organotypic
cultures enhanced the deposition of laminin-511/521 in the
dermal-epidermal junction and expression of BMP-2 that
conferred cell polarity and increased number of basal cell
divisions.>® Further work is needed to investigate the ex-
trinsic cues provided by PCs to regulate the epidermal
maturation and host angiogenesis observed here.

A potential bottleneck in skin tissue replacement is the
large number of cells required to generate skin equivalents
since they can be harvested only in small quantities directly
from human biopsies. In addition, it may be impractical to
obtain such cells from the recipient’s own skin, particularly
in patients with compromised recipient beds (e.g., in dia-
betes, thermal burns, or venous leg ulcers) or in hosts with
impaired angiogenesis.>*°

In this study, we have shown that HECFC-derived ECs can
be used to promote the vascularization and perfusion of bio-
printed skin grafts. These can be easil_?/ isolated from umbilical
cord blood or adult peripheral blood,>”*® avoiding skin harvest.
HECFC-derived ECs can be expanded for at least 100 popu-
lation doublings,” allowing the generation of larger sized
grafts. Furthermore, these ECs can be cloned, allowing selec-
tion after genetic modifications. This property may be impor-
tant because in addition to promoting graft perfusion, human
ECs can initiate immune-mediated rejection by direct presen-
tation of nonself class I and -class Il HLA proteins to circulating
alloreactive effector memory T cells. This population is uni-
formly present in adult human peripheral blood and has been
correlated with early rejection of clinical allografts and with
rejection of human skin on immunodeficient mice introduced
by adoptive transfer.®®

In contrast, Apligraf, an avascular bilayered skin equivalent
approved by FDA, does not induce acute rejection responses
likely due to the fact that it lacks both professional antigen-
presenting cells and ECs.°""®* While grafts containing unmod-
ified human ECs will be alloimmunogenic, this property can be
eliminated from HECFC-derived ECs by CRISPR/Cas9-
mediated deletion of HLA antigen expression.®*~% We antici-
pate that successful engraftment of a 3D bioprinted human skin
graft by incorporating allogeneic ECs without triggering rejec-
tion in the host would be of great clinical utility and the basis for
the creation of an “‘off-the-shelf”” clinical product.

Conclusion

The multilayered and stratified structure of skin makes it
a prototypical tissue to be fabricated using 3D bioprinting.
In this study, we demonstrate that 3D bioprinting can be
used to fabricate vascularized human skin in vitro from hu-
man cells that is morphologically and biologically similar to
human skin. In summary, we demonstrate the potential
of using HECFC-derived ECs and placental PCs to generate
an implantable skin graft comprising a perfusable micro-
vascular system using 3D printing.
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