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INTRODUCTION

Human, and indeed all mammalian, evo-
lution has led to a barrier to the outside
environment with two main roles: firstly,
water retention and secondly, a barrier
to infections. It is normally an efficient
barrier, whether at the epithelial or en-
dothelial level.

Abstract

Cosmetic regulations have accel-
erated making reliable safety and
performance testing a priority. Al-
lergy and sensitive skin research
need better ingredient testing at
all development stages. Therefore,
we created 3D full-size bioprinted
human skin models containing im-
mune cells. Inflammatory M1 and
M2 immune system roles prompted
us to produce suitable models for
safety and efficacy screening.

Same-donor keratinocyte and fibro-
blast populations were produced
along with monocytes partially dif-
ferentiated toward macrophage
MO, M1, M2a, or M2c phenotypes.
Final bioprinted models allowed
maturation with LPS and/or inflam-
matory cocktails mimicking early or
acute stages of atopic dermatitis.
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Skin homeostasis relies heavily on the
immunological interaction between cell
types created in the bone marrow and
those endogenous to the skin. This daily
interaction is not just to fight infections
from outside but also to monitor the daily
clearance rate of cell turnover from aging
and damaged epidermal and dermal cell

types.

Response was evaluated by toxicity,
cytokine release and histology.

Bioprinted models had good three-
dimensional structure, with defined
epidermis, dermis and differentiated
macrophages. M2 were more motile
than M1 and able to migrate more
toward the epidermis. Cytokine
production was measurable, and
a defining distinction between M1
and M2 was differences between
IL-1 and TNF production (higher
in M1). Our proinflammatory M1
and anti-inflammatory M2 models
were dose-responsive, reproduc-
ible and suitable for safety and ef-
ficacy screening of ingredients on
inflamed skin conditions such as
atopic dermatitis. With global pol-
lution skin inflammation on the rise,
our models are increasingly impor-
tant in testing strategies for effec-
tive advanced formulations.
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Key to the role of this homeostasis in
controlling both innate and active im-
munity are macrophages. The fluidity of
macrophage development between naive
monocytes, resident through MO skin, and
finally mature M1 and M2 active macro-
phages is a beautifully orchestrated sym-
phony of communication between cells
in the skin [1-3]. Cytokines, chemokines,
and cell-to-cell interaction monitor skin
health and respond to attack, trauma, and
invasion at impressive speed [4-6].

However, for those who have allergies, or
slow-developing long-term infections, the
organization can be dysregulated by the
same small molecules and cells that would
normally try to help. It is not difficult in
sensitive-skin patients for a circular loop of
chronic irritation to form. Many cosmetic
and dermatological strategies, not least
in tackling conditions such as atopic der-
matitis and psoriasis, are aimed at calming
the epidermal environment, which can so
easily be activated in sensitive skin. How-
ever, day-to-day inflammatory events are
increasing generally, even in pathologically
‘normal’ skin. Many such strategies were
previously aimed at strengthening the epi-
dermal barrier to attack, but with limited
success. Now, however, advanced cosmet-
ics are investigating the immune-skin cell
axis, aiming for a longer-term effect.

Historically, researchers used basic im-
munology cell interaction tests to try to
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understand how to calm sensitive skin.
However, that has limitations in the ‘top-
down’ structure of skin response to ex-
ternal challenge, and indeed ‘down-top’
delivery of nutrients, oxygen, and immune
system cells [7].

For this reason, we have created a hu-
man bioprinted immunized macrophage
model of skin that researchers can use
to help screen ingredients and finished
products for the cosmetic and pharma-
ceutical industries. The model, which can
be made even from one patient and any
age-group or original phototype, allows
the in situ development of naive macro-
phages toward either an M1 or M2 phe-
notype, allowing an effective and rapid
evaluation of a product prior to human
donor testing. This screening system is
human-orientated and was challenged
with key molecules of irritation to evalu-
ate the efficacy of the model for useful
data acquisition.

The revolution of bioprinting gives hope
for more rapid testing and better choices
in skin barrier protection research. Fur-
ther, combining our knowledge of skin
with advanced immunology has provided
the world’s first efficient bioprinted skin
model for this purpose.

EXPERIMENTAL

Sample collection

Skin samples and buffy coat were obtained
from human donors following informed
consent, and applicable French and Eu-
ropean ethical guidelines and regulations
from local hospitals in Lyon, France.

Cell isolation and amplification

a) Isolation

Fibroblasts and keratinocytes were iso-
lated from human skin donors using en-
zymatic dissociation and grown in 6-well

plates (Costar 3516; Corning, New
York, USA) using RPMI 1640 me-
dium  (SH30096.01; HyClone supple-

mented with 15% FBS (SH30109.03;
HyClone,) and cyprofloxacin (4pug/mL)
and EpiLife medium (MEP1500CA; Gibco)
supplemented with Human Keratinocyte
Growth Supplement (HKGS) respectively
(all via Thermofisher, Dardilly, France).
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Figure 1 Differentiation of isolated monocytes into M1 macrophages

CD14 monocytes growing and differentiating into M1 macrophages

observed with an optical microscope (Zeiss Primovert - Axiocam 105 color camera)
at x20 (A) and x40 (B) after 11 days of differentiation.

Peripheral blood mononuclear cells
(PBMC) were isolated first from buffy coat
using Ficoll (17-1440-02; GE Healthcare,
Buc, France) and counted on blood coun-
ter (MS9-5 MELET SCHLOESING, Osny,
France). Then, CD14 monocytes were
positively selected and isolated following
CD14 MicroBeads (human) kit (130-050-
201; Miltenyi Biotec, Paris, France). To
verify the performance of the kit and en-
sure good isolation of CD14+ monocytes,
flow cytometry was performed using a
BD FACSVerse cytometer (Becton Dickin-
son, Grenoble, France). During the entire
isolation process, the viability of all cells
was tested using a LUNA-FL Dual Fluo-
rescence Cell Counter (Logos Biosystems,
Villeneuve d'Ascq, France).

b) Amplification and activation

Human fibroblasts were amplified using
RPMI 1640 medium  supplement-
ed with 15% FBS and cyprofloxa-
cin (4ug/mL) (All Thermofisher, Dardilly,
France). Keratinocytes were grown in Epi-
Life medium supplemented with HKGS
(Thermofisher). Monocytes were cultured
using either M1-Macrophage Generation
medium DXF, either M2- Macrophage
Generation medium DXF kit (C-28055;
C-28056; PromoCell, Fontenay-sous-Bois,
France) to generate both M1 and M2 pop-
ulations [1-3]. After 7 days, M1 and M2
macrophages were activated according to
the differentiation kit recommendations
using lipopolysaccharides (LPS) (L4130;
Sigma Aldrich, Saint-Quentin-Fallavier,
France) and IL-4 (130-095-373; Miltenyi),
respectively (Figure 1). To ensure good
differentiation of CD14+ monocytes in

MO/M1/M2 macrophages, flow cytom-
etry was performed using CD14 (V450
Mouse Anti-Human CD14; 560350; BD
Horizon, CD80 (APC-H7 Mouse Anti-
Human CD80; 561134; BD Pharmingen,
Grenoble, France), CD163 (PE Mouse An-
ti-Human CD163; 560933; BD Pharmin-
gen) and CD206 (APC Mouse Anti-Hu-
man CD206; 561763; BD Pharmingen) as
screening markers.

3D bioprinting

3D bioprinted skin models were designed
and ‘software-sliced’ beforehand on a
computer using SketchUp (https://Avww.
sketchup.com/) paid and Slic3r (https:/
slic3r.org/) opensource software respec-
tively to generate a G-code file. Ampli-
fied cells were separately mixed with a
bio-ink suitable for skin development and
3D printed (Bio X, CELLINK, Gothenburg,
Sweden) in 12-well culture plates accord-
ing to CTIBiotech optimization protocols.
The bioink is a combination of nanofibril-
lar cellulose, sodium alginate, fibrinogen,
mannitol and HEPES, adjusted to the skin
microenvironment.

Maturation, differentiation, and
viability of 3D bioprinted models
Printed models were grown over 21 days
in Transwell culture inserts (Thermofisher,
Dardilly, France), including dermal matura-
tion, epidermis differentiation, air-liquid
interface, and cornification steps of the bio-
printed skin. The viability of cells was moni-
tored with viability/cytotoxicity kit (L3224,
Invitrogen, Thermofisher) and read on fluo-
rescence microscope (Eclipse Ti, Nikon, Mel-
ville, USA) using FITC and TRITC channels.
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Induction of inflammation

and treatments

To assess the inflammatory response,
models were systemically treated with
different conditions every two days for
six days: LPS 5ug/ml; DMSO 0.1%; PBS;
LPS 5ug/mL and dexamethasone (dex)
100uM (all Sigma). Each condition was
performed in triplicates.

Cytokine levels

Following maturation and treatment steps,
supernatants were collected and analyzed
using Cytometric Bead Array (CBA) Human
Inflammatory Cytokines kit from BD on BD
FACSVerse cytometer. Human IL-6 and hu-
man IL-8 cytokines were also assessed with
ELISA kits (Abcam, Paris, France).

Histology

At the end of the experiment, 3D bioprint-
ed immune skin models were rinsed with
1X PBS (Corning) and fixed for 24 hours
with buffered formaldehyde solution
(Sigma Aldrich). After dehydration with
ethanol, acetone and xylene, immune
skin models were embedded in paraffin
and sectioned into slices 5pm thick (all
Sigma Aldrich). Hematoxylin, eosin, saf-
fron (HES) (Sigma Aldrich) and CD68 (Ab-
cam) immunostaining were performed on
the different conditions. Observations and
acquisitions were carried out using a Leica
DM2000 optical microscope and a Leica
DMLB fluorescence microscope controlled
by image acquisition software (LAS v4.2,
Leica, Nanterre, France).

RESULTS

3D bioprinted full skin models reveal

good dermis/epidermis development

a) Structure

3D bioprinted skin models displayed
a good structure and viability after 14
days' growth (Figure 2). After 21 days
of maturation (which varies between hu-
man skin donors), a multilayered, differ-
entiated and cornified epidermis gradually
developed on a rich dermis, as revealed
by the histology analysis (Figure 2D).
The dermal/epidermal junction (DEJ) was
defined, separating organized differenti-
ated keratinocytes from fibroblasts distrib-
uted in the dermal matrix with keratino-
cytes becoming denser at the junction.
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Figure 2 Structure and development of 3D bioprinted skin models

3D bioprinted skin models (A) matured over 15 to 21 days and viability of cells was checked
using live/dead assays at day 6 (B) and day 14 on an inverted microscope focusing

on the dermal region as an example (C). Hematoxylin, eosin, saffron stainings (HES)

were performed after 21 days to assess the histology structure of models.
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Figure 3 Reproducibility of 3D bioprinting

Manual skin models in our laboratory (A) versus 3D bioprinted skin models (B-C) maturing in
12-well plates. Pictures taken with a standard photo camera. Size reproducibility and quality

are increased with bioprinting.

b) Reproducibility

One of the biggest advantages of 3D
printing over manual skin models is re-
producibility. Furthermore, it is possible to
generate more models in less time than
manually. Indeed, more than a hundred
identical skin models had been 3D printed
within two hours compared with just a
few heterogeneous skin models produced
manually (Figure 3). 3D printing provides
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gains in terms of time and reproducibility,
enabling more efficient drug screening
and testing of ingredients.

3D bioprinted immunized skin models
show defined challenge response

a) Generation of M1

and M2 macrophages

To assess the level of monocyte differenti-
ation, flow cytometry had been carried out
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using CD14, CD80, CD163 and CD206
screening markers. M1 macrophages are
known to be CD80+; CD163-; CD206+
phenotype, whereas M2 macrophages
are known to be CD80-/low; CD163+;
CD206+ [4-5-6]. Following the differen-
tiation protocol, 97.12 % of the record-
ed cells were M1 phenotype, while only
26.99% were gated in M2 phenotype
(Figure 4), highlighting that M2 macro-
phages are more difficult to succeed in the
differentiation step and are more difficult
to generate in numbers. This is most likely
due to the larger size and complexity of
the M2 macrophage cell.

b) Macrophage integration

into bioprinted skin

To demonstrate the viability of macro-
phages in the 3D bioprinted skin model,
histology analysis was performed. HES
stainings revealed good structure of the
model and macrophages were well dif-
ferentiated, with rounded kidney-shaped
nuclei, highlighted by the DAPI staining
on immunofluorescence (Figure 5). Al-
though macrophages were highlighted
in the dermis by CD68 immunofluores-
cence staining, they had a tendency to
migrate toward the top of the model, in

the direction of oxygen flow, which is nor-
mal for hematological cells of this type
(Figure 5C, D). Compared with the nega-
tive control (Figure 5C), the model treat-
ed with LPS looked irritated and damaged,
especially in relation to the epidermis. In
addition, more macrophages were aggre-
gated in the epidermis for the LPS-treated
model, suggesting that macrophages mi-
grated on account of the inflammatory
response. Macrophages of the M2 type
are harder to visualize than M1 type, ow-
ing to the larger diffuse type cytoplasm
and cytoplasmic extensions. Migration af-
ter topical application and in response to
oxygen tension is also observed with this
type of hematological cell.

¢) TNF, IL-10, IL-1B and IL-8 cytokines

Histology analysis showed that 3D bio-
printed models treated with LPS (5 ug/mL)
exhibited anirritated dermis and damaged
epidermis (Figure 5D). Interrelated, se-
creted cytokines harvested in the culture
medium indicated a significant inflam-
matory response to the LPS stimulation
(Figure 6). Although the presence of
macrophages in the skin model did not
increase the level of secreted cytokines,
TNF, IL-10, IL-1b and IL-8 concentrations
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Figure 4 Flow cytometric analysis of M1/M2 macrophages differentiated from donor monocytes

M1 (left) and M2 (right) macrophage differentiation using flow cytometry (BD FACSVerse cytometer

and results analyzed on BD FACSuite software); populations were screened using CD14, CD80, CD163

and CD206 markers.
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were significantly higher after inflamma-
tion stimulation. Indeed, TNF concentra-
tion increased from 2.4 pg/mL for the non-
stimulated condition “3D Skin + Mac” to
32.4 pg/mL for the LPS stimulated condi-
tion (Figure 6A). Identically, IL-10 and IL-
1B cytokines concentrations were twice as
high after stimulation (Figures 6B, C). Fi-
nally, the IL-8 cytokine level was more than
tenfold, ranging from 10.06 pg/mL with-
out stimulation to 113.36 ug/mL after in-
duction of inflammation (Figure 6D). Ad-
ditionally, treatment with dexamethasone
seemed to decrease the level of human in-
flammatory secreted cytokines compared
with the stimulated condition, especially in
relation to TNF and IL-8 cytokines.

DISCUSSION

The global population is now close to 8
billion, with a growing number concen-
trated in cities. This is also accompanied
by an increased burden of skin disease and
sensitivity, possibly due to diet, lifestyle,
and pollution [8]. The need for solutions
to prevention and treatment of non-fatal
skin disease rises each year, but the avail-
ability of suitable and affordable screening
systems is not keeping up with need, in
terms of innovation, speed and cost.

Bioprinting, while not new, has had limi-
tations in the world of dermatology, with
many applications limited to printing a
model of either dermis (with fibroblasts)
or epidermis (with keratinocytes). There
is much left to be done in this area of
skin research, but the growing need for
more complex ex vivo skin models and
in vitro testing rises each year owing to
safety concerns and regulations. All areas
of ingredient manufacturing are increas-
ingly required to evaluate the safety of
their products [9]

In our work, we aim to create innova-
tion in skin testing and to bridge the gap
between the development of ingredients
and testing on human donors. Here we
combine our knowledge in dermatology
with immunology, hematology, and stem
cell research to assist in creating complex
screening models [10-12]. Particularly im-
portant in this is our aim, year on year, to
increasingly remove animal products from

IFSCC Magazine 4 | 2020
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Figure 5 3D bioprinted immune skin models show macrophage activation and response to challenge

The structure of 3D bioprinted immune skin models was observed after HES staining (A-B).

A: 3D bioprinted skin model including M1 macrophages; B: 3D bioprinted model including M2

macrophages. Immunofluorescence (green = CD68; blue = DAPI) was performed to highlight

macrophages in the models (C-D). C: 3D bioprinted immune skin model treated with PBS;

D: 3D bioprinted immune skin model treated with LPS 5pg/mL. Arrows with “M” show examples

of macrophages in the model.

our work and create human-compatible
systems and models. Indeed, it has been
an important aim in the skin research
community for many years to have useful
in vitro skin models for testing [13]. Ad-
vances in engineering technologies have
led to bioprinting technologies, and these
can now be applied to creating useful skin
models [14-16].

Macrophages were chosen in this study
because of their extreme importance in
the immunological kinetics of the skin. The
adaptability between the innate and adap-
tive immune processes can be interrupted
in skin kinetics, leading to the chronic skin
irritation that is seen in atopic dermatitis,
and is of particular concern in the pediatric
setting [7,171].

Here, we achieved successful 3-dimen-
sional (3D) skin printing, often described
as ‘full-skin models’, but with the added
advantage of having either the mature
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M1 or M2 macrophage system included
(Figure 5). With our methodology, it is
possible to print many such models — and
certainly over 100 models —in a few hours,
giving hope of more automated screen-
ing preparation systems. Reproducibility
is a further advantage of bioprinting. Of
particular note is the fact that our mod-
els achieve a sinusoidal epidermis/dermis
structure, more typical of pathological of
skin (Figures 5A, B), which many bioprint-
ed models have historically failed to do.

Macrophages in our models reached a
suitable maturity, which was demonstrat-
ed in their reaction during the challenge
phases of our experiments (Figures 5, 6).
Macrophages are oxygen-hungry cells,
and there was a tendency to move toward
the surface of the model, where oxygen is
more abundant in an in vitro system. We
intend to improve this with advanced cor-
nification and drying steps in future work.
We believe that a longer cornification pe-
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riod will help to alleviate this movement
north and allow a more even distribution
of the macrophages throughout the skin
model. That being said, the migration of
macrophages north in atopic dermatitis is
also a normal process, and our model does
well to demonstrate that during the chal-
lenge phases, (Figure 5D), which actually
makes for a perfect screening model for
cosmetic and/or pharmaceutical ingredi-
ents that are being developed to calm ir-
ritated skin. Further to that, the specificity
of cytokine release (example in Figure 6)
demonstrates that the models are sensi-
tive testing systems, with good response
to LPS and dexamethasone challenges.

In our model development, growth of the
M1 models was easier than the M2 mod-
els. M2 macrophages are delicate cells and
not as robust as the M1 system, but we
are now developing an in situ maturation
phase specific to the M2 system to op-
timize this fragility. This work is part of
our advancement of 3D bioprinted models
with added microbiota, since we believe
that this combination is important for a
true model of diseased and burnt skin [18].
Further, our models have the advantage
of being able to use the same donors.
Historically, a disadvantage of 3D in vitro
skin models was the use of pooled donor
keratinocytes and fibroblasts, but we have
overcome this hurdle effectively. Further,
our models have no limitations in terms of
ethic source and skin phototype, allowing
for globalized testing parameters impor-
tant for product testing [19].

The modern technology convergence of
bioprinting with modern flow cytometric
bead array has been a particular advan-
tage in the reproducibility and speed of
testing. We believe that this combination
allows for a more rapid answer to both
toxicology and safety testing, not least
for the development of botanical alterna-
tives to pharmaceutics in atopic dermatitis
treatments. However, the move towards
botanical natural treatment options re-
quires in vitro testing which is quite strict
and accurate to overcome regulatory
hurdles [20, 21]. A more routine and op-
timized screening system also means less
human donor testing and cheaper routes
to market.
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Figure 6 3D bioprinted inflammatory skin models display accurate cytokine profiling

Secreted cytokines were quantified with Cytometric Bead Array (CBA) kit from BD and ELISA assay.

Four different conditions assessed:

“Normal 3D Skin"” = Full skin model; “3D Skin + Mac"” = Full skin model including M1 macrophages

representing negative control; “3D Skin + Mac + LPS” = LPS stimulated (5pg/mL) full skin model

including M1 macrophages; “3D Skin + Mac + LPS + Dex” = LPS (5ug/mL) stimulated full skin model
including M1 macrophages treated with dexamethasone (100 uM). (A) TNF; (B) IL-10; (C) IL-18; (D) IL-8.
Error bars represent +SE. Asterisks “*" highlight averages significantly different from negative control
(p value < 0.05 — ANOVA Tukey-Kramer statistical test).

CONCLUSION

We have developed an innovative immu-
nized mature macrophage-based full-skin
in vitro testing system for the screening
of cosmetic ingredients designed either to
reduce inflammation or to prevent it. The
applications to the cosmetic industry are
significant and bring hope of optimized
and sophisticated cosmetics of the future.
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