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Single-cell transcriptomics

and spatial validation reveal
dysfunction of keratinocytes and
NK cells driving acne development

Xinheng Wang?, Changzhao Gao?, Dandan Yang?, Jiahui Pan* & Rihua Jiang*™*

Acne, the most prevalent inflammatory skin condition globally, lacks comprehensive understanding of
its cellular and molecular mechanisms. This research integrates single-cell transcriptomics with spatial
immunofluorescence to detail cellular composition and functional states in healthy skin, mild acne,
and severe acne. Findings indicate that keratinocytes in mild acne secrete antimicrobial peptides and
maintain barrier defense, but transition to abnormal differentiation and pathological keratinization

in severe acne. Natural killer (NK) cells initially amplify inflammation and activate the immune
response, but later become exhausted and apoptotic. This interaction creates a “dual immune-barrier
imbalance,” driving acne progression. Functional enrichment and pseudo-time analyses demonstrated
a strong association between disease severity and TNF, and chemokine signaling pathways, as well as
NK cell-mediated cytotoxicity and Wnt/p53-apoptosis pathways. These findings were corroborated

by immunofluorescence validation. This study introduces an innovative pathological model that
establishes theoretical foundations for early diagnosis and precision interventions, while also outlining
future therapeutic strategies centered on “immune-barrier co-regulation.” The findings provide
essential insights into the pathogenesis of acne and open avenues for investigating novel intervention
targets.
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Acne is a highly prevalent and intricate chronic inflammatory dermatological condition, affecting approximately
85% of adolescents!. Its clinical manifestations range from comedones and papules to pustules, nodules, and
cysts, frequently accompanied by cutaneous lesions and psychological burdens such as anxiety and depression,
which significantly diminish quality of life?. Although antimicrobial agents, systemic hormones, and retinoids
may offer short-term symptom relief, they are characterized by high recurrence rates, limited efficacy duration,
and are often associated with drug resistance and adverse reactions, underscoring significant limitations in long-
term management>*. The pathogenesis of acne involves the synergistic interaction of multiple factors, including
aberrant sebum production, follicular keratinization disorders, colonization by Propionibacterium acnes, and
immune-inflammatory responses>®. However, the key regulatory mechanisms at the cellular and molecular
levels remain inadequately understood, impeding a deeper comprehension of its pathological essence and
the development of precise therapeutic strategies. Consequently, a systematic elucidation of the fundamental
pathogenic processes and molecular networks underlying acne is essential. Such an approach not only enhances
our understanding of the pathological mechanisms but also establishes a scientific basis for identifying novel
therapeutic targets and developing personalized, long-term effective treatments. This endeavor constitutes a
pivotal challenge necessitating urgent advancements within the field of dermatology.

In recent years, the pathogenesis of acne has been recognized to involve abnormal follicular keratinization,
excessive sebum secretion, Propionibacterium acnes colonization, and host immune imbalance as primary
drivers’. However, most studies have predominantly utilized histopathology or bulk omics approaches, which
pose challenges in elucidating single-cell-level heterogeneity and dynamic changes®. The advent of single-cell
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transcriptomics (scRNA-seq) technology has marked significant advancements in the study of the skin immune
microenvironment’. Yang et al. employed scRNA-seq to analyze lesion tissue from six acne patients, identifying
eight distinct cell subpopulations'?. Their findings highlighted significant differences in immune cell populations
between lesional and non-lesional sites, as well as the role of specific ligand-receptor pairs (e.g., SPP1 and IL6) in
acne pathogenesis. Deng et al. utilized scRNA-seq and spatial transcriptomics to uncover substantial alterations
in intercellular communication within early-stage acne lesions, revealing abnormalities in multiple signaling
pathways!!. Despite these advancements, the application of scRNA-seq in acne research remains extremely
limited, with the intricate characteristics, functional states, and dynamic changes still requiring further
exploration. The holistic concept of the “skin microenvironment” has gained significant attention, highlighting
the dynamic interactions and ecological balance among various components, including immune cells, sebaceous
glands, keratinocytes, and the skin microbiome!'?"'%. Acne development arises not from abnormalities in a
single cell type or pathway but from the disruption of this skin ecological microenvironment'>. Comprehensive
single-cell omics research not only uncovers the fundamental pathogenic mechanisms of acne and elucidates
the intricate interactions between the immune microenvironment and other skin components but also provides
a theoretical foundation for “resetting the skin ecological microenvironment.” This research holds critical and
urgent scientific importance, driving the advancement of precise and sustainable therapeutic strategies.

In this study, we conducted a systematic analysis of the microenvironmental heterogeneity of healthy skin,
mild acne, and severe acne tissues at the single-cell level, marking the first such investigation (Fig. 1A). Our
findings highlighted significant variations in the proportions of NK cells and keratinocytes across different stages
of the disease. Utilizing healthy samples as a baseline, we performed a longitudinal analysis of the heterogeneity
of NK cells and keratinocytes as acne progressed from mild to severe stages. This analysis led to the identification
of specific marker genes and functional states associated with acne. The results indicate that keratinocytes
transition from a steady-state defense role to pathological differentiation as the disease progresses, while NK
cells shift from immune activation to functional exhaustion. These observations suggest that an imbalance in
cellular function is pivotal in the progression of acne. The findings not only enhance our understanding of acne
pathogenesis but also establish a critical foundation for exploring potential intervention strategies.
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Fig. 1. Single-cell transcriptomic analysis reveals dynamic remodeling of immune-epithelial structures
during acne progression. (A) Workflow for single-cell RNA sequencing from skin biopsies, including tissue
dissociation, single-cell suspension preparation, library preparation, and sequencing. (B) UMAP plot
showing 19 transcriptionally distinct clusters across all samples, each labeled with a unique color. (C) UMAP
plot colored by major cell lineages, including keratinocytes, NK cells, fibroblasts, monocytes/macrophages,
endothelial cells, B cells, and neutrophils. (D) Cell type composition cross-section illustrating cellular
composition across NC, MA, and SA, highlighting NK cell enrichment in MA and keratinocyte expansion in
SA. (E) Stage-specific UMAP plots (NC, MA, SA) revealing cellular trajectories from NK cell-driven immune
activation to keratinocyte-driven pathological remodeling.
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Results analysis

Single-Cell transcriptome profiling of the cellular landscape in acne lesions

To systematically characterize the cellular ecology of acne lesions, single-cell transcriptomic sequencing
was conducted on six skin samples from patients with NC, MA, and SA. Utilizing dimensionality reduction
and clustering analysis via Seurat, seven major cell types and 19 subpopulations were identified, including
keratinocytes, NK cells, fibroblasts, monocytes/macrophages, B cells, endothelial cells, and neutrophils
(Fig. 1BC). The progression of acne was associated with systematic remodeling of cellular composition and
function!®!”. The results (Fig. 1D) indicated a significantly elevated proportion of NK cells in mild lesions,
suggesting their role in enhancing inflammation through immune activation and chemotactic signaling during
the early stages of acne. In severe lesions, there was a notable expansion and abnormal differentiation of
keratinocytes. Although NK cells were still present, they predominantly exhibited signs of functional exhaustion
and apoptotic tendencies. Further cell trajectory analysis elucidated this dynamic succession process (Fig. 1E).
The maintenance of barrier homeostasis in healthy skin is predominantly dependent on keratinocytes, with a
minimal presence of immune cells'®. However, in mild lesions, there is a notable infiltration of NK cells, which
significantly enhance inflammatory signaling. As the condition progresses to a severe stage, there is a transition
in the cellular environment from one dominated by immune cells to one characterized by the pathological
expansion of structural cells. This stage is marked by aberrant keratinocyte differentiation and disorganization of
the stratum, accompanied by a progressive decline in NK cell functionality. Keratinocytes and NK cells emerge
as the most dynamically active cell populations, acting as central drivers of disease progression. This finding
offers a comprehensive framework for understanding the pathogenesis and for identifying precise therapeutic
targets.

Dynamic changes in keratinocytes

Single-cell transcriptomic analysis has uncovered substantial heterogeneity and dynamic evolution of
keratinocytes during acne development!®. Through unsupervised clustering, 15 distinct functional subgroups
of keratinocytes were identified (Fig. 2AB), exhibiting significant compositional differences across samples at
various developmental stages. In NC samples, subgroups 0, 1, and 12 were predominantly enriched, indicative
of differentiated and mature populations that maintain barrier function under homeostatic conditions (Fig.
2C). In contrast, MA samples specifically showed enrichment of subgroups 5 and 8, characterized by elevated
expression of the defensin gene DEFB4A (Fig. 2DE). This suggests that keratinocytes activate the immune barrier
via antimicrobial peptide secretion during the mild stage, thereby adopting an “immune defense” phenotype.
In SA samples, there was a marked expansion of subgroups 2, 3, 4, and 14, accompanied by abnormally high
expression of structural proteins such as KRT1, KRT10, and KRT2 (Fig. 2F-I). This indicates a tendency towards
pathological differentiation and epidermal structural instability in the severe stage. The findings indicate
a biphasic evolutionary pattern in the progression of KC, marked by a transition from an “immunodefense-
dominant” phase to a “pathological keratinization” phase.

Further analysis of differentiation trajectories offers dynamic validation for the previously mentioned
conclusions (Fig. 3A-C). The differentiation process of KC can be delineated into two principal pathways
(Fig. 3B). To further elucidate the dynamic biological changes accompanying KCs differentiation, we integrated
GO enrichment results of upregulated and downregulated genes along pseudotime. Based on the GO enrichment
results of both upregulated and downregulated genes (Figure S1A, S1B), the differentiation of KCs follows a
continuous dynamic process that progresses from active proliferation to protein homeostasis regulation and
finally to structural and functional specialization. The initial state S1 is characterized by the upregulation of
translation and protein synthesis pathways, accompanied by the downregulation of stress response, migration,
and signaling processes, indicating a metabolically active preparatory phase for cellular homeostasis. Upon
entering S2, the upregulation of protein folding and chaperone-related pathways suggests that cells undergo
prominent protein homeostasis regulation and stress adaptation during the early differentiation phase,
representing a critical transition point toward multiple differentiation trajectories. Subsequently, differentiation
bifurcates into distinct paths:

Along the §2583/54 branch, upregulated genes are enriched in epidermal development, keratinization, and
cytoskeletal organization, while downregulated pathways involve signaling and migration, reflecting the gradual
loss of cellular plasticity and progression toward morphological maturation and barrier formation.

In contrast, the independent S1->S5 trajectory is characterized by the upregulation of genes associated with
epidermal barrier establishment and immune defense, along with suppression of proliferation- and stress-
related genes, indicating a direct differentiation toward functional keratinocytes with antimicrobial and barrier
properties. Overall, the evolution of KCs reveals a unidirectional differentiation trend from metabolic activity
to functional maturation, with a pivotal regulatory transition in protein homeostasis and two distinct terminal
outcomes-a structural remodeling type and an immune-barrier type of keratinocyte specialization. As illustrated
in Fig. 3D-E, KCs in MA samples predominantly expanded along the immune activation pathway, demonstrating
enhanced defensive capabilities. In contrast, KCs in SA samples primarily remained in low-differentiation or
abnormally differentiated states, which not only impaired barrier function but also contributed to the disruption
of epidermal stratification. This altered differentiation trajectory suggests that the reorientation of KC functions
and the imbalance of their states are central drivers in the progression of acne from mild to severe forms. The
transition from immune barrier function to the amplification of pathological keratinization represents a crucial
mechanism in the cellular ecological restructuring associated with acne.

Dynamic changes in NK cells
The analysis of single-cell transcriptomics has uncovered substantial heterogeneity and dynamic progression in
NK cell populations throughout the course of acne?. Through unsupervised clustering, nine distinct NK cell
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Fig. 2. Single-cell transcriptomics reveals keratinocyte heterogeneity and dynamic succession during acne
progression. (A) UMAP of all keratinocytes, showing 15 transcriptionally defined keratinocyte subclusters
(C0-C14). Numeric labels 0-14 on the UMAP correspond directly to these subcluster IDs. (B) Stage-stratified
UMAPs for NC, MA and SA, illustrating the distribution of keratinocyte subclusters C0-C14 in each clinical
stage. (C) Proportional composition of each subpopulation across different stage samples. (D) Venn diagram
summarizing the overlap of marker genes between keratinocyte subclusters C5 and C8. (E) Spatial distribution
and violin plot of antimicrobial peptide gene DEFB4A in UMAP. (F) Venn diagram showing the overlap of
marker genes among keratinocyte subclusters C2, C3, C4 and C14. (G-I) Spatial distribution and violin plots
of structural protein genes KRT1, KRT10, and KRT2.

subpopulations were identified, each displaying varied distribution across NC, MA, and SA samples (Fig. 4AB).
In NC samples, NK cells were found to be limited in number and primarily exhibited a quiescent phenotype
(Fig. 4C). Conversely, MA samples demonstrated a specific enrichment of subpopulations 0 and 8, which were
characterized by a high expression of genes associated with defense and inflammatory responses, such as KRT6A,
KRT16, KRT17, S100A7, S100A8, S100A9, and SERPINB4 (Fig. 4D-K). This suggests that in the mild disease
phase, NK cells display a unique inflammatory-activation profile, characterized by the significant upregulation
of KRT6A, KRT16, KRT17, SI00A7, S100A8, S100A9, and SERPINB4, which together enhance epithelial stress
responses and local inflammatory signaling (Fig. 4E-G). In contrast, SA samples predominantly featured NK
cells enriched in Subpopulation 4 (Fig. 4HK), which exhibited transcriptional signatures suggestive of apoptosis
and functional exhaustion, indicating a progressive decline in immune activity.

The application of pseudo-temporal trajectory inference has elucidated the functional transitions of NK
cells throughout the progression of acne (Fig. 5A-D). Two principal differentiation trajectories for NK cells
were identified (Fig. 5B). GO enrichment analysis across NK cell states revealed three major differentiation
trajectories in acne skin, each associated with distinct functional states (Figure S1C, S1D). The first trajectory
(S1->82) represents the transition from a resting to a metabolically activated state, enriched in pathways related
to energy metabolism, protein synthesis, and signal perception. This phase likely reflects the rapid recruitment
and activation of NK cells in response to sebaceous gland inflammation and microbial stimulation. The second
trajectory (S1>S3>S4->S5/56) indicates a progressive differentiation toward classical cytotoxic effector NK cells,
characterized by enrichment in pathways associated with degranulation, migration, and cytotoxic processes,
suggesting their involvement in target cell clearance and amplification of local inflammation. The third trajectory
(S1>83>S7>58-S11) corresponds to the differentiation toward tissue-resident and immunoregulatory NK
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Fig. 3. Single-cell differentiation trajectory inference reveals dynamic remodeling of keratinocyte states during
acne progression. (A) Pseudo-time differentiation trajectories of keratinocytes in NC, MA, and SA samples.
(B) Two pathways of KC differentiation. (C) Proportional composition of five differentiation states (§1-S5) in
NC, MA, and SA samples. (D) Distribution of subpopulations along pseudo-time trajectories. (E) State-specific
trajectory trees for representative subpopulations (C2, C3, C4, C14).

cells, enriched in cytokine signaling, immune regulation, and tissue homeostasis pathways. These cells are
likely involved in limiting excessive inflammation and promoting post-inflammatory tissue repair. In samples
from MA, NK cells predominantly expand along the immune activation trajectory, thereby contributing to
inflammatory amplification and immune barrier stress (Fig. 5E). Conversely, samples from SA are characterized
by NK cells residing within the apoptotic subpopulation, which is indicative of immune effector exhaustion and
subsequent cell death (Fig. 5F). These observations suggest that NK cells serve as amplifiers of inflammatory
processes in the early stages of acne, ultimately evolving into a hallmark population indicative of immune failure
in the later stages. Furthermore, this transition suggests that the preservation of natural killer (NK) cell effector
molecules, such as NKG7 and GNLY, may be a critical strategy for preventing NK cell dysfunction during the
course of the disease?!?2,

Functional enrichment analysis reveals key signaling pathways

Functional enrichment and cell communication analyses have elucidated the dynamic remodeling of signaling
interactions between NK cells and keratinocytes throughout the progression of acne?**. The results, as illustrated
in Fig. 6, indicate that during the mild stage of acne (MA vs. NC), NK cells exhibit significant immune activation,
as evidenced by the upregulation of NK cell-mediated cytotoxicity and cytokine-receptor interaction pathways
(Fig. 6CD). Concurrently, activation of the tumor necrosis factor (TNF) and chemokine pathways, along with
increased expression of genes such as DEFB4A and S100A8/9 (Fig. 6E-H). Further analysis of communication
patterns reveals (Fig. 6A) that the interaction from NKO to KC5 primarily relies on the HSP90OAA1-FGFR3
and B2M-TFRC pathways, whereas the interaction from NKO to KC8 is dependent on HSP90AA1-EGFR and
B2M-TERC. In contrast, the interaction from NK8 to KC5 establishes robust connections through B2M-TFRC,
HSP90AA1-EGFR, and RTN4-GJB2 pathways. These signaling pathways synergistically enhance the activation
of keratinocyte receptors, regulate iron metabolism, and strengthen barrier junctions, thereby accelerating local
inflammatory amplification and establishing an “immune-barrier synergy” pattern®>2. NK cells progressively
accumulate within the p53 and apoptosis pathways, exhibiting signs of functional exhaustion (Fig. 6CD). The
keratinocyte pathway lineage shifts towards keratinization and Wnt signaling, accompanied by the abnormal
overexpression of KRT1/KRT10, which indicates pathological keratinization and barrier dysfunction (Fig.
6E-H). Correspondingly, communication networks significantly contract (Fig. 6B), retaining only a limited
number of pathways: NKO to KC2 (HSP90AA1-EGFR), NK8 to KC4 (LAMA2-RPSA, B2M-TFRC), NK8 to
KC2 (B2M-TFRC, HSP90AA1-FGFR3), and NK8 to KC14 (HSP90AA1-EGFR). Residual iron metabolism
and growth factor signaling suggest a reduction in NK cell-mediated effects, whereas pathological proliferation
of keratinocytes and matrix remodeling increasingly predominate. Collectively, these findings elucidate the
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Fig. 4. Single-cell transcriptomics reveal NK cell subpopulation heterogeneity and their dynamic changes in
the acne process. (A) UMAP plot showing unsupervised clustering of all NK cells, identifying 9 functional
subpopulations. (B) Distribution of NK cells across different staging samples. (C) Proportional composition of
each NK cell subset in NC, MA, and SA samples. (D) Venn diagram revealing the intersection and differences
in NK cell-specific genes under different conditions. (E-J) Spatial distribution and violin plots of epithelial
barrier protein genes KRT6A, KRT16, KRT17, and inflammation/injury-associated molecules S100A7,
S100A8, S100A9, and SERPINBA4.

progression of acne from an “NK-mediated inflammatory amplification” phase to a dual-driven “immune-
structural imbalance” state. This state is characterized by “NK cell exhaustion and pathological keratinization of
keratinocytes,” offering crucial molecular insights into the developmental mechanisms of the condition.

Immunofluorescence verification

Immunofluorescence staining and quantitative analysis demonstrated a dynamic imbalance between NK cell
effector molecules and keratinocyte differentiation markers during the progression of acne, both spatially and
at the molecular level?*?”. Based on its superior cell specificity, direct functional association, and technical
reliability, defining NK cells using immunofluorescence with NKG7 is a rigorous and efficient strategy. NKG7
is stably and highly expressed in all functional NK cell subsets, effectively avoiding missed detections caused
by heterogeneity or downregulation of traditional surface markers (such as CD56/CD16). Furthermore, as a
key component of cytotoxic granules, its expression directly identifies effector cells with cytotoxic potential,
achieving a unification of phenotype and function. In practice, the intracellular protein characteristics of NKG7
enable it to generate clear and stable signals in tissue samples?®?°. Therefore, NKG7 is not only a feasible NK
cell marker but also a superior functional definition standard compared to traditional markers. In the MA
stage, there was a significant upregulation of KRT6A and NKG7 signaling (Fig. 7A), suggesting that NK cells
were in a state of heightened immune activation. This activation contributed to the amplification of the local
inflammatory response through the release of cytotoxic molecules and interactions with keratinocytes. Further
quantitative analysis revealed that KRT6A expression peaked during the MA stage, whereas NKG7, despite
being markedly elevated in MA, exhibited a significant decline in SA (Fig. 7BC). This pattern indicates that NK
cells transition from an “early immune amplification” phase to a “late functional exhaustion” phase. In relation
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Fig. 5. Single-cell differentiation trajectory inference reveals bifurcated fate and state transitions of NK

cells during acne progression. (A) Overall differentiation trajectories of NK cells. (B) Two primary NK

cell differentiation pathways: activation-directed branch and normal homeostasis branch. (C) Trajectory
distribution in NC, MA, and SA samples, showing significant differences in NK cell differentiation direction
across disease stages. (D) Proportional composition of 11 differentiation states (S1-S11) in NC, MA, and SA
samples. (D) Pseudo-time trajectories of NK cell subpopulations (0-8). (E-F) State-specific trajectory trees for
representative NK cell subpopulations (NO and N8).

to keratinocyte differentiation markers, KRT10 and Involucrin demonstrated a significant increase as early as the
MA stage, suggesting accelerated and aberrant barrier repair responses (Fig. 8A). As the condition progressed to
the SA stage, these markers exhibited further upregulation, albeit with disrupted spatial distribution (Fig. 8BC),
indicative of keratinocytes being arrested in abnormal differentiation and pathological keratinization. This
phased transition from “immune activation to barrier remodeling” is consistent with single-cell transcriptomics
data, which reveal an enrichment of chemokine/cytokine pathways in MA samples and enhanced keratinization/
epidermal differentiation pathways in SA samples. This highlights the critical trajectory of acne progression from
an inflammation-driven phase to one characterized by structural imbalance. Consequently, maintaining NK
effector function while simultaneously correcting keratinocyte differentiation appears to offer greater biological
plausibility and translational potential compared to anti-inflammatory therapy alone.

Conclusion

This study presents a comprehensive framework for single-cell transcriptomic analysis and spatial validation,
reconceptualizing acne as a condition characterized by a “dual immune-barrier imbalance” rather than merely
an inflammatory disorder. By elucidating the dynamic progression of keratinocytes and NK cells across healthy,
mild, and severe stages of acne, we demonstrate a sequential transition from immune activation to immune
exhaustion. This transition is accompanied by a pathological shift from antimicrobial defense to aberrant
keratinization. Our findings extend previous theories that predominantly focused on Cutibacterium acnes-
induced inflammation and sebaceous gland hyperactivity, proposing instead that acne progression signifies a
disruption of immune-epithelial homeostasis. Mechanistically, the enrichment of TNF and chemokine pathways
in keratinocytes suggests that innate immune activation precedes epidermal remodeling. Concurrently, the
accumulation of NK cells within p53 and apoptosis pathways indicates a gradual decline in cytotoxic function.
This reciprocal dysregulation establishes a self-amplifying feedback loop, wherein keratinocyte-derived
cytokines recruit and activate NK cells, and the activated NK cells subsequently induce keratinocyte stress and
cornification, thereby perpetuating inflammation and structural degradation. From a translational perspective,
these findings suggest that conventional anti-inflammatory or antimicrobial therapies may be inadequate
for long-term management. Instead, dual-modulatory strategies that aim to preserve NK cell activity while
normalizing keratinocyte differentiation could potentially offer more sustained remission. Furthermore, markers
such as NKG7, KRT6A, and KRT10 may serve as stage-specific indicators for disease stratification and treatment
evaluation. Although the limited cohort size and absence of mechanistic validation present limitations, future
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Fig. 6. Functional enrichment and cell-cell communication analysis reveal dynamic remodeling of NK cell-
keratinocyte interactions during acne progression. (A) String diagram of cell-cell communication between
NK cell and keratinocyte subpopulations in mild acne lesions. (B) String diagram of cell-cell communication
between NK cells and keratinocyte subpopulations in severe acne lesions. (C-D) Pathway enrichment analysis
of NO (C) and N8 (D) (MA vs. NC). (E-H) Pathway enrichment analysis of KC2(E), KC3(F), KC4(G), and
KC14 (H) (MA vs. NC). The figure is from the KEGG database (www.kegg.jp/kegg/keggl.html) [Map ID: e.g.,
hsa00190] and is used with permission from Kanehisa Laboratories.
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Fig. 7. Immunofluorescence validation of keratinocyte immune activation and NK cell exhaustion during
acne progression. (A) Immunofluorescence staining of KRT6A and NKG7 in NC, MA, and SA skin tissues.
Scale bar, 50 um. (B) Quantitative analysis of KRT6A fluorescence intensity across groups. (C) Quantitative

analysis of NKG?7 fluorescence intensity in each group. (Data are expressed as mean * standard deviation, n=3,
*p<0.05, **p<0.01).
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Fig. 8. Immunofluorescence validation of keratinocyte differentiation defects in acne progression. (A)
Immunofluorescence staining for KRT10 and Involucrin in NC, MA, and SA skin tissues. Scale bar, 50 pm. (B)
Quantitative analysis of KRT10 fluorescence intensity across groups. (C) Quantitative analysis of Involucrin
fluorescence intensity in each group. (Data are expressed as mean + standard deviation, n=3, *p <0.05,
“p<0.01).

integration with organoid models, spatial multi-omics, and longitudinal analyses will further elucidate causal
cellular interactions and facilitate predictive modeling for personalized acne management.

This study systematically delineated the cellular ecological restructuring of acne lesions by integrating single-
cell transcriptomics with spatial immunofluorescence validation. The findings elucidate critical fate transitions
of keratinocytes and NK cells throughout disease progression. Initially, keratinocytes exhibit antimicrobial and
barrier defense functions, but as the disease advances to severe stages, they undergo a shift towards abnormal
differentiation and pathological keratinization. In the early stages, NK cells contribute to inflammatory
amplification; however, as the disease progresses, they increasingly experience effector exhaustion and apoptosis.
The aberrant interaction between these two cell types emerges as the central mechanism driving the transition
from mild to severe acne, delineating a pathological trajectory characterized by a “dual imbalance of immunity
and barrier function”

This discovery not only addresses a critical gap in our understanding of the dynamic mechanisms governing
immune-barrier interactions in acne at a single-cell resolution, but also introduces a novel pathological model®.
Specifically, it suggests that the dysregulation of keratinocyte function, in conjunction with the exhaustion of NK
cells, collectively drives persistent inflammation and structural imbalance. This mechanism surpasses traditional
frameworks that primarily focus on sebum secretion or bacterial colonization, underscoring the pivotal role of
cellular functional evolution in the progression of acne. From a translational perspective, the study proposes that
preserving NK cell functional activity while concurrently correcting keratinocyte differentiation may constitute
a dual-target intervention strategy to arrest acne progression'®*"*2. Moreover, the molecular signatures of
keratinocytes and NK cells emerge as promising biomarkers for diagnostic staging and predicting treatment
efficacy, thereby laying the groundwork for personalized therapeutic approaches.

In acne lesions, we identified a distinct NK-cell subset (C0 and C8) that expresses the keratin protein KRT6A.
Given that KRT6A is a classical epithelial cytoskeletal protein, its presence in NK cells is highly unexpected and
suggests potential non-canonical biological mechanisms*. Based on our current data, we considered two major
possibilities.

The first is the passive acquisition hypothesis, in which NK cells obtain pre-existing KRT6A protein from
apoptotic or necrotic follicular keratinocytes through cell fusion or efferocytosis. Although such phenomena
have been documented in inflamed and injured tissues, they are typically accompanied by a marked increase
in mitochondrial gene proportion (mt genes) and a higher number of detected genes (nFeature_RNA) in the
phagocytic cells (Figure S1FG). In contrast, our analysis showed that the CO and C8 NK subsets do not exhibit
elevated mt-gene percentages or nFeature_RNA values compared with other NK subsets, and therefore lack the
characteristic signatures of phagocytosis. These findings do not support the passive acquisition model.

Instead, our results are more consistent with a microenvironment-driven, active inflammatory reprogramming
mechanism. Proinflammatory cytokines enriched in acne lesions (such as IFN-y and IL-1$) may induce
epigenetic remodeling in NK cells, altering their transcriptional program and releasing the repressive control
over genes like KRT6A that are normally silenced in resting NK cells, thereby enabling de novo expression.
Moreover, high-resolution immunofluorescence provided critical validation: the NK-cell marker NKG7
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Sample ID | Age (years) | Sex Sampling site | Disease duration at biopsy | Standard severity score (GAGS)
NC-01 23 Female | Cheek — 0
NC-02 25 Female | Forehead — 0
MA-01 19 Male Cheek <24h 12
MA-02 21 Female | Forehead <24h 16
SA-01 22 Male Cheek >72h 32
SA-02 20 Male Nose >72h 34

Table 1. Cohort details and phenotype-based group annotation. GAGS (Global acne grading System) was
used for standard severity scoring. Group names are phenotype-based: MA represents papular-stage acne
(typically GAGS <18), while SA represents pustule/nodule/cyst-dominant lesions (GAGS >30). Sampling time
windows (<24 h/>72 h) indicate biopsy timing for consistent lesion stage but do not define grouping criteria.

colocalized clearly with KRT6A and the nuclear dye DAPI at the single-cell level. This observation rules out the
possibility of surface adherence or attached cellular debris and strongly supports KRT6A as an endogenously
produced protein in NK cells.

Functionally, such inflammation-induced reprogramming may have important adaptive significance. KRT6A
is a stress-responsive keratin that enhances cytoskeletal stability during epithelial tissue repair. By analogy, in
the highly inflamed and injury-prone microenvironment of acne lesions, KRT6A expression may help NK cells
maintain structural integrity, thereby facilitating their migration, tissue residency, or cytotoxic function under
high-stress conditions. This finding highlights an unexpected degree of plasticity in NK cells within chronic
inflammatory environments and provides new insights into the adaptive remodeling of innate lymphocytes in
cutaneous inflammatory disease.

Itis important to note that although our transcriptomic analysis and high-magnification immunofluorescence
observations both demonstrate spatial overlap between KRT6A and NKG7 in regions enriched with NK cells,
this finding does not eliminate the possibility that KRT6A signals may originate from adjacent keratinocytes.
The presence of a large number of keratinocytes with high KRT6A expression in the epidermis could contribute
to significant background staining, potentially masking the relatively weak intrinsic expression within NK
cells. Consequently, caution is warranted when interpreting intrinsic KRT6A expression in NK cells. Future
studies should consider incorporating additional NK-specific markers, such as CD56 or NKp46, for multicolor
immunofluorescence or employing spatial transcriptomics techniques to more accurately differentiate genuine
NK cell expression from keratinocyte background signals.

Consequently, this study enhances our comprehension of acne pathogenesis and offers novel theoretical
foundations for the development of precision intervention strategies. Future investigations into comprehensive
treatment models grounded in “immune-barrier synergistic regulation” are promising for transitioning acne
management from empirical approaches to mechanism-driven precision medicine.

Materials and methods

Ethics

This study was approved by the Ethics Committee of China-Japan Union Hospital of Jilin University (Ethics
Approval No.: 2024112111). Written informed consent was obtained from all participants. All methods were
conducted in accordance with relevant guidelines and regulations.

Study population and sample collection

In this study, six participants were recruited from the Department of Dermatology at the China-Japan Union
Hospital of Jilin University (Table 1). These participants were categorized into three distinct groups: healthy
control (NC, n=2), mild acne (MA, n=2), and severe acne (SA, n=2). The recruitment process adhered to
the Global Acne Grading System (GAGS) to ensure standardized classification. Mild acne was defined by the
presence of papules and comedones, with a total GAGS score of less than 18 and a lesion duration of less than
24 h. In contrast, severe acne was characterized by the presence of pustules, nodules, or cystic lesions, with a
GAGS score exceeding 30 and a lesion duration of more than 72 h. All participants were between the ages of 18
and 30 years, had not received systemic antibiotics, glucocorticoids, or immunomodulators within four weeks
prior to sampling, and were free from other inflammatory or autoimmune skin conditions. Individuals with
endocrine disorders, systemic infections, or pregnancy were excluded from the study. Skin biopsies, measuring
2-4 mm, were collected under sterile conditions and immediately processed for single-cell RNA sequencing
and immunofluorescence validation. To reduce temporal bias, samples of mild acne were collected within 24 h
of papule formation, while samples of severe acne were obtained within 72 h following the development of
pustules or nodules. Despite the limited cohort size, each sample yielded over 5,000 high-quality single-cell
transcriptomes, facilitating a robust analysis of cellular heterogeneity and signaling dynamics.

To reduce inter-individual variability and mitigate batch effects due to the limited number of donors, all
samples were processed under uniform experimental and sequencing conditions at the same facility. Tissue
dissociation, enzymatic digestion, and single-cell library construction were conducted concurrently using
standardized reagents and protocols. During data processing, donor-specific batch effects were addressed using
the Seurat v5 integration workflow, which employs canonical correlation analysis (CCA) and mutual nearest
neighbor (MNN) anchoring. This methodology aligns shared cellular states across individuals, facilitating the
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identification of biologically relevant transcriptional differences rather than those specific to individual donors.
Furthermore, clustering and differential expression analyses were conducted post-integration to ensure that the
observed variations were indicative of disease-associated changes rather than artifacts arising from inter-donor
variability.

Single-Cell suspension Preparation and library sequencing

Samples intended for single-cell sequencing were initially placed in ice-cold Hank’s Balanced Salt Solution
(HBSS) supplemented with 1% bovine serum albumin (BSA). Subsequent to mechanical disruption, the samples
were treated with a combination of collagenase I/IV (1-2 mg/mL), Dispase (1 U/mL), and DNase I (50 U/mL),
and subjected to gentle enzymatic digestion at 37°C for a duration of 20-40 minutes. The resulting digested
material was passed through a 70 um filter to eliminate debris/aggregates removal, and cell viability was assessed
to ensure a viability rate of at least 80%. The single-cell suspensions were then prepared for library construction
using the 10x Genomics Chromium platform (Single Cell 3’ v3.1) and sequenced on the Illumina NovaSeq 6000
platform, with a target sequencing depth of no less than 50,000 reads per cell.

Data processing and quality control

The raw data were aligned to the hg19 reference genome utilizing Cell Ranger (version 7.0, 10x Genomics). We
performed single-cell RNA sequencing data analysis using Seurat (v5.0). Initial quality control retained cells
with 500-4000 detected genes and <10% mitochondrial gene content. Doublets were removed using function
DoubletFinder with a 5% expected rate and a pK value of 0.09, which was empirically optimized via artificial
doublet simulations. To partition the cells into distinct clusters, graph-based clustering was performed on the
constructed shared nearest-neighbor graph using the FindClusters function. A resolution parameter of 0.5 was
applied to control the granularity of the downstream clustering output. Cell types were defined for the resulting
clusters by integrating computational predictions with biological knowledge (Figure S1E). The SingleR package,
using the HumanPrimaryCellAtlasData reference, provided an automated preliminary annotation. These
predictions were then evaluated and refined based on the expression of canonical marker genes. This integrated
approach ensured that the final cell type labels were robust and biologically meaningful.

The gene expression profiles of NK and KC cells were preprocessed through a standardized workflow, which
included data normalization using the NormalizeData algorithm, identification of highly variable genes via the
FindVariableFeatures method, and data scaling with the ScaleData function, with all parameters consistent with
the previously described single-cell gene expression preprocessing steps. Utilizing the FindClusters function
with a resolution parameter of 0.5 to delineate cell subpopulations.

Differential gene and functional enrichment analysis

Differentially expressed genes were identified through the application of the Wilcoxon signed-rank test,
employing a threshold of [log2FC| > 0.25 and an adjusted p-value of less than 0.05. Functional enrichment
analysis was conducted using clusterProfiler (version 4.6) for Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis. The results were visualized using bubble plots and bar charts*-%.
Subsequently, key differentially regulated pathways in keratinocytes and natural killer (NK) cells were further
analyzed for pseudo-time and intercellular communication studies.

Trajectory inference and cell communication analysis

Single-cell trajectory analysis was conducted utilizing Monocle2 (version 2.28.0). To construct pseudo-temporal
trajectories, the top 3,000 temporally differentiated genes (TDGs) with a g-value less than 0.01 were selected.
Intercellular communication networks were inferred using iTALK (version 1.5.0), with particular emphasis
on interactions between keratinocytes and immune cells, as well as between natural killer (NK) cells and
macrophages.

Immunofluorescence assay

Each group contains 2 independent case samples, with 3 random fields of view or sections taken from each
case for quantitative analysis. The samples were initially fixed in 4% paraformaldehyde for a duration of 4 to
12 h, followed by dehydration using 30% sucrose. Subsequently, the samples were embedded and sectioned
into cryosections with a thickness of 8 to 10 pm. The sections underwent a blocking process with 5% goat
serum and were then incubated with primary antibodies, including Involucrin, KRT10, KRT6A, and NKG?7.
On the following day, the sections were incubated with Alexa Fluor-conjugated secondary antibodies, and
counterstaining was performed using DAPI. The primary antibodies employed were KRT6A (Cat: ab238013),
KRT10 (Cat: ab76318), Involucrin (Cat: MA5-11803), NKG7 (Cat: PA5-144131), and KRT14 (Cat: ab7800). All
antibodies were validated by the manufacturers for immunofluorescence (IF) on human tissue. Additionally,
single-antibody and no-primary controls were implemented to eliminate the possibility of nonspecific staining.
Imaging was conducted utilizing a laser confocal microscope equipped with objective lenses ranging from 40x
to 63x magnification. Image quantification was subsequently carried out using ImageJ and QuPath software.

Statistical analysis

All data were analyzed using R (v4.3) and GraphPad Prism (v9.0). Independent samples t-tests were performed
for comparisons between two groups, while one-way analysis of variance (ANOVA) with FDR correction was
used for comparisons among multiple groups. Differences were considered statistically significant at p <0.05.
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Data availability

The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive (Genomics,
Proteomics & Bioinformatics 2025) in National Genomics Data Center (Nucleic Acids Res 2025), China Na-
tional Center for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA-Human:
HRAO008189) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa-human.
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