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Epidermal Basement Membrane Substitutes for
Bioengineering of Human Epidermal Equivalents

Nikola Kolundzic1,2,5, Preeti Khurana1,2,5, Debra Crumrine3,4, Anna Celli3,4, Theodora M. Mauro3,4 and
Dusko Ilic1,2
Epidermal basement membrane, a tightly packed network of extracellular matrix (ECM) components, is a source
of physical, chemical, and biological factors required for the structural and functional homeostasis of the
epidermis. Variations within the ECM create distinct environments, which can affect the property of cells in the
basal layer of the epidermis and subsequently affect keratinocyte differentiation and stratification. Very little
attention has been paid to mimicking basement membrane in organotypic cultures. In this study, using pa-
rameters outlined in a consensus on the quality standard of organotypic models suitable for dermatological
research, we have evaluated three basement membrane substitutes. We compared fibronectin with three
complex three-dimensional matrices: Matrigel, decellularized dermal fibroblast‒produced and ‒assembled
ECM, and a dry human amniotic membrane. Our results suggest that Matrigel is not a suitable substrate for
human epidermal equivalent culture, whereas the two other complex three-dimensional substitutes, decellu-
larized dermal fibroblast‒produced and ‒assembled ECM and dry human amniotic membrane, were superior
to single layer fibronectin coating. Human epidermal equivalents cultured on either decellularized dermal
fibroblast‒produced and ‒assembled ECM or on dry human amniotic membrane generated hemidesmosomes,
whereas those on fibronectin did not. In addition, human epidermal equivalent cultured on decellularized
dermal fibroblast‒produced and ‒assembled ECM and on dry human amniotic membrane can be maintained in
culture 4 days longer than human epidermal equivalent cultured on fibronectin without compromising the
barrier function.
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INTRODUCTION
Epidermal basement membrane, comprised of an extensive
network of extracellular matrix (ECM) components, plays
multiple complex roles in maintaining epidermal homeosta-
sis. The core components and central organizers of the
basement membrane are laminins, which together with
collagen IV and heparan sulfate proteoglycans form an
intricate, tightly packed mesh. Various GFs, morphogens, and
other regulatory macromolecules tethered to basement
membrane constituents provide the signals involved in gov-
erning keratinocyte (KC) adhesion, differentiation,
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stratification, and survival (Pozzi et al., 2017; Randles et al.,
2017; Roig-Rosello and Rousselle, 2020). Mutations in ECM
constituents are often associated with devastating diseases
such as junctional or recessive dystrophic epidermolysis
bullosa.

Various strategies have been used to mimic the complexity
of the basement membrane in the bioengineering of orga-
notypic cultures (Cruz-Acuna and Garcia, 2017; Zhang et al.,
2021). However, for the bioengineering of human epidermal
equivalents (HEEs), in most cases, the KCs are plated on a
surface coated with a single ECM component such as fibro-
nectin or collagen I (Khurana et al., 2021). Although HEEs
generated in such a way resemble epidermis morphologically
and functionally, they can be maintained in the culture only
for 2‒3 days before they start to deteriorate.

The discovery of more suitable basement membrane sub-
stitutes that can better support the structural and functional
integrity of HEEs in a simple model will allow for further
studies on epidermal homeostasis and the biology of the
dermal‒epidermal junction and for a better understanding of
how dysfunction of these components leads to diseases.

It is plausible to hypothesize that more precise mimicking
of the basement membrane in vitro might provide the signals
that would support longer survival of the HEE. However,
despite recent technical advances, full characterization of
spatio‒temporal expression of the constituents is still a major
challenge. Bioengineering a basement membrane in vitro
from single constituents would be nearly impossible owing
to the complexity of the structure required; we have
therefore compared three different approaches to mimic the
estigative Dermatology. This is an open
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Figure 1. SEM images of epidermal basement membrane substitutes used for

bioengineering of HEEs. (a) Uncoated PET membrane of Transwell inserts. (b)

FN-coated PET membrane, (c) dDF ECM, and (d) dHAM used as a substrate

for growing HEEs. Bar ¼ 200 nm. dDF ECM, decellularized dermal fibroblast‒

produced and ‒assembled extracellular matrix; dHAM, dry human amniotic

membrane; FN, fibronectin; HEE, human epidermal equivalent; PET,

polyethylene terephthalate; SEM, scanning electron microscopy.
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three-dimensional (3D) structure of the basement membrane
in vitro: (i) Matrigel, (ii) decellularized dermal fibroblast‒
produced and ‒assembled ECM (dDF ECM), and (iii)
commercially available dry human amniotic membrane
(dHAM).

Matrigel is a protein mixture secreted by Engelbreth-Holm-
Swarm mouse sarcoma cells. According to the manufacturer
(Corning, Corning, NY), Matrigel is approximately 60%
laminin, 30% collagen IV, and 8% entactin. Entactin interacts
with both laminin and collagen IV and contributes to the 3D
assembly of these ECM constituents. It also contains heparan
sulfate proteoglycans and various GFs (i.e., IGF1, TGFb1,
EGF, PDGF, FGF2, NGF, and VEGF). Matrigel resembles the
complex ECM composition found in many tissues and is used
as a substrate for culturing cells and organoid development
(Borries et al., 2020).

We have previously used native decellularized dermal
fibroblast ECM as a substrate for the culture of pluripotent
stem cell lines under xeno-free conditions (Ilic et al., 2012).
Although it does not precisely mimic the basement mem-
brane, dDF ECM contains a combination of ECM constituents
that may contribute to its formation (Zhang et al., 2021).

Human amniotic membrane is a 20‒500-mm thick, avas-
cular structure. The epithelium, a single layer of cuboidal
cells, faces the amniotic fluid. Underlying the epithelium is a
basement membrane, which consists mainly of collagens and
laminins. The basement membrane also contains soluble
factors that are associated with anti-inflammatory effects and
are responsible for regulating proliferation, migration, and
differentiation of neighboring epithelial cells (Bourne, 1960;
Gindraux et al., 2013; van Herendael et al., 1978). Under the
basement membrane are the mesoderm layers, consisting of
an acellular compact layer, a fibroblastic layer containing a
netting of mesenchymal stromal/stem cells, and a spongy
layer that is rich in proteoglycans and glycoproteins.
Numerous studies have revealed the presence of multiple
GFs in the human amniotic membranes (Dietrich-Ntoukas
et al., 2012; Koizumi et al., 2000; Koob et al., 2014).
Dehydration, lyophilization, and cryopreservation tech-
niques, each with individual advantages and disadvantages,
have been used for the preservation of commercial human
amniotic membrane products. In this study, we chose to test
dehydrated/dHAM because it can be stored at room tem-
perature for months or even years (Ilic et al., 2016).

In this study, we compared the morphological and func-
tional characteristics of human skin with HEE grown either on
a fibronectin-coated surface or on 3D basement membrane
substitutes: dDF ECM and dHAM (Figure 1). To validate our
HEEs grown on different substrates, we followed the param-
eters outlined in a consensus for the quality standard of
organotypic models suitable for dermatological research (van
den Bogard et al., 2021).

RESULTS
Matrigel is not a suitable basement membrane substitute for
bioengineering HEEs

We first investigated whether the HEE grown on different
substrates can form an epidermal permeability barrier, using
transepithelial electrical resistance (TEER) as a parameter
(Uchida and Celli, 2020). Expected results were in the range
JID Innovations (2022), Volume 2
of 1,200‒2,500 Ucm2 (van den Bogard et al., 2021). HHEs
cultured on various concentration of Matrigel (5.0, 2.5, 1.0,
0.5, and 0.1 mg/ml) were unable to stratify (data not shown).
The maximum TEER achieved was between 800 and 1,000
Ucm2. H&E staining confirmed that HEEs cultured on
Matrigel had no proper stratification of epidermal layers; no
further characterization was therefore carried out.

Two other substitutes, dDF ECM and dHAM, performed
better than fibronectin, which we were using previously
(Petrova et al., 2016, 2014; Sun et al., 2015). HEE grown on
fibronectin-coated surface could maintain TEER in the range



Figure 2. The TEER during HEE

formation on different basement

membrane substitutes. The TEER

during HEE formation on fibronectin

(orange), dDF ECM (green), and

dHAM (purple) over a period of 18

days reflects permeability barrier

formation (n ¼ 12 for each condition;

each point represents an average of

measurements from three different

spots). Values between 1,200‒2,500

Ucm2 (red dashed line) indicated a

formed permeability barrier. The TEER

values of HEE cultured on dDF ECM

and dHAM remained within the

indicated standard, whereas the TEER

values began declining after 14 days

of culture on fibronectin. The data

were analyzed using a two-sample

Wilcoxon rank-sum (Mann‒Whitney)

test (***P � 0.001) and shown as a

box plot of interquartile range and

median values with outliers as dots.

The confidence interval (95%) was

calculated using the Bootstrap

method. dDF ECM, decellularized

dermal fibroblast‒produced and ‒

assembled extracellular matrix;

dHAM, dry human amniotic

membrane; HEE, human epidermal

equivalent; TEER, transepithelial

electrical resistance.
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of 1,200‒2,500 Ucm2 only for 3‒4 days before starting to
deteriorate, whereas HEEs cultured on dDF ECM or dHAM
lasted up to 6 days before TEER became out of range
(Figure 2).

Morphology and stratification of basal and suprabasal layers
are not affected by the type of basement membrane
substitutes

Following the parameters outlined in a consensus on the
quality standard of organotypic models suitable for derma-
tological research (van den Bogard et al., 2021), next, we
analyzed the morphology and stratification of the HEEs
(Figure 3).

Expression of keratin (K) 10 (Figure 3a), K1 (Figure 3b), and
desmocollin 1 (Figure 3c) in HEEs reflected the typical pattern
of their expression in suprabasal layers of normal human skin.
Desmosomes were also present in all conditions (Figure 3d).

Basal layers were negative for K1 and K10 (Figure 3a and b)
and positive for DN TP63 (Figure 3e), K14 (Figure 3f), and
proliferative cells (Figure 3g). The percentage of cells positive
for the marker of proliferation MKI67 did not differ signifi-
cantly among the three conditions (Figure 3h).

These data indicate that the morphology and stratification
of basal and suprabasal layers might not be affected by the
type of basement membrane substitutes.

Impact of basement membrane substitutes on epidermal
permeability barrier

We examined the morphology and integrity of the stratum
corneum and stratum granulosum on day 14 of the 3D cul-
tures when TEER values were within the expected range of
1,200‒2,500 Ucm2 in all the three culture conditions
(Figure 2). There was no visible desquamation as seen by
scanning electron microscopy (Figure 4a). Corneodesmo-
somes were detectable under all conditions (Figure 4b and c).
Synthesized by the KCs in stratum granulosum and secreted
through the lamellar bodies, corneodesmosin is incorporated
into the desmoglea of the desmosomes shortly before their
transformation into corneodesmosomes during cornification
(Jonca et al., 2011). In normal human skin as well as in HEEs
cultured on dDF ECM or dHAM, corneodesmosin is localized
in the stratum corneum and is predominantly membrane
bound, whereas in HEE cultured on fibronectin-coated sur-
face, the majority of corneodesmosin was still granular and
was retained in the stratum granulosum. However, quantita-
tive electron microscopy analysis for corneodesmosome
density did not show a significant difference among the three
conditions (Figure 4d). Lipid processing was comparable with
that of normal human skin in all HEEs, and the lamellar
bodies were present under all the three culture conditions
(Figure 4e‒g). Calcium ion (Caþþ) gradient and lanthanum
nitrate perfusion assays suggested that the epidermal
permeability barrier is functional (Figure 4h and i).

Similarly to corneodesmosin, tight junction‒specific pro-
tein TJP1 was predominantly distributed within the cytoplasm
of stratum granulosum KCs in HEE cultured on fibronectin-
coated surfaces, whereas in HEEs cultured on dDF ECM or
dHAM, TJP1 was more prominent around the cell membrane,
which is similar to its distribution in normal human skin
(Figure 5a). On the other hand, intracellular localization of
FLG was similar under all conditions tested (Figure 5b).
www.jidinnovations.org 3
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Figure 3. Quality assessment of

general tissue structure. Markers of

(a‒‒d) suprabasal and (e‒‒g) basal layers

are present in HEE cultured under all

three different substrates: fibronectin,

dDF ECM, and dHAM at day 14 of 3D

culture display a pattern that is

comparable with that of normal

human skin: (a) K10 (arrows, bar ¼
100 mm), (b) K1 (arrows, bar ¼ 20

mm), (c) DSC1 (arrows, bar ¼ 20 mm),

(d) desmosomes (arrows, bar ¼ 200

nm), (e) DN TP63 (arrows, bar ¼ 20

mm), (f) MKI67 (arrows, bar ¼ 20 mm),

and (h) K14 (arrows, bar ¼ 20 mm). (g)

Percentage of cells in the basal layer

that are positive for the marker of

proliferation MKI67. The data were

analyzed using of one-way ANOVA

test and shown as a box plot of

interquartile range and median values.

The statistical analysis has shown that

there was no statistically significant

difference in the percentage of

MKI67þ among the groups (F[2, 42] ¼
0.028, P ¼ 0.973). Tukey’s HSD test

for multiple comparisons did not

detect any significant differences

between pairs of groups: fibronectin

versus dDF ECM (P ¼ 0.977),

fibronectin versus dHAM (P ¼ 0.977),

and dDF ECM versus dHAM (P ¼
1.000). The confidence interval (95%)

was calculated using the Bootstrap

method. 3D, three-dimensional; d,

dermis; dDF ECM, decellularized

dermal fibroblast‒produced and ‒

assembled extracellular matrix;

dHAM, dry human amniotic

membrane; DSC1, desmocollin 1;

HEE, human epidermal equivalent;

HSD, honestly significant difference;

K, keratin; SB, stratum basale; SC,

stratum corneum; SG, stratum

granulosum; SS, stratum spinosum;

TM, Transwell membrane.
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Impact of basement membrane substitutes on the
composition of ECM in HEEs

Integrin b1 is considered a marker of KC stem cells in the
basal layer (Zhu et al., 1999). Using mAb 9EG7 that recog-
nizes an activation epitope on integrin beta1 (Lenter et al.,
1993), we found no difference in the pattern between
normal human skin and HEEs (Figure 6).

Next, we assessed ECM composition by immunostaining
for collagen IV, collagen VI, and collagen VII, and laminin-5
(Figure 6). Although all the four proteins were detected on the
surface of Transwell inserts with dDF ECM and dHAM
basement membrane substitutes, we did not detect collagen
VI in HEE cultures on fibronectin-coated inserts. Furthermore,
collagen IV, collagen VII, and laminin-5 were more abundant
in HEE cultures on dDF ECM or dHAM basement membrane
substitutes than on fibronectin-coated inserts.
JID Innovations (2022), Volume 2
Complex 3D basement membrane substitutes, dDF ECM and
dHAM, support the formation of hemidesmosomes in HEE

We used transmission electron microscopy to evaluate
whether the composition of the ECM detected in basement
membrane substitutes had any effect on the structural
morphology of KCs in the basal layer. We found that dDF
ECM and dHAM supported the formation of hemi-
desmosomes, whereas fibronectin coating did not (Figure 7).
We did not find a significant difference in the number of
hemidesmosomes formed over a specific length of the cell
membrane proximal to the basement membrane substitute in
the HEE cultured on dDF ECM (4.36 � 1.08 per 1 mM) or
dHAM (4.36 � 1.21 per 1 mM) (Figure 7c). The size of
hemidesmosomes was also similar (178.40 � 4.98 in HEE
cultured on dDF ECM and 179.80 � 7.57 in HEE cultured on
dHAM) (Figure 7d). The data support our hypothesis that



Figure 4. Quality assessment of

epidermal permeability barrier. HEE

on fibronectin, dDF ECM, and dHAM

demonstrate permeability barrier

formation. (a) Scanning electron

microscopy images of human skin and

HEEs. Bar ¼ 20 mm. (b)

Corneodesmosomes (arrows) were

present in all HEEs. Bar ¼ 0.5 mm. (c)

In HEE grown on fibronectin, CDSN

pattern was more cytoplasmic

(arrowheads) than membrane bound

(arrows). Bar ¼ 20 mm. (d)

Quantitative electron microscopy

analysis for corneodesmosome

density. The data were analyzed using

of one-way ANOVA test and shown as

a box plot of interquartile range and

median values. The statistical analysis

revealed that there was no statistically

significant difference in desmosome

density between at least two groups (F

[2, 6] ¼ 1.611, P ¼ 0.275), even

though it looks like HEEs cultured on

fibronectin have a smaller median.

Similarly, Kruskal‒Wallis rank-sum

test shows the same lack of overall

significance of corneodesmosome

density (H ¼ 2.89, df ¼ 2, P ¼ 0.236).

There was no statistically significant

difference between the condition seen

by Tukey’s HSD test: fibronectin versus

dDF ECM (P ¼ 0.309), fibronectin

versus dHAM (P ¼ 0.364), and dDF

ECM versus dHAM (P ¼ 0.990).

Confidence interval (95%) was

calculated using the Bootstrap

method. (e‒‒g) Lipid processing has

been detected in all HEEs. Bar ¼ 1 mm
for e, 200 nm for f, and 50 nm for g.

(h) Caþþ were detected in SG and not

in SC of HEEs. Bar ¼ 0.5 mm. (i)

Lanthanum nitrate perfusion assay

showed tight junctions integrity and

barrier function in all HEEs. Bar ¼ 0.5

mm. Caþþ, calcium ion; CDSN,

corneodesmosin; dDF ECM,

decellularized dermal fibroblast‒

produced and ‒assembled

extracellular matrix; dHAM, dry

human amniotic membrane; HEE,

human epidermal equivalent; HSD,

honestly significant difference; LB,

lipid bilayer; SC, stratum corneum;

SG, stratum granulosum; SS, stratum

spinosum.
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more precise mimicking of the basement membrane could
improve the quality of the bioengineered HEEs as in this
example where dDF ECM and dHAM facilitated the forma-
tion of hemidesmosomes.

DISCUSSION
Organotypic cultures of human skin or reconstructed human
skin equivalents (HSEs) are widely used in basic and trans-
lational research. Quite often, such complex models are not
needed, and the research questions, especially those related
to the epidermal permeability barrier, can be addressed using
much simpler models such as HEEs. HEEs can be bio-
engineered faster than HSEs; however, they have the disad-
vantage of being short lived. Whereas HSEs can be
maintained for several months in the culture, fully stratified
functional HEEs deteriorate in a few days.

A small difference in culture conditions, in the
composition of culture media, as well as in genetic
www.jidinnovations.org 5
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Figure 5. Quality assessment of SG.

(a) In HEE grown on fibronectin, TJP1

pattern was more cytoplasmic

(arrowheads) than membrane bound

(arrows). Bar ¼ 20 mm. (b) FLG-

positive granules were detected in all

the HEE. Bar ¼ 20 mm. dHAM, dry

human amniotic membrane; HEE,

human epidermal equivalent; SC,

stratum corneum; SG, stratum

granulosum; SS, stratum spinosum.
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polymorphism and other variabilities between donors
could affect the quality of both HSEs and HEEs and easily
result in misinterpretation of the data. A consensus
opinion on quality standard and validation of models
suitable for research has been recently published (van den
Bogard et al., 2021).

We followed the guidelines and used the recommended
validation parameters for quality assessment of general tis-
sue structure and some parameters specific to epidermal
permeability barrier to determine whether complex 3D
Figure 6. BM substitutes and ECM

expression. Expression of integrin b1
and ECM proteins in normal human

skin and HEEs cultured on three

different substrates. Red arrowheads

indicate the positive signal in the d.

Red arrows indicate the positive signal

in keratinocytes. Bar ¼ 20 mm. BM,

basement membrane; d, dermis; dDF

ECM, decellularized dermal

fibroblast‒produced and ‒assembled

extracellular matrix; e, epidermis;

ECM, extracellular matrix; HEE,

human epidermal equivalent; SB,

stratum basale; SG, stratum

granulosum; SS, stratum spinosum;

TM, Transwell membrane.

JID Innovations (2022), Volume 2
basement membrane substitutes, such as Matrigel, dDF
ECM, and dHAM, provide any advantage for the quality of
HEEs.

Our data suggest several conclusions: (i) differentiation and
stratification of KCs in 3D culture are dependent on the
substrate on which the cells were plated, (ii) HEE longevity is
also affected by the substrate on which the cells were plated,
and (iii) dDF ECM and dHAM but not Matrigel or fibronectin
support the formation of hemidesmosomes in HEEs without
the need for dermal components in HSE.



Figure 7. dDF ECM and dHAM

support the formation of

hemidesmosomes, whereas

fibronectin-coated surface does not.

(a) COL17A1 (arrows) was detected in

cells of SB under all conditions. Bar ¼
20 mm. (b) Hemidesmosomes were

detected by transmission electron

microscopy in HEE cultured on dDF

ECM and dHAM. Yellow arrows

indicate hemidesmosomes. Bar ¼ 150

nm. (c) Number of hemidesmosomes

over a specific length of the cell

membrane proximal to the basement

membrane substitute. The data were

analyzed using of one-way ANOVA

test and shown as a box plot of

interquartile range and median values.

The results showed a statistically

highly significant difference in

response variable between at least two

groups (F[2,39] ¼ 100.4, P ¼ 4.18e-

16). Tukey’s HSD test revealed that the

mean value of hemidesmosome

density was significantly different

between HEEs cultured on dDF ECM

and fibronectin and between HEEs

cultured on dHAM and fibronectin

(***P � 0.001). Confidence interval

(95%) was calculated using the

Bootstrap method. (d) Size of

hemidesmosomes. The data were

analyzed using of one-way ANOVA

test and shown as a box plot of

interquartile range and median values.

Tukey’s HSD test for multiple

comparisons revealed that the mean

value of the hemidesmosome length

was significantly different between

HEEs cultured on dDF ECM and

fibronectin and also between HEEs

cultured on dHAM and fibronectin

(***P � 0.001). Confidence interval

(95%) was calculated using the

Bootstrap method. BM, basement

membrane; Cy, cytoplasm; dDF ECM,

decellularized dermal fibroblast‒

produced and ‒assembled

extracellular matrix; dHAM, dry

human amniotic membrane; HEE,

human epidermal equivalent; HSD,

honestly significant difference; SB,

stratum basale.
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Differentiation and stratification of HEE are dependent on
the substrate on which the cells were plated

Matrigel, a basement membrane equivalent, is widely used
as a substrate for various cell types, including human
pluripotent stem cells. In dermatological research, Matrigel
was used for a culture of hair follicle KCs (Havlickova
et al., 2004; Limat et al., 1994; Miao et al., 2014; Oh
et al., 2011) as well as of primary human KCs (Saarialho-
Kere et al., 1993). However, it did not support the strati-
fication of the HaCaT cells (Coelho-Sampaio et al., 2020).
On the other hand, fibronectin (Petrova et al., 2016, 2014;
Sun et al., 2015) or collagen I (Rikken et al., 2020), which
are not basement membrane constituents, did support
stratification.

The signals from the ECM that govern KC stratification are
still unknown; more research is needed to enable successful
bioengineering of HEEs with ECM and basement membrane
substitutes.

HEE longevity is affected by the basement membrane
substitute on which the cells were plated

HSEs could be maintained in the culture for weeks (El
Ghalbzouri et al., 2009), whereas the lifespan of HEEs is
much shorter (Petrova et al., 2016, 2014; Sun et al., 2015).
www.jidinnovations.org 7
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Rapid turnover of KC stem cells in the basal layer of the
epidermis is required for the homeostasis of the epidermis (or
HEEs). Terminal differentiation in the upper layers of the
epidermis triggers differentiation and delamination in the
basal layer, liberating space. This alters the basal cell size of
the neighboring cells, triggering cell division of the largest
cell to restore homeostatic cell density (Mesa et al., 2018).
The signals that maintain their stemness are coming from the
stem cell niche (Chacón-Martı́nez et al., 2018; Lane et al.,
2014). ECM receptor, integrin b1, is considered as a marker
of KC stem cells in the basal layer (Zhu et al., 1999); It is
plausible to hypothesize that the right composition of the
ECM might provide the required signals for the maintenance
of their stemness. However, the integrins are also mechano-
receptors, and they are tightly linked with GF signaling
(Damsky and Ili�c, 2002, 2002; Sieg et al., 2000).

Although the two basement membrane substitutes that we
tested did extend the lifespan of HEEs (Figure 2), they do not
provide the ultimate answer. The ECM is not the sole
component of the stem cell niche. Various soluble compo-
nents (e.g., GF, cytokines), physical factors (e.g., stiffness,
topography), or metabolic factors (e.g., oxygen, Caþþ) as well
as cellular components (e.g., cell‒cell contacts) play an in-
tegral role in the interaction between stem cells and their
niche. This interaction is complex, bidirectional, and recip-
rocal (Lane et al., 2014).

dDF ECM and dHAM but not Matrigel or fibronectin support
the formation of hemidesmosomes in HEEs

Hemidesmosomes are highly specialized integrin-mediated
epithelial-attachment structures that link the underlying
basement membrane and the internal keratin intermediate
filament network. Owing to the lack of a suitable in vitro
model, they have been mostly studied in vivo. Several lines of
evidence suggest that the binding of a6b4 integrin to laminin-
322 is a crucial step in hemidesmosome assembly (Walko
et al., 2015). It might be that laminin-322 was present in
both dDF ECM and dHAM and that that was sufficient to
trigger the formation of hemidesmosomes. Although we did
not detect clear differences in the immunostaining pattern of
COL17A1 (Figure 7a), we cannot exclude the possibility that
the signals from dDF ECM and dHAM triggered the expres-
sion of some other structural component(s) otherwise missing
in the basal layer KCs.

Importance of 3D structure of the ECM

The importance of 3D ECM has been recognized for epithe-
lial cells, where 3D environments and a continuous flow of
information between cells and the ECM regulate normal
epithelial polarity and differentiation (Roskelley et al., 1995).
A few years later, Kenneth Yamada’s group demonstrated that
relative to that of two-dimensional substrates, 3D‒matrix
interactions display enhanced biological activities
(Cukierman et al., 2001). The 3D‒matrix adhesions differ in
structure, molecular composition, localization, and function
from the adhesions formed on two-dimensional substrates
such as fibronectin coating. Similarly, 3D substrates that we
used to mimic basement membrane may be more biologi-
cally relevant to living organisms than standard two-
dimensional fibronectin coating and as such promote the
formation of hemidesmosomes.
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The results of this study indicate that more suitable base-
ment membrane substitutes, such as dDF ECM and dHAM,
can better support the structural and functional integrity of
HEEs. The ability to assemble hemidesmosomes in a simple
model will allow for further studies on epidermal homeostasis
and the biology of the dermal‒epidermal junction and for a
better understanding of how dysfunction of these components
leads to diseases such as non-Herlitz junctional epidermolysis
bullosa and epithelial recurrent erosion dystrophy.

MATERIALS AND METHODS
Cells

Primary normal human KCs were isolated from neonatal foreskins

and expanded in 0.07 mM Caþþ 154CF medium (Thermo Fisher

Scientific, Waltham, MA) with a human KC growth supplement.

Isolation and culture of primary normal human KCs from neonatal

foreskin has been approved by the University of California San

Francisco (San Francisco, CA) Institutional Review Board (#10-

00944). The foreskin of circumcised newborn boys was obtained

following parental written informed consent.

Preparation of basement membrane substitutes

For 3D culture, we used 12 mm Transwells with 0.4-mm pore pol-

ycarbonate membrane insert (Millipore, Burlington, MA).

For fibronectin, the insert was coated with CELLstart (Thermo

Fisher Scientific) for 1 hour at 37 oC according to the manufacturer’s

instructions.

For dDF ECM, dDF ECM was prepared as described previously

(Ilic et al., 2012). Dermal fibroblasts were mitotically inactivated

with g-irradiation at 5,000 rad (50 Gy) with a cesium-source irra-

diator GammaCell 100 Elite (Nordion International, Ontario, Can-

ada), and 36,000 cells/cm2 were plated in a chemically defined,

xeno-free CnT-PR-ECM medium (CELLnTEC Advanced Cell Sys-

tems, Bern, Switzerland) for a minimum of 7 days. The medium was

changed daily. The dermal fibroblasts were lysed in 0.5% (v/v) Triton

X-100 and 20 mM ammonium hydroxide in PBS for 5 minutes. The

remaining dDF ECM was gently rinsed at least three times with PBS

and used either immediately or stored at 4 oC for up to 1 week.

For dHAM, Amniomatrix membrane (Next Biosciences, Midrand,

South Africa) was cut into z1.2 � 1.2 cm2 squares, and one square

was placed on the bottom of each insert. To adhere dHAM to the

bottom and the sides of the insert, we added 100‒200 ml of culture
medium for 10 minutes.

HEEs

Normal human KCs (z250,000/cm2) were plated into inserts either

coated with CELLstart only or having either dDF ECM or dHAM at the

bottom. The cells were cultured as described previously (Petrova et al.,

2016, 2014; Sun et al., 2015). The experiment has been repeated three

times, eachwith a different batch of primary KCs that were pooled from

five different donors. For each round of the experiments, we set a 12-

well plate with Transwell inserts, four insets per each of the three con-

ditions (fibronectin coated, dDF ECM, and dHAM). On day 14, the

membranes with HEE were cut out from the insets and processed for

immunostaining or electron microscopy for morphological or func-

tionalevaluation. Imagespresented in themanuscript are representative

images from three independent experiments.

Immunolocalization

Cryosections. The samples were fixed in 3.8% para-

formaldehyde/PBS at pH 7.2‒7.6 for 30 minutes, washed three times
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for 5 minutes in PBS, and infiltrated with a series of sterile sucrose

gradients (10% sucrose overnight, 15% sucrose for 6‒8 hours, 30%

sucrose overnight, and finally 30% sucrose mixed at 1:1 with

optimal cutting temperature compound overnight) rotating on 4 oC.

The samples were finally embedded in optimal cutting temperature

and frozen in liquid nitrogen vapor. The cryoblocks were stored at ‒

80 oC. The day before cutting, the cryoblocks were transferred to ‒

20 oC overnight. Sections (10-mm tick) were prepared using a stan-

dard cryostat. The sections were kept at ‒20 oC till processing.

The sections were submerged in either 90% cold acetone for 10

minutes or 0.2% Triton X-100/PBS for 5 minutes to expose antigens.

The samples were washed three times for 5 minutes in PBS. The

sections were then incubated overnight at 4 �C with a mixture of the

following two antibodies: (i) 2.5 mg/ml of ChromPure donkey whole

IgG (for purpose of blocking, all secondary antibodies are made in

donkey) and (ii) 1 mg/ml of appropriate primary antibody. The sec-

tions were rinsed three times for 5 minutes in PBS; incubated for 20

minutes at room temperature with 10 mg/ml Hoechst 33342 (Thermo

Fisher Scientific) and the appropriate species-specific secondary

antibody, made in donkey; and conjugated to either red or green

fluorophore. The sections were washed three times for 5 minutes in

PBS, mounted with Vectashield medium (Vector Laboratories, Bur-

lingame, CA) and with an epifluorescence microscope (Carl Zeiss,

Jena, Germany), equipped with appropriate filters.

For control incubations, preimmune sera or isotype-matched

nonimmune antibodies were used instead of the primary antibodies.

Staining of control tissue sectionswas never observed (data not shown).

Paraffin-embedded sections. For paraffin-embedded sections,

the samples were fixed in 3.8% paraformaldehyde/PBS at pH 7.2‒

7.6 for 30 minutes, washed three times 5 minutes in PBS, and

dehydrated in ascending ethanol series (50, 70, and twice for 100%;

20 minutes each) and clearing agent (xylene, two times for 20 mi-

nutes). The samples were perfused with paraffin wax at 65 oC two

times for 1 hour and embedded in paraffin blocks. The paraffin

blocks were stored at room temperature until further use. The tissue

was sectioned at 5-mm thickness using a standard microtome. The

sections were kept at room temperature till processing.

The sections were rehydrated in ascending xylene/ethanol series

(twice for xylene, twice for 100% ethanol, and once for 70 and 50%,

10 minutes each); briefly rinsed with tap water; and then stained

with hematoxylin for 5 minutes, washed with deionized water until

the solution was clear, and stained with 0.5% eosin for 10 minutes

and rinsed briefly in tap water.

The sections were then incubated overnight at 4 �C with a mixture

of the following two antibodies: (i) 2.5 mg/ml of ChromPure donkey

whole IgG (for purpose of blocking, all secondary antibodies are

made in donkey) and (ii) 1 mg/ml of appropriate primary antibody.

The sections were rinsed three times for 5 minutes in PBS; incubated

for 20 minutes at room temperature with the appropriate species-

specific secondary antibody, made in donkey; and conjugated to

horseradish peroxidase. The sections were washed three times for 5

minutes in PBS.

For visualization, the samples were incubated with a 3, 30-dia-
minobenzidine substrate kit (Vector Laboratories) according to the

manufacturer’s instructions. The 3, 30-diaminobenzidine will yield a

brown stain. If nickel chloride is added to the substrate solution, a

gray‒black stain will result. The samples were dehydrated in

ascending ethanol series (50, 70, and twice for 100%, 10 minutes

each) and clearing agent (xylene, twice for 10 minutes), mounted in
mounting medium, and visualized with a phase-contrast microscope

(Carl Zeiss) equipped with a digital camera.

For control incubations, preimmune sera or isotype-matched

nonimmune antibodies were used instead of the primary anti-

bodies. Staining of control tissue sections was never observed (data

not shown).

TEER

TEER was measured at three different points in each of HEEs at the

indicated days using EVOM voltohmmeter (World Precision In-

struments, Sarasota, FL). The Transwell membrane resistance (100

Ucm2) was subtracted from each measurement, and the value was

multiplied with the surface area of the Transwell (1.12 cm2).

Field emission scanning electron microscopy

The samples were fixed for 30 minutes at 4 oC with 4% para-

formaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate

buffer (pH 7.4) and stored in 0.1 M sodium cacodylate buffer at 4 �C
before further processing.

The samples were post fixed for 1 hour with 1% aqueous osmium

tetroxide. After dehydration in an ascending ethanol series (50, 70,

and twice for 100%, 10 minutes each), samples were critical point

dried with liquid carbon dioxide in a Tousimis Autosamdri-815B

apparatus (Tousimis Research, Rockville, MA), mounted with

double-sided copper tape onto 15 mm aluminum mounts, and

sputter coated with 40 Å of gold-palladium using a Denton DeskII

Sputter Coater (Denton Vacuum, Moorestown, NJ).

Cross-sections of duplicate samples were mounted onto low-

profile 45/90degree scanning electron microscopy mounts for

analysis of internal morphology. Visualization was performed with a

Zeiss Sigma Field Emission Scanning Electron Microscope (Carl

Zeiss Microscope) operated at 2‒3 kV, using InLens Secondary

Electron detection, as well as mixed-signal InLens/SE2 (75/25%)

detection at a working distance of 3‒5 mm. Images were captured in

TIFF using a store resolution of 2,048 � 1,536 and a line averaging

noise reduction algorithm.

Transmission electron microscopy

The samples were fixed for 30 minutes at 4 oC with 4% para-

formaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate

buffer (pH 7.4) and stored in 0.1 M sodium cacodylate buffer at 4 �C
before further processing.

The samples were then washed and placed in either 0.2%

ruthenium tetroxide (for visualization of lipid bilayers) or 1.5%

osmium tetroxide with 1.5% potassium ferrocyanide, in 0.1 M so-

dium cacodylate, at pH 7.4, and at room temperature in the dark for

45 minutes. After rinsing in buffer, the samples were dehydrated in a

graded ethanol series (50, 70, and twice for 100%, 10 minutes each)

and were subsequently embedded in a low-viscosity, Epoxy resin.

Semithin sections were stained with 1% toluidine blue with 1%

azure II in 1% borax solutions and viewed under a phase-contrast

microscope (Carls Zeiss).

Ultrathin sections were collected and stained with water-saturated

3% uranyl acetate and/or contrasted in 2.5% lead citrate on uncoated

nickel grids. Ultrathin sections were viewedwith a Zeiss 10 A electron

microscope operated at 60 kV. Images were captured in TIFF.

Ion capture cytochemistry (CaDD gradient)

For ultrastructural Caþþ localization, the samples were fixed in 2%

paraformaldehyde, 2% glutaraldehyde, and 0.09 M potassium oxa-

late containing 0.04 M sucrose. Samples were subsequently fixed

overnight at 4 �C.
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The samples were post fixed in 1% osmium tetroxide containing

2% potassium pyroantimonate at pH 7.4 for 2 hours at 4 �C in the

dark. Tissue samples then were washed in alkalinized water (pH 10)

and transferred to ethanol solutions (50, 70, twice for 100%, 10

minutes each) for dehydration and embedding in a low-viscosity,

Epoxy resin.

Ultrathin sections were collected and stained with water-saturated

3% uranyl acetate and/or contrasted in 2.5% lead citrate on un-

coated nickel grids. Ultrathin sections were viewed with a Zeiss 10 A

electron microscope operated at 60 kV. Images were captured in

TIFF.

Lanthanum perfusion

The perfusion pathway was assessed by placing the HEE samples on

a drop of 4% lanthanum nitrate in 0.05 M Tris buffer containing 2%

glutaraldehyde and 1% paraformaldehyde at pH 7.4 for 1 hour at

room temperature.

The samples were washed and placed in 1.5% osmium tetroxide

with 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate at pH

7.4 at room temperature in the dark for 45 minutes. After rinsing in

cacodylate buffer, the samples were dehydrated in a graded ethanol

series (50, 70, twice for 100%, 10 minutes each) and were subse-

quently embedded in a low-viscosity, Epoxy resin.

Ultrathin sections were collected and stained with water-saturated

3% uranyl acetate and/or contrasted in 2.5% lead citrate on un-

coated nickel grids. Ultrathin sections were viewed with a Zeiss 10 A

electron microscope operated at 60 kV. Images were captured in

TIFF.
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