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Research advances in nasal epithelial organoids and
challenges in clinical disease applications

Hongjie Du'3, Fanyu Yuan'3, Wenwen Qi', Fangyuan Zhu'3, Jian Liu'3, Chengzhilin Li'3, Zishuo Guo'?,
Zhaoze Yang>?, Xu Guo'?, Chengcheng Liu?*>"5® and Ming Xia'>#"5

Organoids, as a novel type of 3D spherical model, possess characteristics such as tissue heterogeneity, functional simula-
tion capability, scalability, personalization, and strong compatibility. These features endow them with significant ad-
vantages in drug testing, including the ability to highly simulate human physiological and pathological characteristics,
strong clinical relevance, high-throughput and rapid screening capabilities, avoidance of the limitations of animal mod-
els, and potential for personalized treatment. As a result, organoids have become an essential tool in drug development
and precision medicine.In recent years, nasal organoids have been preliminarily established. These models have been
utilized to elucidate the pathogenesis of chronic and acute sinusitis through nasal organoid inflammation models, as
well as to screen allergens in allergic rhinitis. Additionally, olfactory epithelial organoid models have been employed to
study the mechanisms of olfactory neuron damage and regeneration. This article reviews the recent advances in the fun-
damental research of nasal organoids and innovatively outlines a composite culture medium formulation developed by
our laboratory, providing a new technical approach for cost-effective and efficient organoid research.

rganoids are three-dimensional cellular structures

formed in vitro from stem cells or tissue-derived

cells, which can be broadly categorized into two
types based on their origin: tissue-derived and stem cell-de-
rived'-31, The nasal mucosa, serving as the first physiological
defense and immune barrier between the human body and
the external environment, plays a critical role in clearing pol-
lutants, pathogenic microorganisms (such as viruses and bac-
teria), and allergens!*3l. Based on histological and physiolo-
gical functions, the nasal mucosa can be divided into respirat-
ory epithelium and olfactory epithelium(®. Currently, re-
search on nasal organoids primarily relies on olfactory epithe-
lium and respiratory epithelium derived from patients,
providing an ideal preclinical model for studying the mechan-
isms of nasal inflammatory diseases, host-pathogen interac-
tions, and the development of novel therapeutic
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approachest8l, Furthermore, the cultivation and differenti-
ation of olfactory epithelial organoids offer a valuable plat-
form for exploring mechanisms of olfactory epithelial injury
and regeneration, olfactory neuron maturation, and olfactory
bulb signal transduction. This model not only provides new
insights into the physiological and pathological mechanisms
of the olfactory system but also establishes a solid scientific
foundation for the development of treatment strategies for
related diseases®'0, This article systematically reviews the
latest advances in the fundamental research of nasal or-
ganoids, details the components of the culture medium and
the cultivation process for olfactory epithelial organoids, and
discusses the application prospects of organoid technology. It
aims to provide new technical insights and methodological
support for the advancement of nasal organoid cultivation
techniques.

Research and application of organoids in the
medical field

The selection of experimental models plays a crucial role in
the study of human disease mechanisms and the develop-
ment of therapeutic drugs. In recent years, with the advance-
ments in genetic engineering and medical technology, biolo-
gics developed based on animal models have shown great
potential in disease treatment. For example, drugs such as
Targeted PD-1, CTLA4, and CD3 have achieved significant suc-
cess in cancer therapy!''-'3l, Organoids, as a novel experi-
mental model, have gradually become a research hotspot as
an alternative to animal models. In addition to drug screen-
ing, organoids also play an important role in fields such as cell
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therapy, organ transplantation, immune research, and tissue
regenerationt'415], Currently, scientists have successfully de-
veloped various organoid models, including those for the in-
testine, blood vessels, liver, heart, lungs, uterus, kidneys,
mammary glands, brain, skin, and bone tissue. As organoid
technology continues to advance and clinical applications ex-
pand, medical research is gradually moving towards industri-
alization, promoting the standardization and safety of or-
ganoid clinical applications.

At the forefront of biomedical research, scientists are utiliz-
ing organoid technology to explore new horizons in disease
study and treatment. The team led by Nikolche Gjorevski de-
veloped a novel human intestinal organoid model for study-
ing the mechanisms of intestinal inflammation and develop-
ing therapeutic approaches!'®l. The Wang Kai team construc-
ted a visual and quantitative in vitro vascular organoid model
for  high-throughput drug screening related to
angiogenesisl'”l. The Leo A. van Grunsven team created a liv-
er organoid model to screen drug treatment strategies for liv-
er fibrosis using a drug-induced liver injury model'8. The
Miriana Dardano team developed hematopoietic heart or-
ganoids, opening new avenues for cardiac and blood ther-
apies!’?. The Man Chun Chiu team established a long-term
expandable human lung organoid system, providing unique
research tools for studying respiratory infections and drug
screening(20. Meiyan Wang and colleagues investigated a
novel human brain organoid model to explore the relation-
ship between aging and Alzheimer's disease in depth(2'l, Pro-
fessor Hans Clevers' team has successfully developed a novel
pancreatic organoid - human fetal pancreatic organoids (hf-
POs), which incorporate all three key pancreatic cell types
(acinar cells, ductal cells, and endocrine cells), providing a
valuable platform for developing regenerative therapies and
novel drugs for pancreatic diseases!??]. Giorgia Quadrato and
colleagues have established an innovative organoid model
that offers a new research platform for studying human cere-
bellar development, homeostasis, and related disorders[23l, In
a groundbreaking achievement, Sergiu P. Pasca's research
team constructed the first human brain sensory organoid
model capable of observing neural signal transmission from
peripheral neurons to the central nervous system[24., Profess-
or Eri Hashino's team generated cochlear organoids from hu-
man pluripotent stem cells, demonstrating electrophysiolo-
gical properties remarkably similar to native cochlear hair
cells, representing a significant advancement in auditory re-
search[?l, Researcher Lei Lanjie comprehensively summar-
ized and elucidated the reconstruction and clinical potential
of various organoids including brain, skin, bone, liver, endo-
crine, and intestinal organoids, while analyzing current pro-
gress in fundamental research and their clinical application
valuel26],

The application of organoid technology is not limited to
the aforementioned organs; it has also demonstrated signific-
ant potential in the study of nasal inflammation. As a crucial
part of the human respiratory system, the health of the nasal
cavity directly impacts respiratory function and olfactory abil-
ity. Nasal inflammation, a common disease, has similarly be-
nefited from advancements in organoid technology27-29],
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Translating organoids from basic research
to clinical trials and applications.

The core objective of organoid technology in scientific re-
search is to support clinical applications and medical transla-
tion, playing a vital role throughout the drug development
process. This includes antigen immunization, sequence con-
struction, druggability evaluation, preclinical research, and
clinical trials3031), As organoid technology is gradually integ-
rated into clinical trials, the number of related registrations
has been increasing year by year, significantly accelerating
the development of clinical therapeutics. For instance, in
2022, Bran Herpers' team successfully screened a bispecific
antibody, MCLA-158, targeting both EGFR and LGR5 using pa-
tient-derived organoid (PDO) models, demonstrating the po-
tential of organoid technology in drug screening32l. Georgios
Vlachogiannis and other researchers have demonstrated the
use of patient-derived organoids (PDOs) in treating patients
with colorectal cancer and gastroesophageal cancer33l, Cur-
rently, metastatic, heavily pretreated patients with colorectal
cancer and gastroesophageal cancer are still being recruited
for phase 1/2 clinical trials. Further studies continue to valid-
ate the application value of organoid technology in personal-
ized medicine.

According to statistical data from 2017 to the present, or-
ganoid-related clinical trials are predominantly parallel obser-
vational studies (Fig.1). Among these, the proportion of inter-
ventional studies in the United States is slightly higher than
that in China. However, China has made rapid progress in the
field of tumor organoid research, particularly in the treat-
ment of common cancers such as colorectal, breast, pancreat-
ic, and lung cancers. With the continuous maturation of or-
ganoid technology and its deepening application in medical
translation, it is anticipated that more interventional clinical
studies will enter the trial phase in the future, providing more
precise and efficient technical means for clinical treatment.
This trend not only drives the further development of or-
ganoid technology but also opens new avenues for personal-
ized medicine and drug development(3435],

Organoid technology has demonstrated revolutionary po-
tential in precision medicine, drug development, and regen-
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Fig. 1 Statistics of clinical trials related to organoids. Statistical
analysis of clinical trial registration data from 2017 to 2025 re-
veals that while the United States maintains a relative advant-
age in the overall volume of organoid-related clinical research,
China has demonstrated particularly notable growth in the field
of tumor organoid studies.
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erative medicine. However, its translation from basic research
to clinical application faces three major challenges: insuffi-
cient physiological relevance, limited reproducibility, and
scalability bottlenecks.

In terms of physiological relevance, organoid technology
has achieved significant breakthroughs in mimicking the
three-dimensional architecture, cellular composition, and
functional characteristics of source tissues. However, current
organoid models still have important limitations: the absence
of vascular networks and immune microenvironments re-
stricts drug permeability studies and immunotherapy evalu-
ation; it remains difficult to simulate complex biomechanical
stimuli (e.g., peristalsis) and dynamic biochemical gradients in
vivo; and long-term culture-induced genomic instability may
compromise experimental reliability. These physiological sim-
ulation deficiencies have become key research priorities3637,

Regarding standardization and reproducibility, organoid
technology faces significant challenges. Organoids from dif-
ferent donors show substantial individual variations in
growth kinetics, morphological features, and drug sensitivity;
batch-to-batch variations in critical culture components and
matrix materials directly affect organoid quality; and the lack
of unified characterization and quality control standards
severely limits the reliability of organoids in clinical diagnosis
and therapeutic decision-making!38l,

At the scale-up application level, organoid technology en-
counters multiple obstacles: high culture costs primarily due
to expensive growth factors and matrix materials; prolonged
maturation periods that hinder rapid drug screening; and
suboptimal cryopreservation techniques that compromise
long-term sample storage and transportation. These scalabil-
ity issues restrict the widespread application of organoid
technology in drug development and clinical practice(39401,

The application of nasal organoids in nasal
inflammatory conditions.

The nasal mucosa, serving as the first physiological line of
defense and immune barrier between the human body and
the external environment, plays a crucial role in clearing pol-
lutants, pathogenic microorganisms (such as viruses, bacteria,
allergens, etc.), and allergens. Based on histological and
physiological functions, the nasal mucosa can be divided into
respiratory epithelium and olfactory epithelium. The respirat-
ory epithelium consists of ciliated cells, columnar cells, goblet
cells, and basal cells, primarily responsible for filtering, humid-
ifying, and cleaning inhaled air. When the respiratory mucosa
is damaged, its physiological functions are disrupted, poten-
tially leading to nasal inflammatory diseases such as sinusitis.
The olfactory epithelium, located at the top of the nasal cav-
ity, is composed of olfactory cells, supporting cells, and basal
cells, mainly responsible for olfactory perception2-44l, Dam-
age to the olfactory epithelium can result in olfactory dys-
function, and in severe cases, complete loss of smell#3]. In re-
cent years, stem cell therapy has shown great potential in the
field of nasal mucosa repair. Stem cells, with their self-renew-
al and differentiation capabilities, can promote the repair of
nasal mucosa and exert immunomodulatory effects!*6l. For
example, ongoing clinical research on human umbilical cord
mesenchymal stem cell injections for the treatment of moder-
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ate-to-severe persistent allergic rhinitis offers a new direction
for nasal mucosa injury treatment. This therapy holds prom-
ise for providing more effective treatment options for pa-
tients with nasal diseases!*7].

Since the successful cultivation of mouse intestinal epitheli-
al organoids by Hans Clevers' team in 2009, organoid techno-
logy based on adult tissue-specific stem cells has been widely
applied to functional studies of various organs!#8l. In recent
years, this technology has also been successfully utilized in re-
search on nasal tissues. For example, Ramezanpour et al. suc-
cessfully constructed nasal organoids with self-renewal and
passaging capabilities from patients with chronic rhinosinus-
itis (CRS). They compared the expression differences of the
Lgr5 gene between nasal organoids and monolayer cultures
and systematically characterized the morphology, cellular
composition, and functional parameters of the nasal or-
ganoids!*?l, Dobzanski et al. found that epithelial organoids
cultured in the sinus fluid environment of patients with
CRSWNP (chronic rhinosinusitis with nasal polyps) exhibited
enhanced proliferative capacity!?’]. They also confirmed that
the Wnt signaling pathway is involved in regulating the differ-
entiation and colony-forming efficiency of epithelial or-
ganoids?8), Carolina Nunes Franca et al. used cells derived
from nasal polyps for 3D organoid culture and discovered
that these cells could maintain a differentiated state for a
longer period and form ciliated structures, providing an im-
portant tool for evaluating the remodeling process of nasal
polyp tissue. Additionally, Li Cun et al. established a respirat-
ory tract organoid culture system using nasal epithelial cells
to study the effects of continuous passaging of human
rhinovirus C (HRV-C) in nasal organoids on viral replication
and explored its antiviral inhibitory effects>%, These studies
have not only advanced the understanding of the mechan-
isms underlying nasal diseases but also laid a solid founda-
tion for the application of organoid technology in the re-
search and treatment of nasal diseases.

By optimizing the construction of nasal organoids and the
air-liquid interface (ALI) culture system, a research platform
that highly simulates the human tissue microenvironment
has been successfully established5-531, This model provides
an ideal experimental system for studying the pathological
mechanisms of diseases such as chronic sinusitis and nasal
polyps, demonstrating significant advantages, particularly in
elucidating the interaction mechanisms of upper respiratory
tract diseases. Through this platform, researchers can delve
into the associations between rhinitis and asthma, rhinitis and
bronchopneumonia, and achieve breakthrough progress in
key mechanisms such as viral replication and transmission,
antibody blockade effects, immune cell infiltration, and im-
mune regulation5455],  Furthermore, the model's high-
throughput drug screening capability offers crucial technical
support for the development of innovative treatment
strategies for related diseases, holding broad prospects for
clinical application.

Functional research on the construction of
olfactory organs and olfactory diseases

The olfactory system, as a crucial component of nasal func-
tion, plays a key role in detecting and discriminating odors.

Materials Lab 2025, 4, 250004


https://doi.org/10.54227/mlab.20250004

Materials LAS

DOI: 10.54227/mlab.20250004

Olfactory receptor neurons in the olfactory epithelium are re-
sponsible for recognizing odor molecules and transmitting
signals to the olfactory bulb, which then forms olfactory per-
ception through the cerebral cortex!56:57],

In recent years, significant progress has been made in the
study of olfactory epithelial organoids. Several research teams
have explored the complex regulatory network of the olfact-
ory system through diverse experimental designs and mo-
lecular mechanisms. For instance, Li Wang et al. utilized an ol-
factory epithelial organoid model to investigate the associ-
ation between Ym2 protein and inflammatory responses, dis-
covering that the downregulation of Ym2 significantly affects
the proliferation and differentiation capabilities of olfactory
epithelial organoids. This finding provides new insights into
the function of Ym2 in the olfactory system8, Li Weihao et al.
focused on the impact of aging on the olfactory epithelium,
revealing differential gene expression profiles related to ol-
factory degeneration during aging through single-cell se-
quencing technology.They further explored the interactions
between HBC cells and immune cells and elucidated the crit-
ical role of Egr1 in the development of mature olfactory neur-
ons by regulating Egr1 expression in olfactory epithelial or-
ganoidst?, Wenwen Ren et al. achieved a significant break-
through in optimizing the culture conditions for olfactory epi-
thelial organoids. Using a Matrigel-based 3D culture system,
they found that the chemicals VPA and CHIR99021 could sig-
nificantly increase the proportion of Lgr5-egfp+ cells in Lgr5+
cell-derived organoids, thereby activating the proliferative
potential of stem cells. This discovery provides a new strategy
for the efficient cultivation of olfactory epithelial
organoids%., Chen Mendfei et al. investigated the effects of
RelA deficiency on immune cell infiltration through TNF stim-
ulation experiments, uncovering the potential role of HBC
cells in amplifying inflammatory signals®'. This study offers
important clues for understanding the molecular mechan-
isms of the olfactory epithelium under inflammatory condi-
tions.Lastly, Li Xuewen et al. examined the effects of Notch
activators and inhibitors on aging-induced differentiation in
olfactory epithelial organoids by modulating the Notch sig-
naling pathway'2l. They found that the activation of Notch
signaling could promote the proliferation and differentiation
capabilities of Lgr5+ cells into immature and mature neurons,
providing a novel therapeutic approach for repairing aging-
induced olfactory epithelial damage.Collectively, these stud-
ies have advanced the field of olfactory epithelial organoids,
offering profound insights into the physiological and patho-
logical mechanisms of the olfactory system and laying a solid
foundation for the development of treatment strategies for
related diseases.

The olfactory system is a highly complex organizational
structure that is closely connected to the olfactory bulb and
the central nervous system of the brain. Its function relies on
the precise transmission and recognition of signaling mo-
lecules by olfactory sensory neurons(©364, Notably, olfactory
sensory neurons possess the ability to continuously renew
themselves throughout their lifespan, a characteristic primar-
ily attributed to the presence of stem cells in the olfactory epi-
thelium. Sofia Haglin and colleagues, by using methimazole
to construct a model of olfactory epithelium injury, observed
that four weeks post-injury, olfactory sensory neurons exhib-
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ited a certain degree of recovery, and the olfactory epitheli-
um demonstrated regenerative capacity!®l. This finding not
only reveals the self-repair potential of the olfactory system
but also provides important experimental evidence for study-
ing the mechanisms of olfactory disorders and neuronal dam-
age.

Additionally, the cultivation technology of olfactory epithe-
lium organoids and their differentiation process into mature
neurons lays a solid foundation for further exploration of the
molecular mechanisms underlying olfactory disorders and
neuronal damage. At the same time, this model serves as an
important research platform for investigating the develop-
mental mechanisms of olfactory bulb neurons, further advan-
cing research on the interactions between the olfactory sys-
tem and the central nervous system. These research findings
open new directions for understanding the physiological and
pathological processes of the olfactory system and provide
theoretical support for the development of treatment
strategies for related diseases.

Research and development of olfactory epi-
thelial organ culture system

In the cultivation of olfactory epithelial organoids, cy-
tokines serve as core regulatory factors, playing an indispens-
able role in the formation and maturation of organoids®Sl.
They provide the essential molecular foundation for or-
ganoid construction by precisely regulating cell growth, dif-
ferentiation, proliferation, and the maintenance of stem cell
states. For example, Wnt-3a has demonstrated significant
functionality in various organoid culture systems, promoting
the self-renewal and directed differentiation of stem cells,
thereby ensuring a stable cell source for organoid
formation(©7.68], Noggin, on the other hand, maintains the un-
differentiated state of stem cells and promotes their prolifera-
tion by inhibiting differentiation, creating the necessary con-
ditions for the sustained growth of organoids%79], Addition-
ally, R-spondin 1 plays a crucial role in organ development,
epithelial stem cell regulation, and cancer initiation and sup-
pression by activating the Wnt-B-catenin signaling pathway,
further highlighting its central importance in organoid cul-
turel”1721, The synergistic effects of these cytokines not only
provide precise regulatory strategies for the cultivation of ol-
factory epithelial organoids but also establish a critical experi-
mental and theoretical foundation for research on the devel-
opment, regeneration, and disease mechanisms of the olfact-
ory system.

In addition to cytokines, small molecule compounds are
also indispensable nutrients in organoid culture, playing a
crucial role in regulating stem cell fate and organoid develop-
ment. For instance, Y27632, a specific inhibitor of the Rho-as-
sociated serine-threonine protein kinase (ROCK) family, can
effectively inhibit stem cell apoptosis and enhance cell surviv-
al ratesl7374, CHIR99021, an inhibitor of glycogen synthase
kinase 3B (GSK-3B), promotes the differentiation of human
embryonic stem cells into endoderm and significantly en-
hances cell proliferation and differentiation capabilities in ol-
factory epithelial organoid cultures!’>76l, Furthermore, LY-
411575, a potent and selective y-secretase inhibitor, induces
stem cell proliferation by inhibiting the Notch signaling path-
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way, providing essential support for the growth of
organoidsl77.78],

In the cultivation of olfactory epithelial organoids, cellular
supplements are essential nutrients. Gibco™ GlutaMAX™
Supplement, as a substitute for L-glutamine, offers superior
stability and effectively reduces the accumulation of toxic am-
monia, thereby significantly enhancing cell viability and
growth, and further improving cell health7980. Additionally,
B-27 and N2 supplements are optimized serum-free formula-
tions widely used to support the growth of embryonic, post-
natal, and adult hippocampal and other central nervous sys-
tem neurons. They promote both short-term and long-term
cell survival, whether in low-density or high-density
cultures182 Sodium pyruvate is often used as a carbon
source in cell culture media. Although it is an intermediate
metabolite in the glycolytic pathway, it is not required for all
cell cultures(®3:84],

Currently, the cultivation technology for olfactory epitheli-
um organoids has matured, typically employing a combina-
tion of commercial culture media along with cytokines, small
molecules,cell supplements and antibiotics for cultivation.
However, the long production cycles and high costs associ-
ated with commercial media and cytokines undoubtedly in-
crease research expenses and laboratory burdens. Neverthe-
less, optimizing the growth and differentiation media for ol-

Table 1. Summary of reported medium for Nasal organoid culture

factory epithelium organoids remains crucial for studying the
physiological functions of the nasal mucosa. The vitality of
these organoids directly determines their ability to mimic the
natural physiological state of the nasal mucosa, thereby lay-
ing a solid foundation for research on nasal mucosa-related
diseases. To gain a more comprehensive understanding of
the application of nasal cavity organoid culture media, Table1
provides a systematic summary of the media used in previ-
ous studies, offering important references for future research.
These advancements not only promote the development of
olfactory epithelium organoid culture technology but also
provide powerful tools for in-depth studies of the physiolo-
gical and pathological mechanisms of the nasal mucosa.

Our laboratory is dedicated to investigating the mechan-
isms of olfactory dysfunction and optimizing and innovating
the culture system for olfactory epithelial organoids. We have
successfully established an efficient organoid culture, pas-
sage, and cryopreservation system (Fig. 2). The nasal or-
ganoid culture medium in our study includes conditioned
medium containing R-Spondin, Noggin, and Wnt3a, supple-
mented with additional components: Y27632 (15 uM), EGF (80
ng ml=1), N2 (1%), B27 (2%), HEPES (1 mM), and Primocin (150
ug/ml). This formulation is based on the WENR protocol
(Wnt3a, EGF, Noggin, and R-Spondin) developed by Professor
Hans Clevers' team at the Hubrecht Institute in the Nether-

Time  Source

Components of nasal organoid culture medium

Researcher

2018 mice

2019 mice  Lo/ml bFGF

DMEM,10% FBS, 1% Glutamax, 1% Pen/strep, 1% NEAA
NeuroCult medium, 10% Proliferation Supplement (Stem Cell Technology), 20 ng/mL EGF,and 10

Alex Dobzanski, MS

Chen Mendfei

DMEM/F12, R-spondin-1 (200ng ml~";), Noggin (100ng ml~"), Wnt3a (50 ng ml~"), Y27632 (10 mM),

2021 human  EGF (50ng ml™"), N2 (1%), B27 (2%), HEPES (1 mM), GlutaMAX (1%),100 ug mL~" PrimocinTM, 2 uM

616452, 500 nM A83-01 and10 uM SB431542

2022 human  PneumaCult™ Airway Organoid Basal Medium (STEMCELL Technologies CAT:05061)
DMEM/F12, 1% GlutaMAX, R-Spondin (200 ng mI~"), Noggin (100 ng mI~"), Wnt3a (50 ng ml™"),

Ren Wenwen

Mahnaz Ramezanpour

2024 mice  y37633 (10 mm), EGF(50 ng ml~"), N2 (1%), B27 (2%), HEPES (1 mM;), Primocin (100 mg ml-") Li Weihao
HBC
- [ GBC
\ '4‘:‘ % \ j/o &3:77401, P Differentiation [ @
C;\‘ = = _, — | = 2 (0 ® g9 —— )
L ) Sustentacular cells

Remove the olfactory
epithelium

Digest tissues

Cell suspension

Cultivate organoids
mOSN

imOSN

Fig.2 The culture process of mice olfactory epithelial organoids. First, the mouse is anesthetized, and the head is removed. The olfactory epi-
thelial tissue is dissected and isolated under a stereo microscope. Subsequently, the tissue is minced into small pieces under cold conditions
and digested using trypsin. The digested tissue is then centrifuged and filtered to obtain a single-cell suspension. The suspension is mixed with
Matrigel matrix and allowed to solidify, after which growth medium is added for cultivation. After 7 days of culture, organoids of varying sizes
are formed. Finally, by adding specific cytokines and small molecule compounds, the organoids are induced to differentiate into various cell
types.HBC:Horizontal basal cells, GBC:globe basal basal cell, mOSN:mature olfactory sensory neurons, imOSM:immature olfactory sensory neur-

ons.
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lands, which has been widely applied in culturing various or-
ganoids including gastric, small intestinal, colonic, pancreatic,
and hepatic organoids.Wnt3a serves as an activator of the
Wnt pathway by stabilizing B-catenin protein, thereby initiat-
ing downstream target genes and participating in cell devel-
opment, proliferation, and differentiation processes. EGF
binds to its receptors, activating the MAPK/ERK pathway to
promote cell proliferation and survival. Noggin, an endogen-
ous inhibitor of bone morphogenetic proteins (BMP), blocks
BMP-receptor binding to enhance stem cell proliferation,
thereby providing sufficient cells for organoid formation. R-
spondin functions as a Wnt signaling enhancer by binding to
Frizzled and LRP5/6 receptors, amplifying Wnt signaling
across various tissues to promote stem cell proliferation and
organoid structural development. These three factors are ex-
pressed by the commercially available L-WRN cell line (ATCC
CRL-2647).Compared to direct addition of recombinant pro-
teins, the cytokines in L-WRN conditioned medium more
closely resemble the natural in vivo state and exhibit higher
biological activity. However, several critical factors must be
carefully controlled to ensure the efficacy and consistency of
the conditioned medium, including: passage stability of the
producer cells, cryopreservation status, batch-to-batch con-
sistency, and cell culture conditions!®l. Beyond the WENR
components, Y-27632, a potent ATP-competitive ROCK inhib-
itor, prevents stem cell apoptosis while improving cloning ef-
ficiency and extending passage capability!8], HEPES, B27, and
N2 supplements serve as essential basal medium compon-
ents, providing necessary nutrients and maintaining optimal
pH for organoid culture. Compared to directly adding recom-
binant proteins, the cytokines in L-WRN conditioned medium
are closer to their natural in vivo state, exhibiting higher bio-
logical activity.

However, the stability of cell passages, the state of cryop-
reserved cells, batch consistency, and cell culture conditions
are all critical factors in ensuring the efficiency and stability of
the conditioned medium. Studies have shown that Eloise
Mussard et al. successfully cultured rabbit cecal organoids us-
ing L-WRN conditioned medium, observing significantly en-
hanced proliferation and differentiation capabilities!8”l. Addi-
tionally, Robin H. Powell and Michael S. Behnke demon-
strated that L-WRN conditioned medium supports long-term
expansion and high-density growth of intestinal organoids
from large farm animals and companion animals. These stud-
ies further validate the broad application potential of L-WRN
conditioned medium in organoid culture!88l,

Our research team has systematically established a com-
plete technical system, ranging from tissue dissection and di-
gestion to Matrigel embedding and in vitro culture, success-
fully achieving efficient cultivation of olfactory epithelial or-
ganoids (Fig. 3). Experimental results demonstrate that this
culture system can stably form organoid colonies with uni-
form morphology and moderate diameter within 7 to 10
days. The results demonstrate that as the number of pas-
sages increases, the organoids exhibit excellent stability in
both morphological integrity and proliferative capacity.
Based on the current findings, we plan to further conduct sys-
tematic analysis of the active components in the conditioned
medium to elucidate their molecular mechanisms, thereby
providing a theoretical foundation for the precise optimiza-
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PO P1 P2

24 h

7d

Fig. 3 The morphological characteristics and proliferative
status of olfactory epithelial organoids. a-¢ show microscopic im-
ages (10x) of primary PO, first-generation P1, and second-gener-
ation P2 organoids 24 hours after culture, respectively; d-f dis-
play microscopic images (10x) of PO, P1, and P2 organoids on
day 7 of culture, respectively. All images were captured using an
inverted microscope, with a scale bar of 50 um.

tion of the culture system. The success of this study not only
advances the standardization of olfactory epithelial organoid
culture techniques but also offers important references for
methodological innovation in related fields.

Study on differentiation induction of differ-
ent functional cells in nasal organoids

Basal cells, including horizontal basal cells (HBCs) and
globose basal cells (GBCs), are stem cells in the nasal mucosa
responsible for differentiating into cells with various func-
tions. When GBCs transition from a quiescent state to an act-
ive state, they continuously differentiate into immature ol-
factory neurons, which eventually develop into mature olfact-
ory neurons(8299, |f GBCs in the olfactory epithelium are dam-
aged or functionally impaired, dormant HBCs are activated
and transition into an active state, subsequently differentiat-
ing into new GBCs to enhance their stem cell properties,
thereby maintaining the regenerative and repair capacity of
the olfactory epithelium®291,

In this process, the fate of HBCs and GBCs differentiating in-
to various cell types in the olfactory epithelium is precisely
regulated by multiple signaling pathways, such as the Wnt
and Notch pathways. The Wnt/p-Catenin signaling pathway
plays a critical role in embryonic development and stem cell
proliferation, and the intensity of its signaling can determine
whether GBCs tend to maintain their self-renewal capacity or
differentiate into specific cell types!®2-94, Lgr5, an important
regulator of the Wnt signaling pathway, has been shown to
promote the proliferation of Lgr5-positive stem cells and
drive their differentiation into olfactory sensory neurons
when activated®5-971, Additionally, the BMP signaling path-
way is involved in the proliferation and differentiation of stem
cells and plays a significant role in determining cell fate9899,
On the other hand, the Notch signaling pathway promotes
dedifferentiation and self-renewal, maintaining the stemness
of progenitor cells and the stability of the stem cell pool,
while also participating in cell fate decisions and guiding pro-
genitor cells toward specific differentiation paths[100.101],
ANp63, a key transcription factor in horizontal basal cells, can
activate the Notch pathway, regulate the proliferation of
Lgr5-positive precursor cells in the olfactory epithelium, and
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promote the regeneration of mature olfactory sensory neur-
ons. The synergistic actions of these signaling pathways col-
lectively ensure the dynamic balance and functional integrity
of the olfactory epithelium(102,

In the organoids derived from olfactory epithelium primary
stem cell cultures, the proliferation and differentiation pro-
cesses of the cells can only generate a limited number of spe-
cific functional cell types, such as supporting cells, horizontal
basal cells (HBCs), and globose basal cells (GBCs). However,
mature olfactory sensory neurons cannot be spontaneously
generated and require further induced differentiation to
achieve this[193.104] Research by Wang Han et al. found that al-
though immature olfactory sensory neurons exist in the cul-
tured organoids, mature olfactory sensory neurons are lack-
ingl1%5], Scholars such as Wenwen Ren have activated the
Wnt3a signaling pathway using small molecules VPA and
CHIR99021 to promote the proliferation of Lgr5 stem cells
and their specific expressionl'03, At the same time, they suc-
cessfully induced the generation of more mature olfactory
sensory neurons in mouse organoids by inhibiting the Notch
signaling pathway with LY411575. Additionally, they further
promoted the maturation and development of olfactory sens-
ory neurons by employing specific combinations of culture
media and small molecules at different time points.

However, the signaling pathway networks governing the
maintenance and cellular fate transitions of various cell types
in the olfactory epithelium remain unclear. Further elucida-
tion of how these signaling pathways regulate the self-renew-
al and differentiation of olfactory epithelial stem cells is ne-
cessary. This research not only helps to reveal the mechan-
isms of repair and regeneration in the olfactory epithelium
but also provides an important theoretical foundation and
practical guidance for exploring therapeutic strategies to pro-
mote the repair of olfactory epithelium damage.

The future development direction and pro-
spects of nasal organoids

Respiration and olfaction are essential functions in mam-
mals that play an irreplaceable role in maintaining vital activ-
ities and health. Dysfunction in either of these functions not
only significantly reduces quality of life but is also closely re-
lated to diseases such as asthma, pneumonia, Alzheimer’s dis-
ease, and Parkinson'’s diseasel'9:197], |n recent years, the loss
of smell caused by COVID-19 infections has prompted scient-
ists to focus on the mechanisms of olfactory development
and central nervous system signaling, making it a hot topic of
researchl198109], Olfactory organoids, as a dynamic model, can
highly simulate the morphogenesis of the olfactory system
and the maturation process of olfactory neurons, providing
an important tool for related studies. Several studies have
confirmed a significant association between olfaction and
Alzheimer’s disease. For example, the Yi Dong team revealed
the correlation between olfactory recognition function and
cognitive impairment through a large sample cohort study,
suggesting that neurodegenerative diseases may share a
common pathological mechanism with loss of smell and re-
cognition impairment('19, Research by Chen Ming and col-
leagues further indicated that olfactory decline is not only a
marker of structural changes in specific brain regions but may
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also serve as an early warning signal for cognitive impair-
ment'1], In this context, the process of differentiating olfact-
ory epithelial organoids into mature olfactory neurons, the
development of neurons in olfactory bulb organoids, and
their interaction with the hippocampus provide an ideal ex-
perimental platform for in-depth research on the mechan-
isms of olfactory disorders and neurodegenerative
diseasesl12113],

Despite significant progress in nasal organoid models over
the past few decades, substantial challenges remain in simu-
lating the physiological state of real human disease environ-
ments. Currently, the construction of nasal cavity organoid
disease models is still a key bottleneck in technical research.
The associations between allergic rhinitis, chronic sinusitis,
rhinitis, and asthma, as well as the interactions between rhin-
itis and olfactory disorders, and the intrinsic links between ol-
factory disorders and neurodegenerative diseases, are core
directions for future model construction and mechanism
studies!''4115],  These challenges also represent major
obstacles limiting the widespread application of nasal or-
ganoid technology in research related to nasal clinical dis-
eases, and they constitute key areas of focus in our research.
By overcoming these technical bottlenecks, we hope to
provide a more precise research platform for elucidating the
pathological mechanisms and clinical treatments of nasal-re-
lated diseases (Fig 4).

Current research on olfactory organoids faces several key
challenges, primarily in system integration and functional
simulation. In terms of system integration, existing models
can only replicate the peripheral olfactory epithelial structure
and lack functional connections with central nervous system
components such as the olfactory bulb and cortex. This limit-
ation prevents the complete reconstruction of the "olfactory
receptor-olfactory bulb-higher cortex" signaling pathway,
while culture conditions also restrict synaptic plasticity and
the stability of electrical activity. Regarding immune-neural
interactions, the recreation of the nasal cavity's unique im-
mune microenvironment remains challenging, with key
neuroinflammatory mediators like microglia and astrocytes
not yet effectively incorporated. To address these limitations,
our laboratory is actively developing a co-culture system
combining olfactory bulb organoids and olfactory epithelial
organoids. Future research must focus on achieving coordin-
ated simulation of the neural-immune-epithelial tripartite mi-
croenvironment by integrating organ-on-a-chip technology
with mechanical sensing modules, combining multidisciplin-
ary approaches from neurobiology, tissue engineering, and
computational modeling to realize a qualitative leap from
"structural simulation" to "functional recapitulation.”

Organoid technology at the crossroads: pro-
spects, obstacles and road ahead

In recent years, significant advancements have been made
in drug screening research based on organoid models,
demonstrating broad application prospects across various
disease models. The team led by Li Xiaoxing established a
biobank of gastric cancer organoids and, through RNA se-
quencing, successfully identified differential gene expression
profiles between 5-fluorouracil and oxaliplatin-sensitive and
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an ideal platform for investigating the pathogenesis of nasal-related diseases, drug screening, and therapeutic efficacy evaluation. By integrat-
ing organoid-on-a-chip technology and gene editing tools, this model can be further extended to personalized medicine, regenerative medi-
cine, and precision drug development, offering comprehensive technical support and innovative solutions for the diagnosis and treatment of

respiratory diseases.

resistant organoids, providing new molecular biomarkers for
predicting chemotherapy sensitivity''6l, In the field of cartil-
age regeneration, Bai Xiaochun research team developed a
cartilage organoid system that allows for real-time dynamic
monitoring of cartilage formation and hypertrophy. Their
high-throughput screening revealed that the a-AR antagon-
ist phenylephrine promotes cartilage differentiation while in-
hibiting hypertrophy, showcasing a dual effect(''7]. The ovari-
an cancer organoid model constructed by Lai Hungcheng dis-
played significant individual variability in drug response dur-
ing in vitro drug testing, revealing marked differences in sens-
itivity to chemotherapeutic agents such as cisplatin, car-
boplatin, and paclitaxel among organoids derived from differ-
ent patients!''8], Fang Jingyuan team utilized a colorectal can-
cer organoid model to confirm the antitumor effects of stat-
ins and innovatively discovered that a combination treat-
ment with chloroquine significantly enhances therapeutic ef-
ficacyl'"%l, Yang lJinjie team established a lung cancer or-
ganoid library comprising 160 samples, providing an import-
ant platform for drug screening. Their findings indicated that
combination therapies with osimertinib and either savolitinib
or cabozantinib result in superior tumor control20), Or-
ganoid engineering is undergoing a critical transition from
basic research to clinical applications, a process that urgently
requires the synergistic support of novel biomaterials and
cutting-edge technologies to construct fully functional or-
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ganoid composite systems. Dr. Liu Liangle systematically in-
vestigated the current applications of bio-assisted materials
in organoid modeling and drug screening!’?'l. Based on a
comprehensive analysis of existing technological limitations,
he highlighted the latest breakthroughs in novel biomateri-
als for optimizing organoid models, providing innovative
solutions for clinical translation. Meanwhile, the research
team led by Lei Lanjie adopted a multidisciplinary technolo-
gical integration approach to thoroughly examine engineer-
ing strategies—including microporous arrays, bioreactor sys-
tems, microfluidics, bioprinting, and hydrogel matrices—for
promoting organoid maturation!22l, Their work has yielded
forward-looking technical pathways for clinical applications in
tissue repair and functional reconstruction. Collectively, these
studies are driving the leapfrog development of organoid en-
gineering from laboratory research to clinical practice.
Breakthroughs in organoid technology are driving revolu-
tionary advances in the field of regenerative medicine. In or-
gan-on-a-chip and vascularization technologies, researchers
have successfully constructed brain, liver, and kidney or-
ganoid models with functional vascular networks through in-
novative endothelial cell co-culture systems[23124], These vas-
cularized structures precisely simulate in vivo hemodynamic
characteristics, significantly enhancing nutrient delivery and
metabolic waste clearance efficiency. The establishment of
immune-organoid co-culture systems represents another ma-
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jor breakthrough. By integrating immune components such
as T cells and macrophages, researchers have developed dis-
ease models with complete immune microenvironments,
providing a novel platform for studying inflammatory disease
mechanisms, autoimmune disease treatment, and cancer im-
munotherapy development(125126], Significant achievements
have been made in the application of gene editing technolo-
gies. Using the CRISPR-Cas9 system, researchers have success-
fully repaired disease-causing gene mutations in patient-de-
rived organoids, providing a reliable tool for validating preci-
sion gene therapy strategies!'2”), With these key technologic-
al breakthroughs, organoid engineering is rapidly transition-
ing from basic research to clinical regenerative medicine ap-
plications. Notably, the deep integration of artificial intelli-
gence is injecting new momentum into organoid research.
The research team led by Li Shisheng proposed the concept
of "digital organoids," constructing a high-throughput, multi-
dimensional organoid characterization and evaluation sys-

Kidney organoidsi‘

Heart organoids Lung organoids

Brain organoids

' 8
Qt.ili A %j

& . ]

/)

tem by integrating bioinformatics, high-resolution micro-
scopic imaging, Al algorithms, and multi-omics analysis!'28l,
This provides a revolutionary research paradigm for drug
screening optimization and precision medical decision-mak-
ing. These synergistically innovative technological systems
are reshaping the developmental landscape of regenerative
medicine. In summary, the deep integration of organoid tech-
nology with cutting-edge technologies such as artificial intel-
ligence, high-throughput screening, gene editing, 3D
bioprinting and novel biomaterials is progressively demon-
strating its tremendous medical potential and valuel'29.130],
With broad application prospects in disease diagnosis, per-
sonalized medicine, drug screening and development, organ
transplantation, tumor profiling, drug sensitivity assessment,
genetic research and pathogen infection studies, this conver-
gence promises to bring revolutionary breakthroughs to
modern medical research and clinical practicel'3")(Fig 5).
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