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The palatine tonsils (hereinafter referred to as “tonsils™) serve as a reservoir for viral infections and play roles in
the immune system’s first line of defense. The aims of this study were to establish tonsil epithelial cell-derived
organoids and examine their feasibility as an ex vivo model for severe acute respiratory syndrome coronavirus 2

f\ﬁ{i\s;f;lv-z (SARS-CoV-2) infection. The tonsil organoids successfully recapitulated the key characteristics of the tonsil
Transcriptome epithelium, including cellular composition, histologic properties, and biomarker distribution. Notably, the basal

layer cells of the organoids express molecules essential for SARS-CoV-2 entry, such as angiotensin-converting
enzyme 2 (ACE2), transmembrane serine protease 2 (TMPRSS2) and furin, being susceptible to the viral infec-
tion. Changes in the gene expression profile in tonsil organoids revealed that 395 genes associated with
oncostatin M signaling and lipid metabolism were highly upregulated within 72 h after SARS-CoV-2 infection.
Notably, remdesivir suppressed the viral RNA copy number in organoid culture supernatants and intracellular
viral protein levels in a dose-dependent manner. Here, we suggest that tonsil epithelial organoids could provide a
preclinical and translational research platform for investigating SARS-CoV-2 infectivity and transmissibility or
for evaluating antiviral candidates.

1. Introduction as a pandemic in March 2020. SARS-CoV-2 belongs to genus Betacor-
onavirus, which also includes the highly pathogenic Middle East respi-

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the ratory syndrome (MERS)- and SARS-CoVs [3]. Infection with

causative agent of COVID-19, was first identified on December 2019 in
Wuhan, China [1,2]. The emerging virus spread rapidly around the
world, and the World Health Organization (WHO) declared the outbreak

SARS-CoV-2, which is mainly transmitted through the upper respira-
tory tract, causes diverse disease symptoms ranging from mild sickness
(including fever, cough, sore throat, and loss of olfaction or taste) to
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severe illness (including pneumonia and even death) [1,4,5]. Currently,
mRNA- and adenoviral vector-based vaccines have been approved for
prevention of SARS-CoV-2 infection, and antivirals such as remdesivir
(polymerase inhibitor) and PF-07321332 (protease inhibitor) have been
developed for treatment of infected patients [6-10]. However, viral
variants with higher transmissibility or pathogenicity have been isolated
with increasing frequency worldwide. Regarding the emerging and
re-emerging rate of mutant CoVs, a suitable ex vivo SARS-CoV-2 infec-
tion model system is indispensable for development of broad-spectrum
antivirals as well as wuniversal vaccines or for understanding
SARS-CoV-2 pathogenesis in a personalized manner [11-14].

Several reports have described the recapitulation of human organo-
ids for SARS-CoV-2 infection and demonstrated their feasibility for an-
alyses of antiviral activity or tissue susceptibility. For instance, human
pluripotent stem cell (hPSC)-derived organoids have proven valuable for
investigation of SARS-CoV-2 tropism [15,16]. In addition, SARS-CoV-2
infection has been evaluated in human intestinal, liver ductal, lung,
and brain organoids [17-21]. However, most of these approaches use
synchronized stem cells or human tissues obtained through conventional
open surgeries, imposing limitations on clinical sample availability and
research in personalized medicine. To address these issues, we attemp-
ted to establish an alternative organoid system for which i) human tis-
sues could be reliably accessible with reduced physical burdens, ii)
organoids can be maintained for a considerable period of time, and iii)
SARS-CoV-2 can robustly replicate through multiple rounds of infection.
Among easily accessible tissues, we selected the tonsils for establishment
of human organoids and infection with SARS-CoV-2, as they have the
potential to satisfy the unmet needs described above. From a clinical
point of view, tonsils are also appropriate source material due to their
susceptibility to diverse respiratory viruses including influenza virus,
respiratory syncytial virus, and even coronavirus [22-24].

The tonsils are two oval-shaped immunologic organs in the back of
the oral cavity [24] (Fig. S1A). Histologically, they are composed of
mucosa-lining epithelium and underlying parenchymal B or T cell
lymphocytes [24]. Multilayered, stratified tonsil epithelium are covered
with differentiated epithelial cells at the superficial layer, which are
generated from renewable stem-like epithelial cells in the bottom layer
[25]. Unfortunately, a tonsil organoid model has not yet been estab-
lished due to the difficulty of culturing tonsillar epithelial cells that can
be stably maintained over long-term serial passage [25]. In addition,
small laboratory animals, such as mouse and hamster, are not available
for optimization of organoid construction because they lack orthologous
organs [26]. However, establishment of an organoid model from tonsil
tissues was expected to be achievable by applying advanced technolo-
gies for the long-term 3D culture of epithelial stem cells from
human-derived specimens [27,28]. This approach might be valuable in
efforts to understand cellular responses to viral infection and antiviral
activity, as organoids are composed of diverse differentiated or prolif-
erating cell types and can reconstitute the physiological conditions of
human organs [29-35]. In this study, we sought to establish tonsil
epithelial cell-derived organoids with morphological and molecular
biological features comparable to those of epithelium of human tonsil
tissues, and to examine their feasibility as an ex vivo model for
SARS-CoV-2 infection.

2. Results
2.1. Establishment of human tonsil epithelial organoids

To generate organoids from human tonsil epithelium, enzymatically
dissociated cells from tonsil tissues were embedded in Matrigel. Ac-
cording to previous reports, they were cultured either in human colon
organoid medium (HCM) or human prostate organoid medium (HPM)
supplemented with growth factors including Noggin, fibroblast growth
factor 2 (FGF2), FGF10, and R-spondin-1 (RSPO1), which have been
identified to play pivotal roles in epithelial stem cell differentiation and
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proliferation (Fig. S1A and Table S1) [36,37]. HPM yielded 2-fold more
3D organoids within 10 days than HCM (Fig. S1B, C). To achieve more
efficient organoid formation, the composition of the medium was opti-
mized by seeding dissociated tonsil epithelial cells in various condi-
tioned HPM that contained or omitted individual components associated
with cell proliferation. The largest organoids appeared with the highest
organoid-forming efficiency when cultured in HPM in the absence of
epidermal growth factor (EGF), which was subsequently defined as
tonsil organoid formation medium (TfM) (Fig. 1A and B, and Fig. S1D).
Microscopic and histological analyses revealed that organoids cultured
in TfM developed stratified squamous epithelial structures resembling
those of tonsil tissues between days 10 and 15 (Fig. S2A and B). How-
ever, TfM limited subculture to two passages, and the cells were not
available for additional expansion (Fig. S2C). To resolve this issue, we
further modified TfM by removing SB202190, a selective p38 MAPK
inhibitor, but by adding hepatocyte growth factor (HGF). These changes
did not affect organoid size at passage 1, but well-shaped organoids were
successfully expanded beyond five passages for 60 days. This optimized
medium was defined as tonsil organoid expansion medium (TeM)
(Fig. 1C and D; Fig. S2D and E). Moreover, it did not affect reproduc-
ibility in the organoid formation after thawing of their cryopreservation
(Fig. $3).

It has been reported that epithelial cell adhesion molecule (EpCAM),
a representative marker for epithelial cells, is expressed in the basal
layer of both epithelium of several tissues, including tonsil, and diverse
epithelial organoids (Fig. S4A) [38-42]. To investigate whether the
tonsil organoids originated from EpCAM™ cells, we compared organoid
formation ability of different cell populations from tonsil tissues on the
basis of EpCAM expression. Flow cytometric analysis revealed that in
contrast to EpCAM ™ cells, EpCAM™ cells facilitated robust organoid
formation (Fig. 1E and F). This result suggested that tonsil organoids
cultured in TeM are generated from EpCAM™ cells, verifying their
epithelium-like property.

Among CD44, integrin alpha 6 (ITGA6) and nerve growth factor
receptor (NGFR), that are abundantly expressed in stem cells and
involved in other organoid formation, we analyzed their effects on tonsil
epithelial organoid formation [43-46]. Each subpopulation was isolated
from E-cadherin® cells by flow cytometric cell sorting and then cultured
in TeM (Fig. S5). The number of resulting organoids showed that it was
highest in NGFR'™ cells, followed by NGFR' cells, ITGA6"" cells,
CD44 "™ cells in that order. On the other hand, few organoids were ob-
tained in the absence of any of these factors or in the lower level of CD44
(CD44™") or ITGA (ITGA™) (Fig. 1G and H). Cell sorting analysis indi-
cated that expression of the three molecules, CD44, ITGA6 and NGFR,
are required for differentiation and maturation of tonsil epithelial cells
into organoids.

2.2. Histological and immunohistological characterization of human
tonsil epithelial organoids

To determine whether the tonsil organoids could recapitulate the
human original tonsil tissues as depicted in Supplementary Figure S4A,
we explored their structural features and biomarker distribution.
Staining of histological sections with hematoxylin and eosin (H&E),
Alcian blue, periodic acid-Schiff (PAS), and Masson’s trichrome
revealed circular stratified squamous organoids with a biochemical
composition similar to that of tonsil tissues (Fig. 2A). In detail, we
compared histochemical composition of multilayered cellular compo-
nents in the tonsil organoids during their maturation with those of tissue
epithelium either from tonsil surface or from crypt. The results revealed
that basal layer cells of tonsil surface or crypt epithelium expressing
NGFR, ITGA6, or CD44 are localized on the outer side of the organoids
between days 10 and 15, whereas suprabasal or superficial layer cells
expressing MUC1 were mainly detected in the interior of tonsil orga-
noids (Fig. 2B). In addition, E-cadherin, a ubiquitous epithelial cell
marker, was evenly distributed, whereas Ki67, a proliferation marker,
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Fig. 1. Generation and characterization of human tonsil epithelial organoids. Media compositions were optimized for long-term expansion of the tonsil organoids,
and biomarkers essential for organoid formation were detected by cell-sorting analysis. (A) Comparison of formation of tonsil organoids cultured in human prostate
media (HPM) with or without EGF (-EGF). Bright-field microscopic images were obtained on days 5 and 10. Areas in red rectangles are enlarged on right. (B) Size of
organoids cultured in HPM containing various combinations of media components. Values are expressed as means + SEM of three independent experiments. ****, p
< 0.0001 (Two-way ANOVA with Dunnett’s multiple comparison test). (C) Microscopic images of human tonsil organoids cultured in TfM (tonsil organoid formation
medium), TfM with HGF (TfM + H), TfM without SB202190 (TfM-S), or TfM with HGF but without SB202190 (TfM + H-S) for 60 days. (D) Time course of tonsil
organoids growth in TeM (tonsil organoid expansion medium, TfM + H-S) for 15 days. (E) Flow cytometry analysis showing EpCAM™ (P2 fraction) or EpCAM ™~ cell
(P3 fraction) populations in tonsil tissues. Each fraction was cultured in TeM, and their images were observed on day 15. (F) Organoids cultured with P3 (EpCAM ")
and P2 (EpCAM™) cells as shown in (E) were counted. Data from three independent experiments were analyzed by unpaired t-test and ordinary one-way ANOVA. ***,
p < 0.001. (G) Comparison of organoid formation efficiency between biomarker-high (++), -low(+), -negative(—) expressing cells on the basis of CD44, ITGA6 and
NGER levels. (H) Number of formed organoids, presented as means + SEM of the three different donors. Data were analyzed by ordinary one-way ANOVA followed

by Dunnett’s multiple comparison test. n.s., not significant. **, p < 0.01; ****, p < 0.0001. In the panels (A), (C), (D), (E), and (G), scale bars represent 100 pm. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

was predominantly expressed at the spherical boundary within the
organoids, indicating active cell proliferation in that zone. These his-
tological data suggested that tonsil organoid maturation was success-
fully achieved from a single cell of tonsil tissue, yielding a highly
ordered stratified epithelium within 15 days in TeM.

The systematic organization of different cell types was further
examined by immunofluorescence microscopy. For immunohistological
experiments, organoids as well as tonsil tissues were co-stained with
antibodies against specific markers representing individual tissue layers.
First, we sought to determine the distribution of epithelial cells
expressing MUC1, CK4, NGFR, CK5 and CD44 by using E-cadherin as a
marker for the overall area of the epithelium. As expected, both MUC1-
and CK4-expressing cells were detected on the inner sides of organoids,
which correspond to the suprabasal/superfical layers of the tissues
(Fig. 2C), whereas NGFR-, CK5-, and CD44-expressing cells were
detected on the outer ring of organoids, which corresponds to the basal
layer of the tissue (Fig. S4B). We further examined the time course of
tonsil organoid maturation, where Ki67 was used as a cell proliferation
marker. Consistent with the immunohistochemistry data before (Fig. 2C,
Fig. S4B), basal layer markers of tonsil tissue, including NGFR and CD44,
as well as the suprabasal/superficial layer markers, including MUC1 and
CK4, accumulated at the outer side and the inner side, respectively,
completing maturation between days 10 and 15 (Fig. 2D). Importantly,
colocalization of NGFR or CD44 with Ki67 in the organoids revealed that
the essential factors required for tonsil organoid formation (Fig. 1G and
H) are continuously expressed at the proliferating cells throughout the
differentiation and maturation period. In addition, a tonsil crypt-specific
marker, cytokeratin 7 (CK7), was expressed at the inner layer cells of the
mature organoids, whereas proliferating cell nuclear antigen (PCNA)
was expressed in the outer border cells (Fig. S4C). Given this finding, it is
assumed that the organoids might be differentiated along the
crypt-surface axis by placing crypt-derived cells at the less proliferative
inner space [47]. In line with the biomarker-based histological analyses,
electron micrographs of the organoids at day 15 revealed typical ultra-
structural features of stratified squamous epithelium, with characteristic
elements such as keratohyalin granules and desmosome-tonofilament
complexes [48] (Fig. 2E). Collectively, the histological, immunohisto-
logical and ultramicroscopic images strongly suggested that the outer
and inner domains of tonsil organoids recapitulate the basal and
suprabasal/superficial layers of the primary tonsil epithelium,
respectively.

2.3. Gene expression profiles in human tonsil epithelial organoids and
their response to a pathogen-derived immune stimulant

We investigated how similar the mRNA transcriptome of tonsil
epithelial organoids was to that of tonsil tissues by comparing whole-
genome expression levels of tonsil organoids from two donors (nos.
21-33 and 21-36) with their paired tissues, i.e., tonsil crypt and surface
samples separately (Fig. S6). Heatmap analysis and hierarchical clus-
tering of the high-throughput data from 21,448 genes showed high
correlation coefficients between crypt and surface samples from a same

donor (r = 0.96 for donor 21-33; r = 0.97 for donor 21-36) (Fig. 3A and
B). Even between the two donors, this gene expression profile was well
correlated, showing r values above 0.91. It was interesting that the tonsil
organoids showed donor-independent homogeneity (r = 0.98) but with
relatively reduced correlation coefficient values, ranging from 0.75 to
0.80, to the tissue samples. The results suggested that gene expression
profile became further synchronized when tonsil epithelial cells are
matured into organoids.

Although overall gene expression of tonsil organoids was overlapped
with that of tissues, we wondered which genes are differently expressed
in organoids. Principal component analysis (PCA) plot showed that
mRNA expression of the majority of genes (PC1, 88%) was similar be-
tween organoids and tissues (Fig. 3C). However, in a second major
population of genes (PC2, 8%), organoids had a distinctive cluster from
crypt and surface tissue samples. Specifically, 526 genes were upregu-
lated but 796 genes were downregulated in organoids when compared to
tissues (Fig. 3D). Gene ontology and pathway analysis revealed that
metabolic reprogramming occurred in the organoids by stimulating ATP
synthesis, tricarboxylic acid cycle (TCA) and cholesterol synthesis and in
parallel, cell-cell communication was increased possibly for 3D
morphogenesis (Fig. 3E, upper) [49]. In contrast, immune system was
suppressed by  downregulating IL-2  signaling  pathway,
antigen-activated B-cell receptor generation and cell adhesion molecules
(Fig. 3E, lower). This inhibition might be related to biased differentia-
tion of tonsil organoids to epithelial cells rather than to immune cells in
the optimized media, TeM.

As a preliminary functional study, we examined how the organoids’
innate immunity responds to a pathogen-derived molecule. It has been
elucidated that microbial challenge stimulates tonsil epithelium to
secrete C-X-C motif chemokines, including CXC ligand 1 (CXCL1) [50].
After treatment of organoids with lipopolysaccharide (LPS), a cell wall
component from Gram-negative bacteria that binds to Toll-like receptor
4 (TLR4), we quantified several secretory cytokines. Culture superna-
tants of mock- or LPS-treated organoids were compared using
membrane-based cytokine array (Fig. S7). Quantification of band in-
tensity of the immunoblots revealed that interleukin-1 alpha (IL-1),
CXCL1 and IL-8 were significantly enhanced in the culture supernatants
at 24 h after LPS treatment (Fig. 4A and B). We then tested whether
secretion of the chemokines or cytokines from tonsil organoids could
affect cell migration. Counting of migrated cell number revealed that the
migration index of HL-60 cells increased by approximately 2.6-fold
when they were exposed to conditioned medium harvested from
LPS-treated organoids compared to LPS-untreated organoids (Fig. 4C).
As expected, mock-cultured medium without organoids had no effect on
cell migration ability, irrespective of LPS treatment. The results are
consistent with those of tissue samples from patients with tonsillitis, in
which surface and crypt epithelium contributes to inflammatory pro-
cesses as a defense mechanism for restricting microbial attack through
secretion of chemokines as well as through facilitating neutrophil
migration [50]. Our data confirms that the tonsil epithelial organoids
are able to deploy their innate immune machinery in the presence of a
TLR4-stimulating pathogen-associated molecular pattern (PAMP), LPS,
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Fig. 2. Histological, immunohistological and ultrastructural analyses of tonsil epithelial organoids. (A) Histology of human tonsil epithelium tissues and organoids
on day 15. Each sample was stained with H&E for morphological analysis, Alcian blue to visualize the mucosal layer and mucous-producing goblet cells, PAS to
visualize mucosubstances, and Masson’s trichrome to visualize connective matrix. (B) Immunohistological analyses of surface and crypt areas of human tonsil
epithelium tissues along with tonsil organoids on days 5, 10 and 15. Each sample was immuno-stained with antibodies specific for epithelium markers, including
NGFR, ITGA6, CD44, MUC1, and E-cadherin, as well as a cell proliferation marker, Ki67. (C) Immunofluorescence to compare distribution of suprabasal/superficial
layer markers, MUC1 and CK4 (green), between the tonsil tissues and the organoids on day 15; the epithelial marker E-cadherin (red), was used as a control. Merged
images with Hoechst 33342 staining (blue) are shown in the right-hand panels. (D) Immunofluorescence images showing a time course of organoid development on
days 5, 10, and 15. Representative markers (green) for basal layer cells (NGFR and CD44; upper panels) and suprabasal/superficial layer cells (MUC1 and CK4; lower
panels) were labeled with the corresponding antibodies; Ki67 (red) was used as a control for active proliferation. Merged images with Hoechst 33342 staining (blue)
are shown in the right-hand panels. (E) TEM images illustrating ultrastructural morphology of human tonsil epithelial organoids. Keratohyaline granules are
indicated by white arrows (right upper panel). The image of desmosome-tonofilament complexes in the red rectangle in the left lower panel is enlarged on right. In
all panels except for (E), scale bar is 100 pm. In (E), scale bars are 10 pm (upper left) and 1 pm (upper right and lower left). (For interpretation of the references to
Eolor in this figure legend, the reader is referred to the Web version of this article.)

in a similar way as tonsil tissues.

Angiotensin-converting enzyme 2 (ACE2), transmembrane serine
protease 2 (TMPRSS2) and furin have been identified to be essential for
SARS-CoV-2 viral entry to the target cells [51-53]. Specifically, ACE2 as
a receptor binds to the viral spike protein, while TMPRSS2 and furin are
involved in spike protein maturation for membrane fusion. Before
investigating susceptibility of tonsil organoids to SARS-CoV-2 infection,
it was necessary to determine whether these receptor or co-receptor
proteins are expressed in the organoids. Immunofluorescence analysis,
in which tonsil tissues were used as a control, exhibited that ACE2 is
localized on the outer side, consisting of NGFR-positive basal layer cells,
but less on the inner side, which consisted of MUC1-expressing supra-
basal/superficial layer cellular components (Fig. 4D). In contrast,
TMPRSS2 and furin showed relatively homogenous expression
throughout the whole area of organoid sections. Time-course mRNA
expression data from three different donors revealed that TMPRSS2
mRNA was upregulated between days 10 and 15; by contrast, ACE2 or
Furin mRNA was comparably expressed for 15 days (Fig. 4E). Accord-
ingly, it can be expected that tonsil organoids could be susceptible to
SARS-CoV-2 infection.

2.4. SARS-CoV-2 infection of human tonsil epithelial organoids

To determine whether the tonsil epithelial organoids are susceptible
to SARS-CoV-2 infection, the organoids after 7 days were incubated with
SARS-CoV-2 at an MOI of 0.1 or 1, in which mock infections were per-
formed as a negative control to exclude the possibility of donor-derived
viral infection. Viral protein expression and RNA replication were
monitored at day 2 post-infection by probing with anti-spike protein and
anti-dsRNA antibodies, respectively, by co-staining the SARS-CoV-2 re-
ceptor, ACE2. As the viral infection visualized in human lung epithelial
Calu-3 cells (Fig. S8), fluorescence microscopy images from the tonsil
organoids revealed viral spike protein (Fig. 5A) and dsRNA (Fig. 5B) in
the ACE2-expressing layers at both viral titers. Interestingly, ACE2 dis-
tribution was expanded from the basal layer into the suprabasal/su-
perficial layer as SARS-CoV-2 robustly replicated.

As a next step, we assessed release of amplified viral particles from
infected cells by quantification of viral RNA copies and determination of
50% tissue culture infective dose (TCIDsg). Quantitative RT-PCR
revealed a time-dependent increase in viral RNA levels, which was
greater at 1 MOI than 0.1 MOI (Fig. 5C). Consistent with this result, an
increase in infectious viral titer was observed 72 h after the lower-titer
challenge but at 24, 48, and 72 h after the higher-titer challenge
(Fig. 5D). This viral amplification was further verified in an independent
experiment using three additional tonsil organoids established from
different donors (Fig. 5E and F). Even given the variation in suscepti-
bility among donors, efficiency of SARS-CoV-2 replication increased
continuously during 72 h post-infection. To visualize the generation of
progeny viral particles at the final stage of the virus life cycle, we per-
formed transmission electron microscopy (TEM) on SARS-CoV-
2-infected tonsil epithelial organoids at 3 and 72 h post-infection at an
MOI of 0.1. We observed a high density of amplified viral particles with

the typical crown-like appearance on the external surface of the apical
membrane in the SARS-CoV-2-infected organoids at 72 h, but not in
mock-infected or 3 h post-infection samples (Fig. 5G). Viral diameter
was distributed between 99.7 and 179.6 nm. Taken together, these re-
sults suggested that SARS-CoV-2 can infect the tonsil epithelial orga-
noids, from which progeny viruses are released through viral protein
expression and RNA-dependent RNA replication.

2.5. Activation of oncostatin M signaling and lipid metabolic remodeling
but suppression of innate immune signaling by SARS-CoV-2 infection in the
tonsil epithelial organoids

To perform Gene Ontology (GO) analysis affected by SARS-CoV-2
infection, the virus was highly purified by ultracentrifugation, that
removes secretory molecules, such as pro-inflammatory cytokines,
existing in the viral stock [54]. We compared mRNA expression levels of
21,449 genes of the organoids from three donors (21-3, 21-4 and 20-23)
at 3, 24, and 72 h after infection. Their infection with SARS-CoV-2 was
quality-controlled by qRT-PCR using the culture supernatant (Fig. S9).
PCA plot showed that gene expression profile was similar in all donors
before infection (Mock), but it became discriminated in a donor- and
also time-dependent manner, with a greatest deviation in the donor
21-4 at 72 h post-infection (Fig. 6A). Among the analyzed genes, 395
genes were upregulated, which are involved in oncostatin M signaling,
lysosomal pathway, iron transport and lipid metabolism (Fig. 6B-D).
Their upregulation at the transcriptional level was confirmed by
qRT-PCR of ANXA9, LOR, ATP6VIC2 and SPTLC3 mRNA, representa-
tively (Fig. 6E). It is worthy of note that oncostatin M signaling pathway
is highly activated in all virus-infected organoids. Given that this
signaling was also stimulated in the tonsil organoids compared to their
epithelial tissues (Fig. 3E), it seems that SARS-CoV-2 infection inten-
sively coordinates cellular differentiation or proliferation, subsequently
supporting its robust amplification there [55,56]. It was found that
mRNA transcripts responsible for lipidomic remodeling are systemati-
cally upregulated, potentially being resulted from increased utilization
of membrane fusion, lipid rafts, lipid droplets, endosomes and exosomes
during the virus life cycle [57].

In contrast, 777 genes were markedly decreased at 72 h post-
infection in the infected organoids (Fig. 6F). They are responsible for
brain-derived neurotrophic factor (BDNF) signaling, cell growth or
innate immune responses (Fig. 6G and H). Quantitative RT-PCR analysis
of ATF3, JUN, RSG2 and HSPA6 mRNA showed their time-dependent
decreases, ensuring reliability of the GO analysis (Fig. 6G and I). In
accordance with a recent publication that reported a correlation be-
tween low serum BDNF level and severity of SARS-CoV-2 infection in
patients [58], its signaling pathway was significantly suppressed in our
organoid system. Overall, the transcriptome analysis suggested that
SARS-CoV-2 infects the tonsil epithelial organoids and robustly
self-amplifies there by remodeling cellular lipid metabolism but by
suppressing host defense mechanism such innate immunity or growth
factor signaling. This immunocompromised or immunosuppressed
property of tonsil epithelial organoids acquired by viral infection might
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Fig. 3. Gene expression profile analysis in tonsil epithelial organoids. (A) Heatmap showing the gene expression pattern of the tonsil organoids (Org) cultured for 15
days and their matched tonsil crypt and surface (Surf) tissues from two donors 21-33 and 21-36. Gene expression levels (ranging from 2 to 20) were pseudo-
temporally ordered and the samples were clustered based on the similarity of the gene expression pattern. (B) Pairwise Pearsons’ correlation coefficients be-
tween samples (r). (C) Principal component analysis (PCA) plot of microarray samples. PCA scores on PC1 (88%) and PC2 (8%) are pointed with black, red and blue
dots, accounting for crypt, surface and organoid samples, respectively, from the two donors. (D) Heatmaps showing differentially expressed genes (DEGs) in tonsil
organoids compared to tonsil tissues (with > 4-fold changes). Upregulated genes are colored in red (left panel), while downregulated genes are in blue (right panel).
(E) Gene ontology (GO) enrichment analysis of differentially expressed genes. The bar graphs indicate the top 10 upregulated (red) and downregulated (blue) GO
biological processes in the tonsil epithelial organoids. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

be related to its role as a reservoir for diverse viral infection or latency
[59].

2.6. Evaluation of antiviral activity of remdesivir against SARS-CoV-2
infection in the tonsil epithelial organoids

To examine whether SARS-CoV-2 infection could be inhibited by an
antiviral compound in the organoids, we treated virus-infected samples
with increasing concentrations of remdesivir, a prodrug nucleoside
analog that inhibits viral RNA replication. On day 2 after treatment, a
dose-dependent reduction in viral RNA level as well as viral spike and
nucleocapsid protein levels was observed in dose-dependent manner
(Fig. 7A-C). To test its reliability, tonsil epithelial organoids from three
different donors (21-26, 21-27 and 21-33) were additionally prepared.
Cell viability test by microscopically counting live and dead cells
revealed that neither SARS-CoV-2 at an MOI of 0.1 nor remdesivir at a
maximum dose of 100 uM did affect cell viability at day 2 post-infection
(Fig. 7D). Dose response analysis by measuring viral RNA in the culture
supernatants exhibited antiviral activity of remdesivir in all SARS-CoV-
2-infected organoids with half-maximal effective concentration (ECsg)
values ranging from 0.03 to 0.08 pM (Fig. 7E). These values have more
improved antiviral activity when compared to those in our cell culture
system, where it had ECsg values of 35.4 pM in Vero 81 cells and 0.1-1
pM in Calu-3 cells [60]. This difference might be caused by variations in
antiviral assay methods or viral growth kinetics in the cell types used.
Confocal microscopy decisively visualized reduction of viral protein
expression by remdesivir in the SARS-CoV-2-infected tonsil organoid
(Fig. 7E). Our data emphasize that the tonsil epithelial organoids are
competent for evaluation of the antiviral efficacy of small molecules
before they are translated to clinical trials.

3. Discussion

The oropharynx, located behind the oral cavity and beneath the
nasopharynx, functions in digestion and respiration. It consists of four
parts: the tonsils, the base of the tongue, the soft palate, and the pos-
terior oropharyngeal wall. The tonsils (also called the palatine tonsils or
the oropharyngeal tonsils) contain large populations of immune and
epithelial cells. This cellular diversity could account for the tonsils’
multifunctional roles in front-line defense against bacteria or viruses
invading the nasal or oral cavity, as well as in their function as reservoirs
for infection by pathogens including Epstein-Barr virus, adenoviruses,
influenza A and B viruses, herpes simplex virus, rhinovirus, enterovirus,
and even human papillomavirus [61-63]. The two major proteins
required for SARS-CoV-2 entry, ACE2 and TMPRSS2, have been reported
to be expressed in the squamous epithelium lining oropharyngeal
tonsillar tissue [64]. This motivated us to determine whether tonsil
tissue is susceptible to the SARS-CoV-2 infection. However, the lack of a
culture system for tonsillar epithelial cells has deterred in-depth cyto-
pathologic or virological studies of the pandemic pathogen. In the pre-
sent study, we were able to establish a reliable culture system for human
tonsil epithelial organoids by optimizing culture medium composition,
thereby recapitulating the dominant features observed in in vivo tonsil
epithelium, such as stratified squamous epithelial layers and appropriate
distributions of tonsillar biomarkers (Figs. 1 and 2). The major popu-
lation of genes (88%) of the organoids follow a transcriptome profile of

tonsil epithelial tissues, both crypt and surface (Fig. 3). The tonsil
epithelial organoids expressed the major components, such as ACE2,
TMPRSS2 and furin, which are essential for viral attachment and fusion
during the entry step, and were highly susceptible to SARS-CoV-2
infection (Figs. 4 and 5). Consequently, the virus was vigorously
amplified through multiple rounds of infection, resulting in abundant
secretion of progeny viral particles. Our findings suggest that the tonsil
epithelium could be one among the major target organs for primary
infection of SARS-CoV-2, and that its organoids are a desirable ex vivo
model for investigation of viral susceptibility or transmissibility.

‘Cytokine storm’ is an initial cause of acute respiratory distress
syndrome (ARDS), multi-organ failure, and severe pneumonia, which
result in considerably mortality among COVID-19 patients [65]. This
hyperactive inflammatory response is primarily associated with abrupt
release of pro-inflammatory or inflammatory mediators, including IL-6,
TNF-a, and CXCLS8 (also named IL-8) [1]. However, SARS-CoV-2 infec-
tion does not trigger ‘cytokine storm’ in children (a mean age of 7.3
year) with COVID-19, not affecting the levels of plasma
pro-inflammatory cytokines [66]. From these contradictory findings,
our cDNA microarray analysis stood for the latter by showing that
SARS-CoV-2 infection suppresses NF-kB-related pro-inflammatory
cytokine pathways in the tonsil epithelial organoid at 72 h
post-infection (Fig. 6F-I). Thus, we assume that among the upper res-
piratory tract tissues, the tonsil epithelium might be an optimized place
for SARS-CoV-2 infection, through which they could play a pivotal role
as the antigen presenting cells in the circumstances with abundant im-
mune cells. Recently, preparation of immune organoids from tonsils and
their remodeling adaptive immunity have been established by L. E.
Wager et al. [67]. As a further study combining this technology, we are
going to explore how the adaptive immunity is educated and lipid
metabolic reprogramming changes when tonsil immune cell-derived
organoids are co-cultured with SARS-CoV-2-infected autologous
epithelial organoids. This approach could contribute to elucidating
immunological tripartite crosstalk between tonsil epithelial cells, im-
mune cells, and SARS-CoV-2, providing a comprehensive understanding
not only of the host defense mechanism from the standpoint of both
innate and adaptive immunity, but also of viral immune evasion stra-
tegies counteracting host immunity.

We evaluated the therapeutic efficacy of remdesivir in the tonsil
organoid model, demonstrating its value as a drug candidate screening
platform for development of novel SARS-CoV-2 therapies. This organoid
system has advantages as an alternative to animal models, particularly
when they target host factors involved in the viral life cycle or immune
regulation. It is nontrivial because the efficacy of those antivirals could
be underestimated (or impossible to assess) in animals due to low ge-
netic homology or null function in model organisms. This is the first
study to report the generation of human tonsil epithelial organoids and
their suitability for infection by a respiratory virus, especially SARS-
CoV-2. From the clinical perspective, tonsils are a readily accessible
intraoral organ from which specimens are frequently underutilized after
surgery; by contrast, obtaining samples from the kidney, liver, bronchus,
or gut requires invasive and aggressive procedures. Thus, tonsil
epithelial organoids can be suggested as an attractive ex vivo model for
fundamental or applied research on infections by SARS-CoV-2 and
potentially other pathogenic microbes.



H.K. Kim et al. Biomaterials 283 (2022) 121460

A B C
LPS (10 pgimli) £3 -LPS =W +LPS 159 =1 -Lps
- * = = +LPS
IL-1ra/lL-1F3 o9 oo IL-1ra SX
IL-1a/IL-1F1 IL-1o g -
MIF o oo MIF g n-s
CXCL1/GROd @ ® o® cxcL1 % ’—I
IL-8(CXCL8) . oo IL-8 -;,; 5-]
Serpin EIPA- @@ @@ Serpin E1 g
Negative control Negative control 5
Loading control (g <o Loading control 0 T T

Mock Organoid

01 2 3 4 5

Relative Densitometry (A.U.) Conditioned madia

Tissue

Organoid

ACE2/NGFR/Nuclei TMPRSS2/MUC1/DAPI TMPRSS2/NGFR/Nuclei

ACE2 = TMPRSS2 Furin
<]
S 20q ] - £ -
2 n.s. % < 40 * 2q n.s
8 & 5 & | 2%
S E 51 2 E 5 € 20
X 1 30+
o o X E T
<a zQ o
Z< 2% g % 1.5
£ O 10 E G 50 20
£% <9 20 E
N = »n 8 £
oo N5 c ¥ 1.0
[T X ¢ T3
N 3
< = 0,54 asn o N
P =5 101 =
> E = Q% 0.5
g5 o £ _— 2 E
& oo % g 0 g goo
X K 1 S < 0o-
5 10 15 & 5 10 15 5 10 15
Day Day Day

(caption on next page)



H.K. Kim et al. Biomaterials 283 (2022) 121460

Fig. 4. Innate immune response and SARS-CoV-2 (co)receptor expression in tonsil epithelial organoids. (A) Human cytokine array for secreted proteins from the
tonsil organoids before (—) and after (+) LPS treatment at a concentration of 10 pg/mL for 24 h. (B) Changes in cytokine secretion levels were determined by
densitometric analysis of the blots shown in (A). Values relative to the control levels (- LPS) are expressed as means + SEM of three independent experiments.
Statistical analysis was performed by two-way ANOVA with Sidak’s pairwise multiple comparison test. ***, p < 0.001; **** p < 0.0001. n.d., not detected. A.U.,
arbitrary units. (C) Effect of LPS-stimulated culture supernatants on cell migration. HL-60 cells were treated with mock- or tonsil organoid culture medium before (-
LPS) and after LPS stimulation (+LPS). Numbers of migrated cells are presented as means + SEM of the three independent experiments. Two-way ANOVA with
Sidak’s multiple comparison test was used for statistical analysis. n.s., not significant. *, p < 0.05. (D) Immunofluorescence staining of ACE2 (left), TMPRSS2 (middle)
and furin (right) (red) expressed in tonsil organoids on day 15 as well as in tonsil tissues. NGFR and MUCI (green) are stained as epithelial markers for the basal and
suprabasal/superficial layers, respectively. Merged images with Hoechst 33342 staining (blue) are presented on the right side of each panel. Zoom images of white
rectangles are displayed at the bottom. Scale bars are 100 pm. (E) Quantitative RT-PCR to detect ACE2 (left), TMPRSS2 (middle) and Furin (right) mRNA transcripts
on days 5, 10 and 15 in tonsil organoids originating from three different donors. Statistical analysis was performed by ordinary one-way ANOVA with Tukey’s
multiple comparison test. n.s., not significant. *, p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

4. Materials and methods CA, USA), PE/Cyanine7-conjugated anti-NGFR Antibody (cat no.
345110; BioLegend) and APC-conjugated anti-EpCAM (cat no. 130-113-
4.1. Human specimens 260; Miltenyi Biotec, Bergisch Gladbach, Germany) antibodies were

used (Table S2). They were individually sorted using an S3e Cell Sorter

This study was approved by the institutional review board of Konkuk (Bio-Rad, Hercules, CA, USA) and cultured in Matrigel with TeM for 15
University Hospital (IRB no. KUH1110073) and carried out with the days.
written consent of all donors. Total 37 donors consisting of 18 females
and 19 males had chronic tonsillitis with an average age of 26.3 years 4.4. SARS-CoV-2 amplification and purification
between 13 and 64. Whole tonsils were collected in saline after tonsil-
lectomy and decontaminated by immersion for 1 h at 4 °C in Earle’s SARS-CoV-2 (BetaCoV/Korea/KCDC03,/2020) provided by the Korea
balanced salt solution (EBSS) with sodium bicarbonate (Sigma-Aldrich, Disease Control and Prevention Agency (Cheongju, Korea) was ampli-
St. Louis, MO, USA) with 1 x Antibiotic-Antimycotic (Thermo Fisher fied in Vero E6 cells (American Type Culture Collection, Rockville, MD,
Scientific, Waltham, MA, USA), 100 units/mL of penicillin, 100 pg/mL USA) through three passages in DMEM (HyClone, South Logan, UT,
of streptomycin, and 250 ng/mL amphotericin B (Gibco, Grand Island, USA). After centrifugation of the supernatants at 3000 g for 10 min, the

NY, USA). viral stock was stored at —80 °C before use.
For host transcriptome analysis, SARS-CoV-2 was purified through
4.2. Formation of organoids from human tonsil tissues ultracentrifugation according to a previous report with some modifica-

tions [68]. Briefly, the virus stock was loaded onto 20% sucrose dis-

The tonsil samples were chopped and washed with Dulbecco’s solved in TNE buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl and 1 mM
phosphate-buffered saline (D-PBS; Welgene, Daegu, Korea) and then EDTA) and centrifuged at 175,000 g for 3 h at 4 °C using Optima
enzymatically digested with 1 mg/mlL collagenase II (Gibco) in XPN-100 Ultracentrifuge with SW 32 Ti rotor (Beckman Coulter, Brea,
advanced DMEM/F12 (Gibco) for 2 h at 37 °C. After digestion, isolated CA, USA). The viral pellet was resuspended in PBS (1/2 of the starting

cells were embedded in Matrigel (Corning Inc., Corning, NY, USA) in a volume). Viral titer was determined by plaque assay before use. All
48-well plate (SPL Inc., Seongnam, Korea) and incubated at 37 °C for 10 experiments with infectious SARS-CoV-2 were performed within a
min to polymerize the matrices. Tonsil organoids were cultured in Biosafety Level 3 (BL3) facility in KRICT.

advanced DMEM/F12 supplemented with Antibiotic-Antimycotic, Glu-

tamax (Thermo Fisher Scientific), B27 (Invitrogen, Carlsbad, CA, USA), 4.5. Infection of tonsil organoids with SARS-CoV-2

10% conditioned media from Cultrex HA-R-spondinl-Fc 293T cells

(R&D Systems, Minneapolis, MN, USA), and the following growth fac- Tonsil epithelial organoids containing 6 x 10* cells at day 7 of
tors: 50 ng/mL recombinant murine HGF (Peprotech, Rocky Hill, NJ, passage 2 were suspended at 37 °C for 1 h in 5 pL TeM for infection with
USA), 100 ng/mL noggin (ProSpec, St. Paul, MN, USA), 20 nM A83-01 the same volume of SARS-CoV-2 at an MOI of 0.1 or 1. Unadsorbed virus
(Sigma), 50 ng/mL human FGF10 (ATGen, Seongnam, Korea), 20 ng/ was removed by washing twice with 1 mL of advanced DMEM/F12 with
mL human bFGF (Peprotech), 10 pM prostaglandin E2 (BioGems, centrifugation at 1000 g for 10 s. Each sample of mock-infected or SARS-
Westlake Village, CA, USA), and 10 mM nicotinamide (Sigma). For CoV-2-infected organoids was embedded in 20 pL Matrigel on a 48-well
passage, organoids were dissociated by incubation in 0.25% trypsin- plate and cultured in 300 pL TeM supplemented with 10 pM Y-27632.
EDTA (Invitrogen, Waltham, Massachusetts, USA) every 7-10 days The supernatants were harvested at 3, 24, 48, and 72 h post-infection for
depending on the number and size of organoids. For the first 2 days at viral RNA quantification or infectious viral titration. For cDNA micro-
every passage, 10 uM Y-27632 (Tocris Biosciences, Bristol, UK) was array analysis, cell lysates were harvested for RNA extraction.

added to the culture medium.

4.6. Histology, immunohistochemistry, and immunofluorescence
4.3. Clonal organoid formation assay from cells isolated by fluorescence-

activated cell sorting (FACS) Tissues and organoids were fixed in 4% paraformaldehyde (PFA; Bio
Solution, Suwon, Korea) and embedded in paraffin. Paraffin sections (5

To determine the origin of cells forming the organoids, cells disso- pm thick) were deparaffinized in xylene and hydrated in a graded series
ciated from tissues as mentioned above were stained with anti-E- of ethanol. They were then stained using H&E, Alcian blue (Agilent

cadherin (cat no. AF748; R&D Systems, Minnesota, United States) or Technologies, Santa Clara, CA, USA), PAS staining kit (Abcam, Cam-
anti-NGFR (cat no. sc-13577; Santa Cruz Biotechnology, Dallas, TX, bridge, MA, USA), or Masson’s trichrome staining kit (Dako, Carpin-
USA) and their secondary antibody, Alexa Fluor 488-labeled donkey teria, CA, USA). For immunohistochemistry, antigen retrieval was
anti-goat IgG (cat no. A-11055; Invitrogen) or goat anti-mouse IgG (cat performed by incubating in sodium citrate buffer (10 mM sodium citrate
no. A-32723; Invitrogen). For direct labeling, FITC-conjugated anti- with 0.05% Tween 20, pH 6.0) at 95 °C for 30 min. Endogenous
CD44 (cat no. 555478; BD Biosciences, Heidelberg, Germany), PE- peroxidase was blocked by incubating in 3% H30- in methanol for 10
conjugated anti-ITGA6 (cat no. 12-0495-83; BioLegend, San Diego, min. After blocking with 1% BSA in PBS, sections were incubated at 4 °C
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Fig. 5. Infection and amplification of SARS-CoV-2 in human tonsil epithelial organoids. (A, B) Immunofluorescence staining for viral spike protein (A) and dsRNA (B)
(green) and a cellular receptor, ACE2 (red), in tonsil epithelium organoids on day 3 after SARS-CoV-2 infection at MOI of 0 (Mock), 0.1, or 1. Scale bar is 100 pm.
Merged images with nuclei (blue) and their zooms are presented in the right panels. (C) Quantitative RT-PCR for detecting viral RNA in the culture supernatants of
tonsil organoids infected with SARS-CoV-2 at an MOI of 0.1 or 1 at various time points after infection. (D) Determination of the amount of infectious viral particle in
culture supernatants of SARS-CoV-2-infected tonsil organoids from the same donor of (C). Viral titers were measured by infection of fresh Vero CCL-81 cells with
organoid culture medium for 2 days and by staining with anti-spike protein antibody, as described in Materials and Methods. (E, F) Both viral RNA copies (E) and
infectious SARS-CoV-2 titers (F) in culture supernatants were determined independently from three additional tonsil organoids (donors 20-13, 20-14 and 2016). Two-
way ANOVA with Dunnett’s multiple comparison test was used for statistical analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001. (G) TEM analysis
showing accumulation of SARS-CoV-2 particles on the apical surface of tonsil organoids on day 3 (lower) but not on 3 h (upper) after infection at an MOI of 0.1.
Specific in the red rectangle are enlarged at right to show budding-out of viral particles on 72 h post-infection. Mock-infected samples are used as a control for
showing pathogen-free samples. Scale bars are 1 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

overnight with primary antibody and then incubated at room temper- analysis, target mRNA expression was quantified by qRT-PCR. Total
ature for 30 min with a biotinylated secondary antibody (anti-mouse IgG RNA was reverse-transcribed with random hexameric oligonucleotide
or anti-rabbit IgG) using the Vectastain ABC kit (Vector Laboratories, primers using SuperScript III First-Strand Synthesis System (Invitrogen)
Burlingame, CA, USA). Sections were stained according to the avi- and cDNA was amplified with target-specific primers and SYBR Green
din-biotin complex method using the Vectastain DAB kit (Vector Master Mix the CFX96 (Bio-Rad) using Touch real-time PCR instrument
Laboratories). (Bio-Rad). Their expression was normalized to GAPDH gene. All primer
For immunofluorescence analysis, fixed samples were cryoprotected sequences used in this study are listed in Table S3.

by immersion in PBS containing 30% sucrose and 0.1% sodium azide at

4 °C, and then embedded in optimal cutting temperature (OCT) com- 4.9. Cytokine array and chemotaxis assay

pound (Sakura-Finetek, Torrance, CA, USA). Rapidly frozen sections (4

pm thick) were pre-blocked with 5% normal horse serum (Vector Lab- The cytokine profile assay was performed using the Proteome Pro-
oratories) in PBS at room temperature for 2 h, followed by incubation at filer Human Cytokine Array kit (R&D Systems, Minneapolis, MN, USA).
4 °C overnight with primary antibodies specific for cellular biomarkers, Culture supernatants from LPS-treated (Sigma) or -untreated tonsil
viral spike protein, or dsRNA. They were then incubated with organoids were collected and incubated with precoated Proteome Pro-

fluorescently-labeled secondary antibodies at room temperature for

filer array membrane at 4 °C overnight. The membrane was then washed
additional 2 h. Nuclei were counterstained with Hoechst 33342 (1 pg/

and incubated with streptavidin-horseradish peroxidase (HRP) buffer

ml; Sigma). Acquisition of confocal images was performed on an LSM for 30 min. After treatment with Chemi Reagent Mix (provided in the
880 confocal microscope (Carl Zeiss, Jena, Germany). Information about kit), dot densities were imaged on an LAS4000 (GE Healthcare, Chicago,
antibodies used in immunofluorescence analysis is summarized in IL, USA) and quantified using the ImageJ software (https://imagej.nih.
Table S2. gov/ij/). To perform the chemotaxis assay, HL-60 cells (Korean Cell Line
Bank, Seoul, Korea) were differentiated into granulocytes by culture in

4.7. Transmission electron microscopy (TEM) the presence of 1.3% DMSO (Duchefa Biochemie, Haarlem, The
Netherlands) for 7 days, as described previously [70]. Cell monolayers

To observe ultrastructure of tonsil organoids or release of progeny grown on Transwell inserts (Corning) at a density of 5 x 10° cells/well in
SARS-CoV-2 particles from infected organoids, TEM analysis was per- RPMI 1640 medium (Gibco) containing 0.5% BSA were exposed to su-
formed according to a previous report with some modifications [69]. pernatants that were collected from LPS-treated or -untreated organoids.
Briefly, tonsil organoids were fixed in Karnovsky’s fixative solution (2% After 1 h, migrated HL-60 cells were counted using a LUNA Automated

glutaraldehyde, 2% paraformaldehyde, 0.5% CaCl; in 0.1 M phosphate Cell Counter (Logos Biosystems, Annandale, VA, USA).
buffer, pH 7.4) and embedded in the epoxy resin after post-fixation with

1% OsO4 dissolved in 0.1 M phosphate buffer. Ultrathin sections were 4.10. Viral RNA quantification and TCIDsg determination
processed using an ultramicrotome (EM UC7; Leica, Wetzlar, Germany)

and placed on a copper grid stained with 6% uranyl and lead citrate. The Viral RNA was purified from the culture supernatant at the indicated
samples were observed using a JEM-1011 transmission electron micro- time points using Viral RNA Purification Kit (Qiagen). One-step RT-PCR
scope (JEOL, Tokyo, Japan). targeting the viral nucleocapsid (N) gene was performed using a diag-
nostic kit (PCL Inc., Seoul, Korea) and the CFX96 Touch real-time PCR

4.8. Microarray analysis instrument (Bio-Rad). In all experimental sets, RNAs purified from serial
dilutions of a virus stock with quantified plaque titers were used as a

To analyze the genetic similarity between tonsil tissues, crypt or standard to determine the absolute viral RNA copy number in the
surface, and organoids or whole-genome expression changes resulting samples. In parallel, Vero CCL-81 cells were seeded at a density of 2 x
from SARS-CoV-2 infection, total RNA was extracted from tissue and 10* cells per well in 96-well plates and then treated with serially-diluted
organoids using the MagListo 5 M Cell Total RNA Extraction Kit (Bio- culture supernatants from SARS-CoV-2-infected organoids at an MOI of
neer, Daejeon, Korea) or Trizol reagent (Invitrogen). mRNA was reverse- 0.1 or 1. On day 2 post-infection, the cells were fixed and permeabilized

transcribed into ¢cDNA using GeneChip Whole Transcript (WT) cDNA with chilled acetone:methanol (1:3) solution at room temperature for
Synthesis and Amplification kit (Affymetrix, Santa Clara, CA, USA). 10 min. Viral spike (S) protein was probed using anti-S antibody (Gen-
After fragmentation of cDNA, it was biotin-labeled using the GeneChip etex, Irvine, CA, USA) and Alexa Fluor 488-conjugated goat anti-mouse
WT Terminal labeling kit (Affymetrix) and hybridized to the Affymetrix IgG antibody (Invitrogen) and cellular nuclei were stained with 4’,6-
Gene Chip Array (Affymetrix) at 45 °C for 16 h. Sample quality and gene diamidino-2-phenylindole (Invitrogen) as described previously report

expression profiling were certified at Macrogen (Seoul, Korea). To assess [71]. Fluorescence images were captured and analyzed on an Operetta

global gene expression profiles, we performed clustering analysis based High-content Screening System (PerkinElmer, Waltham, MA, USA) and

on the centered correlation coefficient between transcriptomes of quantified using the built-in Harmony software. Compared with the

different samples. Gene set enrichment was analyzed using the Ingenuity control infection (100%), dilution folds resulting in 50% infection were

Pathway Analysis software (IPA; Qiagen, Hilden, Germany). calculated to determine the 50% tissue culture infectious doses
To evaluate gene expression changes observed in microarray (TCIDs0).
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Fig. 6. Gene expression changes in human tonsil epithelial organoids in response to SARS-CoV-2 infection. (A) PCA plot of time-course microarray samples from
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3), 21-4 (4), and 20-23 (23). Red and blue represent upregulation and downregulation, respectively (with > 2-fold changes). (C) Top 10 enriched GO categories of
differentially upregulated genes in SARS-CoV-2-infected samples. (D) Representative upregulated gene clusters colored in (B) are enlarged with their gene lists. (E)
Quantitative RT-PCR of upregulated genes, ANXA9, LOR, ATP6V1C2 and SPTLC3, which are randomly selected among DEGs, marked with red spots in (D). Values are
presented as means + SEM of three independent experiments from the three donors. (F) Heatmap showing 777 genes downregulated after SARS-CoV-2 infection in
tonsil epithelial organoids from three different donors, 21-3 (3), 21-4 (4), and 20-23 (23). (G) Top 10 enriched GO categories of differentially downregulated gene in
SARS-CoV-2-infected samples. (H) Representative downregulated gene clusters colored in (F) are enlarged with their gene lists. (I) Quantitative RT-PCR of down-
regulated genes, ATF3, JUN, RSG2 and HSPA6, which are randomly selected among DEGs, marked with blue spots in (D). HSPA6 is downregulated in the IL-5
regulation pathway, thus not marked with a dot. Values are presented as means + SEM of three independent experiments from the three donors. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Evaluation of antiviral activity of remdesivir in SARS-CoV-2-infected tonsil organoids. (A) Quantitative RT-PCR showing inhibition of viral RNA titers on day
2 after treatment of SARS-CoV-2-infected organoids with increasing concentrations of remdesivir (0.1, 1, or 10 pM). Mock: non-infected control. RNA copies are
presented as means + SEM of four independent experiments using tonsil organoids from a single donor (no. 20-16). Statistical analysis was performed by ordinary
one-way ANOVA with Dunnett’s multiple comparison test. **, p < 0.01. (B) Western blot analysis showing reduction of viral spike and nucleocapsid proteins in two
different organoids samples (donors 20-16 and 21-36, respectively) in the presence of remdesivir. Beta-actin was used as a loading control. (C) Reduction of
nucleocapsid protein by remdesivir was quantified from Western blot analysis with three different organoid samples (donors 21-16, 21-34 and 21-36). Statistical
analysis was performed by two-way ANOVA with Dunnett’s multiple comparison test. ****, p < 0.0001. (D) Cell viability test. Organoids from three different donors
(21-26, 21-27 and 22-33) were mock infected or infected with SARS-CoV-2 alone (MOI, 0.1) or in the presence of 100 pM remdesivir. On day 2, organoids from three
different wells were dissociated with trypsin-EDTA and individually stained with trypan blue. Live and dead cells were counted by using an automated microscopic
cell counter. Statistical analysis was performed by two-way ANOVA with Sidak’s multiple comparison test. n.s., statistically not significant. (E) Organoid samples
from three different donors (21-26, 21-27 and 22-33) were infected with SARS-CoV-2 (MOI, 0.1) and treated with increasing concentrations of remdesivir. On day 2
post-infection, RNA samples were harvested from culture supernatants for qRT-PCR against the viral nucleocapsid gene. ECs, values are calculated in three inde-
pendent experiments and expressed as mean + SD. (F) Confocal miscopy showing reduction of viral spike protein by remdesivir. Tonsil epithelial organoids (donor
21-36) were mock-infected (upper) or infected with SARS-CoV-2 at an MOI of 0.1. The infected organoids were treated with DMSO (middle) or remdesivir (10 pM;
lower) for 2 days. Viral spike protein (blue) and its binding receptor ACE2 (red) were stained with their specific antibodies. Nuclei (blue) were counter-stained with
Hoechst 33342. Merged images and their zooms are displayed on the right side. Scale bar is 100 pm.(For interpretation of the references to color in this figure legend,
tPe reader is referred to the Web version of this article.)
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