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Abstract

In recent years, advances in tissue engineering have brought forward the accessibility
of human skin equivalents for in vitro applications; however, the availability of human-
based engineered tissue models suitable for high-throughput screening of biologics
remains limited. Here, we report a method of manufacturing fully autologous (with
both fibroblasts and keratinocytes from the same donor) human skin equivalents
for determining preclinical therapeutic antibody adverse immune reactions in vitro.
Using a combination of precise solenoid microvalve-based bioprinting and 96-well
scale Alvetex inserts, autologous skin cells were bioprinted and cultured to develop
a scalable approach to manufacturing skin equivalents. We demonstrated that
fibroblasts and keratinocytes can be bioprinted with a high degree of precision while
maintaining viability post printing. Histological staining showed that the bioprinted
96-well based skin equivalents were comparable to human skin. The fully autologous
human skin equivalents were co-cultured in vitro with autologous peripheral blood
monocytes with and without muromonab-CD3 (OKT3) and natalizumab (Tysabri),
biologics which are known to cause and inhibit adverse immune reactions (type
IV hypersensitivity), respectively. Analysis of supernatants from skin-equivalent
monocyte co-cultures revealed significant proinflammatory cytokine responses
(such as interferon gamma) in co-cultures treated with OKT3 when compared to
Tysabri and negative controls. Consequently, this study provides proof of concept
that through a combination of bioprinting and Alvetex scaffold-based culture
systems, scalable human skin equivalents can be manufactured for high-throughput
identification of adverse immune reactions during preclinical stages of the drug
development process.

Keywords: Autologous tissue models; Skin-equivalent models;
Microvalve bioprinting; Transwell culture
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1. Introduction

The limited availability of human tissue for preclinical
assays compounds the need for the use of animal-based
studies during the drug development process. In addition
to the ethical concerns associated with the use of animal
models, such studies may not be representative of the
outcome of subsequent first in human studies." This
contributes to the high failure rate that the pharmaceutical
industry experiences when taking drugs to human clinical
trials.? In vivo animal models ultimately differ in physiology
to humans.’ Even in the case of larger animal models such
as non-human primates, many underlying differences
remain, influencing the efficacy of animal models as pre-
clinical tools.> When adverse immune reactions (which
may cause type IV hypersensitivity reactions) of a drugare
not identified in preclinical studies but become apparent
during clinical trials, the consequences for participants can
be seriously life-threatening."* Furthermore, the financial
burden resulted from clinical trial failure may further
hinder drug developers.” With high rates of failure at clinic
and a reported decline in both pharmaceutical research and
development productivity and investment,® the mantra of
“fail early, fail fast” is becoming increasingly important to
drug developers.

Following the signing of the FDA Modernization Act
2.0, drug developers are under increasing pressure to
investigate the use of non-animal-based assays. While in
vitro and ex vivo assays are used during the preclinical
development process,’ there is a growing need for tools that
can provide greater physiologically relevant complexity
and interactions. Ex vivo assays can be used to determine
adverse immune responses to systemic therapies.® However,
human-based ex vivo assays that seek to bridge the gap
between preclinical animal studies and human clinical
trials are challenging to scale up. Looking beyond the scope
of drug development, access to human tissue remains a
barrier even for medical and biological research.” With an
overall movement toward the 3Rs (Reduction, Refinement,
and Replacement), there is growing interest, however, in
human in vitro three-dimensional (3D) models.

In recent years, the fields of in vitro tissue engineering
and 3D cell culture have benefited from the growth
of biofabrication techniques.'”" Within the tissue
engineering community, biofabrication is considered to
be the intersection of additive manufacturing, the layer-
by-layer process of manufacturing a 3D construct, and
tissue engineering.'”” To biofabricate tissue constructs,
bioprinting is commonly used to organize and print cells
or cell aggregates to create a 3D tissue model.!" Bioprinting
itself can be categorized into four commonly used
methods: extrusion-based bioprinting and three drop-

on-demand (DoD) processes inkjet printing, microvalve
bioprinting, and laser-based bioprinting. Extrusion-based
bioprinting uses pneumatic or mechanical mechanisms,
allowing close control of bioink"* material flow, making the
process ideal for the deposition of pre-mixed hydrogels.'*'*
Inkjet bioprinting is DoD process, which typically uses
thermal actuators'® or piezoelectric actuators'” to dispense
individual droplets of bioink in the picoliter range.'® This
makes inkjet printing ideal for low-viscosity bioinks with
lower cell densities.'* Laser-based systems use the principle
of laser-induced forward transfer to dispense individual
droplets of material, which are typically cell-laden
hydrogels." Like inkjet bioprinters, microvalve bioprinters
dispense low-viscosity bioinks, but it has also been
demonstrated that microvalves can be arranged in a print-
head such that they can print materials such as hydrogel
precursors laden with a high density of cells.” For low-
viscosity bioinks, microvalve can deposit high droplets of
high-cell-concentration solutions in the nanoliter range,”
and so for the development of micro-tissue models offers
an eflicient way of depositing the numbers of cells that
such models require.

The bottom-up nature of biofabrication has led to the
production of a range of engineered tissue-like constructs
or scaffolds suitable for tissue engineering such as skin
equivalents, constructs for bone repair, cartilage-like tissue,
and cardiac models.”’** However, these examples typically
rely on allogeneic materials to create 3D tissue constructs.
Examples of bioprinted tissues where autologous cells and
autologous materials are applied largely fall within the
scope of regenerative medicine.>* In contrast, it has been
demonstrated that using traditional top-down approaches
to tissue engineering can produce fully humanized
constructs, which may be adapted to autologous settings.”
In particular, the use of inert permeable plastic scaffolds
with porous substrates, such as Transwell® and Alvetex®
scaffolds, has become almost ubiquitous as the method of
creating bi-layered keratinocyte-fibroblast co-cultures for
skin equivalents.” However, traditional approaches to tissue
engineering lack the benefit of automation and therefore the
scalability offered by biofabrication. In considering scalability,
the use of standard well-plate formats is a key enabler as it
allows for scale up and scale out in a format familiar in most
microbiology labs and which is easy to interface with many
downstream processes. As such, there is limited availability
of scalable, fully humanized and autologous tissue available
for preclinical in vitro drug screening.

Here, we demonstrate how the permeable scaffold
approach can be combined with microvalve-based
biofabrication to develop a fully human, autologous skin
equivalent which can be co-cultured with autologous
immune cells in a 96-well format. This approach provides

Volume 10 Issue 2 (2024)

477

doi: 10.36922/ijb.1851



International Journal of Bioprinting

Bioprinted skin for testing of therapeutics

proof-of-concept that human skin equivalents produced,
using scalable, automated biofabrication techniques can
be used as a preclinical tool to predict potential adverse
immune responses of therapeutic antibodies.

2. Materials and methods

2.1. Cell culture

Full Local Research Ethics Committee (LREC) approval
was obtained before sourcing healthy volunteer samples
for this study. After obtaining informed consent, two 4
mm skin biopsies and 60 mL of whole blood were collected
from healthy volunteers. Skin biopsies were rinsed in
phosphate-buffered saline (PBS; Sigma-Aldrich, UK),
then excess adipose tissue was removed from the skin
biopsies, and the biopsies were incubated in 1.0 U/mL
dispase solution (Scientific Laboratory Supplies, UK) for
18 h at 4°C to allow separation of the epidermis from the
dermis. Once separated, the dermis and epidermis were
processed independently. To isolate dermal fibroblasts,
the separated dermal samples were dissected, placed into
6-well plates, and covered with 100 pL of fetal bovine

Table 1. Media formulations and working concentrations

serum (FBS; Thermo Fisher Scientific, UK). The dermal
samples were incubated using standard culture conditions
(37°C with 5% CO,) for 24 h. After 24 h, wells were topped
up with 5 mL of Media A (Table 1). Dermal dissects were
observed for fibroblast outgrowth with media changed
twice weekly. Once significant outgrowth was observed,
fibroblasts were dissociated using trypsin/EDTA (Sigma-
Aldrich) using standard culture conditions for 5 min. The
dissociated fibroblasts were further cultured for up to 7
passages. Keratinocytes were dissociated from epidermal
samples using trypsin/EDTA using standard cell culture
conditions. The resulting cells were further cultured in
Media B (Table 1) for up to 3 passages with media changed
twice weekly. Lymphoprep™ density gradient medium
(STEMCELL Technologies, UK) was used to isolate human
peripheral blood monocytes (PBMCs) from whole blood
sourced from healthy volunteers as previously described.®

2.2, Bioprinting equipment and process

Forthisstudy,aMicrofab Jetlab4 XL (Microfab Technologies
Inc., US) printer was retrofitted to accommodate
solenoid VHS series microvalves (Lee Products Ltd., US)

Media Components

Supplier Final concentration

A Dulbecco’s Modified Eagles Medium
Fetal calf serum
Penicillin/Streptomycin/Amphotericin

L-glutamine

Sigma-Aldrich, UK -

Fisher Scientific, UK 10%
Sigma-Aldrich, UK 1%
Sigma-Aldrich, UK 1%

B Epilife
Human Keratinocyte Growth Supplement
Penicillin/Streptomycin/ Amphotericin
L-glutamine

Fisher Scientific, UK -

Fisher Scientific, UK 1%
Sigma-Aldrich, UK 1%
Sigma-Aldrich, UK 1%

C 3 Part Dulbecco’s Modified Eagles Medium
1 Part Ham’s F12 Nutrient Mixture
Chelex-treated fetal calf serum
Penicillin/Streptomycin/Amphotericin
L-glutamine

Sigma-Aldrich, UK -
Sigma-Aldrich, UK -
Fisher Scientific, UK 5%
Sigma-Aldrich, UK 1%
Sigma-Aldrich, UK 1%

Cholera toxin Sigma-Aldrich, UK 8.5 ng/mL
Hydrocortisone Sigma-Aldrich, UK 0.4 ug/mL
Human insulin Sigma-Aldrich, UK 5 pg/mL
Adenine Sigma-Aldrich, UK 24 ug/mL
Human epidermal growth factor PeproTech, US 20 ng/mL
D 3 Part Dulbecco’s Modified Eagles Medium Sigma-Aldrich, UK -
1 Part Ham’s F12 Nutrient Mixture Sigma-Aldrich, UK -
Fetal calf serum Fisher Scientific, UK 10%
Penicillin/Streptomycin/Amphotericin Sigma-Aldrich, UK 1%
Cholera toxin Sigma-Aldrich, UK 8.5 ng/mL
Hydrocortisone Sigma-Aldrich, UK 0.4 pg/mL
Human epidermal growth factor PeproTech, US 20 ng/mL
Human transferrin PeproTech, US 5 ug/mL
L-ascorbic acid Sigma-Aldrich, UK 100 pg/mL

F RPMI-1640
Autologous serum
Penicillin/Streptomycin/Amphotericin

Sigma-Aldrich, UK -
20%

Sigma-Aldrich, UK 1%
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to create a high-throughput bioprinting platform. The
inkjet printhead of the Jetlab 4 printer was replaced
with a microvalve printhead (Figure 1), which could
accommodate four individual custom-built ink reservoirs,
each with an ink capacity of 2.5 mL. Inkjet printing is
very effective for small volumes and can offer single-cell
resolution, but the development of skin-equivalent models
requires higher volume deposition rates, and so, for this
reason, microvalve printing was preferred. The outlets
of the reservoirs were threaded to contain a male-male
062 MINSTAC threaded connector (Lee Products Ltd.);
one side of which was fixed into the reservoir (Figure 1).
The other end of the male-male connector was used to
attach the solenoid VHS series. The valve configuration
used in this study had female 062 MINSTAC threaded
inlets and outlets and was used alongside 062 MINSTAC
jeweled orifice nozzles (Lee Products Ltd., US) with orifice
diameters of 190 pum. To generate actuation signals for
the microvalves, spike and hold electrical drivers (Lee
Products Ltd.) were connected to both the Jetlab 4 device
signal output channels and the signal connections of the
Individual valves. This allowed signals produced by the
waveform printed circuit board (PCB) of the Jetlab to be
converted to a 24 V spike voltage and a 5 V dwell voltage.
The optimal parameters for reliable microdispensing
of low viscosity inks were investigated by exploring the
impact on adjusting the operating dwell time (time that
the microvalve remains open during one actuation cycle)
and pneumatic backpressure used to eject droplets from
the reservoir. The custom-designed reservoir housed a
gold-plated neodymium magnet, which was suspended
within the bioink and was used to agitate cells within

the bioink. The magnet within the reservoir was rotated
by an additional rotating magnet located perpendicular
to the external wall of the reservoir. The external magnet
was connected to a 24 V DC motor via drive belt, which
was operated at 18 V for printing of cells. To measure the
volume dispensed, 200 droplets of media D (Table 1) were
printed into 1.5 mL Eppendorf tubes (Fisher Scientific),
which was weighed using a microbalance (Mettler Toledo).
The volume per droplet was calculated from this data. Dwell
times of 100-1000 us and backpressures of 50-500 mmHg
were investigated at increments of 50 ps and 50 mmHg. To
further ensure consistency of output, a microvalve purge
step was used between print events.

2.3. Cell viability post printing

To ensure that the correct number of dermal fibroblasts
and epidermal keratinocytes were dispensed when printing
skin equivalents, fibroblast suspensions were prepared
at a concentration of 25 x 10° cells/mL in Media A and
keratinocytes were prepared at a concentration of 20 x 10°
cells/mL in Media B and loaded into reservoirs. Following
a 60 L purge of the bioink through the microvalves, 20 puL
of each cell suspension was printed in three separate wells
of a 96-well plate. Cells were printed with a backpressure
of 150 mmHg and a dwell time of 1000 us. As described
above, a 10 pL aliquot of each printed suspension was then
mixed 1:1 with trypan blue, and cell number and viability
were quantified using a hemocytometer.

2.4. Bioprinting of cells for the development of
autologous skin equivalents

Figure 2 illustrates the 96-well Alvetex® (Reprocell, UK)
culture system, and the general approach to developing

Figure 1. Customized Jetlab bioprinter. (1) Ink reservoir which holds the bioink and magnet to agitate cell suspension. (2) Solenoid valve. (3) Removable
nozzle. (4) Magnetic agitator to rotate the gold-plated magnet present within the reservoir. (5) Backpressure tubing. (6) Valve actuation signal wiring. (7)

XY printing platform. (8) Drop analysis camera. (9) Stroboscopic LED.
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Figure 2. Development of skin equivalent models. (A, B) 96-well Alvetex® scaffold system; black arrows show inserts, blue arrows porous membrane. (C)
200 pm thick Alvetex® porous membrane. (D-G) Stages in model development. (D) Schematic of scaffold insert. (E) Dermal incubation of fibroblasts only
for up to 28 days. (F) Basal incubation of keratinocytes for 3 days. (G) Incubation of model at air-liquid interface for 14 days. Panels D-G were created

using Biorender.com.

skin equivalents. Prior to printing of cells, the 96-well
Alvetex® (Reprocell, UK) scaffolds were washed in 70%
ethanol and rinsed in two changes of PBS. A fibroblast cell
suspension was prepared in Media A at a concentration
of 25 x 10° cells/mL. The Suspension (20 uL) was directly
printed onto the Alvetex® scaffolds within the Transwells
to create dermal equivalents, which were then incubated
at standard culture conditions for 3 h. Following the 3-h
incubation, the cell-laden scaffolds were submerged in
Media A overnight. After 24 h, the scaffolds were cultured
using Media A supplemented with 100 pg/mL of L-ascorbic
acid. The dermal equivalents were cultured for 18 days with
media changed daily. After 18 days, the dermal equivalents
were gently rinsed in PBS to remove excess media prior to
directly printing the autologous epidermal keratinocytes
on top of the dermal equivalents. Keratinocytes were
suspended in Media C (Table 1) at a concentration of 20 x
106 cells/mL with 20 pL of the keratinocyte cell suspension
printed onto each dermal equivalent. The co-cultures were
then incubated for 90 min at standard culture conditions
and then gently submerged in Media C for 3 days with
media changed daily. Skin equivalents were then raised
to the air-liquid interface (ALI) by aspirating Media C
and adding sufficient Media D (Table 1) to the wells to
cover the underside of each dermis, without submerging
the epidermis region of the tissue. The co-cultures were
cultured at the ALI at standard conditions for 14 days
with media changed daily. After day 14 of ALI culture, the
skin equivalents were harvested for histological evaluation

or further cultured with autologous immune cells and
monoclonal antibodies.

2.5. Histological evaluation of skin equivalents
Mature skin equivalents were harvested, formalin-fixed,
paraffin-embedded, and sectioned. Sections (4 pum) were
stained with hematoxylin and eosin (H&E; Fisher Scientific,
UK) and Picrosirius red (Abcam, UK). Skin equivalents
were analyzed for specific biomarkers, cytokeratin,
involucrin, and loricrin via immunofluorescence. Sections
were taken to water, washed in pH 7.4 tris-buffered saline
(TBS), and antigen retrieval was conducted using pH 6
citrate buffer for 10 min. Sections were washed in TBS and
then permeabilized with 0.2% Triton-X for 10 min followed
by blocking with 10% goat serum (Sigma-Aldrich, UK)
for 1 h. Sections were washed in TBS and then incubated
with primary antibodies prepared in 10% goat serum for
1 h. Primary antibodies used were mouse anti-cytokeratin
14 (1:250, ab7800, Abcam), rabbit anti-involucrin
(1:400, ab181980, Abcam), rabbit anti-cytokeratin 10
(1:500, ab76318, Abcam), and rabbit anti-loricrin (1:125,
ab198994, Abcam). After 1 h, sections were washed in TBS
and then incubated with secondary antibodies goat anti-
mouse Alexa Fluor-488 (AF-488; Thermo Fisher Scientific)
and goat anti-rabbit Alexa Fluor-647 (AF-647; Thermo
Fisher Scientific); dilution of 1:400 was used for both. Slides
were rinsed in a final wash of TBS, and then coverslips
were mounted with Vectashield® mounting medium with
DAPI (Vector Laboratories, US). Slides were imaged using
an Axioimager microscope (Carl Zeiss AG, Germany).
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2.6. Assessment of adverse immune reactions of
monoclonal antibodies

Fully developed and autologous bioprinted skin
equivalents were washed twice with PBS before co-culture
with autologous PBMCs in 96-well plates with 1 x 10°
cells per well in Media E (Table 1). Skin equivalents were
treated with 1 ug/mL of OKT3 (Jannsen-Cilag, UK) or
Tysabri (Biogen Idec Inc., US). Negative controls were
skin equivalents cultured in Media E with and without
autologous PBMCs and without biologics. The co-cultures
were incubated at standard culture conditions for 3 days
when 100 pL of supernatant was aspirated to analyze
proinflammatory cytokine release.

2.7. Multiplex proinflammatory cytokine

detection assay

To quantify cytokine secretion in supernatants of
autologous skin-equivalent PBMC co-cultures, a multiplex
human proinflammatory cytokine panel kit (Meso Scale
Discovery, US) for identification of interferon gamma
(IFN-vy), interleukin-10 (IL-10), interleukin-12 p70 (IL-
12p70A), interleukin-13 (IL-13), interleukin-1 beta (IL-

1pB), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6
(IL6), and tumor necrosis factor alpha (TNFa) was used
as per manufacturer instructions with the omission of
IL-8 detection antibodies. Plates were analyzed using a
QuickPlex multiplex plate reader (MSD). Supernatants
were analyzed in biological triplicates.

2.8. Statistical analysis

Data are presented as mean * standard deviation. Statistical
analyses for the quantified cytokine levels were conducted
using one-way analysis of variance (ANOVA) with Tukey
HSD. Parameters for statistical significance were defined as
p<0.05 (*) and p < 0.0001 ().

3. Results

3.1. Printing parameter optimization and printing of
skin cells

Optimal printing parameters were established by
characterizing changes in printing dwell time and
backpressure and measuring the dispensed volumes,
as shown in Figure 3. Figure 3 shows that a minimum
dwell time of 200 ps and backpressure of 50 mmHg could

A 200 ps dwell time B 300 ps dwell time c 400 ps dwell time
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£ ) £
B 200 B 200 B 200
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T 0 et I \,4_./.—\._.—0._. g
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Figure 3. Mean volume of media dispensed per droplet at varying dwell times and positive pneumatic pressures. Data are presented as mean + one

standard deviation. N = 3.
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successfully deposit material, and attempting to print with
parameters below these values did not yield successful
droplet deposition. At lower dwell times (Figure 3A-D),
a variance in the volume per droplet was demonstrated
across the range of backpressures tested. Higher dwell
times (Figure 3E-I) resulted in a more linear increase
in the volume per droplet dispensed across the pressure
range. Peak output was 210 + 6 nL per droplet, produced at
a dwell time of 1000 ps with a backpressure of 500 mmHg.
A dwell time of 1000 ps and a backpressure of 150 mmHg
with a volume per droplet of 103 £ 1 nL were used to print
cells and produce skin equivalents, giving good balance
between productivity and consistency of output.

To print the skin-equivalent models, fibroblasts
were suspended at 25 x 10° cells/mL and keratinocytes
were suspended at 20 x 10° cells/mL with 20 pL of each
suspension per well into 3 wells. The cell counts and viability
from bioprinting of both fibroblasts and keratinocytes are
presented in Figure 4. Both the number and viability of
printed cells were stable and consistent across both cell
types, demonstrating that the bioprinter was robust and
reproducible in dispensing high number of cells within a
small volume.

3.2. Histology of bioprinted skin

Representative images of H&E-stained bioprinted dermal
and full-thickness skin equivalents are shown in Figure
5, with human skin shown in Figure 5D for reference.
Figure 5A shows a good distribution of cells throughout the
scaffold, with a consistent layer of dermal fibroblasts seen
lining the top surface of the scaffold. Within the scaffold,
clusters of cells could be seen near the upper surface of
the scaffold, but the number of cells within the scaffold
increased toward the bottom of the scaffold. Underneath
the scaffold, a thick fibroblast layer was visible. Fibers of
eosin-stained extracellular matrix (ECM) produced by
the fibroblasts were also observed. An H&E-stained full-
thickness skin equivalent can be seen in Figure 5B. The

dermis of the full-thickness human skin equivalent (HSE)
was well populated with a layer of fibroblasts on top of the
scaffold supporting the epidermis. The epidermis of the
HSE contained visible basal, spinous, and granular layers
and a very thin stratum corneum. The differentiating and
superficially migrating keratinocytes formed a spinous
layer. The layer of granular cells indicated by the darker
and slightly speckled hematoxylin-stained nuclei (which
separated during sectioning) was located above the spinous
keratinocytes. Picrosirius red staining of bioprinted full-
thickness skin equivalents showed that the dermis was
heavily loaded with collagen (Figure 5C). Large thick
crosslinked collagen layers could be seen directly beneath
the epidermis at the dermal-epidermal junction. This layer
of collagen could be seen across the dermis, supporting the
formation of an epidermis.

Immunofluorescence staining was used to stain
markers present throughout the different layers in the
epidermis of both healthy human skin and bioprinted
full-thickness skin equivalents (Figure 6). Cytokeratin 14
(CK14) was detected directly above the dermal-epidermal
junction (white dotted line), indicating the presence of
basal keratinocytes at the dermal epidermal junction.
The basal keratinocytes superficially migrated, stratified,
and expressed cytokeratin 10 (CK10) when undergoing
differentiation. CK10 was positively detected above basal
keratinocytes indicating stratification and the formation
of a spinous strata. Involucrin was expressed in the same
regions as CK10, and loricrin was present in the corneal
envelope of the epidermis. Overall, the bioprinted full-
thickness skin equivalents featured the relevant epidermal
differentiation markers within the correct regions of
the epidermis showing that the skin equivalents were
comparable to healthy human skin.

Quantified levels of proinflammatory cytokines are
presented in Figure 7. The elevated IL-2 levels in specimens
treated with OKT3 (muromonab) were significant when

A e
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Figure 4. Cell counts and viability of both bioprinted fibroblasts and keratinocytes under a dwell time 1000 us and backpressure of 150 mmHg. (A)
Cell counts of bioprinted fibroblasts and keratinocytes. (B) Cell viability of fibroblasts and keratinocytes. Data are presented as mean + one standard

deviation. N = 3.
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Figure 5. Representative staining of bioprinted dermal and full-thickness skin equivalents. (A) Representative H&E staining of dermal equivalent (day 14);
scale bar: 100 pm. (B) Representative H&E staining of full-thickness skin equivalent (day 35); scale bar: 50 um. (C) Representative Picrosirius red staining
of full-thickness skin equivalents (day 35); scale bar: 50 um. (D) H&E staining of human skin, scale bar 25 um.

compared to the media and isotype controls, suggesting
an OKT3-induced T-cell response. This links to IFN-y
expression in OKT3-treated co-cultures, where T cells
activated by IL-2 could then increase expression of IFN-y.
There was no statistical significance in secretion of both IL-4
and IL-13. IL-4 and IL-13 are both associated with a Th2 type
response,”* and the lack of expression of IL-4 and IL-13
also suggests that a Th2 immune response was not induced.
The elevated expression of TNF-a is comparable to the use
of OKT3 in vivo while the levels of TNFa, IFN-y, and IL-2
are similar to cytokine profiles generated in vitro.*** All
models show high levels of expression of IL-6, which is not
unexpected, as it is constitutively produced by keratinocytes,”
but no significant differences are seen for this marker across
the experimental conditions. This data indicates that it is
feasible to use fully humanized full-thickness bioprinted
HSEs to identify the immunotoxicity of monoclonal
antibodies in vitro by multiplex quantification of cytokines
to create a cytokine profile of the potential immune response.

4, Discussion

The successful bioprinting of fully autologous skin
equivalents in a 96-well format as reported in this work

provides a foundation for future work to manufacture skin
equivalents on an industrial scale. There have been many
examples of bioprinted human skin; however, no previous
studies have demonstrated that printed skin equivalents
could be used for in vitro testing of therapeutic antibodies.**
This novel application of a fully human bioprinted tissue
suitable for in vitro testing of therapeutic antibodies may
be highly beneficial to the drug development process
of the pharmaceutical industry** The proof of concept
demonstrated here could be utilized during the different
stages of the drug development pipeline for safety testing of
drug candidates, allowing early elimination or modification
of problem candidates, as well as at the preclinical stage to
prevent “late failure” prior to the clinical testing phase. There
have been many publications in the field of biofabrication
exploring the use of DoD printing processes such as ink
jetting, solenoid microvalves,andlaser-assisted printing.'*'**
Such studies focus on the biofabrication of constructs using
the deposition of high-viscosity bioinks consisting of cell-
laden crosslinked gels or gel precursors.'****>*" As a result,
few studies investigate the use of cell-laden low-viscosity
bioinks; therefore, little information is reported on the
reproducibility of the printing process. Figure 3 indicates
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Figure 6. Representative staining of healthy human skin and bioprinted skin equivalents (at day 35). Healthy human skin and skin equivalents were stained
for CK14 (green), CK10 (red), involucrin (red), and loricrin (red). Cell nuclei were stained blue with Hoechst 33342. Scale bars: 50 jm.
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Figure 7. Mean proinflammatory cytokine concentrations from autologous co-cultures. The concentrations of cytokines detected from the supernatants

of autologous co-cultures. Statistically significant differences between conditions are indicated by * and ****, which represent p < 0.05 and p < 0.0001,

respectively.

that with reservoir agitation and microvalve purging, the
process can offer a consistent and automatable approach in
the development of tissue models.

Traditionally, commercially available skin equivalents
are manufactured using top-down tissue engineering
techniques. Therefore, such skin equivalents typically rely
on non-human or human allogeneic ECM, as is the case for

many studies which have bioprinted equivalents.* Therefore,
currently available skin equivalents are not compatible with
assays that require fully autologous systems. This work has
demonstrated a hybridized approach to tissue engineering,
combining top-down and bottom-up methodologies to
create fully human skin equivalents. As demonstrated in this
work, bioprinted skin cells can populate inert scaffolds and
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produce their own ECM (Figure 5) in an autologous setting.
The resulting skin equivalents were comparable to healthy
human skin (Figure 6) and could be co-cultured with
PBMC:s to produce a fully autologous assay with automated
deposition of cells, which is scalable to commercial demand.
The biologically inert scaffold-based approach allows the
formation of a fully autologous human skin equivalent.
The bioprinting of viable and functional human cells using
solenoid microvalves circumvents the labor-intensive aspect
of creating 96-well tissue constructs on a large scale. This
method enables the production of biologically representative
and functional HSEs that may be developed in a scalable
manner. This approach could potentially be applied to wider
applications such as disease modeling and modeling of
wound healing, and one specific aspect of future work will
involve innervating the 3D skin model using neuronal and
Swann cells lines in order to further validate the model and
assess pain-relieving drugs. In terms of development and
use of human skin equivalents, this method of biofabrication
produces a human skin equivalent that provides a potential
alternative to non-animal testing and avoids cross-species
reactivity, which can impact data interpretation.

5. Conclusion

This study successfully demonstrated that solenoid
microvalve-based  bioprinting of autologous skin
equivalents in a 96-well format could be used to determine
adverse immune responses of monoclonal antibodies in the
human setting. Primary human skin cells were shown to be
viable post printing and were shown to retain the functional
capabilities required of the cells to generate human skin
equivalents. The co-culture of autologous bioprinted skin
equivalents with autologous PBMCs successfully identified
adverse immune reactions of positive and negative
therapeutic antibodies, respectively. Overall, this study has
demonstrated that bioprinted human tissue can identify
in vitro adverse immune responses triggered by therapeutic
antibodies. The scalability of both the Alvetex inserts and
the bioprinting approach means that in combination these
technologies are able to produce human skin equivalents at
high-throughput rates, enhancing pre-clinical evaluation
of novel biologics prior to clinical testing.
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