International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

A Novel Airway-Organoid Model Based on a
Nano-Self-Assembling Peptide: Construction and
Application in Adenovirus Infection Studies

Yun-E Xu"*, Di-Shu Ao "*, Xin Sun', Wei Chenz, Xue Luo', Can Zhao', Sheng-Yu Wang',
Hong Song®'

'Department of Microbiology, School of Basic Medical Sciences, Zunyi Medical University, Zunyi, 563000, People’s Republic of China; 2Department of
Hepatobiliary Surgery, Third Affiliated Hospital of Zunyi Medical University (The First People’s Hospital of Zunyi), Zunyi, 563000, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Hong Song, Department of Microbiology, School of Basic Medical Sciences, Zunyi Medical University, Zunyi, 563000, People’s
Republic of China, Tel +86-18985259977; +86-0851-28643582, Email hongsong@zmu.edu.cn

Purpose: Hydrogels containing the nano-self-assembling peptide RADA16-1 (Nanogels) were utilized as scaffolds to establish airway
organoids and an adenovirus-infected model. The results support in vitro adenovirus studies, including isolation and culture,
pathogenesis research, and antiviral drug screening.

Methods: HSAEC1-KT, HuLEC-5a and HELF cells were cocultured in RADA16-1 hydrogel scaffolds to construct an airway
organoid model. Adenovirus was used to infect this model for adenovirus-related studies. The morphological characteristics and the
proliferation and activity of airway organoids before and after adenovirus infection were evaluated. The expression of the airway
organoid marker proteins CC10, KRT8, AQPS, SPC, VIM and CD31 was detected. TEM and qPCR were used to detect adenovirus
proliferation in airway organoids.

Results: HSAEC1-KT, HuLEC-5a and HELF cells cocultured at 10:7:2 self-assembled into airway organoids and maintained long-
term proliferation in a RADA16-I hydrogel 3D culture system. The organoids stably expressed the lumen-forming protein KRT8 and
the terminal airway markers AQP5 and SPC. Adenoviruses maintained long-term proliferation in this model.

Conclusion: An airway-organoid model of adenovirus infection was constructed in vitro from three human lung-derived cell lines on
RADA16-I hydrogels. The model has potential as a novel research tool for adenovirus isolation and culture, pathogenesis research, and
antiviral drug screening.
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Introduction

Viral diseases are important among diseases caused by pathogenic microorganisms, which seriously endanger human
health and threaten human life. However, there is not enough research on the human infection and replication processes
of viruses, virus and host interactions, host antiviral immune responses, etc., which restricts the research and develop-
ment of antiviral drugs. Current research on a variety of human viral diseases and antiviral drugs is based primarily on
the use of traditional two-dimensional (2D) monolayer cell culture or animal models. However, 2D monolayer cell
culture cannot accurately mimic the physiological conditions of the in vivo microenvironment in humans, and it cannot
accurately reproduce the natural infection process or the host’s response. Moreover, animal models are expensive, and
there are ethical problems related to their use. There are species differences between animals and humans, and viral
pathogenesis in humans typically cannot be captured or simulated in animal models." With the development of
biotechnology, three-dimensional (3D) cell culture technology based on cell scaffolds has been developed and can

simulate the physiological conditions of natural organs.” Some scholars have applied various types of 3D cell culture
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models to viral cell culture in vitro,”’ and studies have found that some viruses that cannot proliferate in traditional 2D
cell culture models, such as human rhinovirus and human Boca virus, can proliferate in 3D cell culture.® However,
organs and tissues in vivo are composed of many kinds of cells. The local microenvironment of virus invasion is formed
by the interaction between cells and the extracellular matrix. Therefore, the virus infection model constructed by a single
type of cell still has some limitations.

Organoids are 3D structures formed by the self-assembly of human embryonic stem cells (hESCs), human induced
pluripotent stem cells (hiPSCs), human adult stem cells (hASCs) or a variety of other cell lines in vitro.” '* As the cell
composition, tissue organization, physiological characteristics, and even functions are similar to those of natural organs
in the body, these organoids simulate the physiological state of body tissues to the greatest extent, so they can more truly
reflect the occurrence and development of body physiology and pathophysiology. Recent studies have shown that
organoid culture is a powerful tool for research on human viruses, including respiratory viruses, enteroviruses, and
neuroviruses.®'>'® Organoid culture requires cell growth scaffolds to provide a spatial framework. Matrigel et al are
currently the most popular cell scaffolds. However, these kinds of scaffold materials come from animals, and maintaining
a consistent composition across batches is difficult; there may also be potential pathogens.'® These factors may interfere
with the experimental results. Nano-self-assembling peptide RADA16-1 (Ac-RADARADARADA-CONH?2) is a chemi-
cally synthesized biomaterial. It has unique amino acid sequences and can self-assemble into nanofiber hydrogels with
more than 99% water content in physiological saline solutions.?’ Their porosity and high water content are conducive not
only to cell adhesion and growth but also to the diffusion and absorption of various nutrients and signal molecules in the
microenvironment.>! Compared with natural cell culture scaffold materials, RADA16-1 hydrogels have stable ingredi-
ents, display no immunogenicity, no dangerous pathogens, and no cytotoxicity and can promote cell adhesion, growth
and differentiation. At present, RADA16-I and its derivatives are undergoing increasingly extensive research and
application in cell culture, tissue engineering, regenerative medicine and other fields.”**

In previous studies, RADA16-1 hydrogels were successfully used for different mammalian cell cultures, including
chondrocytes, liver cancer cells, ovarian cancer cells, and 293T cells.>*27 The cells grew as microspheres, and their

proliferation activity was similar to that in Matrigel et al.>

We also successfully constructed a 3D culture model of
adenovirus in vitro. Research has shown that adenovirus can continue to proliferate in a 3D culture model.>”** However,
viral infection in vivo is a complex process, and the target organ of infection is often composed of a variety of cells.
Respiratory bronchioles originate from the endoderm and are the target organ of adenovirus infection. They consist
mainly of airway epithelial cells, mesenchymal cells and vascular endothelial cells. To further simulate the real
microenvironment of adenovirus survival in vivo, this study used human small airway epithelial cells (HSAEC1-KT),
human lung microvascular endothelial cells (HuLEC-5a) and human embryonic lung fibroblasts (HELF) to construct an
airway-organoid model for adenovirus infection using RADA16-1 Nanogel as a culture scaffold in vitro, providing an
experimental tool for virus isolation and culture, pathogenesis research, and antiviral drug screening and providing an
experimental and theoretical basis for the application of this kind of chemically synthesized nano self-assembled short
peptide in virology research.

Materials and Methods

Materials

HSAECI1-KT and HuLEC-5a cells were purchased from Shanghai BinSui Biological Technology Co., Ltd. (Shanghai,
China). The HELF cell line was purchased from CCTCC (Wuhan Province, China). Adenovirus-EGFP was purchased
from Shanghai GeneChem Co., Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s medium Nutrient Mixture F-12
(catalog No. 8120317) and fetal bovine serum (catalog No. 10099141) were purchased from Gibco (USA). MTS (catalog
No. 0000277301) was purchased from Promega (USA). Calcein-AM (Ca-AM, catalog No. C0875), phalloidin (catalog
No. P5282), propidium iodide (PI, catalog No. C0080), 4'6-diamidino-2-phenylindole (DAPI, catalog No. C0065), and a
DNA Quantitation Kit (catalog No. DNAQF) were purchased from Sigma—Aldrich (USA). Primary antibodies against
CC10 (catalog No. 49757), VIM (catalog No. 21488), CD31 (catalog No. 29555), AQP5 (catalog No. 29573), SPC
(catalog No. C32459) and KRT8 (catalog No. 38010) and secondary antibodies against AF488-labeled goat anti-mouse
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IgG (catalog No. L3016) and AF647-labeled goat anti-rabbit IgG (catalog No. L3038) were purchased from Signalway
Antibody LLC (USA). The TIANamp Virus DNA/RNA Kit was purchased from Tiangen Biochemical Technology Co.,
Ltd. (catalog No. DP315, Beijing, China). qPCR primers were purchased from Thermo Fisher Scientific (USA). The
nano-self-assembling peptide RADA16-1 (Ac-RADA RADA RADARADA-CONH2, purity 99%) was synthesized by
Shanghai Biotech Bioscience & Technology Co., Ltd. (catalog No. pep20201109-91, Shanghai, China).

Material Characterization

The RADA16-I hydrogel was prepared to 0.5% weight/volume (wt/vol) and washed. The 0.5% RADA16-I hydrogel was
fixed with 2.5% (v/v) glutaraldehyde for 2 h at 37°C and dehydrated in 70%, 80%, 90%, and 100% ethanol. Critical point
drying was used to dry the samples. Finally, the samples were mounted on scanning electron microscopy (SEM) stubs
using double-coated carbon-conductive tape for SEM (Hitachi, S-3400 N, Japan) observation.

Generation of Human Airway Organoids
3D Cell Culture

HSAECI1-KT, HuLEC-5a and HELF cells were seeded in 25-cm? culture flasks and grown at 37°C in a humidified
atmosphere containing 5% CO, in DMEM/F-12 supplemented with 10% fetal calf serum. When the density reached
90%, each tape of cells was detached using 0.05% trypsin-EDTA and washed twice with a 10% sucrose solution. The
density of each of the three sucrose cell suspensions was adjusted to 4x10°/mL. The ratio of the HSAEC1-KT: HuLEC-
5a: HELF cell types was 10:7:2. Twenty-five microliters of a cell suspension containing 1x10* cells was added to 25 puL
of 1% RADA16-I hydrogel (HSAEC1-KT, HuLEC-5a, HELF cells and a mixture of these cells at 10:7:2 were inoculated
according to this inoculation method), gently mixed, and deposited in a 12-well plate with complete medium. Each well
was inoculated with 3 gel-cell clumps and incubated at 37°C with 5% CO, for 30 min before the first medium change.
Twenty-four hours later, the medium was changed again. Afterward, the medium was changed at 1-day intervals. For
some experiments, 3D cultures were scaled to a 96-well plate using 25 pL of cell suspension containing 1x10* cells and
25 pL of 1% RADA16-I hydrogel, and each hole was inoculated with 1 gel-cell clump.

Morphological and Histological Observation

To test anchorage-dependent cell growth in RADA16-1 hydrogels, 3D-cultivated cells were incubated in 12-well plates,
and the morphology was observed using inverted phase contrast microscopy, SEM and transmission electron microscopy
(TEM). For SEM measurements, airway organoids were cultured in RADA16-1 hydrogels for 7 days, washed with PBS
twice, fixed with 2.5% (v/v) glutaraldehyde for 2 h at 37°C, and dehydrated in 70%, 80%, 90%, and 100% ethanol.
Critical point drying was used to dry the samples. Finally, the samples were mounted on SEM stubs using double-coated
carbon-conductive tape for SEM observation. For TEM, the airway organoids were harvested at 7 days. Afterward, the
samples were postfixed using 1% osmic acid at 4°C for 3 h, dehydrated through a graded series of alcohol, embedded
with Spurr resin, and cut into ultrathin sections (thickness 70 nm). Specimens were then stained with uranyl acetate and
lead citrate, and images were obtained using a JEM 1230 TEM (JEOL, Japan) at an acceleration voltage of 80 kV.

The airway organoids were cultured in RADA16-I hydrogels for 14 days and then embedded in optimal cutting
temperature (OCT) compound. For HE staining, 10 um longitudinal sections were stained with hematoxylin solution for
5 min followed by 5 s in 1% acid ethanol and then rinsed in distilled water. Then, the sections were stained with eosin
solution for 5 min followed by dehydration with graded alcohol. For phalloidin/DAPI staining, 10 pm longitudinal sections
were fixed with 4% paraformaldehyde and washed with PBS twice. The gel-cell clumps were then permeabilized with PBS
containing 0.3% Triton X-100 for 20 min, stained for 5 min with rhodamine phalloidin (Invitrogen) and DAPI, and washed
with PBS buffer. The mounted slides were then examined and photographed using an Olympus IX71 fluorescence
microscope. The morphological and structural characteristics of airway organoids were observed by H&E and phalloidin

staining. The morphological and structural characteristics of human lung tissue were observed as a control.
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Cell Viability and Cell Proliferation

3D-cultivated cells and airway organoids were incubated in 96-well plates, and 20 uL. of MTS reagent was added directly
to the wells at 0, 4, 8..., and 20 days after cultivation. Then, the cell samples were incubated at 37°C for 2 h in the dark,
and the absorbance was measured at 490 nm. 3D-cultivated cells and airway organoids were incubated in 96-well plates
and collected at 0, 4, 8..., and 20 days after cultivation. The DNA density (ug/mL) was determined by fluorometric
quantification of the DNA content using a DNA fluorescence assay kit according to the manufacturer’s instructions
(Invitrogen, molecular probes). For qualitative observations of cell proliferation, the gel-cell clumps were incubated in
PBS containing 1.2 pg/mL calcein AM to stain the live cells, and 10 ug/mL propidium iodide (PI) was used to stain dead
cells. An inverted Olympus IX71 fluorescence microscope was used to capture fluorescent signals.

Immunofluorescence Staining

Fresh RADA16-I hydrogel 3D airway organoid cultures and adult human lung tissues were embedded in optimal cutting
temperature (OCT) compound. Samples were sectioned at 10 mm. The sections were fixed in 4% paraformaldehyde for
15 min and permeabilized using 0.3% Triton X-100 for 20 min. Organoids were treated with 1% BSA/PBS for 1 h. After
three additional PBS washes, samples were incubated overnight with primary antibodies at 4°C. Specimens were washed
three times in PBS and incubated with the corresponding secondary antibodies at a 1:200 dilution for 1 h. Samples were
mounted with mounting medium containing the nuclear counterstain DAPI. Immunofluorescence images were obtained
by an inverted Olympus IX71 microscope. Antibodies are listed in Table 1. The study involving adult human lung tissues
was reviewed and approved by the Medical Ethics Committee of Zunyi Medical University ((2022)1-017). The lung
cancer donor treated at The Second Affiliated Hospital of Zunyi Medical University provided written informed consent to
participate.

Construction of an Adenovirus Infection Model of Human Airway Organoids
Adenovirus Infection of Airway Organoids

For infection experiments, cells grown in RADA16-I hydrogels were incubated for 7 days in a 12-well or 96-well plate,
as previously described. Then, the cells were inoculated with adenovirus-EGFP (3x10° copies viral nucleotides per well
in 12-well/1x10° copies viral nucleotides per well in 96-well) for 24 h at 37°C. Afterward, the solution was removed, and
airway organoid cultures were washed three times with PBS and covered with complete medium. Observations were
carried out every day after infection.

Proliferation of Adenovirus and Cytopathy

Airway organoid cultures in 12-well plates were infected with adenovirus-EGFP as previously described. The EGFP
reporter gene was used as a label to detect virus proliferation under direct fluorescence microscopy at 3, 6, and 9 dpi. At
the same time points, cytopathy was observed by inverted phase contrast microscopy.

Table | Cells Marker Proteins Associated with Airway Tissue

Primary Antibodies Dilution Label Cell Secondary Antibodies and Fluorescence
Rabbit Anti-Human VIM 1:100 Mesenchymal cells AF488-labelled goat anti-mouse IgG (Green)
Mouse Anti-Human CD3| 1:200 Vascular endothelial cells AF 647-labelled goat anti-Rabbit IgG (Red)
Rabbit Anti-Human AQP5 1:100 Alveolar epithelial type-| cells AF488-labelled goat anti-mouse IgG (Green)
SPC Conjugated Antibody 1:100 Alveolar epithelial type-Il cells Red
Rabbit Anti-Human CCI0 1:100 Proximal airway epithelial cells AF488-labelled goat anti-mouse IgG (Green)
Mouse Anti-Human KRT8 1:200 Luminal airway epithelial cells AF 647-labelled goat anti-Rabbit IgG (Red)
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Cell Viability and Cell Proliferation Assay in Adenovirus-Infected Airway Organoids

Adenovirus (1x10° copies viral nucleotides per well) was inoculated into the airway-organoid model after 7 d of culture,
while the control group was not infected with adenovirus. Afterward, 20 uL of MTS reagent was added to the wells at 0,
4, 8, 20 days, the cell samples were incubated at 37°C for 2 h in the dark, and the absorbance was measured at 490 nm.
Airway organoids were maintained under normal adenovirus-infected conditions as described above and collected at each
time point. DNA density (ug/mL) was determined by fluorometric quantification of the DNA content using a DNA
fluorescence assay kit according to the manufacturer’s instructions (Invitrogen, molecular probes). For qualitative
observations of cell proliferation, the gel-cell clumps were incubated in PBS containing 10 pg/mL propidium iodide
(PI) to stain dead cells. An inverted Olympus IX71 fluorescence microscope was used to capture fluorescent signals.

TEM Observation of Adenovirus in Airway Organoids

Airway organoids cultured in 3D conditions in a 12-well plate were infected with adenovirus as previously described, and
the gel-cell clumps were harvested at 8 dpi. The samples were then postfixed using 1% osmic acid at 4°C for 3 h,
dehydrated through a graded series of alcohol, embedded in Spurr resin, and cut into ultrathin sections (thickness 70 nm).
Specimens were then stained with uranyl acetate and lead citrate, and images were obtained using a JEM1230 TEM
(JEOL, Japan) at an acceleration voltage of 80 kV.

DNA Extraction and Quantitative qPCR of Organoid-Cultured Adenovirus

Airway organoids in 96-well plates were infected with adenovirus (1x10° copies viral nucleotides per well), and the gel-
cell clumps were harvested at 1, 3, 5, and 15 dpi and stored at —20°C. Subsequently, viral nucleic acids were extracted
with a DNA/RNA extraction kit (Tiangen DP315) according to the manufacturer’s protocol. qPCR systems were
prepared using a BIO-RAD gqPCR kit in accordance with the manufacturer’s protocol. The primers used for detection
were as follows: EGFP, 5'-TTCAAGATCCGCCAC-AACA-3' and 5'- CGCTTCTCGTTGGGGTC-3". The qPCR condi-
tions were as follows: predenaturation at 95°C for 2 min, 39 cycles of denaturation at 95°C for 5 s, annealing at 60°C for
30s and a melting curve temperature between 65°C and 95°C. Negative (water) and positive (adenovirus standard
samples) controls were established for each amplification. After the reaction was complete, the system automatically
generated a standard curve and calculated the copy number of the complete viral genome in the corresponding samples.

Detection of Adenovirus Infectivity Produced in Airway Organoids

The gel-cell clumps in the supernatants were collected at 9 dpi (5x10° copies based on gPCR amplification quantifica-
tion) and then used to infect 293T cells grown in 2D culture. The supernatants and cells of 2D culture were collected at
24, 48 and 72 hpi. Thereafter, viral DNA was extracted and amplified by qPCR.

Statistics

All statistical analyses were performed using SPSS18.0. Each data point represents the mean of at least three independent
experiments. Data are represented as the mean value £ SD of a triplicate experiment. Independent sample #-tests were
used for comparisons between the two groups, and a value of 0.05 was the significance threshold for all assays.

Results

Scaffold Characterization of RADAI 6-|

SEM was used to analyze the reticulated nanofiber structure of the RADA16-I Nanogel in solution (Figure 1). RADA16-1
self-assembled in the presence of ions to form highly crosslinked nanofibers, and interwoven nanofiber networks were
clearly observed. The fibers were uniform and long, crossed into a grid, and wound around each other into a three-
dimensional network structure, similar to the structure of the ECM.

Cell Proliferation in 3D Culture

As shown in Figure 2A-1-C-I), HSAEC1-KT, HuLEC-5a and HELF cells in 2D culture all showed flat monolayer growth.
However, in RADA16-I Nanogel 3D culture starting with a single cell, dense multicellular microspheres began to form on
the third day of culture. The microspheres of HSAEC1-KT and HuLEC-5a cells were round (Figure 2A-II and B-II), and
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Figure | RADAI6-| was evaluated by SEM and applied to 3D cell cultures. (A) and (B) are SEM images of RADAI 6-| peptide scaffold nanofibers, RADA6-| self-assembled
to form crosslinked nanofiber grids, and its porosity was similar to that of the natural ECM.

branches appeared around the microspheres of HELF cells (Figure 2C-II). The microspheres of HSAEC1-KT, HuLEC-5a
and HELF cells increased with prolonged culture time (Figure 2A-I1I-C-III), On the 7th day, the branches of the HELF cell
microspheres were cross-linked with each other (Figure 2C-III). suggesting that the three kinds of cells could grow well in
the RADA16-1 Nanogel and that HELF cells had an aggregation function in the RADA16-I Nanogel.

Construction of the Airway Organoid Model

Morphological Observation

HSAECI1-KT, HuLEC-5a and HELF cells were cocultured in RADA16-I Nanogel. The ratio of the HSAECI1-KT:
HuLEC-5a: HELF cell types was 10:7:2. Inverted microscopy showed that the cells were scattered on the first day
(Figure 2D-I). With the extension of culture time, the cell groups gradually grew, connected with each other, and began to
self-assemble. On the 7th day, the self-assembly was tubular (Figure 2D-II). On the 14th day of culture, the cell self-
assembly showed a lumen-like structure, similar to the structure of the human airway (Figure 2D-III). However,
HSAECI-KT cells alone in 3D culture showed microsphere aggregation and no lumen-like structure (Figure 2E-I-III).
Further observation of the growth of the cocultured cells by inverted phase contrast microscope and SEM showed that
interconnected cells in the RADA16-1 Nanogel grew in three dimensions and were closely connected with each other,
which resembled the growth morphology of host cells in vivo (Figure 2F and G). TEM observation revealed that the cells
were connected and communicated with each other (Figure 2H). It is suggested that RADA16-1 Nanogel can not only
provide an ECM-like microenvironment for cell growth but also promote the growth of mixed cell populations of
HSAECI-KT, HuLEC-5a and HELF to form an airway-like lumen structure.

Histological Observation

To further verify whether the airway-like lumen structure was hollow under an inverted microscope, airway-like cell
masses cultured in RADA16-1 Nanogel for 14 days were embedded in OCT and observed by H&E staining and
phalloidin staining. The 3D results showed that HSAEC1-KT cells cultured alone gathered into dense cell clusters
without lumen-like structures (Figure 3A-I and B-I). In contrast, the airway-like structure formed by the self-assembly of
mixed cells was a hollow lumen, and a large number of cells were arranged and distributed around the lumen (Figure 3A-
IT and B-II), which is similar to the normal lung tissue structure (Figure 3A-III and B-III). These results suggest that
HSAECI-KT, HuLEC-5a and HELF cells cocultured at 10:7:2 in RADA16-1 Nanogel can self-assemble to form a hollow
airway-like structure, which is similar to normal human airway tissue.

Cell Viability, Proliferation and Growth

We then investigated the activity and proliferation of cells self-assembled into airway-like organs. Preliminary cell
growth and viable cell fate were observed by green fluorescent Ca-AM staining and DNA quantitative analysis. The
results of Ca-AM/PI staining showed that the HSAECI1-KT, HuLEC-5a and HELF cells had good cell activity with
almost no dead cells, and the cell aggregation was similar to that of a small airway on the 6th day (Figure 4A). A tube-
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Figure 2 Continued.
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Figure 2 Growth and morphological characteristics of cells in 3D culture. (A—C) Phase-contrast images of HSAEC|-KT, HULEC-5a and HELF cells cultured in 2D for 3 days
and 3D conditions for 3 days and 7 days. In 2D culture, the cells grew in a flat monolayer. In 3D culture, the cells formed dense multicellular spheroids, and the cell spheres
increased gradually over time. Branches and crosslinks appeared around the multicellular spheres cultured by HELF 3D culture (D). Phase-contrast images of HSAEC|-KT,
HuLEC-5a and HELF cocultured in RADAI6-I hydrogel at a ratio of 10:7:2 for | day, 7 days and 14 days. On the first day of culture, the cells were scattered and distributed;
on the 7th day, the cells self-assembled and showed tubular growth; on the 14th day, the tracheal structure was formed (E). Phase-contrast images of HSAECI-KT in
RADAI6-I hydrogel for | day, 7 days and 14 days. Multicellular spheroids appeared and gradually increased in size (F). Phase-contrast images of HSAEC|-KT, HuLEC-5a and
HELF cocultured in RADAI 6-| hydrogel at a ratio of 10:7:2 for 7 days. These cells were self-assembled into tubes through mutual aggregation (G). SEM showed that the cells
were connected to each other, the cells gathered together showed 3D growth, and the cells were closely connected (H). TEM observation showed that the cells were
connected by pseudopods. Interconnected cells are indicated by the white arrow, three-dimensional cells are indicated by the yellow arrow, and pseudopods are indicated by
the red arrow.

like structure was observed on the 12th day of culture. The cell activity was still good, and only a few dead cells were
observed (Figure 4B). However, HSAEC1-KT cells cultured alone in 3D formed spherical or nearly spherical structures,
and with extension of the culture time, the microspheres gradually expanded, no lumen-like structure was observed, and
the cell activity remained good (Figure 4C and 4D). The proliferative activity of HSAEC1-KT, HuLEC-5a, and HELF
cells 3D cultured individually and that of fixed cultured cells was detected by MTS. The results showed that the cells
could proliferate well for a long time. The proliferative activity was maintained at a high level from 8 to 16 days and then
decreased gradually (Figure 4E). DNA quantitative analysis showed that the cells continued to proliferate after 20 days
(Figure 4F). The above results show that the cocultured cells can self-assemble to form an air-like structure and maintain
proliferative activity for a long time.
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HSAEC1-KT HSAEC1-KT+HuULEC-5a+HELF Lung tissue

Figure 3 The morphology and structure of 3D cultured cells and normal lung tissues were observed by H&E staining and phalloidin staining. (A) H&E staining. (B) Phalloidin
staining (A-l and B-I). Gel-cell clumps of HSAECI-KT cells in RADA16-1 were harvested on day 14 and then stained by frozen sectioning. The cells were clustered into dense
cell masses without tubular structure (A-Il and B-Il). Gel-cell clumps of HSAEC|-KT, HuLEC-5a and HELF cocultured in RADAI6-I at a ratio of 10:7:2 were harvested on
day 14 and then stained by frozen sectioning. The cells self-assembled into a hollow tubular structure, and a large number of cells were arranged and distributed around the
lumen (A-lll and B-Ill). Human normal lung tissues were stained as frozen sections. The structure of the airway lumen was observed, and a large number of cells were
arranged and distributed around the lumen. Green indicates F-actin, and blue indicates DAPI-stained cell nuclei.

Expression of Specific Labeled Proteins in Airway Organoids

To further clarify whether airway-like structures express airway tissue-specific labeled proteins, immunofluorescence
staining was used to detect the expression of the mesenchymal cell marker protein VIM, the vascular endothelial cell
marker protein CD31, the proximal airway epithelial cell marker protein CC10, the distal lung alveolar epithelial cell
type I (AECI) and type II (AECII) marker proteins AQPS and SPC, and the luminal marker protein KRTS, and the results
were compared with those in normal lung tissue. HSAEC1-KT, HuLEC-5a and HELF cells were cocultured in RADA16-
I Nanogel at a ratio of 10:7:2. On the 14th day, OCT-embedded frozen sections were stained with immunofluorescence.
The results showed that the expression of VIM (Figure SA-I), CD31 (Figure SA-II), AQP (Figure 5B-I), SPC (Figure 5B-
II), CC10 (Figure 5C-I), and KRT8 (Figure 5C-II) was similar to that in normal lung tissue structure (Figure SD—F). The
airway epithelial marker protein KRT8 is related to airway lumen formation. The results showed that KRT8 was
persistently and stably expressed in the lumen on the 14th and 21st days of culture (Figure 5G and H). Epithelial cell
clusters self-assembled into tubular structures of varying shapes and sizes. These results suggest that the cocultured cells
can self-assemble to form airway-like organs and express specific biomarkers related to airway tissue.

Construction of an Adenoviral Infection Model of Airway Organoids

Viral Proliferation in Airway Organoids

We cocultured HSAEC1-KT cells at a ratio of 10:7:2 with HuLEC-5a and HELF cells in RADA16-1 Nanogel, and the
tubular structure was formed on the 7th day and infected with adenovirus-EGFP. The successfully infected cells showed a
green fluorescence signal under a fluorescence inverted microscope. As shown in Figure 6A, green fluorescent cells were
observed in the airway organoids at 3 dpi, but the fluorescence intensity was very weak. Thereafter, the number of
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Figure 4 Proliferation and activity analysis of cells in RADAI6-1 hydrogels. (A and B). Morphology and activity of HSAEC|-KT, HuLEC-5a and HELF cocultured in RADA16-1
hydrogels at a ratio of 10:7:2 for 6 and 12 days. With the extension of culture time, the self-assembly of the cell population showed growth of the airway structure, and the
cell activity was good (C and D). Morphology and activity of HSAEC|-KT in RADAI6-1 hydrogels for day 6 and day |12. The cells gathered as dense microspheres, and the
cell activity was good. Ca-AM staining in green shows the live cells, Pl staining in red shows the dead cells, and DAPI staining in blue shows the cell nucleus (E). The
proliferative activity curves of HSAEC|-KT, HuLEC-5a, HELF and cocultured cells in RADAI6-1 hydrogels were detected by MTS. All the cells could grow in RADAI6-1
hydrogels for a long time with good proliferative activity. The proliferative activity remained high at 8-16 days and then declined gradually. Each data point represents the
mean of at least three independent experiments (F). The viable cell proliferation curves of HSAEC|-KT, HULEC-5a, HELF and cocultured cells in RADAI6-| hydrogel were
calculated from DNA quantitative analysis. All the cells proliferated continuously in the RADAI6-l hydrogel. Each data point represents the mean of at least three
independent experiments.

fluorescent cells and the fluorescence intensity increased gradually from the edge of the gel, reaching a maximum at 9
dpi. With the extension of infection time, the number of round and scattered cells in the Nanogel gradually increased
(Figure 6B). TEM scans were performed to further observe the adenovirus particles in the cells of infected airway
organoids, and at 8 dpi, a small number of virions with diameters of 60-90 nm were observed in the cytoplasm
(Figure 7). These results showed that adenovirus could infect airway organoids and cause cytopathic effects.

Analysis of Cell Viability and Proliferation

The effect of adenovirus infection on the proliferation and activity of airway organoids was observed. HSAEC1-KT,
HuLEC-5a and HELF cells were cocultured in RADA16-1 Nanogel at 10:7:2 and infected with adenovirus on the 7th day.
PI staining, the MTS method and DNA quantitative analysis were used to detect the cell activity and proliferation of
airway organoids after adenovirus infection. PI staining showed that the red fluorescence signal of airway organoids was
strong at 9 dpi, and the cells were obviously round and scattered in the bright-field image (Figure 6C), indicating that
adenovirus infection and proliferation could cause cytopathic changes and even death in airway organoids. The cell
activity of airway organoids infected with adenovirus was detected by MTS. The results showed that the cell activity of
airway organoids in the infected group was lower than that in the uninfected group (P<0.01) from 12 to 20 days of
culture (4-12 dpi) (Figure 6D). DNA quantitative analysis showed that the cell proliferation in the infected group was
lower than that in the uninfected group (P<0.01) after 12 to 20 days of culture (4—12 dpi) (Figure 6E). The above results
suggested that the cells of airway organoids showed pathological changes and that their proliferation and activity
decreased after adenovirus infection.
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Figure 5 Continued.
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Figure 5 Self-organization of cells within airway organoids and the expression of specific marker proteins. (A—C and G) Frozen sections of airway organoids cultured for 14
days. (H) Frozen sections of airway organoids cultured for 21 days. (D—F) Frozen sections of normal lung tissue. mesenchymal cells VIM (green, A-l), vascular endothelial
cells CD31 (red, A-ll), and proximal airway epithelial cells CCI10 (green, C-I) clustered together and then differentiated into distal alveolar epithelial cells AECI AQPS5 (green,
B-l) and AECII SPC (red, B-Il) formed the lumen structure of the airway sample and stably and continuously expressed the lumen airway epithelial marker protein KRT8
(red, C-ll, G-I and H-I). Airway organoid cell arrangement and labeled protein expression were similar to those of normal human lung tissue (D—H). DAPI (blue, showing
nucleus).

Characteristics of Adenovirus Replication in Airway Organoids

We next monitored viral DNA at different time points after infection by gPCR. The results of qPCR detection showed
that the viral load of airway organoids infected by adenovirus began to increase significantly at 3 dpi and proliferated
rapidly. The viral load reached 5.15%10° copies/mL at 9 dpi and then decreased rapidly, and almost no viral nucleic acid
was detected at 15 dpi. To determine whether the inoculated adenovirus remained in the RADA16-1 Nanogel, resulting in
incorrect qPCR detection, adenovirus infection and nucleic acid detection were also performed on the cell-free RADA16-
I Nanogel. The results showed that a large number of viruses in the RADA16-I Nanogel were not detected in the absence
of cells (Figure 8A). The adenovirus amplified from RADA16-1 Nanogel successfully infected 2D cultured 293T cells
and proliferated continuously, and the proliferation trend was consistent with that of the 2D adenovirus standard infection

group (Figure 8B). This shows that adenoviruses can infect airway organoids and be amplified.

Discussion

Organoid technology has developed rapidly in recent years, and organoids are considered an ideal model for the in-depth
exploration of virus pathogenesis and host—virus interactions, antiviral drug screening, and vaccine research and
development.”* ! Currently, hESCs or hiPSCs are most commonly used for organoid construction, but the culture
process requires the addition of multiple growth factors to promote the induction and differentiation of organoids. The
culture conditions are complex, the cost is high, and there are ethical problems. Moreover, there are many uncertain
factors affecting the experimental results. These problems also exist in using normal tissue or tumor tissue to induce
differentiation to construct organoids. However, using cell lines to construct organoids is relatively simple and
inexpensive. In this study, human lung-derived cell lines (HSAEC1-KT, HuLEC-5a, HELF) were used to construct
airway organoids. The growth time of the three kinds of cells was limited under two-dimensional culture conditions, and
the cells were stretched flat. When the three kinds of cells were cultured separately in RADA16-1 hydrogel, the cells grew
like microspheres. The microspheres could maintain growth for a longer time without the formation of a tracheal cavity
structure. When the three cell types were cocultured in RADA16-1 Nanogel at a ratio of HSAEC1-KT: HuLEC-5a:
HELF=10:7:2, the cells could form tracheal structures more similar to the airways through self-assembly, and the cells
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Figure 6 Growth and proliferation activity of airway organoids after adenovirus infection. (A). Fluorescence microscopy observation of airway organoids at 3 dpi, 6 dpi and
9 dpi. Green fluorescent cells were observed at 3 dpi, and the number of fluorescent cells and the fluorescence intensity increased gradually from the edge of the gel, peaking
at 9 dpi (B). Inverted microscope observation of airway organoids at 3 dpi, 6 dpi and 9 dpi. With the extension of infection time, the cells in airway organoids became round
and scattered. Adenovirus (Adenovirus-EGFP, green fluorescence) (C). Pl staining observation of airway organoids at 9 dpi. The red fluorescence signal was strong, there
were more dead cells, and the lesions of cells were visible under the bright field view (D). The proliferative activity curves of airway organoids after adenovirus infection
were obtained by MTS. The cell activity of airway organoids in the infected group was significantly lower than that in the uninfected group at 12 to 20 days after culture (4 dpi
to 12 dpi). Each data point represents the mean of at least three independent experiments (E). The viable cell proliferation curves of airway organoids after adenovirus
infection were calculated from DNA quantification. The cell proliferation of airway organoids in the infected group was significantly lower than that in the uninfected group
at |2 to 20 days after culture (4 dpi to |12 dpi). Each data point represents the mean of at least three independent experiments; Pl (red, indicating dead cells) and DAPI (blue,
indicating nuclei). The dotted line indicates the onset of infection;**Compared with the uninfected group, P < 0.01.

could maintain their activity and proliferation for a long time. At the same time, the expression of proximal airway
epithelial cell marker protein (CC10), distal alveolar epithelial marker protein (AQPS5, SPC), vascular endothelial cell
marker protein (CD31), mesenchymal cell marker protein (VIM), and lumen formation-related epithelial marker protein
(KRTR) was detected, which shows that the cells differentiate into distal lung tissue through coculture and self-assembly.
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Figure 7 TEM analysis of adenovirus virions in airway organoids. (A). The nucleus and cytoplasmic region of the cells in the airway organoids (B). The region where
adenovirus particles appear in the cytoplasm. Virus-like particles are indicated by the red arrows.

A ) ‘ B == ADV Standard
-& Airway organoids . .
Virions from airway

— 3D Medium organoids
6
.,g 100
&
=4 e 80
[ =
5 E
@ » 60
a 2 @
5 :
c E 40
>0 - >
o 2 20
3 8
2= T T T T T T T 1 0
1 3 5 7 9 11 13 15 17 24 48 72
Days post infection Hours post infection

Figure 8 qPCR measurement of adenovirus proliferation in airway organoids. (A). Adenovirus proliferation in airway organoids was measured by qPCR. “airway organoids”
indicates adenovirus amplification in airway organoids; “3D medium” indicates adenovirus amplification in RADAI6-I hydrogel without cells (B). The infectivity of airway
organoid-amplified virions was measured by qPCR. “ADV Standard” indicates standard adenovirus amplification in 2D culture; ‘virions form airway organoids’ indicates
airway organoid-generated adenovirus virions (5 X 10° copies based on qPCR amplification quantification) in 2D culture. Airway organoid-generated adenovirus virions were
present in airway organoid supernatants harvested at 9 dpi. Each data point represents the mean of at least three independent experiments.

This is similar to the results reported by Tan et al."

This suggests that organoids similar to airway tissue in vivo can be
successfully constructed by using human lung-derived cell lines and cocultures in certain proportions.

With the development of biotechnology, a variety of biological materials have been used in 3D cell culture. As a kind
of biological material, nano-self-assembled peptides have unique amino acid sequences and easily self-assemble into a
nanonetwork fiber structure with a water content of more than 99% in physiological salt solution by using existing
molecular components in nature. Among them, RADA16-1 is a commonly used scaffold for cell culture, possibly because
of its amino acid sequence design. The sequence RAD (arginine-alanine-aspartic acid) is similar to the sequence of the
RGD (arginine-glycine-aspartic acid) polypeptide, the ligand binding site of integrin on the cell membrane.*” It provides
a microenvironment similar to the natural ECM in which cells can adhere to hydrogels and grow. In this study, RADA16-
I was used as a scaffold for cell culture, which provided a microenvironment similar to that in vivo for cell growth, which
was conducive to the growth and aggregation of cell populations. At the same time, human embryonic lung fibroblasts
(HELFs) were selected in the culture, which had an agglutinative effect. In the RADA16-I hydrogel, the cells formed
long pseudopods and grew like branches, which made the connections between cells tight, conducive to communication
between different cells, and thus promoted the self-assembly of cells to form airway organoids. In this study, no
additional growth factors were added in the culture process of constructing airway organoids, and normal culture
conditions were adopted. Compared with organoid construction induced by stem cell differentiation, this method has
the advantages of simplicity, low culture cost and a short culture cycle, which is more conducive to repeated experiments
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and batch research. This approach also provides an experimental basis for the use of nano-self-assembled peptide
hydrogels to construct a bionic model of human organoids.

Adenoviruses have a diameter of 60~90 nm, while the fiber mesh size formed by RADA16-1 self-assembly is
approximately 5~200 nm. Previous studies have demonstrated that the virus can infect 293T cells through scaffold pores.
In this study, three human lung cell lines were cocultured until the 7th day. When the tracheal structure of the airway
sample was observed, adenovirus was added to construct the infection model. The qPCR results showed that the amount
of adenovirus increased logarithmically at 3 dpi and peaked at 9 dpi. The rapid proliferation time is consistent with the
incubation period of clinical adenovirus infection, which shows that this model can accurately simulate clinical
adenovirus infection. At the same time, cell proliferation activity decreased significantly from 4 dpi, which may be
because adenoviruses are nonenveloped viruses, which lead to damage and rupture of host cells after massive replication
and the release of progeny viruses. Airway epithelial cells are the main constituent cells of airway tissue and are sensitive
cells to adenovirus infection. These airway organoids can simulate the characteristics of internal organs composed of
various cells, simulate the morphological structure and phenotype characteristics of airway tissue, and reproduce the
process of viral infection. However, in the traditional 2D culture model, after the virus infects monolayer cells, the cells
usually exhibit rapid rounding, shedding, necrosis and other phenomena: the virus cannot proliferate repeatedly, and the
infection is maintained for a short time and unable to reproduce the infection process in vivo. In this study, the
adenovirus-infected airway organoid model maintained a long proliferation time, and the amplified progeny virus was
infectious, similar to the viral behavior during in vivo infection. This model can provide a more reliable experimental
platform for adenovirus isolation and culture, pathogenic mechanism research and antiviral drug development.

In this study, airway organoids were successfully constructed using RADA16-1 hydrogel as a scaffold, and an
adenovirus infection model of airway organoids was established in vitro on this basis. However, there are some
limitations. First, this study confirmed that adenovirus can maintain long-term proliferation in these airway organoids,
but whether it can be used as an infection model for other respiratory viruses needs further study. Second, the self-
assembly ability of airway organoids constructed by cell lines from different sources is random, so the conditions need to
be further optimized to establish a stable and large-scale bionic organoid model, and whether the airway organoids
constructed by these cell lines can truly replace the physiological states of different individuals also needs to be further
discussed. Third, the internal organs have a vascular system. In this study, human pulmonary microvascular endothelial
cells (HuLEC-5a) were selected for the construction of blood vessels, but no angiogenesis was observed, which needs to
be further studied by coculture with cells with vascular differentiation potential. In conclusion, three human lung-derived
cell lines (HSAEC1-KT, HuLEC-5a, HELF) in RADA16-I hydrogel showed strong self-assembly ability and certain
differentiation potential and could form airway-like morphology. However, these airway organoids still differ from
normal human airway tissue due to the lack of a complete system, such as the circulatory system, immune system and
nervous system, so it is necessary to further explore the construction of a coculture system with endothelial, neuron,
immune and other lineages of cells, which is similar to the current status of reported organoid research.>*~** The body is a
complex environment where multiple organs and systems coexist. Viruses infect the body, grow in the body, and cause a
series of processes, such as the occurrence and development of diseases, which involve not only a single organ system
but also complex pathophysiological processes involving multiple organs and systems. Some scholars®> have combined
organoid culture technology with chip technology to build an organoid integrated system on a chip platform for drug
screening research. Organ-on-A-chip systems can connect various organoids to each other to make up for the isolated
communication of a single organoid, which may have epoch-making significance for the prevention, diagnosis and
treatment of viral diseases.

Conclusion

An airway-organoid model for adenovirus infection with three human lung-derived cell lines was successfully con-
structed in vitro based on nano-self-assembling peptide RADA16-1 hydrogels. The model has the potential to be
exploited as a novel research method for adenovirus isolation and culture, pathogenesis research, and antiviral drug
screening. This model can be expected to be used to explore new targets for the diagnosis and treatment of respiratory
virus infection and explore new strategies for diagnosis, treatment and functional therapy.
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