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Abstract

Meibomian glands (MGs) are holocrine glands that secrete lipids to maintain the homeostasis of the ocular surface,
and their dysfunction leads to dry eye disease. Herein, we established long-term 3D organoid culture for murine and
human MGs, which retained the cell lineages and lipid-producing ability. The organoids mimicked the drug treatment
responses and generated functional MGs after orthotopic transplantation. Inspired by organoid cultures, we found
FGF10 eye drops could rescue all-trans retinoic acid-induced MG dysfunction in mice. Besides, nicotinamide uniquely
hampered the human MG organoid expansion by inhibiting FGF10 signaling. Single-cell atlas and lipidome not only
aligned the delineated cell types and featured lipids between human MGs and organoids, but also highlighted MAPK
signaling inhibition enhanced acinar cell differentiation and functional maturation of MG organoids. In summary,
this study established an organoid platform to explore epithelial homeostasis and dysfunction of MGs, facilitating
drug development and regenerative medicine for dry eye disease.

Keywords meibomian gland, organoids, tissue stem cells, FGF10, nicotinamide, MAPK signaling, single-cell atlas,
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Introduction meibocytes begin to synthesize lipid while migrating

Meibomian glands (MGs), the holocrine sebaceous glands ~ toward the center of the acini. Finally, the meibocytes rup-

(SGs) located in the eyelids, are essential for the homeo-
stasis of the tear film and ocular surface. MGs are char-
acterized by a central duct surrounded by acini that are
responsible for lipid production. Under homeostasis, the
basal cells in acini could self-renew and differentiate to
acinar cells, which are also called meibocytes. The

ture to release the lipid content. Delivered by the central
duct to the eyelid margin, the secreted lipid forms the
outermost layer of the preocular tear film to prevent tear
evaporation and environmental insults (Mathers, 2004).
Meibomian gland dysfunction (MGD) is the leading
cause of evaporative dry eye disease (Hwang et al., 2017),
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which is featured by poor vision quality, eye irritation,
ocular surface inflammation, and discomfort, affecting
38%-68% population worldwide. However, the only treat-
ment for MGD is palliative care (Sun et al., 2020). Various
risky factors were reported, including aging, drug treat-
ment, and congenital defect (Bu et al., 2019, 2021; Caffery
and Josephson, 1988; Hom et al., 1990; Liu et al., 2016; Nien
etal., 2011; Sullivan et al., 2000, 2002), while the underly-
ing pathology of MGD would be the stem cell exhaustion.
To this end, the culture of MG stem cells, which could
self-renew and differentiate into functional meibocytes in
vitro, would be promising for MGD therapeutics. However,
existing 2D immortalized MG epithelial cells are difficult
to simulate in in vivo responses (Liu et al., 2010; Xie et al.,
2018). Thus, it is urgent to create an ex vivo model for
exploring the homeostasis and dysfunction of MGs.

Organoids with three-dimensional (3D) structures
derived from adult stem cells accurately mimic physio-
logical aspects of parental tissues ex vivo. Thus, organoids
are used to model organ development and disease pro-
gression (Clevers, 2016). However, no approach has been
established to generate human MG organoids (hMGOs)
yet, limiting the study of the physiology and pathology of
MGs. In this study, we achieved long-term expansion of
murine and human MGs as 3D organoids, which recapit-
ulated the characteristics of tissues, and modeled the MG
degenerative diseases induced by chemical injuries ex vivo.
Notably, hMGOs could engraft and undergo functional
maturation after orthotopic transplantation into mice.
Furthermore, we probed the cell types and lipidome of
parallel human MG tissues and organoids using scRNA-
seq and lipidomic analysis, highlighting that the MAPK
signaling is critical for meibocyte maturation. Taken
together, this study described an organoid platform to
explore the homeostasis and diseases of MGs and provided
a useful platform for drug testing and regenerative
medicine.

Results
Establishment of functional murine MG organoids

Before formulating the culture protocol for meibomian
gland organoids (MGOs), we first examined the key signal-
ing pathways in the MG tissues (Fig. 1A). FGF signaling is
essential for mammary gland development, and loss of
Fgf10 or its receptor Fgfr2 led to placode defects during
embryogenesis (Kim et al., 2013; Mailleux et al., 2002). The
Wnt signaling is the key driver of adult stem cells in most
tissues. As the receptor for R-spondins, Lgr5 marks adult
stem cells in actively self-renewing organs (Nusse and
Clevers, 2017). In addition to the extracellular signals, nic-
otinamide phosphoribosyltransferase (Nampt) is a key
enzyme that regulates the intracellular nicotinamide ade-
nine dinucleotide (NAD) pool, which is crucial for the cel-
lular redox stage (Garten et al,, 2015). Immunostaining

showed that Fgfr2, Lgr5, and Nampt were highly expressed
in MG tissues, which were marked by Krt14 (Fig. 1B).
Therefore, we supplemented FGF10, R-spondin-1, and nic-
otinamide as the core factors in murine MG organoid
(mMGO) culture medium. During 9 days’ incubation, the
seeded MG cell gradually formed the spheroid structure,
and became solid and opaque during expansion (Figs. 1C
and S1A). H&E staining showed organoids and tissues
shared similar architecture: the outer layer of the organ-
oid was lined with small and compact cells, which resem-
bled the basal cells. While the internal cells displayed
lower nucleocytoplasmic ratios and condensed cell nuclei
ruptures, which resembled the differentiated acinar cells
(Fig. 1D).

To further confirm the cell lineages in organoids, we
stained the typical cell markers. In the MGs, the basal
acinar cells (Krt5*) retained the ability of self-renewal, and
moved toward the center of the acini to form terminal
differentiated gland acinar cells/meibocytes (PPARy*). Ide-
ally, the organoids well preserved the cell lineages and
their niche in MGs, exhibiting proliferative Ki67+ or Krt5*
basal acinar cells lining the out layers, and PPARy* meibo-
cytes locating in the inner layers (Fig. 1E). Besides, the
inner cell also gained cell polarity, with the apical side
facing inside (Fig. 1F). Importantly, the mMGOs could be
long-term expanded up to 20 passages (Figs. 1H, 1I and
S1D).

The main function of MG is meibum/lipid secretion. Oil
Red O staining of MGOs showed that inner layer cells were
Oil Red O positive, and the inner cavity displayed much
condensed staining (Figs. 1G and S1B), indicating the mei-
bocytes secreted lipid into the cavity. To further validate
the recapitulation of the holocrine secretion mode in our
MGOs, we performed neutral lipid staining and transmis-
sion electron microscopy (TEM). Neutral lipid staining
revealed specific accumulation of lipid droplets in the
organoid center (Fig. S2A), confirming the inward migra-
tion and maturation of meibocytes. Crucially, TEM imag-
ing definitively captured the entire holocrine process, it
visualized the progression from basal cells (Layer 1) with
prominent nuclei, dense heterochromatin, and scarce
lipids; through differentiating meibocytes (Layer 2) fea-
turing dramatic lipid accumulation and honeycomb-like
structures; to fully mature, anucleate cells (Layers 3-4)
filled with lipids ready for release into the inner cavity
(Fig. S2B).

To further characterize the transcriptomic similarity
between MGs and MGOs, we performed bulk RNA-seq and
set theirrelevant lacrimal gland as controls. The organoids
displayed a similar gene expression pattern with the MGs
(Fig. S1E and S1F), and showed a significant enrichment
of MG signatures: Krt6, Lrigl, and lipid synthesis-related
genes Elovl6, Scd1, Farl, and Hmgcs1 (Fig. S1G). Besides, we
found that age and sex do not affect the MGO establish-
ment (Fig. S1C). In summary, the long-term expandable


https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data

Long-term expansion of human meibomian organoids | 777

=]
()
O
oJ
(@
or=i
(O]
s}
(@]
]
(oW

Figure 1. Generation of functional murine MG organoids (mMGOs). (A) Schematic diagram of organoid culture from murine MG
tissue. (B) Immunofluorescent staining for Fgfr2, Lgr5, and Nampt in murine MG tissue (marked by Krt14). Scale bar, 50 pm. (C) Rep-
resentative bright-field images of the outgrowth of a single organoid during the 9-day culture period. Scale bar, 100 pm. (D) H&E staining
of passage 5, Day 9 organoid, and the murine MG tissue. White box indicates regions shown in higher magnifications (x2). Filled arrow
indicates basal cells, and empty arrow indicates meibocytes with a pyknotic nucleus. Scale bar, 50 pm. (E) Immunofluorescent staining
for the MG epithelial cell marker (Krt14), ductal cell marker (Krt1), basal cell marker (Krt5), meibocyte marker (PPARy), and the prolif-
eration marker Ki67 in organoids and in tissue. Scale bar, 50 pm. (F) Immunofluorescent staining for ZO-1 in mMGOs. Scale bar, 50 pm.
(G) Oil Red O staining of lipids in mMGOs. Scale bar, 50 pm. (H and I) The cell number (I) and colony forming efficiency (J) of mMGOs
during passage 0-4. See also Figs. S1 and S2.
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and functional MGOs preserved the cell lineages, gene
expression signatures, and lipid-secretion capability of
MGs.

FGF10 sustained MG organoids’ expansion and
prevented MG dysfunction

The regeneration of MG depends on the self-renewal aci-
nar basal cells, and the long-term expandable MGO cul-
ture system highlighted critical signaling pathways that
boost basal cell amplification (Fig. 1E). We reasoned that
the dominating signaling could be identified using an
organoid culture system. After removing FGF10, Noggin,
and R-spondinl from culture medium individually, we
found that MGOs were most sensitive to FGF10, rather
than Noggin or R-spondin1 (Fig. 2A-C). FGF10 was a critical
factor in regulating the development of the eyelid and the
proliferation of immortalized human MG epithelial cells
(Nuwormegbe et al., 2022; Tao et al., 2005), while its role
in regeneration was less investigated. Inspired by the
above, we then determined the function of FGF10 in MG
dysfunction (MGD).

To establish a mouse MGD model, we optimized the
previously described retinoic acid method by replacing
13-cis retinoic acid (13-cis-RA) with all-trans retinoic acid
(ATRA) (Ibrahim and Elwan, 2017), since it is generally
accepted that the effects of 13-cis-RA are mediated by
isomerization to the more transcriptionally active ATRA
form (Armstrong et al., 2005). Mice were treated with ATRA
through gavage for a month to induce MG damage, and
the FGF10 solution was dripped into the right eye (phos-
phate buffered saline, PBS for the left eye) three times/day
as the therapeutic group (Fig. 2D). Ophthalmologic exam-
inations, including ocular epithelial integrity, tear secre-
tion and MG length, were conducted to score the MGD
development and FGF10 treatment. Compared with the
untreated group, the ATRA + PBS group showed pervaded
corneal fluorescein staining (CFS), indicating compro-
mised ocular epithelium. In addition, tear secretion ability
and MG length were also reduced in the ATRA + PBS group
(Fig. 2E-)). Histologically, ATRA + PBS also reduced the
number and size of the acini in the MGs (Fig. 2K-M) and
inhibited the proliferative cells in both the ductal (Krt6*
cells) and non-ductal cells (Krt6- cells) of the MGs (Figs.
2N, 20, S3A and S3B). Although no significant effects were
found in the expression of PPARy, the lipid synthesis (oil-
red) was inhibited in the ATRA + PBS group (Fig. S3C and
S3D). The above data suggested that the ATRA-induced
MGD model was successfully established. Interestingly,
based on the MGD model, the ATRA + FGF10 group exhib-
ited significant MG recovery in all aspects, compared with
the ATRA + PBS group. Ideally, ATRA + FGF10 rescued ocu-
lar epithelium integrity, tear secretion, gland architecture,
cell proliferation, and lipid synthesis.

To dive deeper into the role of FGF10 signaling during
MGD, we performed phospho-p38 (downstream indicator

of FGF10 signaling) and KRT14 co-immunostaining, and
found that ATRA treatment reduced the phospho-p38 sig-
nal and FGF10 application restores it (Fig. S4). These data
demonstrated that FGF10 contributed to the MGs homeo-
stasis, and the activation of FGF10 signaling alleviated the
progression of MGD.

MG organoids mimicked the drug responses

Since the MGOs could recapitulate the physiological
aspects of MGs, we reasoned that the MGOs might be used
to discover the drugs that resolved dry eye disease. To
demonstrate this, we selected drugs with known effects
on MGs: ATRA and 13-cis-RA were confirmed to have a
detrimental effect, resulting in cell death, atrophy, and
altered gene expression (Samarawickrama et al., 2015).
Azithromycin (AZM) can stimulate lipid synthesis in
iHMGECs and is the prescription medication for the treat-
ment of MGD (Liu et al., 2014; Tao and Tao, 2020). Rapa-
myecin, the mTOR signaling pathway inhibitor, is a potential
drug for the treatment of age-related disease (Selvarani
et al., 2021). Dihydrotestosterone (DHT) is a major andro-
gen that has been considered to regulate MG function by
suppressing inflammation (Sahin et al., 2020) and enhanc-
ing lipid synthesis (Ibrahim and Elwan, 2017).

We exposed the MGOs to those drugs individually and
followed by the morphologic and functional characteriza-
tions. Compared to the dimethyl sulfoxide (DMSO) group,
treatment with 100umol/L 13-cis RA, 10umol/L Rapamy-
cin, and 10 umol/L DHT resulted in a significant decrease
in organoid size (Fig. 3A and 3B). The inner cavity of organ-
oids became condensed after being treated with 10jumol/L
AZM and 10umol/L DHT, suggesting that AZM and DHT
might induce the differentiation (Fig. 3A). Administration
of 100 pmol/L ATRA and 100 pmol/L 13-cis-RA significantly
inhibited the expression of proliferation and stemness
genes (Xie et al., 2018), including Krt5, Lrigl, and Pcna, as
well as the protein level of PCNA and Sox?2 (Fig. 3C and
3G). Furthermore, the MG markers, Krt10 and Krt14,
decreased after the treatment with ATRA and 13-cis-RA,
while the ductal cells marker gene Krt6 was upregulated.
The data suggested that the effects of the ATRA and 13-cis
RA on the acinar and duct cells of the MGs might be dif-
ferent (Figs. 3G, S5A and S5B).

Regarding lipid synthesis, AZM, Rapamycin, and DHT
treatments resulted in a significant increase in lipid pro-
duction capacity, while ATRA and 13-cis RA led to a
decrease, as indicated by the Oil Red O staining (Fig. 3D
and 3E). Additionally, ATRA and 13-cis RA led to the reduc-
tion of lipid synthesis-related genes Farl, Pparg, and Scdl
while promoting fatty acid synthase (Fasn) and Perilipin
(Plin2) expression, suggesting that ATRA and 13-cis RA
affected specific stages of differentiation (Figs. 3F, S5C
and S5D). In summary, the MGOs could rapidly assess the
drug effects and precisely simulate drug responses ex
vivo.


https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data
https://academic.oup.com/proteincell//article-lookup/doi/10.1093/procel/pwaf095#supplementary-data

Long-term expansion of human meibomian organoids | 779

Figure 2. FGF10 is required for the organoid expansion and prevents MG dysfunction (MGD). (A) Representative bright-field images
of the mMGOs in 4 conditions (removing the FGF10, Noggin, Rspo-1, and control). Scale bar, 100 pm. (B and C) Quantification of colo-
ny-forming efficiency (B) and cell numbers (C) of organoids in the four indicated conditions. Data were represented as mean + SEM in
3 independent experiments. Unpaired two-tailed Student’s t-test: *P < 0.05, P < 0.01, ™P < 0.001. (D) Schematic of the workflow and
the timeline for the ATRA-induced MGD model and FGF10 eye drops administration. (E and F) Corneal fluorescein staining (E) images
and (F) scores of normal control mice and ATRA-induced MGD mice treated with PBS or FGF10 eye drops. NC: normal control group
without any treatment; PBS: ATRA-induced MGD group treated with PBS eye drops; FGF10: ATRA-induced MGD group treated with
FGF10 eye drops. Data were represented as mean + SEM. n=4 mice for each group. Unpaired two-tailed Student’s t-test: *P < 0.05, **P
< 0.001. (G and H) Representative images (G) and measurement (H) of tear secretion volume using the phenol red thread test of the
indicated groups. Data were represented as mean + SEM. n=4 mice for each group. Unpaired two-tailed Student’s t-test: *P < 0.05. (I
and]) Representative bright-field images of MGs (I) and quantification of MG length () of the indicated groups. Red dotted line indicates
the margin of MGs. Lower panel: higher magnifications of the upper panel. Data were represented as mean + SEM. n=4 mice for each
group. Unpaired two-tailed Student’s t-test: *P < 0.05, *P < 0.01. (K-M) H&E staining (K) and quantification of size (L) and number (M)
of MG acini of the indicated groups. Quantified data were determined in 12 randomly selected fields. Data were represented as mean
+ SEM. Unpaired two-tailed Student’s t-test: *P < 0.01, *P < 0.001. Scale bar, 100pm. (N) Immunofluorescent staining for Krt6 (ductal
cell marker) and BrdU (proliferation marker) of the indicated groups. Scale bar, 50pm. (O) Quantification of the number of proliferative
non-ductal cells (Krt6-/BrdU* cells) and ductal cells (Krt6*/BrdU* cells) in the indicated groups. Data were represented as mean + SEM.
n=4 mice for each group. Unpaired two-tailed Student’s t-test: *P < 0.05, *P < 0.01. See also Figs. S3 and S4.
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Figure 3. Organoids mimic the drug response of MGs. (A) Representative bright-field images of MGOs incubated with 0.1% DMSO,
100 pumol/L ATRA, 100 pumol/L 13-cis RA, 10 pmol/L AZM, 10 pmol/L Rapamycin, and 10 pmol/L DHT for 3 days, respectively. Scale bar,
100 pm. (B) Quantification of the diameters of organoids of the indicated treatment. Quantified data were determined in five randomly
selected fields. Data were represented as mean + SEM. Unpaired two-tailed Student’s t-test: *P < 0.05, *P < 0.01. (C) Quantitative real-
time PCR (qRT-PCR) analysis of the expression level of proliferative and stemness-related genes, including Krt-5, Lrigl, and Pcna, of the
organoids after indicated treatment. Data are represented as mean + SEM in >3 independent experiments. Unpaired two-tailed Student’s
t-test: *P < 0.05, P < 0.01, P < 0.001. (D) Oil Red O staining of lipids in organoids with indicated treatment. Scale bar, 50 pm. (E) Quan-
tification of the number of Oil Red O* organoids divided by the total number of organoids with the indicated treatment. Quantified
data were determined in six randomly selected fields. Data are represented as mean + SEM. Unpaired two-tailed Student’s t-test: *P <
0.05, *P < 0.01, *P < 0.001. (F) Quantitative real-time (RT)-PCR analysis of the expression level of lipid metabolism-related genes,
including Far, Pparg, and Scd1, with RNA extracted from the organoids after indicated treatment. Data were represented as mean +
SEM in >3 independent experiments. Unpaired two-tailed Student’s t-test: *P < 0.05, *P < 0.01, ™P < 0.001. (G and H) Western blot
analysis of Krt6, Krtl, Sox2, Pcna (stemness-related protein) (G), and PPARy (metabolism-related protein) (H) protein expression in
organoids with the indicated treatment. p-Actin served as a loading control. The relative band intensity that was normalized to the
loading control was marked under each band. n=3 biological replicates. See also Fig. S5.
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Establishment of human MG organoids for
orthotopic transplantation

Next, we attempted to establish human MG organoids
(hMGO). Refer to the murine organoid, we also mapped
the expression pattern of FGFR2, LGR5, and NAMPT in
human MG tissue (Fig. 4A). Unexpectedly, NAMPT was
barely expressed in human MG tissue (Fig. 4B), so we sus-
pected that its substance, nicotinamide, might not be
required for the human organoid culture. Indeed, the
mMGO expansion medium could not support hMGO
expansion for more than 5days. However, once nicotin-
amide was removed, the hMGO dramatically expanded,
so we defined this formula as hMGO expansion medium
(Fig. 4C). As expected, the hMGO medium could support
long-term expansion of hMGO to 20 passages (P20), as well
as nearly 10 times cell amplification per passage (Fig. 4D
and 4E).

To further confirm the inhibitory effect of nicotin-
amide on hMGO growth, we added nicotinamide back
to hMGO medium and found it significantly suppressed
cell proliferation and lipid synthesis (Fig. S6A-E). Bulk
RNA-seq revealed that nicotinamide supplement down-
regulated cell proliferation and lipid-producing-related
genes, including PCNA, MKI67, PPARG, and SCD (Fig.
S6F). Gene ontology (GO) term and Gene set enrichment
analysis (GSEA) analysis further confirmed that nico-
tinamide inhibited cell proliferation and PPAR-related
signaling pathways (Fig. S6G and S6H). Unexpectedly,
nicotinamide also downregulated FGF10-FGFR2 signal-
ing (Fig. S6H), implying the crosstalk between nicotin-
amide and FGF10 signaling. To further explore the
mechanism, we investigated the phosphorylated ERK
(PERK) level in organoids upon FGF10 and nicotinamide
treatment. Different from mMGO, whose pERK level was
not altered by nicotinamide, the hMGO’s pERK was
quite sensitive to nicotinamide and FGF10: FGF10 treat-
ment significantly upregulated pERK, which was sup-
pressed by nicotinamide subsequently (Fig. 4F). To
ensure the necessity of other gradients in hMGO
medium, we subtracted each component and evaluated
the organoid growth, and confirmed the current hMGO
medium is the minimal formula (Figs. S61-K, S7A and
S7B). The hMGO cultured with this medium also pre-
served the key makers (KRTs and PPARy) and lipid syn-
thesis capacity, compared with parental tissues (Fig.
$7C and S7D).

Dry eye syndrome caused by MGD is a chronic disease
that cannot be completely cured theoretically, so we are
wondering if the transplanted hMGO could generate
functional MGs. We transplanted hMGO into the MG sites
of immunodeficient nonobese diabetic (NOD) severe
combined immunodeficiency (SCID) gamma (NSG) mice
(Fig. 4G). After 1 month, the recipient MGs were collected
for analysis. The injected organoids could be observed
in the MG tissue (Fig. 4H). The human-derived organoids

were confirmed by the staining of human NuMA and
KRT14 in the engraftment organoids (Fig. 41 and 4K).
Through LipidTOX detecting, the secreted lipids were
detected in the center of the engrafted organoids (Fig.
41). Furthermore, a similar level of lipid production was
observed in the engrafted organoids and the host MGs,
confirming that the engrafted organoids acquired func-
tional maturity in vivo (Fig. 41). Additionally, the engrafted
cells retained the expression of functional MG biomark-
ers,including KRT1, KRT14, PPARy, and P63«, correspond-
ing with the host tissues (Fig. 4] and 4K). Taken together,
the long-term expandable hMGOs can be engrafted into
mice and exhibit features of functional maturation,
including lipid production and lineage-specific marker
expression.

Dissection of single-cell atlas in human MGs and
organoids

To dissect the cellular composition and heterogeneity in
human MGs and organoids, we performed parallel sin-
gle-cell RNA sequencing (scRNA-seq). The human MG
tissues were digested into single cells and subjected to
10x genomics-based scRNA-seq platform (Fig. 5A). After
quality control, a total of 23,323 cells were obtained for
further analysis, and six cell types were identified (Fig.
S8A and S8B). Focusing on the epithelial homeostasis, we
selected KRT14* MG epithelial cells (n=13,684) and further
identified nine subclusters according to the established
cell markers (Fig. 5B and S8C-G). Based on the high
expression of the mature lipid-synthetic marker genes,
we identified two types of differentiated acinar cells. Type
1 acinar cells (FAR2*) are featured by lipid metabolic
genes, including PPARG, SCD, FAR2, and MSMO1. While
type 2 acinar cells (LYZ*) are featured by secretive genes,
including LYZ, SCGB3A1, PLA2GA2, and PIP. Thus, those
two types of acinar cells were identified as mature acinar
cells (Fig. 5C and S8G). We also identified other cell lin-
eages of MGs, including MG basal cells (KRT15*/SOCS3*;
ID4*/CCN4*; UBE2C*/TOP2A*), transitional cells (CRE-
B5*/LAMA4+;, MMP10+/FST*), and ductal cells (PIGR*/O-
PRPN*; KRT6A*/SBSN*; Fig. S8D-F).

In parallel, we also sequenced 22,077 cells in MGOs.
After aligning with human MG tissues (KRT14*), the total
cells could be aligned and regrouped into five different
clusters, namely acinar cells (type 1 and 2), ductal cells
(type 1 and 2), transitional cells, and basal cells (Fig. 5D-G).
Notably, the type 1 acinar cells (FAR2*) were absent in the
organoids, while another type of acinar cells (LYZ*) had a
much lower abundance in the organoids (Fig. 5E-G). This
indicated that hMGOs retained a relatively immature sta-
tus. Besides, the cell component proportion analysis also
revealed an increase in the ductal cells and basal cells in
organoids and a decrease in transitional cells (Fig. 5H),
indicating hMGOs preserved more stemness-related cells
than tissue. Collectively, the conducted single-cell atlas
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Figure 4. Establishment of human MG organoids (hMGOs) for orthotopic transplantation. (A) Schematic diagram of organoid culture
from human MG tissue. (B) Immunofluorescent staining for FGFR2, LGRS, and NAMPT in human MG tissue (marked by KRT14). Scale
bar, 50 pm. (C) Representative bright-field image of hMGOs with mMGO medium and hMGO medium at the indicated days. Scale bar,
50 ym. (D) Representative images of hMGOs outgrowth from primary organoids to passage 20. Scale bar, 100 pm. (E) The cell number
of hMGOs during passage 0-3. (F) Western blot analysis of phospho-ERK for mMGOs organoids and hMGOs cultured under the indicated
treatment. p-Actin served as a loading control. The relative band intensity that was normalized to the loading control was marked
under each band. n=2 biological replicates. (G) Schematic diagram of hMGOs orthotopic transplantation in NSG mice. (H) Represen-
tative image of hMGOs orthotopic transplantation. Black dashed box indicates the region of the xenograft. (I) Immunofluorescence
staining for human NuMA and LipidTox staining of human engrafted organoids. Lower panel: higher magnifications of the upper panel.
Scale bar, 50 pm. (] and K) Immunofluorescence staining for KRT1, PPARy (J), human NuMA, human KRT14 (K), ZO-1, and P63 (L) in
engrafted MG organoids. Scale bar: 50 um. See also Figs. S6 and S7.
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Figure 5. Mapping the single-cell atlas for human MG tissue and organoids. (A) The schematic diagram of single-cell mRNA sequenc-
ing for 2 human MG tissue samples and matching organoids. (B) UMAP representation of 9 clusters of human MG epithelial cells
(n=12,707). (C) The expression level of MG cell markers and cluster-specific genes in different clusters of human MG tissue. (D) Cell
clusters were visualized for h hMGOs and tissue cells. (E) The expression of cluster-specific genes in organoids and tissue cells. (F) UMAP
plot showing that the parallel cell clusters were identified in organoid and tissue cells. (G) UMAP of human MG cells from organoids
(tomato dots) and tissue (cyan dots). (H) The proportion of diverse cell types in hMGOs and tissue. See also Fig. S8.
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described parallel heterogeneous cell types between the
organoids and MGs, and pinpointed the maturation gap
between the organoid and tissue.

Human MG organoids generated featured lipidome

Since we have proved that hMGOs could reproduce the
capacity of lipid synthesis (Fig. S7D), we wonder whether
the lipid contents of organoids would resemble those of
tissues. In order to depict a broader landscape of lipi-
dome, we initially performed non-targeting lipidomic
analysis: using human SGs as control, the lipid samples
of human MGs and organoids were extracted and cou-
pled with an electrospray ionization high-resolution
mass spectrum (MS) analysis. Then, the normalized
intensity profiles of the identified lipid compounds were
generated. On principal component analysis (PCA) score
plot, MGs and organoids are distinctly separated from
the SGs sample (Fig. 6A), and hierarchical clustering
grouped MG tissue and organoids together, confirming
organoids shared a similar lipidome with MG tissue (Fig.
6B). Then, we probed the content of subclass lipids in
hMGOs normal MG tissue, and SG tissue. Distinguished
with SG, MG tissue and organoids shared a similar level
of sphingomyelins (SM), phosphatidylglycerols (PG), and
phosphatidylserines (PS). While diacylglycerols (DAG),
the lipid content mainly secreted in SG, were much lower
in MG tissue and organoids (Figs. 6C, S9A and S9B). Apart
from the similarities, we also noticed the 240 differential
lipids between hMG and hMGO (Fig. S9C). Among those,
FAHFA and TAG, which were detected in human meibum
(Butovich et al., 2021; Riecan et al., 2022), were downreg-
ulated in hMGO (Fig. S9D).

In summary, consistent with scRNA-seq data above, the
lipidomic comparison between MG tissue and organoids
not only displayed the overall consistency, but also sug-
gested the maturation gaps, such as terminal differenti-
ated cell types and featured lipids.

MAPK signaling inhibition boosted human MG
organoids’ maturation

Since the hMGOs are less mature than MG tissues, we
reasoned that the underlying signals in MG tissues could
enhance organoid maturation. To unveil the mechanism
of acinar cell maturation, lineage trajectory analysis was
performed based on the scRNA-seq data of MG tissues. On
the pseudotime plot, basal cells, transitional cells, and
acinar cells of MGs are distributed along the pseudotime
trajectory. The type 1 acinar cells (FAR2*), which were iden-
tified as the mature MG cells, were located at the right-
most of the trajectory (Fig. 6D and 6E), suggesting that the
differentiation path of basal cells-transitional cells-acinar
cells. Then we analyzed the signaling pathway enriched
in acinar and transitional cells, in order to find key signal-
ing pathways guiding acinar cell maturation. In acinar
cells, multiple lipid synthesis-related signaling pathways

were activated (Fig. 6F), while the main signaling pathways
enriched in transitional cells were inflammation-related
pathways such as the IL-17, TNF, NOD-like receptor (NLR),
FoxO, and MAPK signaling pathways (Fig. 6G). Interestingly,
MGD patients were generally associated with increased
tear cytokines, such as TNF-q, IL-17A, and IL-1p (Yu et al.,
2022). Reducing the inflammatory cytokines could relieve
both the signs and the symptoms of MGD (Li et al., 2021,
Yuetal., 2022). Thus, we exposed hMGOs to the inhibitors
of the IL-17, TNF, NLR, FOX, and MAPX signaling pathways
and attempted to enhance the lipid production capacity
of hMGOs. Notably, a selective p38MAPK signaling path-
way inhibitor, SB202190, showed the potential to facilitate
MGO maturation.

As previously reported, the p38MAPK signaling pathway
contributes to cell apoptosis and the autophagy of adipo-
genic cells and plays a crucial role in inflammation-induced
MGD (Liu et al.,, 2022; Sui et al., 2014). Treatment with
SB202190 could significantly upregulate the expression of
PPARy in organoids, and it is more effective than DHT in
this regard (Fig. 6H). Using Oil Red O staining, we observed
that upon SB202190 stimulation, the produced lipids, which
were originally in the cytoplasm, were released into the
cavity of the organoids (Fig. 6I). Although the ATRA treat-
ment decreased lipid secretion, SB202190 mitigated the
inhibiting effect of ATRA (Fig. 6I). These results confirmed
that SB202190, a selective inhibitor of the p38MAPK signal-
ing pathway, could induce the maturation of MGOs.

The mature meibum is featured by ultra-long chain
lipids with fatty acid and/or fatty alcohol chains up to
C34-C36, including cholesteryl esters (CE), (O)-acylated
o-hydroxy fatty acids (OAHFA), and wax esters (WE)
(Butovich, 2017; Butovich and Wilkerson, 2022). However,
the non-targeting lipidomic analysis could not robustly
detect those major components, especially for the WE. To
depict the maturity of human meibomian organoids, tar-
geting lipidomic analysis was performed to evaluate the
content of key lipids of meibum, including CE, OAHFA, and
WE. Overall, hMGO resembled the lipidomic features of
human MG tissue (hMG) in the PCA plot, compared with
human periocular skin tissue (hST) (Fig. S10A). Then, we
used heatmaps to delineate the similarity between hMG
and hMGO on CE, OAHFA, and WE. Compared with the
negative control hST, the average content of those fea-
tured lipids in hMG and hMGO is higher than hST (Fig.
S10B-D). However, we also observed the variant lipidomic
performance of hMGO, which showed less mature pheno-
type (such as hMGO1), suggesting the improving space for
hMGO culture system.

Discussion

Efforts have been made to establish a 3D meibomian cul-
ture model, including a slice culture model and explant
culture methods (Rotzer et al., 2019; Wang et al., 2023; Xu
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Figure 6. MAPK signaling inhibition promotes the maturation of hMGOs. (A) PCA plot of human sebaceous gland (hSG), meibomian
gland (hMG), and meibomian gland organoids (hMGO) in lipidomics analysis. 3 independent donors in each group. (B) Heatmap of
differential lipid species among hSG, hMG, and hMGO. (C) Relative value of DAG (18:0_22:4) and SM (d14:0_25:1) in hSG, hMG, and hMGO.
(D) Position of the MG cells in different cell clusters along the pseudotemporal trajectory. (E) Ordering of MG tissue cells along a
pseudotemporal trajectory. MG cells are colored by pseudotime. (F and G) KEGG analysis of upregulated genes (F) and downregulated
genes (G) that were differentially expressed in MG acinar cells, compared with MG transitional cells. (H) Western blot analysis of PPARy
for hMGOs cultured under the indicated treatments: 1% DMSO, 100 pmol/L ATRA, 10 umol/L DHT, and 0.5 umol/L SB202190. p-Actin
served as a loading control. The relative band intensity that was normalized to the loading control was marked under each band. n=2

biological replicates. (I) The Oil Red O staining of hMGOs cultured under the treatment of ATRA, DHT, and SB202190. Scale bar: 50 pm.
See also Figs. S9 and S10.
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etal., 2020; Zahn et al., 2022, 2025). Although these models
preserved the tissue architectures and functions, such as
lipid production, they could not sustain for more than
7 days in vitro. In this study, we achieved long-term expan-
sion of murine and human MGOs, which retained all cell
lineages and the capacity for lipid synthesis. Thus, the
MGOs enable precise drug response and functional
engraftment. In addition, MGOs also assist in untangling
the underlying mechanism of tissue homeostasis and dys-
function. We found that FGF10 signaling is crucial for
organoid expansion and MGs regeneration; NAMPT was
barely expressed in human MG tissue, and nicotinamide
specifically hindered hMGOs expansion, indicating the
distinct NAD metabolism between mouse and human;
Single-cell atlas of human MG epithelial cells indicated
MAPK signaling inhibition is required for acinar cell dif-
ferentiation, thus treated with p38MAPK signaling path-
way inhibitor, SB202190, promote organoid maturation.

MGD is the leading cause of dry eye disease. Clinically,
the main treatments for MGD include cleaning the eyelids
through hot compresses and massages, instilling artificial
tears containing lipid components, and using antibiotic
drugs to reduce inflammation. Currently, the development
of artificial tears is prevailing. In order to make the artifi-
cial tears as similar as possible to the composition of tears,
various substances are added, including mineral oil and
phospholipids (Jones et al., 2017). We identified that FGF10
supported both murine and human MGO expansion. And
FGF10 eye drops also rescued the ATRA-induced MGD
(Figs. 1 and 2). Our data suggested that the FGF10 signaling
is not only required for MG development and homeostasis
(Renekeretal., 2017; Tao et al,, 2005; Tsau et al., 2011), but
also prevents the progression of MGD. Therefore, FGF10
eye drops are a promising reagent for human dry eye dis-
ease, which needs more human-relevant tests for its appli-
cation. In addition to those physiological restoration,
FGF10 treatment also increased the proliferation of acinar
cells, instead of ductal cells (Fig. 2N). Consistent with our
observation, FGFR2 deletion severely affected the prolif-
eration and differentiation of MG acinar cells but affected
MG ductal cells to a lesser extent (Reneker et al., 2017).
We also found that the proliferating cells in acini are
mainly located at the edges (Fig. S3A), which were likely
basal cells. Consistent with these data, the MGOs also
showed proliferative Krt5* basal cells under the FGF10-con-
taining medium (Fig. 1E). Hence, it is conceived that basal
cells are the major proliferative cells that respond to
FGF10 signals.

NAMPT generates nicotinamide mononucleotide from
nicotinamide and 5’-phosphoribosyl-1-pyrophosphate,
thereby catalyzing the rate-limiting step in the mamma-
lian NAD salvage pathway (Garten et al., 2015). Therefore,
the bonus of nicotinamide largely depends on the activity
of NAMPT. We found the distinct expression level of
NAMPT in MGs between mouse and human (Fig. 4B). And

the addition of nicotinamide into human organoid culture
medium suppressed the organoid growth (Fig. 4C). Previ-
ous studies also revealed that high doses of nicotinamide
may exert adverse effects, such as DNA damage, increased
intracellular ROS, spindle defects, and mitochondria dys-
function (Oikawa et al., 1980; Utakoji et al., 1979; Zhang
et al., 2016). In this study, we found that nicotinamide
inhibited the activity of FGF10 signaling through decreas-
ing the pERK level in human organoids. But how nicotin-
amide crosstalk with the upstream of FGF10 signaling
need further investigation. It was reported that the prev-
alence of dry eye disease was higher in female than male
(Kim et al., 2023). Considering that nicotinamide is fre-
quently used in cosmetics, it’s likely that excess nicotin-
amide exposure is also an emerging risk factor for MGD.

MAPK signaling participates in various cellular pro-
grams like proliferation, differentiation, transformation,
and apoptosis (Zhang and Liu, 2002). Leveraging scRNA-
seq analysis, we found that the MAPK signaling pathway
was significantly enriched in transitional cells (immature
acinar cells), compared to mature acinar cells (Fig. 6G).
And identified SB202190, a selective p38MAPK inhibitor,
promoted lipid production in MGOs (Fig. 61), suggesting
that MAPK signaling pathway inhibition is required for the
differentiation of mature acinar cells. Similar to adipo-
cytes, the p38MAPK signaling was more active in preadi-
pocytes than adipocytes (Aouadi et al., 2006). Consistently,
another selective p38MAPK inhibitor, SB203580, could
block IL-1B-induced MGD and restore its functions in rats
(Quetal., 2023). These findings indicate that MAPK signal-
inginhibition enhances the functions of terminally differ-
entiated cells and could be considered as potential targets
for MGD. However, whether MAPK inhibition affects the
self-renewal of basal cells remains to be further
investigated.

MGOs provide the opportunity for cell therapy for MG
atrophy. Given that MG atrophy is the terminal stage of
MGD, when MG stem cells cannot regenerate the whole
MGs, the orthotopic transplantation might be the only
choice for those patients. Successfully engrafting MGOs is
the first step for potential regenerative therapies (Banni-
er-Hélaouét et al,, 2021). The established MGO culture and
differentiation protocol would provide the “seed cells” for
bioengineered MG grafts. Efforts should be made to
improve the orthotopic transplantation efficiency and
reduce the immune rejection effects caused by xenotrans-
plantation. In conclusion, we established functional, long-
term cultured MGO cultures for MG homeostasis and
diseases research, which provides a useful platform for
the development of associated medical interventions and
regenerative medicines.

In MGs, the acini are connected to the main duct by
small ducts, so that the lipid produced by the meibocytes
can be transported through the ducts to the eyelid.
Although our organoid model contained all cell types of
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MGs, the ductal cells resided with basal cells to form the
outer layer of the organoid, losing their function to drain
out the meibum. Additional optimization of MGO estab-
lishment is required to develop ducts-acinus structure.
In addition, we showed that the hMGOs engrafted upon
orthotopic transplantation, and the transplanted organoids
could produce comparable lipids to their neighboring tissue.
However, whether the MGO transplantation could rescue
the MG dysfunction remains to be further investigated.
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