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Human pluripotent stem cell-derived skin
organoids enabled pathophysiological
model of Mycobacterium tuberculosis
infection

Liang Yue1,9, Yating Liang1,2,9, Pengfei Zhong1,3,9, Leiming Fang 1,9, Zhimin Yun1,
Qisheng Su 1,4, Chaofan Li3,5, Meida Xiang1, Jie Zhang6, Jiru Wang1,4, Leixin Ge1,
Chengjun Wu7, Hebing Chen 1 , Xiaochen Qiu 3,8 , Xiaochen Bo 1 &
Yingxia Tan 1

Cutaneous tuberculosis (CTB) is an infectious disease highly associated with
extracellular matrix remodeling and granuloma-driven fibrosis. Fibroblasts
play crucial roles in this fibrotic process, but their specific roles in Myco-
bacterium tuberculosis (Mtb) skin infections remain unclear due to the lack of
proper in vitro models. Here, we demonstrate that skin organoids (SKOs)
derived from human induced pluripotent stem cells can model CTB infected
byMtb. Single-cell RNA analyses reveal an increase in fibroblasts, upregulation
of genes involved in collagen synthesis, and enhanced collagen degradation
induced by MMP2 and MMP14 in Mtb-infected SKOs. This is accompanied by
thedestruction of nerve cells and adipocytes. Importantly, the onset offibrosis
inMtb-infected SKOs is dependent on the activation of the PI3K-AKT signaling
pathway and transcription factor AP1 in fibroblasts. Pharmacological inhibition
of PI3K-AKT and AP1 alleviates fibrosis and collagen deposition. Our findings
have uncovered distinct alterations in cell populations during Mtb-induced
skin fibrosis, highlighting the crucial roles of PI3K-AKT and AP1. The study
demonstrates the utility of SKOs for investigating CTB pathogenesis and
evaluating potential antifibrotic treatments.

Tuberculosis (TB) is an ancient disease over 5000 years and remains
prevalent in many developing countries1. It can also pose a potential
global health threat due to the ever-increasing internationalmigration.
Caused primarily byMycobacterium tuberculosis (Mtb), TB is a chronic
granulomatous infection that can affect any organ in the body. While

pulmonary TB is the predominant clinical type, extrapulmonary TB
have been increasing, accounting for 8 to 24% of all TB cases2. Among
them, cutaneous tuberculosis (CTB) comprises about 1.5–3% of these
cases3–5. In recent years, there has been a resurgence of CTB in regions
with high rates of HIV infection and multi-drug-resistant pulmonary
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TB1,6,7. Therefore, this poses a public health concern and requires fur-
ther investigation for better diagnosis and management.

CTBmore frequently affectswomen, especially young adults,with
lesions mainly located on the face, neck, and abdomen8. However, due
to Mtb’s slow replication rate9 and low reproductive efficiency in the
skin8, skin infections often present with concealed symptoms, leading
to delayed diagnosis and treatment10. Furthermore, CTB exhibits
diverse clinical features related to infection routes, including exo-
genous and endogenous transmission of Mtb. The exogenous
mechanism involves direct inoculation into the skin, while the endo-
genous mechanism is secondary to a previous infection with trans-
mission through contiguous, lymphatic or hematogenous
dissemination7,11,12. Notably, CTB often induces extracellular matrix
(ECM) remodeling, leading to fibrosis and granulomas13,14. In this pro-
cess, fibroblasts play a crucial role as the primary structural cells
involved in fibrosis and collagen production. Yet, due to the lack of
suitable in vitro models, CTB remains a complicated and largely
unexplored disease in terms of its pathogenesis, clinical manifesta-
tions, and diagnosis.

To better understand the pathophysiology of CTB and develop
more effective treatments, biologically relevant experimental models
that can accurately replicate skin features are essential. Since Mtb is
exclusively a pathogen to humans, no animalmodel can fully replicate
all the pathological features observed in human disease. Advanced
human organotypic skin models derived from human induced plur-
ipotent stem cells (hiPSCs) can reproduce the key physical and phy-
siological characteristics of human skin and possess many crucial
accessory organs, including hair follicles, sebaceous glands, nerves,
fat, and melanocytes15–17. These unique features make skin organoids
(SKOs) a valuable tool for investigating skin-related diseases,microbial
infections, and drug development18–20. Recently, hiPSCs-derived SKOs
have been used in studies focusing on host-microbe interactions21–23.

In this study, we established SKOs using themethod described by
Koehler16 to investigate the pathology of CTB. To simulate the dis-
semination route ofMtb through the circulatory or lymphatic systems
within the body, our in vitromodel of CTB employed dermal infection,
rather than direct epidermal infection. Comprehensive and multi-
dimensional analyses of SKOs with and withoutMtb infection revealed
significant changes in the pathological structure and cell types ofMtb-
infected SKOs. The increase in fibroblast proportion, along with the
decrease in nerve cell and adipocyte populations, offers important
insights for the treatment of CTB. Notably, the role of the PI3K-AKT-
AP1 pathway in promoting fibrosis and collagen deposition, as well as
the effective pharmacological inhibition in SKOs,providenew ideas for
the development of novel treatment strategies for CTB-related fibro-
sis. The results demonstrate that hiPSCs-derived SKOs can serve as a
pathological model for evaluating and advancing new therapeutic
strategies for CTB.

Results
The hair-bearing SKOs harbor adipocytes and express diverse
collagen subtypes
To establish an in vitro model of CTB, SKOs derived from hiPSCs were
prepared following a previously reported16 protocol (Fig. 1A). After
130 days of cultivation, we successfully replicated the SKOs described
in the literature (Supplementary Fig. 1A, B). The SKOs histologically
exhibited structures resembling human skin tissue, characterized by a
mature stratified epidermis (with a Loricrin-positive granular layer and
KRT5-positive basal layer, Supplementary Fig. 1C, D), a Vimentin- and
P75-positive dermis, and complex hair follicles with CD71-positive
inner root sheath, CD82-positive cuticle, and SOX2-expressing dermal
papilla cells (Supplementary Fig. 1E–G). Various skin cell types
including neural cells were also present in the SKOs (Supplementary
Fig. 1H–J). In alignment with native human skin tissue, the SKOs
exhibited abundant collagen types, including I, III, and IV, with type I

collagen being the most prominent (Fig. 1B), though SCD1-positive
adipocytes and sebaceous glandswere found in the dermal layer of the
SKOs (Fig. 1C). These comprehensive analyses demonstrate that our
SKOs faithfully recapitulate the key structural and functional char-
acteristics of native human skin. The robust reproducibility of SKOs
containing hair follicles, adipocytes, neural components, and proper
ECM composition makes them a reliable and physiologically relevant
in vitro model system for cutaneous biology research and dermato-
pathological investigations.

Infection and confirmation of SKOs as an in vitro model of CTB
Toestablish an in vitromodel of CTB, themature SKOs (after induction
for 125 days) were co-cultured with logarithmic-phaseMtb bacteria for
0, 3, 9, 15 days. Then the SKOs were collected at different time points
to assess their infection status. Intracellular Mtb infection was con-
firmed on day 9 post infection, with purple-red rod-shaped bacteria
detected at the edge of the SKOs through acid-fast staining (Fig. 2A, B).
On day 15 post-infection,Mtb had aggregated at the edge of the SKOs
but did not invade deeper structures, suggesting that the SKOs pos-
sessed a functional skin barrier. The infected SKOs exhibited patho-
logical changes resembling CTB, manifested by damage to the
epidermal structure on days 9 and 15 post-Mtb infection (Fig. 2C, D).
Furthermore, skin stratification and integrity were assessed by
immunofluorescence staining. Uninfected SKOs exhibitedwell-defined
epidermal stratification without Vimentin+ dermal fibroblasts present
in the epidermis. Upon Mtb infection, the epidermal basal layer
(CK5 + ) was significantly disrupted, accompanied by thickening of the
granular layer (Loricrin + ) at the damaged sites, and the migration of
dermal fibroblasts (Vimentin + ) into the epidermal compart-
ment (Fig. 2E).

To further characterize the cellular changes, single-cell RNA
sequencing (scRNA-seq) analysis of the Mtb-infected SKOs was con-
ducted. After quality control, a CTB-SKOs scRNA-seq atlas was estab-
lished, comprising 126,918 cells, with 40,193 cells in the Mtb-infected
SKOs group (termed as casegroup in thefigure), and 86,725 cells in the
uninfected SKOs group (termed as normal group in the figure). In
CellMarker 2.0 and Cell Taxonomy database, 12 cell types were iden-
tified in the normal SKOs based on the specific markers: fibroblast
(COL1A1, COL1A2, DCN), basal cell (KRT5, KRT14), melanocyte cell
(PMEL, DCT, MLANA), glial cell (SOX2, TTYH1), endothelial cell (CLDN5),
spinous cell (KRT10), chondrocyte (ACAN, COL2A1), schwann (SOX10,
S100B, CDH19), adipocyte (APOE, SCD), neuron (TUBB3, BEX1), mitotic
cell (HMGB2, MKI67, TOP2A), smooth muscle cell (TPM2, DES)
(Fig. 2F–H and Supplementary Fig. 2A). First, we analyzed our scRNA-
seq data along with the reported data from SKOs cultured after 133-
day24 (Supplementary Fig. 1B, C). In comparison, in addition to the
adipocytes only detected in our SKOs, there was an increase in the
number of endothelial cells and nerve-related cells in our normal SKOs
and the nerve-related cells including neurons, schwann cells, and glial
cells, were more mature in our normal SKOs (Supplementary Fig. 1D,
E). Upon Mtb infection, the proportions of several cell lineages were
altered, with an increased proportion of fibroblasts and chondrocytes,
and a decreased proportion of adipocytes, neurons and glial cells
(Fig. 2I, and Supplementary Fig. 2F).

Mtb infection induces ECM remodeling and skin fibrosis
Differential gene expression analysis of individual cell subpopulations
revealed elevated expression of various collagen-related genes inMtb-
infected SKOs in most of the cell subpopulations (Fig. 3A). Among
them, the type I collagen gene COL1A2was significantly upregulated in
majority of cell types (9/12, p < 0.05), except in schwann cells, neurons
and glial cells. Significantly elevated expression of COL3A1 was
observed in fibroblast, basal cell, spinous cell, mitotic cell and smooth
muscle cell subpopulations (p <0.05). Moreover, COL4A1 expression
was markedly elevated in schwann cells and adipocytes (p <0.05),
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while COL4A2 showed specific upregulation in adipocyte subpopula-
tions (p <0.05) (Fig. 3A). However, both in normal and case group,
most genes associated with the Wnt pathway, tight junctions com-
plexes, TGF-β pathway and ECM showed low expression levels (Sup-
plementary Fig. 3). Only CTNNB1, SFRP1, TIMP1, DCN and FN1 were
relatively highly expressed. Compared with collagen-related genes,
these ECM-associated genes were negligibly affected byMtb infection.

The induced expression of collagen genes suggests that Mtb
infection drives ECM remodeling in SKOs, whichmay contribute to the
development of skin fibrosis. This notion is further supported by the
activation of ECM-related pathways in Mtb-infected SKOs (Fig. 3B).
Histological analysis using Sirius red and Masson’s trichrome staining
confirmed an overall increase in total collagen content inMtb-infected
SKOs compared to uninfected controls (Fig. 3C). qPCR analysis cor-
roborated the upregulation of various collagen-related genes upon
Mtb infection (Fig. 3D). Immunohistochemical analysis revealed that
the contents of collagen types I, III and IV were significantly increased
in Mtb-infected SKOs (Fig. 3E, F). scRNA-seq analysis revealed altera-
tions in the expression of matrix metalloproteinases (MMPs) in Mtb-
infected SKOs. MMPs are crucial for ECM degradation and
tissue remodeling. Specifically, MMP2 expression was upregulated
in fibroblasts, basal cells, and adipocytes, whereas MMP14 expression
was increased in fibroblasts (Fig. 3A). These findings were further

validated by qPCR, ELISA and immunofluorescence staining analyses
(Fig. 3G–I). Collectively, these results demonstrate that Mtb infection
in SKOs triggered the upregulation of collagen expression. Subse-
quently, MMP2 and MMP14 promoted ECM remodeling by degrading
collagen.

Impact of Mtb infection on other cell populations in SKOs
After Mtb infection, there was an increase in fibroblast proportion, a
decrease in nerve cells and adipocytes within the SKOs cell population,
along with the occurrence of fibroblast differentiation into chon-
drocyte. InMtb-infected SKOs, the proportion of neuron and glial cells
were reduced, while the subpopulations of neuroendocrine cells
and merkel progenitor cells were significantly increased among the
subtypes of neuron cells (neurecto-epithelial cell, neuron stem
cell, serotonergic neuron, neuroendocrine cell, ASCL1-neuroendocrine
cell and merkel progenitor cell) (Fig. 4A–C and Supplementary
Figs. 2F, 4A). A pseudo-chronological analysis of the overall neuronal
cell subpopulation indicates that neural cells with high differentiation
potential were the majority, while a smaller percentage was consisted
of more mature serotonergic neurons and neurecto-epithelial cells
(Fig. 4D). This suggests thatMtb infection may lead to the destruction
of nerve cells and impede the effective differentiation of neural stem
cells into functional neurons.
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Enrichment analysis of differentially expressed genes (DEGs) in
each neuron cell subpopulation indicated the suppression of small
molecule metabolism, as the genes of FABP5, PTGDS, PGK1, and TTR
being collectively downregulated (Supplementary Fig. 4B, C). This was
further supported by immunofluorescence staining showing a sig-
nificant decrease in PTGDS expression in Mtb-infected SKOs (Supple-
mentary Fig. 4D). This may lead to disorders in energy and lipid
metabolism, and oxidative damage, ultimately impairing neuronal

metabolism and survival. Furthermore, there was a significant activa-
tion of neurodegenerative pathways, along with the dysregulation of
PSMD and NDUF family genes (Fig. 4E). Immunofluorescence analysis
confirmed the upregulation of PSMD7 in Mtb-infected SKOs (Fig. 4F),
suggesting the involvement of proteasome-mitochondria-oxidative
stress mechanisms in neurodegeneration. Moreover, the reduced
proportion of adipocytes (Fig. 4G), was accompanied by the activation
of multiple necroptosis pathways leading to necrotic cell death
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(Fig. 4H). Our findings indicate thatMtb infection leads to a reduction
in neuronal and adipocyte cell populations through the activation of
necroptotic pathways, suggesting a potential mechanism for the
impairment of neurological and metabolic functions associated
with CTB.

Analysis of the key signaling molecules involved in fibroblast dif-
ferentiation revealed significantly elevated expression of LOX/LOXL2
in Mtb-infected fibroblasts and other cell subpopulations (Supple-
mentary Fig. 4E). Immunofluorescence staining confirmed the upre-
gulation of LOX/LOXL2 inMtb-infected SKOs (Supplementary Fig. 4F).
Thefinding suggest thatMtb infection inducedoverexpressionof LOX/
LOXL2, which may enhance α-SMA expression and drive fibroblast-to-
myofibroblast differentiation, contributing to skin fibrosis. Unexpect-
edly, chondrocytes showed a notable rise in Mtb-infected SKOs (Sup-
plementary Fig. 2F), with the upregulation of COL2A1 expression
confirmed by qPCR and immunofluorescence analyses (Supplemen-
tary Fig. 5A-C). Cell trajectory analysis suggested a differentiation
pathway from fibroblasts to chondrocytes, where chondrocytes
exhibited a more advanced differentiation state (Supplementary
Fig. 5D, E). Although the implications of fibroblast-chondrocyte dif-
ferentiation are unknown, it may represent an aberrant differentiation
event specific to the SKOs model rather than genuine pathological
differentiation of CTB.

Mtb infection induces skin fibrosis through activation of the
PI3K-AKT signaling pathway
To understand themechanisms leading to fibrosis, we next conducted
a comprehensive analysis on the differentiation of fibroblasts afterMtb
infection. Analysis of cell populations show an increasing trend in the
proportion of fibroblast after Mtb infection (Supplementary Fig. 2F).
Fibroblasts were further categorized into eight subtypes, including
fibroblast, EGR1+ fibroblast, VEGFA+ fibroblast, reticular fibroblast,
papillary fibroblast, FN1+ fibroblast, myofibroblast and APOE+ fibro-
blast (Fig. 5A, B). Analysis of the cell proportions by pseudo-
chronological analysis revealed an increase in the proportion of the
EGR1+ fibroblast subpopulation in the Mtb-infected SKOs, indicating
enhanced cell differentiation (Fig. 5C). Differential enrichment analysis
detected the activation of multiple ECM remodeling-related signaling
pathways, with a particular emphasis on the PI3K-AKT pathway in a
subset offibroblasts (Fig. 5D, E). Subsequent analysis of genes enriched
in the PI3K pathway among DEGs in the fibroblasts identified multiple
upregulated genes associated with fibrosis (Fig. 5F–H).

The PI3K-AKTpathwayhas been implicated in the pathogenesis of
fibrotic diseases in various organs, including the lung25, kidney26,
liver27, intestine28 and skin29. To determine whether targeting the PI3K-
AKT signaling pathway could ameliorate the activation of fibroblasts
and collagen gene expression in aMtb-infected SKOmodel, we utilized
the PI3K inhibitor LY294002 to suppress PI3K-AKT pathway. Immu-
noblotting analysis revealed that phosphorylated AKT (p-AKT) protein
expression was upregulated in Mtb-infected SKOs (Fig. 6A, B), indi-
cating the activation of the PI3K-AKT pathway. In contrast, treatment

with 10μMLY294002 attenuated the expression of p-AKT protein and
recovered close to normal levels (Fig. 6A, B). Subsequent qPCRanalysis
demonstrated that the mRNA expression of myofibroblast markers α-
SMA and Fibronectin (FN1) was upregulated inMtb-infected SKOs and
downregulated following LY294002 treatment (Fig. 6C). Immuno-
fluorescence analysis further confirmed these findings, showing
that the protein levels ofα-SMAand FN1were increased followingMtb-
infection and partially recovered upon LY294002 treatment
(Fig. 6D, E). Furthermore, treatment with LY294002 attenuated the
collagen production induced by Mtb infection (Fig. 6F, G).

To further validate the critical roleof the PI3K-AKTpathway inMtb
infection-induced fibrosis, we also used Wortmannin, another PI3K-
AKT inhibitor, to treat Mtb-infected SKOs. qPCR analysis confirmed
that inhibiting PI3K-AKT pathway significantly attenuated skin fibrosis
(Supplementary Fig. 6A). These results suggest that targeting the PI3K-
AKT signaling axis may be a promising therapeutic approach to miti-
gate skin fibrosis in the context of CTB.

Mtb infection activates AP1 transcriptional activity
AP1 (activating protein-1) is a collective term referring to dimeric
transcription factors composed of JUN, FOS, ATF orMAF subunits that
bind to a common AP1-binding site on DNA, and regulates the tran-
scription of target genes30. Accumulating evidence has indicated that
the aberrant activation of AP1 is associated with the development of
various skin diseases and organ fibrosis31–33. As PI3K-AKT signaling
pathway has been demonstrated to serve as a mediator of AP1
activation34, and both of these pathways have been shown to play
crucial roles in the progression offibrotic diseases35,36, we continued to
examine AP1 expression of the SKOs. scRNA-seq results showed that
the expression levels of multiple AP1 subunits were upregulated in the
fibroblasts from Mtb-infected SKOs (Fig. 7A, B). qPCR analysis of the
AP1 transcription factor family subunits revealed that the FOS subunits
c-FOS, FOSL1 and FOSL2, the JUN subunits c-JUN and JUND, the ATF
subunits ATF3 and ATF4, aswell as theMAF subunitsMAFA andMAFF,
were all upregulated to varying degrees inMtb-infected SKOs (Fig. 7C),
indicating a comprehensive upregulation of AP1 transcription factors
under Mtb infection.

To investigate the potential of targeting AP1 transcription factors
as a therapeutic strategy for Mtb-induced skin fibrosis, we utilized a
selective AP1 inhibitor (T5224) that is known to suppress the DNA-
binding activity of FOS and JUN subunits37. Western blot analysis
confirmed that the phosphorylation levels of JUN and FOS were
upregulated in Mtb-infected SKOs (Fig. 7D, E). Correspondingly, the
mRNA levels of the JUN and FOS were downregulated following T5224
treatment (Fig. 7F). Furthermore, qPCR analysis revealed that T5224
treatment reversed the Mtb-induced upregulation of fibrosis-related
genes, including α-SMA, FN1 and COL1A1 (Fig. 7G). Immuno-
fluorescence staining showed that the fluorescence intensities of α-
SMA and FN1 were significantly reduced in the T5224 treated Mtb-
infected SKOs, compared to the non-treated Mtb-infected SKOs,
approaching the levels of uninfected SKOs (Fig. 7H, I). Masson’s

Fig. 3 | Infection of SKOs with Mtb results in skin fibrosis via extracellular
matrix remodeling. A Violin plot of expression levels ofMMPs and collagen family
genes in all cell types. B The enrichment pathways of the upregulated genes
identified through the differential analysis between the normal group and the case
group. Enrichment significance was assessed by hypergeometric test, with p values
adjusted using the Benjamini-Hochberg FDR method. C Sirius red staining and
Masson’s trichrome staining images (left) and quantitative analysis (right) of col-
lagen content in the SKOs pre- and post-Mtb infection, Scale bar = 500 µm, n = 3
biological replicates and error bars represent mean± SEM. Statistical differences
according to an unpaired two-tailed t-test. D qPCR analysis of mRNA expression
levels of type I, III and IV collagen genes in SKOs pre- and post-Mtb infection, n = 3
biological replicates and error bars represent mean± SEM. Statistical differences
according to anunpaired two-tailed t-test.E, F Immunohistochemistry results show

the expression levels (E) and quantitative analysis (F) of type I, III and IV collagen
proteins in the SKOs pre- and post-Mtb infection, Scale bar = 500 µm, n = 3 biolo-
gical replicates and error bars represent mean ± SEM. Statistical differences
according to an unpaired two-tailed t-test. G qPCR analysis of MMP14 and MMP2
mRNA expression levels in SKOs pre- and post-infection, n = 3 biological replicates
and error bars represent mean ± SEM. Statistical differences according to an
unpaired two-tailed t-test.H ELISA analysis ofMMP14 andMMP2 levels in SKOspre-
and post-infection, n = 3 biological replicates and error bars representmean± SEM.
Statistical differences according to an unpaired two-tailed t-test. I Representative
immunofluorescence staining with antibodies against MMP14 and MMP2 in the
SKOs pre- and post-Mtb infection, Scale bar = 500 µm. This was repeated three
times with similar results. Source data are provided as a Source Data file.
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trichrome staining confirmed that the T5224 treated SKOs showed
similar pathological manifestations to the control group without Mtb
infection, with reduced collagen deposition (Fig. 7J, K). Furthermore,
treatment of Mtb-infected SKOs with SR11302, another AP1 inhibitor,
significantly reduced skin fibrosis, as confirmed by qPCR analysis
(Supplementary Fig. 6B). Our findings demonstrate that targeted

inhibition of AP1 transcription factors attenuated Mtb-induced skin
fibrosis.

The results presented here indicate that inhibiting the PI3K-AKT-
AP1 pathway helps alleviate the fibrosis caused by Mtb infection, sug-
gesting that this molecular pathway could represent a potential ther-
apeutic target for the management of CTB.
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Fig. 5 | Skin fibrosis induced by activation of the PI3K-AKT signaling pathway
uponMtb infectionof SKOs.ADistribution offibroblasts in the overall data.BThe
expression levels of specific markers for further classifying fibroblasts into distinct
subpopulations. C Identification of distinct fibroblast subpopulations. Stacked bar
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collagen-related pathways in the case group. Enrichment significance was assessed
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method. F Upregulation of PI3K pathway-related genes in fibroblasts of the case
group. The color intensity represents the magnitude of gene expression upregu-
lation. G qPCR analysis of mRNA expression levels of PI3K-AKT pathway-related
genes in SKOs pre- and post-Mtb infection, n = 3 biological replicates and error bars
representmean ± SEM. Statistical differences according to anunpaired two-tailed t-
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image. Source data are provided as a Source Data file.
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Discussion
In clinical practice, chronic CTB (such as lupus vulgaris and tubercu-
losis cutis verrucosa) is often accompanied by fibrosis and epidermal
rupture following prolonged inflammation, manifesting as abnormal
deposition of collagen in the dermis and scar formation13,14. To facil-
itate the investigation on CTB pathology, we established an in vitro
model using hiPSCs-derived SKOs. Characterization of the pathologi-
cal profiles show shared tissue repair/fibrosis mechanisms in both
clinical and our SKOs models. Though the accumulation of fibrotic
structures acts as an isolation to resist the invading pathogens in
granulomas38, excessive fibrosis within these structures may impede
the effective diffusion of antibiotics into bacterial loci within the
granulomas39, potentially impacting host organ function by leaving

scar tissue after regression40,41. To obtain a comprehensive picture of
Mtb invasion and its significant pathological changes, we applied in-
deepth analyses by comparing SKOs with and without Mtb infection,
including qPCR, scRNA-seq, acid-fast staining and immuno-
fluorescence staining. The study on SKOs enabled us to unveil several
novel mechanisms involved in the fibrotic process of CTB, which were
not described in the studies on clinical samples.

Following Mtb infection, there was a rise in the proportion of
fibroblasts and a decline in nerve cells and adipocytes within the SKOs
cell population. Fibroblasts are highly dynamic cells that are respon-
sible for producing and remodeling ECM contributing to tissue repair
and fibrosis41,42. Opposite to the fibroblast, nerve cells and adipocytes
were reduced in SKOs afterMtb infection. Since nerve cells are one of
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(F) and quantitative analysis (G) of collagen content in different treatment groups.
Scalebar = 100 µm,Mtb+LY294002:Mtb infectionwith LY294002 treatmentgroup,
n = 3 biological replicates and error bars represent mean ± SEM. Statistical differ-
ences according to an unpaired two-tailed t-test. Source data are provided as a
Source Data file.
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the targets for treatment ofMtb43,44, the decrease may be linked to the
activation of the neuronal apoptosis pathway. Further study is needed
to understand how Mtb induces neuronal apoptosis and its implica-
tions on CTB patients. The reduction of adipocytes in SKOs following
Mtb infection aligns with previous reports that shown an acute loss of
fat cells in mice post aerosol Mtb infection45. Adipose tissue patho-
physiology is crucial in consumption45 and may thus influence the
activation and reactivation of Mtb infection. Changes in these cell
populations may modulate CTB pathology duringMtb infection, thus,
our findings offer new perspectives on the infection mechanism of

CTB. It is also worthwhile to explore this pathological phenomenon of
Mtb infection in other organs such as the lungs and central nervous
system.

Mtb infection in SKOs caused ECM remodeling and increased
fibroblast populations, leading to collagen deposition resembling
fibrosis observed ingranuloma formation. This processmaybe a result
of elevated levels ofMMP2 andMMP14 in fibroblast andmyofibroblast
populations induced by Mtb infection. MMPs are a family of enzymes
that play a crucial role in ECM remodeling and collagen degradation,
which are tightly regulated in various physiological and pathological
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processes46–49. Previous studies have linked MMP promoter poly-
morphisms to TB pathogenesis50. Specifically, MMP1, MMP3 and
MMP9 have been identified as key regulatory factors in TB pathology51.
However, our data did not indicate significant changes in their
expression after Mtb infection, possibly because these MMPs are
mainly produced by neutrophils and macrophages52,53, which SKOs
lack. MMP2 andMMP14 were upregulated in early TB lung granulomas
of rhesus macaques54. They can degrade various ECM components
suchas collagen types IV, V, VII, andX, elastin andfibronectin53.MMP14
is also known to activate pro-MMP13 and pro-MMP2 and directly
degrade collagen types I, II, and III55,56. Consistent with this, Mtb-
infected SKOs showed varyingdegrees of depositionof type I, III and IV
collagen.Mtb infection induces upregulation of MMP and disrupts the
balance with tissue inhibitor of metalloproteinase (TIMP), leading to
altered ECM deposition and granulomatous pathological outcomes57.
Consequently, MMP2 and MMP14 are likely major contributors to the
ECM remodeling inMtb-infected SKOs, leading to collagen deposition
and influencing pathological outcomes.

The most interesting finding is the upregulation of the genes
associated with the PI3K-AKT signaling pathway and AP1 related
transcription factors in Mtb-infected SKOs. Previous studies have
demonstrated that the interaction between the PI3K-AKT pathway
and TGF-β promotes the formation of fibrosis58. Activation of PI3K-
AKT can also induce fibrosis by regulating its downstream targets like
mTOR59. The transcription factor AP1 is closely linked to the PI3K-
AKT pathway and plays a role in cell proliferation60. Activation of the
PI3K-AKT pathway can increase AP1 DNA binding activity, con-
tributing to liver fibrosis36. Notably, AP1 can be activated by the TLR-
JNK-AP1 axis and regulate fibrosis-related proteins33. Despite lacking
evidence of upstream signal activation, which may be related to the
timing of infection, our findings are in line with these studies, indi-
cating that activation of the PI3K-AKT signaling pathway and AP1
activity may be a common mechanism for fibrotic pathogenesis.
Future work should monitor the activation mode and expression
patten of the key molecules in these pathways during Mtb infection,
potentially by manipulating PI3K-AKT, AP1 or TGF-β signals to
understand their role in CTB skin fibrosis. Thismay help developing a
topical ointment targeting AP1 or PI3K-AKT signaling pathways to
minimize systemic side effects and alleviate skin damage from long-
term anti-TB treatment.

Hair-bearing SKOs have been demonstrated as valuable experi-
mental models for investigating host-microbe interactions with
pathogens like mpox virus and enterovirus 71, known to cause
HFMD23,61. These models helped to advance dermatology research, for
understanding of infection mechanisms, immune responses and drug
reactions. In this study, we demonstrated the feasibility of hiPSCs-
derived SKOs tomodelMtb infection. Though themodel allowed us to
discover differential host defense responses elicited byMtb infection,
it has limitations by lacking sweat glands, blood vessels and immune
cells15,62, which are important players during the progression of infec-
tious disease.

Another limitation of the SKOs is the unintended, off-target dif-
ferentiation of chondrocytes, which has been observed previously16,19.
Although human dermal fibroblasts exhibited the ability to differ-
entiate into osteoblasts and chondrocytes in vitro63–65, however, there
is no corresponding clinical reports of increased chondrocytes in
human Mtb-infected skin lesions. Thus, the observed chondrocyte
differentiation in this study may potentially reflect an abnormal dif-
ferentiation event specific to the SKO model rather than a genuine
pathological process. This finding should be validated through com-
parative studies in authentic CTB pathological models or biopsy
samples when becoming available. With the limitations, further
refinements of the existing SKOs culture system are necessary to
improve its complexity and biological relevance, such as integration of
macrophage cells or/and induction of vascularization24,66.

One technical limitation in this study is quantification of infected
bacteria, for which we used the qPCR detection of 16s rRNA and acid
staining instead of the gold standard method of Colony-Forming Unit
(CFU) enumeration67,68. Although the 16s rRNA and acid staining are
frequently used for quantification of live bacteria for diagnosis and
monitoring of TB69–72, these methods provide indirect evidence of the
ongoing growth and survival of Mtb within the organoids.

In summary, this study reports a novel model for investigating
CTB in vitro. Most importantly, it provides the significant information
regarding to thepathologicalmechanismsofCTB. The identificationof
the crucial role of the PI3K-AKT signaling pathway and AP1 transcrip-
tion factors in initiating fibrotic responses and corresponding phar-
macological inhibition experiments provide valuable information for
development of pharmacological treatments to effectively attenuate
fibrosis and collagen accumulation in CTB. Finally, the potential rela-
tionship between the reduction in the overall proportion of functional
nerve cells and adipocytes, particularly those in a terminally differ-
entiated state, and the degree of CTB disease severity warrants further
investigation.

Methods
Human pluripotent stem cell lines and culture
Culture experiments were performed with two human induced plur-
ipotent stem cell lines (RC01001-A and RC01004), purchased from
Shownin Biotechnologies. Cells were cultured on 6-well plates coated
with Matrigel (354277, Corning) and maintained in mTeSR1 medium
(85850, StemCell Technologies) supplemented with 100μg/mL Nor-
mocin (ant-nr-05, Invivogen). The medium was replenished every
other day or daily dependingon cell confluency. Cellswerepassaged at
around 80% confluency (generally every 4 to 5 days). The passaging
was performed in tiny clusters with ReLeSR (100-0483, StemCell
Technologies), and in mTeSR1 medium containing 10μM Y27632 (04-
0012-02, Stemgent).

Generation of SKOs from hiPSCs
Hair-bearing SKOs were generated following the previously estab-
lished protocol15. A comprehensive step-by-step differentiation

Fig. 7 | Inhibition of the AP1 attenuates the skin fibrosis and collagen deposi-
tion induced byMtb infection in SKOs. AThe transcriptional profile of fibroblasts
contains multiple transcription factors associated with AP1. B A comparison of
standardized transcription factor activity levels of AP1 related transcription factors
between the normal and case group.C qPCR analysis of mRNA expression levels of
AP1 related transcription factors in the SKOs pre- and post-Mtb infection, n = 3
biological replicates and error bars represent mean± SEM. Statistical differences
according to an unpaired two-tailed t-test. D, E Western blot analysis of phos-
phorylated JUN and FOS expression levels in the SKOs pre- and post-Mtb infection
(D), and corresponding quantitative analysis (E), n = 3 biological replicates and
error bars represent mean ± SEM. Statistical differences according to an unpaired
two-tailed t-test. (F) qPCR analysis of mRNA expression levels of JUN and FOS in
different treatment groups, n = 3 biological replicates and error bars represent

mean ± SEM. Statistical differences according to an unpaired two-tailed t-test.
G qPCR analysis of mRNA expression levels of α-SMA, COL1A1 and FN1 in different
treatment groups, n = 3 biological replicates and error bars represent mean± SEM.
Statistical differences according to an unpaired two-tailed t-test. H, I Immuno-
fluorescence staining images (H) and quantitative analysis (I) of α-SMA and FN1
expression in different treatment groups. Scale bar = 250 µm, n = 3 biological
replicates and error bars representmean ± SEM. Statistical differences according to
an unpaired two-tailed t-test. J, K Masson’s trichrome staining images (J) and
quantitative analysis (K) of collagen content in different treatment groups. Mtb
+T5224: Mtb infection with T5224 treatment group. Scale bar = 100 µm, n = 3 bio-
logical replicates and error bars represent mean ± SEM. Statistical differences
according to an unpaired two-tailed t-test. Source data are provided as a Source
Data file.
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method is detailed in theNature Protocolpublication titled “Generation
and characterization of hair-bearing skin organoids from human plur-
ipotent stem cells.”

Briefly, cells were dissociated into single-cell suspensions using
Accutase Cell Dissociation Reagent (A1110501, Gibco). Subsequently,
3500 cells resuspended in 100μL of Essential 8 Flex medium
(A2858501, Gibco) supplemented with 20μM Y27632 were dispensed
into eachwell of a U-bottom ultra-low attachment 96-well plate (7007,
Corning). The plate was centrifuged (200 × g, 6min) and incubated for
24 h. After the initial incubation (day 1), 100μL of fresh E8mediumwas
added to each well to dilute the Y27632. On day 0 of differentiation,
cells were cultured in E6 medium (A1516401, Gibco) supplemented
with: 2%Matrigel (v/v, 354230,Corning), 10μMSB431542 (04-0010-05,
Stemgent), 4 ng/mL basic FGF (100-18B, PeproTech), 5 ng/mL BMP4
(120-05, PeproTech). This medium formulation is referred to as
“E6SFB” in the protocol. On day 0, all cell aggregates were transferred
to a new 96-well U-bottom plate in 100μL of E6SFBmedium.On day 3,
themediumwas supplemented with 200ng/mL LDN (a BMP inhibitor,
04-0074, Stemgent) and 50μg/mL bFGF. On day 6, 75μL of fresh E6
medium was added to each well. On day 9, half of the medium was
replaced with fresh E6 medium. On day 12, all aggregates were indi-
vidually transferred to 24-well low-attachment plates (3473, Corning)
containing 500μL of organoid maturation medium (OMM) supple-
mented with 1% Matrigel. The OMM consists of: 1:1 mixture of
Advanced DMEM/F-12 (12634010, Gibco) and Neurobasal Medium
(21103049, Gibco), 1× GlutaMax (35050061, Gibco), 0.5× B-27 minus
vitamin A (12587010, Gibco), 0.5× N-2 (17502048, Gibco), 0.1mM
2-mercaptoethanol (21985023, Gibco) and 100μg/mL Normocin.
Plates were then placed on an orbital shaker (65 × rpm) in a 37 °C, 5%
CO₂ incubator. On day 15, half of the spent medium was replaced with
freshOMMcontaining 1%Matrigel. Fromday 18 today45, half-medium
changes were performed every 3 days using OMM. For experiments
extending beyond day 45, medium changes were adjusted to every
other day. Additionally, depending on organoid size (e.g., larger
aggregates) and medium consumption (indicated by yellowing), the
total medium volume was increased to 1mL per well to ensure ade-
quate nutrient supply.

Bacterial strains and culture
In this study, Mycobacterium tuberculosis (Mtb) H37Rv strain
(ATCC35743, JZ101702) was cultured on Middle Brook 7H11 Agar Base
(LA7240, Solarbio) supplemented with 10% Middlebrook OADC
Growth Supplement (LA9560, Solarbio) and 0.5% Glycerol at 37 °C.
When the bacteria reached mid-exponential phase, bacterial clones
were harvested in saline. The Mtb suspension was then dispersed,
counted using a Bacterial ultrasonic dispersion counter (TB Health-
care) and adjusted to 1MCF.

SKOs and Mtb co-culture
SKOs were cultured in antibiotic-free OMM medium for three days
prior to the experiment. Then, the SKOs were transferred to a new 24-
well platewith pre-cutwide pipette tips, and fresh antibiotic-freeOMM
medium was added. To achieve Mtb infection, 33μL of 1MCF Mtb
(1 × 107/mL) was added to each well for 24 h (Each organoid contained
3–5 million cells, and the multiplicity of infection (MOI) was approxi-
mately 2-3:1), then washed the SKOs three times with PBS to remove
extracellular bacteria, continued culturing the SKOs at 37 °C (5% CO2)
for several days according to the needs of study. DuringMtb infection,
90% of the medium was replaced every 2-3 days to ensure a constant
density of Mtb in the medium.

In all figures, the control groups are labeled as “Uninfection”
unless otherwise specified. The “Infection” group represents
SKOs exposed to Mtb and cultured for 9 days. The “Uninfection”
group represent SKOs that are cultured in parallel without Mtb
exposure.

Sections preparation
SKOs were fixed in 4% formaldehyde overnight at 4 °C and then pro-
cessed through a dehydration gradient. After the tissues were
embedded in paraffin, they were cut into 4 μm thick sections for
hematoxylin and eosin (H&E) staining, Acid-Fast staining, Immuno-
histochemistry, immunofluorescence analysis, Sirius Red staining and
Masson’s trichrome staining.

Histological analysis
Four micrometer paraffin sections were deparaffinized using xylene,
followed by rehydrationwith graded ethanol, and subsequent staining
with hematoxylin and eosin staining solution (G1120, Solarbio)
according to the manufacturer’s instructions.

Acid-Fast staining
The sections were stained with Ziehl-Neelsen staining dye at room
temperature for 4 h, followedby a 5minwashwith slow-runningwater.
Subsequently, they were decolorized with a destaining solution for
several seconds, and counterstained with hematoxylin solution for
5min. After another round of washing and decolorization, the sections
were sealed with neutral gum.

Immunohistochemistry
For immunohistochemical analysis, the sections underwent depar-
affinization, rehydration, and heat-induced antigen retrieval in a
microwave to boil for at least 15min using an antigen retrieval buffer.
Endogenous catalase was then neutralized with 0.3% H2O2 for 30min
after cooling. Following this, sections were blocked with 10% goat
serum in PBS for 1 h and then incubated with the primary antibodies at
4 °C overnight. The sections were then washed in PBS. and subse-
quently incubated with HRP-conjugated secondary antibodies for 1 h.
Next, sections were washed three times again in PBS and incubated
with DAB working solution for 5min. After counterstaining with
hematoxylin, the sections were mounted with glycerol gelatin (Sigma-
Aldrich, Cat No. 1002946952). The ImageJ (Fiji, version 1.8.0, National
Institute of Health) and GraphPad Prism 9 (version 9.5.1, GraphPad
Software) is used to process data fromcell images and histograms. The
primary antibodies are listed in Supplementary Table 1.

Immunofluorescence analysis
For immunostaining, the sections were deparaffinized and rehydrated,
and heat-induced antigen retrieval by boiling in a microwave for at
least 15min. Subsequently, the sections were blocked in 10% normal
goat serum for 1 h at room temperature. Primary antibodies were then
added at the indicated dilutions in 10% normal goat serum and incu-
bated overnight at 4 °C. Following three washes with PBS, secondary
antibodies diluted 1:500 in 3%normal goat serumwere added for 2 h at
room temperature protected from light. After repeating the previous
washing steps, DAPI staining (#4083, Cell Signaling) was added in
DPBS for 15min at room temperature in the dark. Finally, sampleswere
mounted with fluorescence mounting medium (Dako, S3023) and
stored at 4 °C until imaging using an inverted confocal laser-scanning
microscope (Nikon). The ImageJ (Fiji, version 1.8.0, National Institute
of Health) and GraphPad Prism 9 (version 9.5.1, GraphPad Software) is
used to process data from cell images and histograms. The primary
antibodies are listed in Supplementary Table 1.

Sirius Red staining
After deparaffinization, the paraffin sections were stained with Wei-
gert’s iron hematoxylin solution for 8min, followed by rinsing with
runningwater. Subsequently, the sections were stainedwith Sirius Red
staining solution for 20min, rinsing in deionized water. Finally, rapid
dehydration was rapidly dehydrated in gradient concentrations of
ethanol andxylene and sealedwith resin. The ImageJ (Fiji, version 1.8.0,
National Institute of Health) and GraphPad Prism 9 (version 9.5.1,
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GraphPad Software) is used to process data from cell images and
histograms.

Masson’s trichrome staining
After deparaffinization, the sections were soaked in potassium
dichromate overnight, then rinse with tap water. Then, the sections
were stained with Weigert’s iron hematoxylin solution for 3min, fol-
lowed by rinsing with running water. The samples were differentiated
with 1% hydrochloric acid in alcohol for 10–15 s, followed by staining
with Masson’s bluing solution, rinsing in deionized water. Subse-
quently, the sections were stained with Ponceau-acid fuchsin solution
for 5min, differentiated in phosphomolybdic acid, and then stained
with aniline blue solution for several minutes. After rinsing with deio-
nized water, the sections are placed in acetic acid working solution for
1min. Finally, rapid dehydration was rapidly dehydrated in gradient
concentrations of ethanol and xylene and sealedwith resin. The ImageJ
(Fiji, version 1.8.0, National Institute of Health) and GraphPad Prism 9
(version 9.5.1, GraphPad Software) is used to process data from cell
images and histograms.

Real-time quantitative polymerase chain reaction (qPCR)
Bacterial load within SKOs was assessed using absolute quantification
of 16S rRNA. Initially, 1mL of 1MCF H37Rv suspension was centrifuged
at 13,400 × g for 10min, followed by RNA extraction with TRIzol
reagent (284910, Life Technologies). The extracted RNA was reverse
transcribed into cDNA using a TAKARA reverse transcription kit.
Subsequently, the cDNAwas serially diluted tenfold (ranging from 300
to 300,000,000 copies) and equal volumes of cDNA templates were
used for qPCR. A standard curve was established according to CT
values and corresponding bacterial copy numbers. SKOs were washed
thrice with PBS at specified time intervals, then homogenized with
1mm diameter grinding beads under low-temperature conditions.
Following RNA extraction using TRIzol reagent, reverse transcription
and qPCR reactions were carried out, and the obtained CT values were
substituted into the linear equation of the above standard curve to
obtain the corresponding bacterial copy number.

To detect mRNA changes of DEGs in SKOs, qPCR was performed
using TB Green Premix Ex Taq™ (RR420A, Takara) according to the
manufacturer’s instructions. The resulting CT values were normalized
to the mRNA expression level of β-Actin, and differential expressions
between the groups were calculated by 2-△△CT. The primer sequences
are shown in the Supplementary Table 2.

Western blotting analysis
After removing the organoidmedium, the SKOswerewashedwith PBS,
followed by the addition of RIPA Lysis Buffer containing 1% phospha-
tase inhibitor and protease inhibitor, to extract proteins using a low-
temperature tissue grinder. Protein samples (40μg) were subjected to
10% SDS-PAGE polyacrylamide electrophoresis and transferred to
PVDF membranes. The membranes were then blocked with 10% skim
milk at room temperature for 2 h. To detect the activation of the PI3K-
AKT signaling pathway and AP1 transcription factor, PVDFmembranes
were probed with primary antibodies overnight at 4 °C. Following
incubation with a specific HRP-conjugated secondary antibodies for
1 h, the immunoblot signal was visualized using the BioRadChemiDOC
XRSP Detection System (BioRad), and the intensity of the western blot
bands was quantitatively analyzed using Image J (Fiji, version 1.8.0,
National Institute of Health) and GraphPad Prism 9 (version 9.5.1,
GraphPad Software). Primary antibodies used are listed in Supple-
mentary Table 1.

PI3K-AKT and AP1 signal inhibition test
Before infection, SKOs were divided into three groups: Control (no
treatment), Mtb group (infected with Mtb), and Mtb+inhibitor group
(infected with Mtb while treated with 10μM T5224 (HY-12270,

MedChemExpress) or 10μM SR11302 (2476, TOCRIS) or 10μM
LY294002 (HY-10108, MedChemExpress) or 1μM Wortmannin (HY-
10197, MedChemExpress)). The SKOs underwent simultaneous infec-
tion with Mtb and inhibitor treatment, with subsequent medium
changes and inhibitor supplementation every 2-3 days. The SKOs were
harvested on the 9th day.

SKOs dissociation for scRNA-seq
The SKOswerewashed three timeswith PBS using wide-mouth pipette
tips, minced as finely as possible and digested for 30min in Advanced
DMEM/F12 supplemented with 1mg/mL type I collagenase (17018029,
Gibco). Following collagen lysis, the digestion was terminated with
RPMI1640, and the mixture was centrifuged at 300 × g for 5min at
4 °C. The pellet was resuspended in 2–3mL of TrypLE express
(12604013, Gibco) and incubated at 37 °C for 10min. Subsequently,
0.4% bovine serum albumin (BSA)/PBS solution was added to stop the
dissociation reaction, centrifuged for 5min at 300 × g at 4 °C and
washed again with 0.4% BSA/PBS. The cell suspension was pipetted
repeatedly and passed through a 70μm cell sieve twice to obtain the
single-cell suspension. Cell viability and live cell count were calculated
to ensure that the final cell concentration and viability were applicable
for sequencing with trypan blue staining.

scRNA-seq library preparation and sequencing
The cell suspension was used immediately for scRNA-seq library pre-
paration with a target recovery of 10,000 cells and loaded to a 10×
Genomics Chromium Controller for Gel beads in emulsion generation
andbarcoding using theChromiumSingleCell 3′Reagent Kit v.3.1Dual
Index (10× Genomics) according to the manufacturer’s instructions.
scRNA-seq 3’ gene expression libraries were generated using the 10×
Genomics Chromium single cell system and sequenced using the
Illumina NovaSeq 6000 sequencing system.

scRNA-seq data processing
We used the Cell Ranger Software version 6.0.2 to align raw reads to
human transcripts (GRCh38) and to generate feature-barcode matri-
ces. The R package Doublefinder version 2.0.3 was utilized to identify
and remove potential double cells. Analysis of scRNA-seq data was
conducted using the R package Seurat version 4.3.0 and associated
tools. Cells with fewer than 300 expressed genes and less than 500
counts were filtered out to ensure data quality. Additionally, cells with
mitochondrial gene expression exceeding 20% and erythrocyte gene
expression exceeding 3% were excluded from further analysis.

Identification of DEGs
We ran principal component analysis (PCA) after normalizing our
single-cell data set and identifying variable genes using the R package
Seurat. R package Harmony was utilized for sample integration and
removal of batch effects. Cell classification and clustering were carried
out using the FindNeighbors and FindClusters functions from Seurat.
The UMAP algorithm was used for dimensionality reduction. Specific
expression marker genes for each cluster were identified using the
FindAllMarkers function from Seurat with |log2Foldchange | ≥0.5, cell
percentage ≥0.25, and p value ≤0.05. Cell types were determined by
comparing expression patterns with cell type-specific markers from
the CellMarker2.0 and Cell Taxonomy databases. Cluster annotation
was done accordingly.

The Findmarker function was utilized to identify DEGs between
normal and case SKOs with p value < 0.05 and |log2FC >0.25 |. To
specify enriched biological processes in DEGs for each cell type under
each condition, the R package clusterProfiler version 4.6.2 was
employed alongside the org.Hs.eg.db version 3.16.0 annotation pack-
age. Enrichment analysis was conducted on the differential genes
(p value < 0.05), and the R package GseaVis version 0.0.8 was utilized
for visualizing the GSEA enrichment analysis results.
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Network analysis
We utilized a combination of bioinformatics tools to analyze the differ-
entiation trajectories within the entire cell atlas. The R package Mono-
cle3 version 1.3.4 was employed to construct the differentiation
trajectory model and assess the evolution and differentiation status of
different cell types. Furthermore, the R packageMonocle version 2.26.0
was utilized to analyze the quasi-temporal relationships within the neu-
ron cell subpopulation, while the Python package CytoTRACE version
0.3.3 was utilized to evaluate the differentiation status and potential of
Fibroblast cell subpopulations. Additionally, the python package pyS-
CENIC version0.12.1 was utilized to calculate transcription factor activity
and construct regulatory networks at the single-cell level for a compre-
hensive understanding of transcriptional regulation mechanisms.

Statistics and Reproducibility
All experiments were repeated three times with similar results. Data
are all indicated as mean ± SD. An unpaired two-tailed t-test was per-
formed for statistical analyses unless otherwise specified. P <0.05 was
considered as significant for all analyses, and the p valueswere directly
indicated in the figure.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The processed scRNA-seq data generated in this study have been
deposited in the Genome Sequence Archive for Human database
under accession code HRA011953) (https://ngdc.cncb.ac.cn/search/
specific?db=hra&q=HRA011953). The human skin organoid data of day
133 used in this study are available in the Gene Expression Omnibus
database under accession code GSE231607. Source data are provided
with this paper.

Code availability
The analysis code is available on Zenodo under the following link
https://doi.org/10.5281/zenodo.17118354).
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