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ARTICLE INFO ABSTRACT

Keywords: The potential antiviral effects of indole-3-carbinol (I3C), a phytochemical found in Cruciferous vegetables, were
3D in Vi‘f 0 models investigated. Fibroblasts and epithelial cells were co-cultured on Alvetex® scaffolds, to obtain ad hoc 3D in vitro
Coro.r;awms platforms able to mimic the trachea and intestinal mucosae, which represent the primary structures involved in
Cruciferous . the coronavirus pathogenesis. The two barriers generated in vitro were treated with various concentrations of 13C
Indole-3-carbinol . . . . . i i

Intestine for different incubation periods. A protective effect of I3C on both intestinal and trachea models was demon-
Trachea strated. A significant reduction in the transcription of the two main genes belonging to the Homologous to E6AP

C-terminus (HECT)-E3 ligase family members, namely NEDD4 E3 Ubiquitin Protein Ligase (NEDD4) and WW
Domain Containing E3 Ubiquitin Protein Ligase 1 (WWP1), which promote virus matrix protein ubiquitination
and inhibit viral egression, were detected.

These findings indicate I3C potential effect in preventing coronavirus cell egression processes that inhibit viral
production. Although further studies are needed to clarify the molecular mechanisms whereby HECT family
members control virus life cycle, this work paves the way to the possible therapeutic use of new natural com-

pounds that may reduce the clinical severity of future pandemics.

1. Introduction

Indole-3-carbinol (I3C; C9HONO) is a plant-derived phytochemical
found in the family Brassicaceae, also known as Cruciferous vegetables,
that includes broccoli, cabbage, cauliflower, brussels sprouts, and
daikon (Takada et al., 2005). I3C derives from the breakdown of the
glucosinolate glucobrassicin, by the enzymatic activity of the myr-
osinase (f-thioglucosidase) that catalyzes the hydrolysis of glucosino-
lates in intact plant cells (Zhao et al., 2015). In addition, when plant cells
are damaged or disrupted through chewing or chopping, glucobrassicin
is exposed to the enzyme myrosinase that hydrolyzes it to a glucose
molecule and an unstable aglycone intermediate,
thiohydroxanate-O-sulfate, which is then continuously converted into
different classes of breakdown products (Singh et al., 2021a). More in
detail, further catalysis of it results in the formation of 3-indolylmethy-
lisothiocyanate that readily converts to a thiocyanate ion and I3C (Kim
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et al., 2008). Glucosinolate breakdown products are generally impli-
cated in human health, and I3C has been shown to display prophylactic
potential against several conditions (Singh et al., 2021b). For instance, it
was reported to have antibacterial and antifungal activities against
human pathogenic microorganisms (Sung and Lee, 2007), as well as
antioxidant properties (Singh et al., 2021b) and cancer-preventive ef-
fects (Weng et al., 2008). The mechanism by which I3C mediates these
processes still remain unclear, although a direct involvement of a variety
of signaling pathways has been suggested (Li et al., 2003).

Here, the potential antiviral effect of I3C and its ability to inhibit
viral egression are investigated. To this purpose, ad hoc 3D platforms
that recapitulate in vitro the tracheal and intestinal mucosa structures -
which represent the primary targets of the coronavirus infection (Gav-
riatopoulou et al., 2020; Troisi et al., 2021) - are developed. Specifically,
fibroblasts and epithelial cells are co-cultured on Alvetex® scaffold in-
serts and the generated model ability to closely mimic the complex
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morphological and functional features of two epithelial barriers is
investigated, through histological and molecular analyses. Subse-
quently, various doses of I3C for different incubation periods are tested
to evaluate the phytochemical ability to inhibit viral egression. The re-
sults obtained demonstrate a protective effect of the nutraceutical on
both intestinal and trachea models. In particular, it is detected a
significantly reduced transcription of the two main genes belonging to
the Homologous to E6AP C-terminus (HECT)-E3 ligase family, namely
NEDD4 E3 Ubiquitin Protein Ligase (NEDD4) and WW Domain Con-
taining E3 Ubiquitin Protein Ligase 1 (WWP1), which are known to be
able to promote virus matrix protein ubiquitination and to inhibit viral
egression (Novelli et al., 2021), thus possibly decreasing viral
production.

2. Results and discussion
2.1. Development of ad hoc 3D culture in vitro models and validation

2.1.1. Porcine intestinal 3D culture model assembly

The normal porcine enterocyte cell line IPEC-J2 cells represents a
well-established in vitro model to study intestinal physiology, because of
its ease of culture as well as its spontaneous differentiation ability (Pi
et al., 2022). In addition, this cell line is neither transformed nor
tumorigenic in nature and more closely mimics human intestinal
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physiology than any other cell line of non-human origin (Vergauwen,
2015). Despite these relevant advantages, when IPEC-J2 cells are grown
in bidimensional (2D) culture systems, they form monolayers, exhibit
highly unphysiological trans-epithelial electrical resistance (TEER)
values and low permeability, lacking the morphological and functional
complexity of the in vivo native tissue.

During the last years, several advances have been made to overcome
these limitations, through the use of alternative culture substrates or
increasing model complexity in an attempt to obtain more realistic TEER
and permeability values (Antunes et al., 2013; Béduneau et al., 2014;
Matsusaki et al., 2015; Pereira et al., 2015; Schweinlin et al., 2016;
Takenaka et al., 2014). Nevertheless, such systems lack endogenous
molecules and interactions and fail to account for the spatial organiza-
tion distinctive of the mucosal tissue, due to the absence of the stromal
compartment (Matsusaki et al., 2015). Consistent with this hypothesis,
several evidence demonstrated that intestinal epithelial structure and
function are strongly influenced by cell-to-cell and cell-to- extracellular
matrix (ECM) interactions (Bernardo and Fibbe, 2013; Halttunen et al.,
1996; Kedinger et al., 1998). Indeed, although fibroblast secretome re-
mains largely unknown, the secreted peptides and ECM components
have been shown to enhance epithelial morphology and function in a
variety of tissues (Halttunen et al., 1996; Hausmann et al., 2019; Korpos
etal., 2010). With this in mind, in this manuscript, we co-culture stromal
(Fig. 1 A) and epithelial cells (Fig. 1 B) to create a 3D intestinal model

Fig. 1. Porcine 3D intestinal model generation and
validation. (A) pDF cultured onto 2D standard plastic
dishes (scale bar 100 pm). (B) IPEC-J2 cells plated
onto 2D standard plastic supports (scale bar 100 pm).
(C) Schematic representation of the 3D intestinal
model assembled using Alvetex® scaffold inserts and
its Haematoxylin and Eosin staining (scale bar 100
pm). (D) Gene expression levels of VIM, THY1, VIL1,
Z01, OCLN and CLDN genes in pDF culture on 2D
culture systems (pDF 2D, blue bars), IPEC-J2 cells
plated onto 2D standard plastic supports (IPEC-J2 2D,
orange bars) and 3D intestinal model assembled by
co-culturing pDF and IPEC-J2 cells onto Alvetex®

scaffold inserts (pDF + IPEC-J2 3D, yellow bars). Data
are expressed as the mean. Error bars represent the
standard error of the mean (SEM). Different super-
scripts indicate p < 0.05. (E) TEER values detected in
IPEC-J2 cells plated onto 2D standard plastic supports
(IPEC-J2 2D, orange bars) and 3D intestinal model
assembled by co-culturing pDF and IPEC-J2 cells onto
Alvetex® scaffold inserts (pDF + IPEC-J2 3D, yellow
bars). Data are expressed as the mean. Error bars
represent the standard error of the mean (SEM).
Different superscripts indicate p < 0.05. (For inter-
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that try to more closely mimic the native tissue. We sequentially seed
normal porcine dermal fibroblasts (pDF) onto Alvetex® scaffold inserts
and allow cells to infiltrate the membrane for 14 days, using the fibro-
blast standard culture medium supplemented with TGF 1 and ascorbic
acid. This results in the formation of a densely populated fibroblast
compartment (Fig. 1 C), ensuring for the creation of a robust structural
support that mimics the subepithelial compartment. We are convinced
that this step is essential to prevent cells from the epithelial compart-
ment to infiltrate into the porous of the scaffold membrane, as previ-
ously described by Darling et al. (2020).

IPEC-J2 cells are then plated onto the 3D stromal compartment and
cultured for further 21 days that allow enterocyte differentiation. At the
end of the culture period, cells exhibit a distinct polarized morphology
with a more elongated columnar shape (Fig. 1 C), distinctive of
epithelial cell phenotype. This suggests that the 3D culture system
developed is able to induce a better degree of differentiation, generating
cells that closely resembles enterocytes in vivo. In agreement with the
morphological observations, the transcription levels of both the main
stromal and epithelial compartment markers, namely VIM, THY1, VIL1,
701, OCLN and CLDN, are significantly up regulated in cells grown onto
Alvetex® scaffolds compared to those cultured in 2D monolayers (Fig. 1
D). These data are in agreement with previous studies demonstrating a
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higher ability of the dual compartment model to encourage cell terminal
differentiation (Costello et al., 2021; Darling et al., 2020).

Interestingly, histological, and molecular data are further supported
by the functional results obtained by TEER analysis. Indeed, the mea-
surements obtained displayed an average of 56.8 + 6.4 Q*cm2 (Fig. 1 E)
that closely resemble the ones reported for the native tissue in vivo
(40-60 Q*cm2) (Richter et al., 2014; Zakrzewski et al., 2013). These
findings are consistent with previous studies reporting TEER values
similar to human small intestine in vivo when Caco-2 cells were
co-cultured with fibroblasts onto Alvetex® scaffolds (Darling et al.,
2020).

Altogether, we fill that the morphological, molecular, and functional
data herein produced indicate the 3D model ability to mimic the intes-
tinal mucosa organization and cell barrier function.

2.1.2. Human tracheal 3D culture model assembly

Based on the results obtained in the porcine intestinal 3D model
described in 2.1.1 paragraph demonstrating the influence of sub-
epithelial stromal compartment on epithelial differentiation and func-
tionality, we adopt similar approach and co-culture stromal (Fig. 2 A)
and epithelial cells (Fig. 2 B) to generate a tracheal 3D model. We
sequentially seed and culture normal human dermal fibroblasts (hDF)

Fig. 2. Human 3D tracheal model generation and vali-
dation. (A) hDF cultured onto 2D standard plastic
dishes (scale bar 100 pm). (B) hTEpC grown onto 2D
standard plastic supports (scale bar 100 pm). (C)
Schematic representation of the 3D tracheal model
assembled using Alvetex® Scaffold inserts and its
Haematoxylin and Eosin staining (scale bar 200 pm).
(D) Gene expression levels of VIM, THY1, KRT5,
KRT14, KRT18, and TJP1 genes in hDF culture on 2D
culture systems (hDF 2D, blue bars), hTEpC plated
onto 2D standard plastic supports (hTEpC 2D, darl
green bars) and 3D tracheal model assembled by co-
culturing hDF and hTEpC onto Alvetex® Scaffold in-
serts (hDF + hTEpC, light green bars). Data are

expressed as the mean. Error bars represent the stan-
dard error of the mean (SEM). Different superscripts
indicate p < 0.05. (For interpretation of the references
to colour in this figure legend, the reader is referred to
the Web version of this article.)
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onto Alvetex® scaffolds for 14 days and obtain the formation of a
compact and dense stromal compartment (Fig. 2C). Following to the
establishment of the subepithelial compartment, normal human tracheal
epithelial cells (hTEpC) are plated onto it and cultured for 28 days. At
the end of co-culture period, we can observe the presence of a well-
formed columnar epithelium similar to the native tracheal mucosa
(Fig. 2 C). This suggests that the dual compartment model used induce a
more efficient differentiation, driving cell towards mature and special-
ized phenotype. The morphological results described above are consis-
tent with Marrazzo et al. (2016) that reported the acquisition of an
elongated columnar morphology in tracheobronchial epithelial cells
co-cultured with fibroblasts onto Alvetex® systems. Notably, when the
same epithelial cells were grown onto Transwell® membranes, they
maintained a flat undifferentiated shape with a very reduced similarity
to the tracheal cells in vivo (Marrazzo et al., 2016).
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The histological data obtained in our experiments are also supported
by molecular evidence that show higher transcription levels of VIM,
THY1, KRT5, KRT14, KRT18 and TJP1 genes in the 3D Alvetex platform
compared to those detected in hDF and hTEpC cultured as monolayer
onto 2D standard plastic dishes (Fig. 2 D). It is interesting to note that a
comparable expression pattern was previously described by other Au-
thors that reported the generation of a human 3D epithelial model
constituted by fibroblasts and tracheobronchial epithelial cells co-
cultured onto Alvetex® inserts (Marrazzo et al., 2016).

2.2. I3C effect on viral egression-related genes in intestinal and tracheal
3D models

Viral egression is an important step of the viral life cycle and allows
viruses from host cells to spread to other cells. During this stage, new
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Fig. 3. Gene expression levels of WWP1 and NEDD4 genes in intestinal and tracheal 3D models exposed to I3C with different concentrations and times of incubation. Data are
expressed as the mean. Error bars represent the standard error of the mean (SEM). Different superscripts indicate p < 0.05.
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viral particles are assembled and subsequently released by endocytotic
processes (Ghosh et al., 2020; Knoops et al., 2008; Snijder et al., 2020;
Zhang and Zhang, 2021) under the influence of the HECT-E3 ligases. In
particular, it has been demonstrated that the HECT family members, not
only physically interact with viral proteins to regulate the release of
mature viral particles, by high jacking the endosomal sorting complexes
required for transport (ESCRT) machinery (Scheffner and Kumar, 2014;
Schmidt and Teis, 2012; Vietri et al., 2019), but also influence endo-
cytosis through ubiquitination (Shih et al., 2000). Among the different
HECT family members, WWP1 and NEDD4 have been identified as
important actors that interact with and ubiquitylate the SARS-CoV-2
Spike protein (Novelli et al., 2021), thus expanding and confirming
previous reports describing their involvement in the cell egression phase
of deadly RNA viruses, such as Ebola through direct interaction of its
VP40 Protein (Han et al., 2017).

In the present manuscript, we hypothesize that I3C, a natural NEDD4
and WWP1 inhibitor from Brassicaceae, may display antiviral effects,
impeding viral egression. We expose the 3D intestinal and tracheal
models, described in the previous paragraphs, to different I3C concen-
trations, ranging from 1 pM to 10 nM, for 2, 4, 12, 24, and 48 h. The
results obtained demonstrate that in both 3D models used NEDD4 and
WWP1 gene expression levels are significantly decreased after 2 h of
treatment with 1 pM and 500 nM concentrations (Fig. 3). Lower doses
comprised between 200 and 10 nM do not affect the transcription values
of these genes, compared to CTR and vehicle (DMSO), after 2-, 4- and 12-
h exposure (Fig. 3). However, a significant downregulation of NEDD4
and WWP1 genes is detected when the 3D in vitro models are incubated
for 24 and 48 h regardless to the I3C concentrations used (Fig. 3). This is
consistent with previous studies describing I3C as a natural organic
compound with pleiotropic effects and regulatory actions on the tran-
scription of multiple genes and several signaling pathways (Karimabad
et al., 2019; Li et al., 2003; Wang et al., 2012; Weng et al., 2007). More
in detail, a whole transcriptional, analysis carried out on cells treated
with I3C, showed a 2-fold change in expression of 685 genes, which were
down-regulated (Li et al., 2003)That study also indicated, among the
several pathways affected, a direct impact on EGF receptor and
JAK-STAT cascade transcription levels (Li et al., 2003). Notably, these
two pathways play a key role in NEDD4 and WWP1 gene regulation,
respectively, thus suggesting that the I3C inhibitory effects described in
the present manuscript may derive from EGF receptor and JAK-STAT
cascade down-regulation. In particular, we hypothesize that NEDD4
diminished expression may results from I3C inhibitory effect on the EGF
receptor, while WWP1 gene transcription down-regulation may be
related to JAK-STAT suppression.

Overall, the data obtained indicate that the phytochemical is able to
induce a direct dose- and time-dependent inhibition of the main HECT
family members involved in virus replication, both in porcine and
human species. While no previous information was available for the
former, our observations are consistent with recent findings by Novelli
et al. (2021), who reported I3C efficacy in mediating SARS-CoV- 2
antiviral effect in the human. It is however important to note that the I3C
effective concentrations in that work were higher than those demon-
strated in the experiments here described. We have no clear explanation
for this discrepancy, but we hypothesize that a different sensibility to
I3C of the models used may be a possible reason. As a side note, it is
evident that low concentrations of the phytochemical shown to be active
in this study better correlate I3C protective/preventing effects with
basic nutrition needs.

3. Conclusions

Our findings suggest a protective effect of I3C against the early stages
of coronaviridae infections. In particular, this phytochemical found in
Brassicaceae is able to counteract the ubiquitination of the viral matrix
proteins in two different in vitro models of tracheal and intestinal tissues.
I3C effects on transcription levels of the main HECT family members,
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that control virus life cycle, pave the way to the possible therapeutic use
of natural compounds in reducing viral egression and preventing the
clinical severity of future pandemics.

4. Experimental

All reagents were purchased from Sigma-Aldrich unless otherwise
indicated.

4.1. Ethic statement

Intestinal porcine epithelial cell line-J2 (IPEC-J2) and human
tracheal epithelial cells (hnTEpC) were obtained from DSMZ (Braunsch-
weig, Germany) and PromoCell (Heidelberg, Germany), respectively.
Porcine dermal fibroblasts (pDF) were obtained from fresh skin biopsies
collected at the local abattoir from adult animals. Human dermal fi-
broblasts (hDF) were isolated from dermal biopsies of adult healthy
individual, after the Ethical Committee of the Ospedale Maggiore Poli-
clinico - Milano approval and written informed consent. All experiments
were performed in accordance with the approved guidelines.

4.2. IPEC-J2 cell growth and maintenance onto standard plastic dishes

IPEC-J2 cells were cultured in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F12 (DMEM F12, Thermo-Fisher-Scientific) supple-
mented with 5% Foetal Bovine Serum (FBS, Thermo-Fisher-Scientific),
2 mM glutamine and antibiotics. Cells were passaged twice a week at
1:6 ratio and maintained in 5% CO5 at 37 °C.

4.3. hTEpC growth and maintenance onto standard plastic dishes

hTEpC were cultured in Bronchia/Trachea Epithelial Cell Growth
Medium (Cell applications) supplemented with 0.05 pM retinoic acid
(Cell applications) in 5% CO2 at 37 °C. When cells reached 70% of
confluency, they were passaged at 1:3 ratio and maintained in 5% CO, at
37 °C.

4.4. pDF isolation, growth, and maintenance onto standard plastic dishes

Porcine skin explants were cut in small fragments of approximately 2
mm?, placed onto 0.1% porcine gelatin pre-coated Petri dish (Sarstedt)
and cultured in DMEM (Thermo-Fisher-Scientific), supplemented with
20% FBS, 2 mM glutamine and antibiotics. After 6 days of culture,
fragments were carefully removed and fibroblasts were maintained in
the medium described above supplemented with 10% FBS, grown in 5%
CO2 at 37 °C, and passaged twice a week at 1:3 ratio.

4.5. hDF isolation, growth, and maintenance onto standard plastic dishes

Human dermal fragments of approximately 2 mm® were placed onto
0.1% gelatin pre-coated Petri dish (Sarstedt) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Thermo-Fisher-Scientific) supple-
mented with 20% Foetal Bovine Serum (FBS, Thermo-Fisher-Scientific),
2 mM glutamine and antibiotics. Cells started to grow out of the frag-
ments after 6 days of culture. Skin pieces were carefully removed, and
fibroblasts were maintained in the medium described above supple-
mented with 10% FBS. Cells were passaged twice a week at 1:3 ratio and
grown in 5% CO; at 37 °C.

4.6. Porcine intestinal 3D culture model assembly

12-well Alvetex® Scaffold inserts (Reprocell Europe, United
Kingdom) were prepared according to manufacturer’s instructions. 0.5
x 10° pDF were seeded onto inserts at days 0, 7 and 9 of culture and
grown in DMEM supplemented with 20% FBS, 2 mM glutamine, 5 ng/
mL TGF 1 (Thermo-Fisher-Scientific) and 100 pg/mL ascorbic acid, and
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antibiotics in 5% CO, at 37 °C for 14 days. Medium was refreshed twice
a week.

On day 14, 0.4 x 10° IPEC-J2 cells were layered on the stromal
compartment and maintained in DMEM F12 supplemented with 5% FBS,
2 mM glutamine and antibiotics for 21 days. Cultures were maintained
in 5% CO4 at 37 °C and medium was refreshed twice a week.

4.7. Human tracheal 3D culture model assembly

The stromal compartment was generated using 12-well Alvetex®
Scaffold inserts as described above. After 14 days of culture, hTEpC were
seeded onto 3D fibroblast cultures at a density of 0.4 x 10° cells/insert
and grown in complete Bronchia/Trachea Epithelial Cell Growth Me-
dium for 6 days. From day 7 onward, cells were further differentiated
using Bronchia/Trachea Epithelial Cell Differentiation Medium (Cell
applications) and cultured until day 28 in 5% CO; at 37 °C.

4.8. I3C exposure of intestinal and tracheal 3D models

Porcine intestinal and Human tracheal 3D models were exposed to
different concentrations of synthetic I3C (Sigma-Aldrich, #17256): 1 pM,
500 nM, 200 nM, 100 nM, 50 nM and 10 nM and incubated for 2, 4, 12,
24 and 48 h. I3C stock solution was prepared by dissolving 1.47 mg of
powder in 1 mL of DMSO. Subsequently, the different working solutions
were prepared. DMSO was used as vehicle. Culture medium was used as
control (CTR).

4.9. Gene expression analysis

RNA was extracted from the samples using TagManGene Expression
Cells-to-CT kit (Thermo-Fisher-Scientific), following the manufacturer’s
instruction. DNase I was added in lysis solution at 1:100 concentration.
Quantitative Real-Time PCR was performed using predesigned gene-
specific primers and probe sets from TagManGene Expression Assays
(Table 1) with the CFX96 Real-Time PCR detection system (Bio-Rad
Laboratories). Target gene quantification was carried out with CFX
Manager software (Bio-Rad Laboratories) using GAPDH and ACTB as
internal reference genes and here reported with the highest expression
set to 1 and the other relative to this.

4.10. Histological analysis

At the end of culture, tracheal and intestinal 3D models were fixed in
4% PFA for 24 h, dehydrated through a series of ethanol, incubated in
Histoclear (Bio-optica) and embedded in paraffin. 5-7 pm thick sections
were cut, dewaxed, re-hydrated, and stained with haematoxylin/eosin
(HE). Samples were analyzed using Leica DMR microscope (Leica
Microsystems).

4.11. Functional evaluation of the intestinal 3D model

Intestinal barrier TEER was measured using an EVOM2 Epithelial
Voltmeter with STX3 electrode (World Precision Instrument). The
electrode was equilibrated according to the manufacturer’s instruction.
The electrode was insert in the 3 sides of each insert and the final TEER
value was determined as follows:

TEER (Ohm x ¢cm?) = (TEER average sample insert — TEER average
blank insert) x Area cm.>

4.12. Statistical analysis

Statistical analysis was performed using two-way ANOVA (SPSS
19.1; IBM). Data were presented as mean + standard deviation (SD).
Differences of p < 0.05 were considered significant and were indicated
with different superscripts.
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Table 1
List of primers used for quantitative PCR analysis.

GENE DESCRIPTION SPECIES Cat.N.

ACTB Actin beta Porcine S503376563_uH
GAPDH Glyceraldehyde-3-phosphate Porcine Ss03374854 g1

dehydrogenase
VIL1 Villin 1 Porcine S506886976_m1
Z01 Tight junction protein 1 Porcine Ss03373514_m1
(TJP1)
OCLN Occludin Porcine Ss03377507_ul
CLDN1 Claudin 1 Porcine S$s03375708_ul
WWP1 E3 ubiquitin ligase WWP1 Porcine S506879119_s1
NEDD4 E3 ubiquitin ligase NEDD4 Porcine Ss06866232_m1
ACTB Actin beta Human Hs01060665_g1
GAPDH Glyceraldehyde-3-phosphate Human Hs02786624 g1
dehydrogenase
KRT5 Cytokeratin 5 Human Hs00934200_g1
KRT14 Cytokeratin 14 Human Hs01588587_gl
KRT18 Cytokeratin 18 Human Hs02827483_g1
Z01 Tight Junction protein 1 Human Hs00543810_g1
(TPJ1)

WWP1 E3 ubiquitin ligase WWP1 Human Hs00366927_m1
NEDD4 E3 ubiquitin ligase NEDD4 Human Hs00406454_m1
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