1) Check for updates

Original Article
Journal of Tissue Engineering
Cell-assembled extracellular matrix © The Autor(9 2021
(CAM) sheet production: Translation ngplg:;w;;;o“%r‘ig:;m
: H journals.sagepub.com/home/tej
from using human to large animal cells A

Yoann Torres'”, Maude Gluais', Nicolas Da Silva', Sylvie Rey/,
Agathe Grémare'?2, Laure Magnan', Fabien Kawecki'
and Nicolas L’Heureux'

Abstract

We have created entirely biological tissue-engineered vascular grafts (TEVGs) using sheets of cell-assembled extracellular
matrix (CAM) produced by human fibroblasts in vitro. A large animal TEVG would allow long-term pre-clinical studies
in a clinically relevant setting (graft size and allogeneic setting). Therefore, canine, porcine, ovine, and human skin
fibroblasts were compared for their ability to form CAM sheets. Serum sourcing greatly influenced CAM production in a
species-dependent manner. Ovine cells produced the most homogenous and strongest animal CAM sheets but remained
~3-fold weaker than human sheets despite variations of serum, ascorbate, insulin, or growth factor supplementations.
Key differences in cell growth dynamics, tissue development, and tissue architecture and composition were observed
between human and ovine. This study demonstrates critical species-to-species differences in fibroblast behavior and
how they pose a challenge when attempting to substitute animal cells for human cells during the development of tissue-
engineered constructs that require long-term cultures.
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Introduction assembled by weaving to produce human woven TEVGs
) ] with supraphysiological mechanical properties.
Skin fibroblasts in long-term cultures lay down a large While TEVGs, made from rolled CAM sheets, per-

amount of extracellular matrix (ECM) as a cohesive sheet
at the bottom of their culture containers. We have previ-
ously produced entirely biological tissue-engineered vas-
cular grafts (TEVGs) by rolling theses sheets of
cell-assembled extracellular matrix (CAM) around a man-
drel, which were then placed in a bioreactor during a long
maturation phase to allow sheet layer fusion.! Such autolo-
gous TEVGs were implanted as hemodialysis access grafts
in patients and were functional for up to 20months.>?
However, the long maturation phase is associated with a
high production cost that can be an important limitation for
this approach. Recently, a more rapid and versatile textile-
based assembly strategy was developed to eliminate the ¢ o
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formed well in clinical trials, and despite the fact that they
are made of the same material, the new textile-based
TEVGs will require extensive in vivo evaluation before
being implanted in a patient. /n vivo studies of human
TEVGs in immunosuppressed xenogeneic models, such as
rats or primates, are possible but these do not reflect the
clinical setting and/or can be very limited by ethical and
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economical concerns. Therefore, our long-term goal is to
develop a large animal model for the evaluation of CAM-
based tissue-engineered constructs in an autologous or
allogeneic setting. Such a model can better reflect the clin-
ical situation by allowing the study of grafts in immuno-
competent animals for extended periods and with grafts of
relevant dimensions. Interspecies cell behavior differences
are well established™® but can be especially important in
tissue engineering strategies that involve long-term cul-
tures where these differences can have cumulative effects.
For example, Ouellet et al.” used human skin fibroblast
cultures to develop, over 21 days, a tissue sheet for bladder
and urethral replacement but were unable to produce simi-
lar tissues with porcine skin fibroblasts. Another example
is the work of Niklason’s® group who developed bovine
TEVGs from smooth muscle cells (SMCs) seeded in a bio-
degradable polymer matrix and cultured for 56 days. These
TEVGs had physiological burst pressures (>2000 mmHg)
but the group was not able to obtain similar results with
porcine cells’!? and struggled for 10 years to successfully
produce human TEVGs with clinically relevant burst pres-
sures.'* 7 These examples highlight the challenge of inter-
species translation and the need to study differences in
cultured cell behaviors. The goal of this study was to iden-
tify, among well-established large animal models for vas-
cular prostheses evaluation (canine, porcine, and ovine),'s
which species could yield skin fibroblasts capable of pro-
ducing CAM sheets similar to that of human.

Materials and methods

Cell isolation and culture

Human skin fibroblasts (HSFs) were isolated from breast
skin of a 31-year-old woman undergoing breast reduction
surgery (in accordance with article L. 1243-3 of the code
of public health and under the agreement DC-2008-412
with the University Hospital Center of Bordeaux, France
[update 10/10/2014]) as previously described."” HSFs
were seeded at a density of 1 X 10*cells-cm™2. Cells were
cultured in a DMEM/F-12 (Gibco #31331-028) medium
supplemented with 20% fetal bovine serum (FBS; Biowest
#S1810.500) and 1X Penicillin/Streptomycin (Pen/Strep)
antibiotics (Gibco #15140122). Canine skin fibroblasts
(CSF; abm #T0269, age and sex of animal unknown) were
purchased and seeded at 1 X 10*cells:cm™? and cultured in
the same culture medium. Porcine and ovine groin skin
biopsies were collected from post-mortem animals
(3-month-old female and 20-month-old female, respec-
tively). Porcine and ovine skin fibroblasts (PSFs and
OSFs, respectively) were isolated using an explant culture
technique. Dermis fragments of 1 to 2mm? were cut from
skin samples, placed inside T25 flasks, and cultured in
ImL of the same culture medium for at least 7days.
Dermis fragments were then removed. Cells were trypsi-
nized, seeded at 1 X 10*cells:cm™2, and cultured in the

same medium. Media were changed three times a week.
HSFs, CSFs, and PSFs were then used between passages
4-8, and 4-13 for OSFs.

Culture conditions for CAM sheet production

HSFs, CSFs, PSFs, and OSFs were seeded at 1X10*
cellssem™ in 6-well plates. Stainless-steel wire anchors
were added in the wells. Cells were cultured in a
DMEM/F-12 medium supplemented with 0.50 mM sodium
L-ascorbate (Sigma #A4034), 1X Pen/Strep, and 20% FBS.
Two serums (Biowest [S1] and Hyclone Fetal Clone III
#SH30109 [S2]) were used either pure (S1 20% and S2
20%) or in combinations (S1 5% + 15% S2, S1 10% + 10%
S2,and S1 15% + 5% S2 also referred as S1 1:3 S2, S1 1:1
S2, and S1 3:1 S2). CAM sheets were cultured for 8 weeks,
unless complete lack of sheet production or sheet detach-
ments from steel wire anchors was observed. Media were
changed three times a week.

CAM sheet mechanical properties

A perforation test with a computer-controlled device
(Shimadzu Autograph AGS-X series, force transducer 100
N) was performed to evaluate CAM sheet mechanical
properties. The center of a circular sheet, mounted on a
custom holding device, was loaded with a spherical tip of
a probe (¥=9.5mm) at a rate of 20mm-min~' until perfo-
ration. Data were analyzed with Trapezium-X software.

Cell growth dynamic

HSFs and OSFs were seeded at 1 X 10* cells-cm ™2 in 6-well
plates and cultured in a DMEM/F-12 medium supplemented
with 20% S1. Cells were trypsinized and counted after 1, 3,
5, and 9days of culture. Media were changed three times a
week. Cell culture observations were performed with an
inverted microscope Leica DMil and phase-contrast micro-
graphs were taken before trypsinization.

Effect of serum concentration on CAM sheet
production and time course study

HSFs and OSFs were seeded at 1 X 10* cells-cm 2 in 6-well
plates and cultured in a DMEM/F-12 medium supple-
mented with 0.50mM sodium L-ascorbate, 1X Pen/Strep,
and their respective optimal FBS condition, either S11:1
S2 or S2 pure, at different concentrations (10%, 15%, and
20%). Media were changed three times a week and perfora-
tion tests were performed on 8-week-old sheets. HSFs and
OSFs were then cultured in 20% S1 1:1 S2 and 10% S2
pure, respectively, from results obtained in the previous
experiments. Cells were seeded at the same density in
6-well plates and cultured in the same medium. Media were
also changed three times a week. The sheet perforation
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force was evaluated after 4, 5, 6, 7, and 8 weeks in culture.
At each time-point, CAM sheet samples were taken using a
biopsy punch (@=8mm), and frozen until needed.

DNA quantity assessment of CAM sheets

Human and ovine CAM punches were thawed at room
temperature and DNA quantified using a QlAamp DNA
Mini Kit (QIAGEN, #51304) following manufacturer
instructions. The absorbance was measured using a nano-
photometer P330 (Implen) to quantify DNA (ug'mL™).
The DNA quantity was expressed as a quantity per surface
unit (ug'-mm~?) to compare human and ovine CAM sheets.

Collagen content of CAM sheets

Human and ovine CAM punches were thawed at room
temperature and tested for hydroxyproline content follow-
ing manufacturer instructions (Biovision #K226-100). The
absorbance (OD,,,) was measured with a multilabel plate
reader (VICTOR X3, PerkinElmer). A 13% factor of
hydroxyproline and collagen was used to calculate the col-
lagen content of the original CAM sheet, as previously
described.?*?! The perforation force (gf) and collagen con-
tent (ug'mm~2) ratio was calculated for human and ovine
sheets at each time-point.

CAM sheet histology

At each time-point, fresh human and ovine CAM sheets
were fixed in 4% paraformaldehyde (PFA) (Microm
Microtech, Antigenfix) for 1h. CAM sheets were rolled,
dehydrated, and paraffin-embedded. Histological cross-
sections (cut in the full thickness of rolled-CAM sheets)
were deparaffinized using toluene for 10 min, rehydrated
in ethanol baths of decreasing concentrations, and stained
with a Masson’s trichrome coloration (vert lumiere).

Effect of ascorbate, insulin, and growth factors
supplementation on CAM sheet production

HSFs and OSFs were seeded at 1X10* cells:em™? in
6-well plates and cultured in a DMEM/F-12 medium sup-
plemented with different concentrations of sodium
L-ascorbate (0.25, 0.50, 0.75, and 1.0mM), 1X Pen/Strep,
and FBS, either 20% S1 1:1 S2 or 10% S2 pure, respec-
tively. Media were changed three times a week and perfo-
ration tests were performed on 8-week-old sheets. Insulin,
from an Insulin (1gL ")—Transferrin (550mg-L)—
Selenium (670 pug-L ') solution (Gibco #41400045), was
freshly added at different concentrations (1, 2, and
4 ug-mL™!) prior to medium changes. Also growth factors,
such as Epidermal Growth Factor (EGF; Peprotech #AF-
100-15), Transforming Growth Factor-B1 (TGF-B1;
Peprotech #AF-100-21C), basic-Fibroblast Growth Factor

(bFGF; Peprotech #100-18C), and Platelet-Derived
Growth Factor-BB (PDGF-BB; Peprotech #100-14B)
were freshly added to the culture medium at three differ-
ent concentrations (1, 3, and 9ng-mL™"). HSFs and OSFs
were seeded at the same density in 6-well plates and cul-
tured in their respective media supplemented with
0.50mM of sodium L-ascorbate. S2 serum contained
approximately 136ng-mL"" of Insulin Growth Factor-1
(IGF-1) and 2.7ng-mL"" of Transforming Growth Factor-
Betal (TGF-B1).22 Media were changed three times a
week and perforation tests were performed on 8-week-old
sheets.

Fabrication of PLA anchors and cell culture

Poly(lactic) acid filament (PLA; ESUN®) was used to
fabricate simple wire anchors (width=515=*=5um and
height=370 = 10um) by fused deposition modeling
(FDM) using a custom-made 3D printer (“Technoshop,”
Technological Department at the University of Bordeaux
({UT de Bordeaux), France). A reinforced version of PLA
anchor was designed with Rhinoceros software, with an
outer ring (inner diameter 32 mm) connected to a single
inner wire with a 28-mm inner diameter. Both PLA anchors
were assessed for CAM sheet production. HSFs and OSFs
were seeded at 1 X 10* cells-cm™ in 6-well plates and cul-
tured for 8weeks in DMEM/F-12 supplemented with
0.50mM of sodium L-ascorbate, 1X Pen/Strep, and FBS,
and either 20% S1 1:1 S2 or 10% S2 pure, respectively.

Statistical analyses

Data are represented as means =* standard deviation (SD).
Statistical analyses (Prism, GraphPad) were performed
using unpaired #-tests (two tailed), one-way ANOVA tests
with Tukey’s multiple comparisons, or two-way ANOVA
tests with multiple comparisons, as mentioned. Slopes of
regression lines were compared following a method
described in Chapter 18 of J Zar,?® Biostatistical Analysis,
fifth edition, Prentice-Hall, 2010. Statistical differences
corresponded to a p <0.05.

Results

Ovine cells produced better CAM sheets than
canine and porcine cells but not human cells

HSFs, CSFs, PSFs, and OSFs were cultured in two serums
(ST and S2) previously identified as suitable for CAM pro-
duction with HSFs. Serums were used at a final concentra-
tion of 20% either pure or mixed in different proportions
(1:3, 1:1, and 3:1). Human cells produced opaque and
homogeneous sheets in all tested conditions (Figure 1(a)—
(e)). While canine cells grew well in all conditions, they
did not produce cohesive sheets (Figure 1(f)—(j)). Porcine
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Figure |. Ovine fibroblasts produced more homogeneous CAM sheets than canine or porcine fibroblasts. Macroscopic views of
sheets produced in 6-well plates, and closer views of one well after 8 weeks of culture. CAM sheets were produced in cultures
supplemented with 20% of two serums (S| and S2) used either pure or in combinations (S| 5% + 15% S2, S| 10% + 10% S2, and

SI 15% + 5% S2). (a—e) Human cells produced dense CAM sheets in all conditions, (f—j) canine cells produced non-homogeneous
sheets that frequently tore and were not recoverable, (k—o) porcine cells produced very thin sheets in some conditions, (p—t) ovine

cells produced the best-looking sheets of all animals’ cells.

Detachments (*) of canine (f—j) and ovine (q—t) sheets from the stainless-steel wire anchor were common but did not occur with human sheets

(a—e). Scale bars=35mm.

cells did not produce sheets in pure serum conditions
(Figure 1(k) and (1)) but created very thin and heterogene-
ous sheets in two (S1 1:3 S2 and S1 1:1 S2) out of three
combined serum conditions (Figure 1(m)—(0)). In contrast,
ovine cells created fairly dense and homogeneous CAM
sheets in some conditions (Figure 1(q)—(t)) but not in pure
S1 (Figure 1(p)). Unlike human sheets, ovine sheets were
often lost because they detached from the peripheral wire
anchor. In S1 1:3 S2, S11:1S2, and S1 3:1 S2, detach-
ments occurred in 100%, 83%, and 50% of cases (Figure
1(r)—(t)), while only 33% of sheets detached in S2 pure
(Figure 1(q)). Altogether, this data suggests that ovine
cells are the most promising candidate for the production
of large animal CAM sheets.

For HSFs, combining serums produced statistically
stronger sheets than with pure serums (Figure 2(a)). The
strongest human CAM sheets were produced in culture
conditions mixing S1 and S2 in equivalent proportions (S1
1:1 S2=368 +=24¢gf, n=6). PSFs also produced better
sheets in mixed serums but these were extremely weak

sheets (S1 1:3S2=13£5¢gf, n=3andS11:1 S2=14 + 4 gf,
n=3, Figure 2(b)). However, combining serums did not
improve the ovine sheet perforation force. In fact, the
strongest ovine sheets were produced in S2 pure
(S220%=128 =24 gf, n=3, Figure 2(c)), although they
were 3-fold weaker than the strongest human sheets.

OSFs were more proliferative and contractile
than HSFs in standard culture conditions

When cultured for up to 9 days in the same medium, HSFs
and OSFs exhibited similar morphologies but displayed
different growth dynamics. Microscopic observations
showed that human and ovine cells have a typical spindle-
shaped morphology, and similar patterns upon confluence
(Figure 3(a)—(h)). However, OSFs attained confluence
after 5days of culture (Figure 3(g)), whereas HSFs just
reached the same level of confluence after 9 days of culture
(Figure 3(d)). In addition, OSF cell layers contracted to
form nodules and cell depleted areas after 9 days of culture



Torres et al.

(@) (b) . (©) .
Human Porcine Ovine
jototetel
pre
*kik%k
400~ T 400- 400-
% $55$ % 5
o 300- o 300- 300
® s @ et
2 s | ||| 2 g
L L & "
=1 - c -
g 200 g 200 5 200
i g :
€ 1004 * € 100+ € 1004
[} Q [
a i e ND ND ND & ND B ND
0 O ©° &N &N 0 o .o &ﬁﬂ? ~ U= XN XN NN
S S v o ST v v on S S non o6
IR 3 LR FaEey
68221: 6822'{ mw?%'i:
- - - - - -
(7] 5 (7] (72 5 (7] w E (7]

Figure 2. Serum influenced the perforation force of CAM sheets. CAM sheets were produced in culture conditions supplemented
with 20% of two serums (S| and S2) used either pure or combined (S| 5% + 15% S2, SI 10% + 10% S2, and S| 15% + 5% S2).
Ovine fibroblasts (c) produced much stronger sheets than porcine cells (b), but weaker than human cells (a). Results are expressed
as means = SD, n=1-6, one-way ANOVA. (c) An unpaired t-test was performed between S2 20% and S| 15% + 5% S2, as S|

10% + 10% S2 (n=1) was not included in the statistical analysis.

Statistical differences were expressed as followed: *p < 0.05, ¥*p < 0.01, and ****p < 0.0001; * statistically different from S| 20%, # statistically dif-
ferent from S2 20%, @ statistically different from SI 5% + 15% S2, and $ statistically different from SI 10% + 10% S2.

ND: no data.

(Figure 3(h)), which might have influenced cell counts
(underestimate). Finally, cell counts confirmed that OSFs
were statistically more proliferative than HSFs in the same
culture conditions (Figure 3(1)).

Serum concentration does not influence ovine
CAM perforation force as it does human CAM

HSFs and OSFs were cultured in culture conditions with
different concentrations (10, 15, and 20%) of their respec-
tive optimal serum condition (S1 1:1 S2 or S2 pure)
(Figure 4). The human sheet perforation force increased
almost linearly with serum concentration (10%: 49 = 30 gf,
n=5, 15%: 145*35gf, n=6, and 20%: 320 *=35gf,
n=06). Conversely, OSFs showed no sensitivity to serum
concentration (10%: 99 =24 gf, n=4, 15%: 121 £25gf,
n=6, and 20%: 107 £22gf, n=6).

OSFs produced neither more collagen nor
stronger CAM sheets with time compared to
HSFs

HSFs and OSFs were cultured for 4, 5, 6, 7, and 8 weeks,
in their respective optimal culture conditions (20% S1 1:1

S2 or 10% S2 pure). Between 4 and 8 weeks of culture, the
human sheet perforation force increased 5-fold
(»<<0.0001), while the ovine sheet perforation force did
not statistically change (p=0.8119) (Figure 5(a)). In addi-
tion, human and ovine linear regression slopes (#2=0.99,
y=57 x+ b and ?=0.95, y=8.6 x + b, respectively) were
significantly different (p <0.0001). At 4 weeks of culture,
human sheets were 2-fold weaker than ovine sheets
(»p=0.4313) but they were 2-fold stronger at 8weeks
(»=0.0058). Similarly, the collagen content per surface
area of human sheets increased almost 3-fold (»=0.0002)
between 4 and 8 weeks of culture, while the ovine sheet
collagen content did not statistically change in time (Figure
5(b)). Whereas no statistical differences were observed
between human and ovine sheet collagen content at each
time-point, slopes of human and ovine linear regressions
(r*=0.98, y=0.59 x+b and r*=0.73, y=0.14 x+b,
respectively) were significantly different (p=0.0008).
This data supports the idea that the fibrillar collagen net-
work is responsible for the mechanical strength of the
CAM. The perforation force to collagen content ratios
were similar for human and ovine CAM sheets (Figure
5(c)). However, the human ratio was significantly increased
at some later time points while the ovine ratio did not
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Figure 3. Human and ovine skin fibroblasts showed different
growth dynamics. Representative phase contrast micrographs of
HSFs and OSFs taken after | (aand e), 3 (bandf), 5 (cand g), and
9 (d and h) days of culture. Both species showed a typical spindle-

(Continued)

Figure 3. (Continued)

shaped morphology but ovine cells reached confluence faster (e—h)
than their human counterparts (a—d). (h) After 9days, ovine cells
contracted to create clusters/nodules () alongside cell depleted
areas (*). Scale bar=200pum. (i) Cell proliferation was quantified

by counting. Ovine cells showed a higher proliferation rate and
reached a higher density. Counts of OSFs at D9 may have been
underestimated because of incomplete cell recovery due to nodule
formation. Results are expressed as means % SD, n=3, two-way
ANOVA (*p<0.05, ¥p<<0.01, ¥**p<<0.001, and ***p < 0.0001;

* statistically different from day |, # statistically different from day
3, $ statistically different from day 5, and £ statistical differences
between human and ovine cell counts at a specific time-point). One
representative experiment out of four.

change with time. The human ratio appeared to become
higher than the ovine ratio as sheets matured but a statisti-
cal difference was only observed at 6 weeks. Finally, the
ovine sheet DNA content was almost 2-fold higher than
that of human sheets at 4 weeks of culture (p=0.0003) and
was also statistically higher at 5 (p=0.0028) and 7
(»p=0.0126) weeks (Figure 5(d)). Interestingly, more OSFs
did not lead to more collagen deposition or stronger sheets,
on the contrary. While the DNA content of both human and
ovine CAM sheets did not statistically change between 4
and 8 weeks of culture, human sheets trended upward (1.1-
fold increase, p=0.9783) and ovine sheets trended down-
ward (0.8-fold decrease, p=0.0682). In fact, linear
regression slopes of human and ovine sheet DNA contents
were statistically different (p=0.0465).

CAM sheet histology confirmed that ovine
sheets contained more cells and relatively less
collagen in comparison to human sheets

Histological cross-sections of human CAM sheets showed
that HSFs produced sheets that became thicker between 4
and 8weeks of culture (Figure 6(a)—(e)). HSFs were
mainly located on the top side of the sheet (*) on a dense
collagen network in which some stretched cells were
embedded (red arrows). Similarly, ovine sheets became
thicker over time and showed a similar cell distribution
(Figure 6(f)—(j)). However, they contained more cells and
less collagen, which is coherent with the biochemical
quantifications.

OSFs did not produce stronger CAM sheets
when ascorbate concentrations varied or when
insulin or growth factors were added

HSFs and OSFs were cultured for 8 weeks in their respec-
tive CAM culture media supplemented with different
ascorbate concentrations around the “standard” production
concentration (0.5 mM). HSFs produced CAM sheets with
similar perforation forces between 0.25mM and 0.75 mM
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400- st I Human ascorbate (Figure ‘7(a)). However, human sheets lost
hiid ) almost 40% of their strength when HSFs were cultured
T Bl Ovine with 1mM ascorbate, suggesting a possible toxicity.
300- Conversely, the ovine sheet perforation force was not
affected by variations of ascorbate concentration, even at
1 mM (Figure 7(b)). The influence of insulin and growth

200_ kK
”.mm factor supplementations, such as EGF, TGF-B1, bFGF, and

PDGF-BB were also evaluated. None of the supplements
statistically increased the human nor the ovine sheet perfo-
| I ration force (Figure 7(c)—(e)). In fact, OSFs produced
10% 15% 20% 10% 15% 20% weaker sheets in all tested concentrations of EGF or bFGF

$11:1S2 S2 pure compared to sheets produced without growth factor sup-
plementations (Figure 7(e)).

100+

Perforation force (gf)

Figure 4. Serum concentration did not influence the
perforation force of ovine CAM sheets but has a critical
impact on human CAM sheet strength. Human and ovine
CAM sheets were produced in their respective optimal detachment
serum at various concentrations (10, |5, and 20%). Results
are expressed as means = SD, n=4-6, one-way ANOVA

PLA anchors avoid ovine CAM sheet loss due to

Beside the lower mechanical strength of the ovine CAM
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Figure 5. Culture time influenced almost linearly the strength and collagen content of human CAM sheets, unlike ovine sheets.
Human and ovine CAM sheets were produced in their respective optimal serum over 4, 5, 6, 7, and 8 weeks. (a) Perforation force
as a function of time in culture. Ovine fibroblasts did not produce stronger sheets with time, unlike human fibroblasts (means of
three experiments = SD, n=3). (b) Collagen content as a function of time in culture. Human cells produced significantly higher
amounts of collagen between early and later time points, unlike ovine cells (means of three experiments = SD, n=3). (c) Perforation
force to collagen content ratio of ovine and human sheets as a function of time in culture. While culture time influenced the human
sheet ratio, ovine sheets had a constant ratio (mean ratios = SD, n=3). (d) DNA content as a function of time in culture. DNA
content in ovine sheets was almost 2-fold higher than in human sheets (means of two (human) and three (ovine) experiments = SD,
n=2 and n=3). Two-way ANOVA (¥p <0.05, ¥p < 0.01, **p < 0.001, and ****p < 0.0001; * statistically different from 4 weeks,

# statistically different from 5weeks, $ statistically different from 6 weeks, * statistically different from 7 weeks, and £ statistical
differences between human and ovine sheets at a specific time-point). Brackets represent statistical differences between linear
regression slopes (&).
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Figure 6. Human fibroblasts produced a denser ECM than ovine fibroblasts. Histological cross sections of multiple layers of human
(a—e) and ovine (f—j) CAM sheets after 4, 5, 6, 7, and 8 weeks of culture (Masson’s trichrome, cells = purple, collagen =blue/green).
Human and ovine cells were distributed throughout the sheet (red arrows) and a clear layer of cells was located on the top side of

the sheet (*). Scale bar =50 pm.

the development of human and ovine sheet attachment to
the stainless-steel peripheral wire anchor (Figure 8(a)—(f)).
HSFs and OSFs were cultured in their respective optimum
serums in 6-well plates. Human sheets grew on both sides of
the peripheral wire anchor and, ultimately, formed a tissue
that surrounded the wire anchor (Figure 8(a) steps [1]-[3]).
Also, human sheets could detach from the wall of the well
due to the tissue tension and fall on the wire surrounding it
(Figure 8(a) step [3] and (b)). After 3weeks, both events
prevented human sheet detachment for their entire culture
period (Figure 8(a) step [4] and (c)). However, OSFs were
more contractile and pulled more than HSFs on the sheet,
which led to the sheet sliding under the wire after a week
(Figure 8(d) step [3] and (e)) and the ovine sheet detachment
a week later (Figure 8(d) step [4] and (f)). We hypothesized
that a surface allowing for better cell adhesion would lead to
a faster enveloping of the wire, hence we replaced the stain-
less-steel wire by a PLA wire (Figure 8(g) and (h)). The
peripheral wire of PLA allowed the ovine cells to much
more rapidly grow on the wire and resulted in a complete

envelopment. However, after only 3 weeks, the PLA wire
started to bend under the contractile forces of the tissue
(Figure 8(g)). A week later, the ovine sheet completely
folded while still attached to the PLA wire (Figure 8(h)). In
order to solve this issue, a reinforced PLA anchor was
designed and 3D printed (Figure 8(i)). While the inner ring
allowed the ovine sheet to envelop the PLA wire, the multi-
layered outer ring provided sufficient mechanical strength
to prevent it from bending or folding throughout the culture

(Figure 8(j)).

Discussion

In the field of tissue-engineering, working with human
cells is a good strategic choice because it can allow rapid
translation to the clinic to perform pioneering studies.'?
However, returning to an animal model after first-in-man
studies is often necessary to refine the design or under-
stand the remodeling mechanism of a construct.?*?
Xenografting a human CAM-based construct in an animal
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Figure 7. Ascorbate, insulin or growth factor supplementation did not increase human or ovine sheet perforation force. Strength
of human () and ovine (b) sheets produced over 8 weeks with concentrations of ascorbate different than the “standard” 0.5 mM
(means = SD, n=3-6). One-way ANOVA (* statistically different from 0.25mM, # statistically different from 0.50mM, and $
statistically different from 0.75 mM). One representative experiment out of three. Strength of human (c) and ovine (d) sheets
produced with their optimal serum supplemented with insulin (means = SD, n=23-6). One representative experiment out of three.
(e) Strength of ovine sheets produced with growth factor supplementation (means = SD, n=5-6). No strength increases were
achieved (* statistically different from Ong.mL™"). One-way ANOVA. One representative experiment out of three.

Statistical differences were expressed as followed: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

model would lead to immune responses that would inter- immune system.?® >’ Another option would be to study the
fere with the evaluation of its long-term potential. Indeed, = human construct in immunosuppressed animal and/or pri-
both xenogeneic fibroblasts and ECM can trigger the mate models but these can be very limited by animal size,
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(a)
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3

[4]

Figure 8. Ovine CAM sheets often detached from stainless steel wire anchors but strongly attached to PLA anchors. (a—f)
montage illustrating the difference between the development of human and ovine sheet attachment to the steel peripheral wire
anchor. Cells grew to confluence under the wire (step [1]) and then started depositing the ECM to form the CAM sheet (step [2]).
Red arrows show the direction of the force generated by tissue tension. (a) Human cells grew on and CAM accumulated near the
wire slowly enveloping it, meanwhile, the CAM detached from the wall and folded over the wire enveloping it (steps [3] and [4]).
(b) Phase-contrast micrograph showing folding over the anchor (at 3 weeks). (c) Macroscopic view of a well-attached human CAM
sheet at the bottom of a 6-well plate (at 8 weeks). Blue arrows with lowercase letters show the same region shown by the blue
arrows of the matching lowercase figure. White arrows point to the anchor. (d) Ovine cells were more contractile and developed
earlier/larger tissue tension pulling away the CAM accumulating against the wire before it could envelop it (step [3]). Without a
strong attachment, the sheets slipped under the wire and contracted (step [4]). (e) Phase-contrast micrograph of an ovine sheet
showing tissue separation from the anchor and a lack of folding after | week. (f) Macroscopic view showing sheet detachment a
week later. (g) Ovine sheets produced with a PLA peripheral wire anchor (black arrows and discontinued black line) in a 6-well
plate after 3 weeks. PLA anchors allow strong attachment of ovine sheets but tissue tension was strong enough to bend the PLA
leading to the lifting of the sheet from the culture substrate (s). (h) After 4weeks of culture, the structure is completely folded and
unusable. (i and j) PLA anchorage devices were 3D-printed with a reinforced outer ring connected to an inner wire allowing strong
ovine sheet attachments and withstood tissue contractile forces. A medium bubble can be seen on the sheet (black arrow).

costs, and ethical concerns. Finally, one can endeavor to  behavior can appear minimal in short-term cultures or in
recreate the construct using cells from a relevant animal molecular studies, these differences become critical in
model. While species-to-species differences in cell  complex, long-term tissue cultures and it can take many



Torres et al.

years to find strategies to compensate for these differ-
ences. 7 In this study, we showed that CAM production is
very species-dependent. We also identified serum sourcing
as a key species-dependent factor. In the conditions tested,
ovine skin fibroblasts produced CAM that more closely
resembled human CAM than other large animal cells did.
Our long-term goal is to develop a large animal model to
evaluate a woven CAM-based TEVG. The objective of
this study was to develop a method to produce animal
CAM that would be sufficiently robust to be turned into
yarn that can be woven using a circular loom.*

Our results showed that the source of serum influenced
the production of ECM by cells in long-term cultures in a
clearly species-dependent manner. Similarly, Chabaud
et al.’® looked at the influence of eight different serum
sources on the ECM production by human and rabbit der-
mal fibroblasts cultured for 4 weeks. Both species showed
high serum-source dependency when final tissue thickness
was evaluated. Clear species-to-species variations were
also observed since the best and worst serums were differ-
ent between species. Finally, they reported that human
cells produced more than 2-fold thicker sheets than rabbit
cells regardless of the serum selected suggesting other
non-serum-dependent  species-specific differences.
Niklason’s® group also observed species-dependent ECM
synthesis when producing TEVGs.”'7 While bovine
TEVGs displayed burst pressure higher than 2000 mmHg,?
their burst pressure dropped about 30-fold when the model
was produced using human cells.'* In our study, we showed
the critical role of serum in tissue-engineering strategies
that depend on in vitro ECM synthesis. Indeed, the right
serum can make the difference between producing a cohe-
sive CAM sheet and not having a sheet at all. In the condi-
tions tested in this study, the ovine cells produced CAM
sheets that were much superior to canine and porcine
sheets. However, the fact that ovine sheets remained 3-fold
weaker than human sheets suggests that other culture con-
ditions may play an important role in CAM production.

We have repeatedly observed that OSFs were more pro-
liferative and less elongated than HSFs when cultured in
the same medium. Other groups also reported differences
in fibroblast growth dynamics between human and small
(e.g. rat, rabbit, and dunnart) and large (e.g. kangaroo, and
porcine) animal models.”*'*? However, to our knowledge,
this study is the first to report that ovine and human skin
fibroblasts behave differently in short or in long culture
periods. This difference in cell behavior is important since
ovine models have become very popular as pre-clinical
models for tissue engineering studies and/or the validation
of medical devices.

HSFs produced denser and stronger sheets when cul-
tured with higher serum concentrations (15% or 20%).
This is consistent with results reported by Tan et al.,’* who
showed that human dermal fibroblasts exposed for 24 h to
high serum concentrations (up to 60%) produced more

ECM proteins than with lower serum concentrations (0%
or 10%). Furthermore, they showed that the largest propor-
tional increase was observed with 20% serum concentra-
tion and that HSFs seemed to reach a plateau of metabolic
activity between serum concentrations of 40% and 60%. In
addition, Lee et al.>* obtained thicker and denser tissue
sheets when culturing human skin fibroblasts during
3weeks using 25% or 50% serum in comparison to 10%
serum. They also did not observe significant differences
between 25% and 50% serum concentrations. Surprisingly,
OSFs produced sheets of similar strength independently of
the serum concentration (between 10% and 20%). A simi-
lar behavior has been observed with bovine corneal fibro-
blasts cultured in 1% or 10% FBS, which produced sheets
of similar thickness after 3 weeks in culture.* We hypoth-
esize that OSFs might have reached a plateau of metabolic
activity with only 10% of the serum we selected.

Human sheet strength and collagen content increased
linearly with culture time. This supports the idea that the
fibrillar collagen network is the mechanical backbone of
the CAM sheet. This strength increase is consistent with
results we have published recently and with our extensive
experience in growing human CAM sheets.”” In fact, this
time-dependent strength increase can be used to target a
specific sheet strength when using cell lines from different
donors that can have different rate of strength increase.*
Surprisingly, the culture time had practically no effect on
ovine sheet strength or collagen content after 4 weeks.
Unlike the ovine CAM, the force to collagen ratio was sig-
nificantly higher in more mature human CAM which sug-
gests increased crosslinking of the collagen matrix.
Histological analysis indicated that the ovine collagen net-
work appeared less dense than the human matrix. This
striking difference in sheet growth dynamics could be due
to the ovine CAM composition. Indeed, we hypothesize
that, after 4 weeks of culture, the ECM produced by OSFs
provided a negative feedback or was otherwise not con-
ductive to the production or assembly of collagen.
Supplementary studies are needed to understand the mech-
anistic differences between human and ovine CAM pro-
duction by investigating the structure and nature of the
ECM.

We tried to increase collagen production by OSFs in
order to bring up the mechanical strength of ovine CAM to
human levels. As ascorbate is essential to stimulate colla-
gen production in skin fibroblasts,**° we investigated the
influence of different concentrations in the culture medium.
OSFs were insensitive to the ascorbate concentration while
HSFs produced weaker sheets when the concentration
exceeded 0.75mM. This is consistent with the results
of Switzer and Summer®*® who also observed ascorbate
toxicity when HSFs were exposed to concentrations higher
than 0.75mM. We also investigated the influence of
insulin supplementation to increase collagen production, as
Tranquillo’s group showed an almost 2-fold increase of the
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strength of their TEVG that relied on ECM production by
HSFs in fibrin gels.* However, our results showed that
insulin in similar concentrations did not influence human
nor ovine sheet perforation force. This could suggest that
our serum supplementation fully stimulated the insulin-like
growth factor I (IGF-1) receptors responsible for the insu-
lin-induced collagen synthesis.*! Other growth factors have
been used to stimulate cells to produce more ECM. 8104245
Our results showed that OSFs did not produce stronger
sheets with any growth factor supplementations in our cul-
ture conditions. Interestingly, EGF or bFGF supplementa-
tions statistically decreased the ovine CAM strength, which
is consistent with some studies who showed that these
growth factors can sometimes inhibit the collagen synthesis
by human skin fibroblasts.*** Overall, our findings
showed that, among evaluated factors, none were able to
increase collagen production by OSFs or HSFs in our spe-
cific CAM culture conditions. This suggests that the com-
bination of serum (at 10% or 20% for ovine and human
cells, respectively) and ascorbate supplementation over-
shadowed the effects of additives that are well-known for
stimulating the ECM production. Further studies could
investigate macromolecular crowding, which was reported
to increase collagen synthesis in short (from 2 to 6days)
and in longer (up to 14 days) fibroblast cultures by Zeugolis’
group.’®*! This group, among others, has also reported that
hypoxia can strongly enhance collagen synthesis,**>’ a
condition that might be tested in future experiments but
would be challenging to integrate into a manufacturing
process.

Ovine sheet detachments from stainless steel anchors
was a major cause of sheet loss during CAM production but
it was not a problem with human CAM. We hypothesize that
this difference was due to a faster and higher tension devel-
opment in the ovine sheet. This is consistent with the almost
2-fold higher cell concentration in ovine sheets. Based on
previous work in our laboratory, which showed great cell
adherence on PLA structures produced by FDM,>>3 we cre-
ated reinforced PLA anchors to promote early cell attach-
ment in order to resist ovine sheet tensions. These improved
anchors allowed the same production success rate observed
with steel wires and human sheets (100%).

The anatomical source of skin fibroblasts was different
between human and animal (breast vs upper inner thigh,
respectively). While we cannot dismiss the potential influ-
ence of this variable on the results, Sacco et al.>* have
shown that human skin fibroblasts from the upper inner
thigh are less proliferative than fibroblasts from breast. In
the present study, the opposite was observed. Although the
observations of Sacco et al.>* may be specific to humans,
they can also suggest that species differences overshad-
owed anatomic origin effects. In addition, the influence of
the age of the donor was not evaluated in this study.

In conclusion, this study demonstrates the important spe-
cies-to-species variability of ECM synthesis in long-term

cultures. Nonetheless, we identified culture conditions
where ovine cells reliably produced homogeneous, dense,
and robust CAM sheets. While ovine CAM sheets were not
as strong as human sheets, this relative weakness can be off-
set by using wider ribbons to produce a yarn with a similar
breaking strength (Supplemental Figure 1) suggesting that
they can be assembled into robust yet fully biological ovine
textiles. The next step in this project will be to produce
small-diameter woven TEVGs and to evaluate their long-
term efficacy in an allogeneic ovine model to mimic the
clinical setting in terms of size and immune environment.
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