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SUMMARY

Frozen shoulder (adhesive capsulitis) is characterized by progressive fibrotic remodeling of the shoulder joint 

capsule. To investigate the cellular programs underlying the fibrotic process, we integrate spatial transcrip

tomics, pseudotime inference, and in situ validation to comprehensively resolve fibroblast heterogeneity in 

human shoulder joint capsules. We identify three transcriptionally and spatially distinct fibroblast states: ho

meostatic, immediate-early gene (IEG)-activated, and pro-fibrotic. Notably, frozen shoulder exhibits a pro

found loss of homeostatic fibroblasts and a striking expansion of a FOS+JUN+EGR1+ IEG-activated fibroblast 

subset that is rare in normal capsules. Trajectory analysis positions these cells as a stress-responsive tran

sitional state linking homeostasis to fibrosis. Spatial mapping and immunostaining confirm the widespread 

emergence of IEG-activated fibroblasts in diseased capsules. Together, our findings identify an IEG-acti

vated fibroblast state associated with fibrotic remodeling in frozen shoulder and highlight fibroblast state 

plasticity as a key contributor to disease pathogenesis.

INTRODUCTION

Frozen shoulder, also known as adhesive capsulitis (AC), is a com

mon and disabling disorder in which progressive capsular fibrosis 

leads to chronic pain and severe restriction of shoulder motion. It 

most frequently affects individuals between 50 and 60 years of 

age, with an estimated prevalence of 2%–5% in the general pop

ulation and a slightly higher incidence in women than in men.1–3

AC is associated with multiple systemic and metabolic risk fac

tors, including diabetes mellitus, thyroid dysfunction, hyperlipid

emia, autoimmune diseases, cerebrovascular disease, smoking, 

and obesity.4–11 Although traditionally regarded as a self-limiting 

condition that resolves within 1–2 years, accumulating evidence 

indicates that 20%–50% of patients experience persistent pain, 

stiffness, and functional impairment well beyond this time frame, 

substantially compromising quality of life.12–14 Despite the avail

ability of diverse therapeutic options, such as physiotherapy, 

manipulation under anesthesia, arthroscopic capsular release, hy

drodilatation, and extracorporeal shockwave therapy, clinical out

comes remain variable, and complete symptom resolution is often 

not achieved.15–21 These limitations underscore an incomplete 

understanding of AC pathogenesis.

At the tissue level, AC is defined by pathological remodeling of 

the glenohumeral joint capsule. In healthy shoulders, the joint 

capsule is thin, compliant, and elastic, providing stability while 

permitting a wide range of motion. In contrast, AC is character

ized by capsular thickening and fibrosis involving both the 

fibrous and synovial layers, accompanied by chronic inflamma

tion, neovascularization, and neoinnervation.22–25 These struc

tural alterations directly restrict joint mobility and contribute to 

pain. However, the cellular and molecular mechanisms driving 

this aberrant capsular remodeling remain incompletely defined, 

limiting the development of mechanism-based therapies.

Previous studies investigating AC pathogenesis have primarily 

focused on inflammatory and immune-mediated processes. 

Chronic, unresolved inflammation is a hallmark of AC, with 

infiltration of macrophages, mast cells, T cells, and B cells docu

mented in affected joint capsules.25,26 Pro-inflammatory 

cytokines such as IL-1β, IL-6, and TNF-α promote synovial 

inflammation, while skewing of macrophage polarization toward 
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Figure 1. Spatial transcriptomics reveals a shift in fibroblast states in frozen shoulder 

(A) Representative Masson’s trichrome-stained sections of shoulder joint capsule tissues from control and adhesive capsulitis (AC) samples. Scale bars, 50 μm. 

(B) Quantification of fiber alignment score and vessel area fraction derived from Masson’s trichrome staining in control and AC tissues (n = 10). 

(C) Schematic overview of the CosMx SMI spatial transcriptomics workflow. FFPE, formalin-fixed paraffin-embedded; ISH, in situ hybridization; SMI, Spatial 

Molecular Imager. 

(D) Representative H&E-stained sections of samples subjected to spatial transcriptomic profiling. Scale bars, 1 mm. 

(E) Spatial distribution of individual cells across the sequenced tissue sections. 

(F) UMAP embedding showing major cell types identified in control and AC samples. 

(legend continued on next page) 
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an M1 phenotype contributes to a sustained inflammatory 

milieu.23,27–30 T cells, largely absent from normal capsules, 

have been shown to participate in AC pathology, with IL-17A 

driving both inflammatory and pro-fibrotic responses.31 In addi

tion, elevated levels of alarmins, including HMGB1, IL-33, and 

S100A8/A9, correlate with pain severity and may further amplify 

inflammation, fibrosis, and nerve growth.32 While these studies 

have provided important insights, inflammation alone does not 

fully explain the persistent fibrosis that defines AC.

Fibrosis represents the core pathological process in AC, and 

fibroblasts are the principal effector cells responsible for extra

cellular matrix (ECM) production, remodeling, and contraction 

within the joint capsule. Fibroblasts constitute the most abun

dant stromal population in capsular tissue. In healthy capsules, 

type I collagen predominates, whereas AC tissues exhibit exces

sive deposition of immature and disorganized type III collagen, 

along with increased expression of fibronectin and tenascin 

C.33–36 Transforming growth factor β (TGF-β), a central driver of 

fibrogenesis, is markedly upregulated in AC and promotes fibro

blast proliferation, myofibroblast differentiation, ECM accumula

tion, and tissue contraction.37–40 Recent single-cell studies have 

begun to reveal cellular heterogeneity within the AC joint 

capsule, including distinct macrophage subsets with pro- 

resolving or pro-inflammatory functions and their interactions 

with specific fibroblast populations.41,42 Activated fibroblasts 

expressing markers such as CD44, CD55, CD90, VCAM1, and 

CD248 have been implicated in joint inflammation and matrix 

dysregulation.43,44 However, how fibroblast homeostasis is dis

rupted, how distinct fibroblast states emerge, and which fibro

blast populations actively drive fibrotic progression in AC remain 

largely unresolved.

In this study, we address these knowledge gaps by applying 

high-resolution spatial transcriptomic profiling to human shoul

der joint capsule tissues from patients with AC and non-AC con

trols. By integrating in situ single-cell transcriptomics, computa

tional trajectory inference, and immunofluorescence validation, 

we systematically map fibroblast heterogeneity, spatial organi

zation, and state transitions within the joint capsule. We identify 

a disease-enriched fibroblast population characterized by acti

vation of immediate-early gene (IEG) programs and demonstrate 

its central association with fibrotic remodeling in AC. These find

ings provide a mechanistic framework linking stress-responsive 

fibroblast activation to capsular fibrosis and highlight fibroblast 

state modulation as a potential therapeutic avenue in AC.

RESULTS

Spatial transcriptomics reveals a shift in fibroblast 

states in AC

Clinical specimens of joint capsules were obtained from intra- 

operative biopsies during arthroscopic surgery in patients with 

AC and non-AC controls. Masson’s trichrome staining of shoul

der joint capsule sections revealed orderly organized ECM fibers 

in the control groups, whereas ECM fibers in AC specimens 

exhibited fragmentation and disorganized orientation with 

remarkably elevated blood vessels (Figure 1A). Quantitative 

analysis using CurveAlign showed that ECM fibers in AC 

capsules had significantly lower alignment scores and a greater 

proportion of vascular areas compared to control capsules 

(Figure 1B). These features represent the clinical characteristics 

of AC.

To investigate the cellular and molecular mechanisms 

underlying fibrotic remodeling in AC, we applied CosMx 

Spatial Molecular Imager (SMI) spatial transcriptomic analysis 

to profile the cellular microenvironment of adhesive and non- 

adhesive shoulder joint capsules. This in situ hybridization- 

based approach enables single-cell-resolution spatial mapping 

of transcriptionally defined cell states, allowing precise localiza

tion of disease-associated cell populations and their interac

tions within the joint capsules (Figure 1C). Sections of three 

samples from AC and non-AC control groups were histological

ly examined with hematoxylin and eosin (H&E) staining and 

selected for downstream processing for spatial transcriptomic 

imaging (Figure 1D).

After rigorous quality control, a total of 72,865 cells were re

tained for downstream analysis. The resulting spatial distribution 

of cells across individual samples is shown in Figure 1E. 

Following batch integration using Harmony and uniform manifold 

approximation and projection (UMAP) projection, cells were 

clustered into five major cell types: endothelial cells, fibroblasts, 

lymphoid cells, myeloid cells, and pericytes (Figure 1F). Distinct 

transcriptional features and representative marker genes 

defining each cell type are presented in a heatmap (Figure 1G). 

Inspection of the UMAP embedding and fibroblast-specific 

marker expression revealed pronounced intra-population het

erogeneity within the fibroblast compartment, indicating the 

presence of distinct fibroblast subsets (Figures 1F and 1G). How

ever, the overall cellular composition did not differ significantly 

between AC and non-AC control tissues (Figures 1H and 1I). 

Thus, rather than a change in fibroblast abundance, AC is char

acterized by a shift in fibroblast states and subpopulation 

composition.

Emergence of IEG-activated fibroblasts in AC

Given the pronounced heterogeneity of fibroblasts in AC, we 

next resolved fibroblast subpopulations at higher resolution. 

UMAP-based clustering delineated three transcriptionally 

distinct fibroblast subsets (Figure 2A).

The first subset, FB1, was characterized by high expression of 

PTEN and RASA4 (Figure 2B). PTEN negatively regulates PI3K/ 

AKT/mTOR signaling, while RASA4 functions as a Ras 

GTPase-activating protein that attenuates Ras/mitogen-acti

vated protein kinase (MAPK) pathway activity. The coordinated 

expression of these negative signaling regulators suggests that 

FB1 represents a homeostatic or quiescent fibroblast population 

with dampened mitogenic and pro-fibrotic signaling.

(G) Heatmap displaying feature marker genes defining each major cell type. 

(H) Relative proportions of major cell types in the control and AC groups. 

(I) Quantitative comparison of cell type proportions between control and AC samples (n = 3). Data are presented as mean ± SD. Statistical significance was 

assessed using unpaired two-tailed Student’s t tests. ***p < 0.001, ****p < 0.0001.
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Figure 2. Emergence of IEG-activated fibroblasts in frozen shoulder 

(A) UMAP embedding showing the segregation of fibroblasts into distinct transcriptional subpopulations. 

(B) Dot plot displaying feature marker gene expression across fibroblast subpopulations. 

(C) Relative proportions of fibroblast subpopulations in control and AC samples. 

(D) Quantitative comparison of fibroblast subpopulation proportions between control and AC groups (n = 3). 

(E) Differentially expressed genes (DEGs) in fibroblasts from AC compared with control samples. IEGs among the top ten upregulated DEGs are indicated. 

(F) Spatial mapping of representative FB1- and FB2-associated genes in control and AC joint capsule tissues. 

(G) High-resolution spatial visualization at single-cell resolution. Colored cell boundaries denote individual cells, while overlaid dots indicate detected transcript 

signals. Data are presented as mean ± SD. Statistical significance was assessed using unpaired two-tailed Student’s t tests.*p < 0.05, **p < 0.01.
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The second fibroblast subset, FB2, was distinguished by high 

expression of IEGs, including FOSB, JUN, and EGR1, together 

with the pro-fibrotic mediator CCN2 (Figure 2B). FOS and JUN 

family members form the AP-1 transcription factor complex, a 

stress- and stimulus-responsive regulator that rapidly integrates 

extracellular signals to control gene programs associated with 

cell activation, proliferation, inflammation, and ECM remodeling. 

EGR1, a canonical immediate-early zinc-finger transcription fac

tor, further supports the rapid-response nature of this subset. In 

addition, elevated expression of CCN2, which encodes connec

tive tissue growth factor (CTGF), a key mediator of fibrotic re

modeling, links this early activation program to downstream 

pro-fibrotic responses. Based on these transcriptional features, 

FB2 was defined as an IEG-activated fibroblast subset.

The third fibroblast subset, FB3, exhibited high expression of 

canonical fibrosis-associated genes, including TGFBI, POSTN, 

and FN1 (Figure 2B). These genes are hallmarks of ECM produc

tion and tissue remodeling, indicating a late-stage, matrix-pro

ducing fibroblast state. Accordingly, FB3 was classified as a 

pro-fibrotic, late-activation fibroblast population.

Comparison of fibroblast subset composition between AC and 

control samples revealed a significant reduction in homeostatic 

FB1 and marked expansion of IEG-activated FB2 in AC joint cap

sules (Figures 2C and 2D). Consistent with this shift, differential 

gene expression analysis of fibroblasts identified 346 genes 

significantly upregulated and 55 genes down-regulated in AC 

compared with non-AC samples. Notably, five canonical IEGs, 

including FOS, FOSB, JUN, JUNB, and EGR1, ranked among 

the top ten upregulated transcripts (Figure 2E), highlighting a 

dominant immediate-early transcriptional program in AC fibro

blasts that closely matched the FB2 state.

Spatial mapping further demonstrated preferential expression 

of FB2-associated IEGs (FOS, JUN, and EGR1) in AC joint cap

sules, whereas PTEN, a defining marker of homeostatic FB1, 

was predominantly enriched in non-AC controls (Figure 2F). 

High-resolution spatial visualization at single-cell resolution 

confirmed distinct cellular localization patterns of these markers. 

In these images, fibroblasts are delineated in green with clear 

cell boundaries, and individual transcripts are visualized as colored 

dots: FOS in red, EGR1 in yellow, and PTEN in blue. FOS and EGR1 

transcripts were strongly enriched within fibroblasts in AC sam

ples, whereas PTEN transcripts were preferentially localized to fi

broblasts in control tissues (Figure 2G). These data provide direct 

in situ evidence for disease-specific fibroblast activation states.

Together, these results demonstrate that an IEG-activated 

fibroblast subset is selectively enriched in AC, while remaining 

rare in non-AC joint capsules. This population represents a rapidly 

inducible fibroblast state associated with pathological activation 

and likely plays a central role in driving fibrotic remodeling in AC.

Trajectory analysis reveals a sequential transition from 

homeostatic to pro-fibrotic fibroblast states in AC

To further investigate potential transitions among fibroblast states 

during the progression of AC, we performed Slingshot-based 

pseudotime analysis to infer transition trajectories across the 

three identified fibroblast subsets. This analysis revealed a contin

uous trajectory progressing from FB1 through FB2 to FB3 

(Figure 3A), consistent with a transition from homeostatic fibro

blasts to IEG-activated fibroblasts and ultimately to pro-fibrotic, 

matrix-producing fibroblasts.

Comparison of cell density distributions along the inferred 

pseudotime axis demonstrated that fibroblasts from non-AC 

control samples were predominantly positioned at early states 

corresponding to FB1, whereas fibroblasts from AC samples 

were enriched at a later state associated with the IEG-activated 

FB2 phenotype (Figure 3B). Based on transcriptomic similarity, 

we infer that a pre-activation state of joint capsule fibroblasts 

marked by high expression of IEGs may predispose to the pro

gression of AC.

To explore molecular pathways underlying the transition from 

homeostatic to IEG-activated fibroblasts, we compared the tran

scriptomes of FB2 fibroblasts from AC samples and FB1 fibro

blasts from the non-AC samples. Gene set enrichment analysis 

(GSEA)-based Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment analysis of differentially expressed 

genes revealed significant activation of the MAPK, IL-17, and 

TNF signaling pathways (Figure 3C). Consistently, Gene Ontology 

(GO) functional enrichment analysis highlighted biological pro

cesses associated with collagen fibril organization, ECM remodel

ing, responses to hormonal changes, and TGF-β signaling 

(Figure 3D). Enrichment plots display the distribution of core 

pathway genes across the range of log2 fold changes, with dot 

size and color indicating the normalized enrichment score (NES) 

and pathway significance, respectively. Positive NES values 

(red) reflect pathway activation. These results suggest that early 

fibroblast activation in AC involves a coordinated program of 

stress-responsive signaling and matrix remodeling, potentially 

priming fibroblasts for subsequent fibrotic progression.

In situ validation identifies IEG-activated fibroblasts as a 

central cellular driver of AC

To validate the fibroblast subsets identified by transcriptomic 

analyses, we performed immunofluorescence staining on human 

should joint capsule tissues from patients with AC and non-AC 

controls. Tissue sections were co-immunolabeled with the 

pan-fibroblast marker PDGFRα and markers representative of 

FB1 homeostatic fibroblasts (PTEN) or FB2 IEG-activated fibro

blasts (FOS, JUN, EGR1, and CCN2).

In non-AC control samples, PTEN+PDGFRα+ fibroblasts were 

readily detected and were predominantly localized to the periph

eral regions of the joint capsule, consistent with a quiescent, ho

meostatic stromal architecture (Figure 4A). In contrast, AC sam

ples showed a marked reduction, approaching nearly complete 

loss of PTEN+ fibroblasts, indicating a profound depletion of 

the homeostatic fibroblast population in diseased capsules 

(Figure 4A).

Conversely, AC joint capsules exhibited a robust accumula

tion of FOS+JUN+PDGFRα+ fibroblasts (Figure 4B). Notably, 

these AP-1 (Fos/Jun)-expressing fibroblasts were broadly 

distributed throughout the capsule rather than being confined 

to peripheral regions, suggesting a widespread stromal activa

tion state. Immunostaining for EGR1 revealed a highly similar 

spatial pattern, further supporting the expansion of an IEG-acti

vated fibroblast subset in AC (Figure 4C).

Importantly, these IEG-activated fibroblasts displayed 

elevated expression of CCN2 (CTGF), a key mediator of fibrotic 
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remodeling, indicating that they represent an early pro-fibrotic 

fibroblast state rather than terminally differentiated myofibro

blasts (Figure 4D). In line with this notion, classic mature myofi

broblast markers αSMA and TGF-β1 were expressed at relatively 

low levels in PDGFRα+ fibroblasts overall, although the propor

tion of αSMA+ or TGF-β1+ fibroblasts was modestly but signifi

cantly increased in AC samples compared with controls 

(Figures 4E and 4F).

DISCUSSION

Our data reveal a profound reorganization of the fibroblast land

scape in AC, characterized by the loss of homeostatic fibroblasts 

and the emergence of a dominant stress-responsive population. 

This IEG-activated fibroblast state, defined by strong AP-1 (Fos/ 

Jun) and EGR1 activity together with early pro-fibrotic features 

such as CCN2 upregulation, is rare in normal joint capsules but 

becomes spatially widespread in disease. Pseudotime analysis 

places these cells in a transitional position rather than at a termi

nal myofibroblast endpoint, suggesting that capsular remodeling 

in AC is driven by fibroblast plasticity and state switching, rather 

than by the simple accumulation of fully differentiated fibrotic 

cells.

Integrating these findings, we propose a model (Figure 5) in 

which sustained stress exposure is associated with the emer

gence of an IEG-activated fibroblast state in the joint capsule 

through stress-responsive signaling programs, plausibly 

involving MAPK, IL-17, and TNF-associated transcriptional out

puts. This framework suggests a potential continuum of fibro

blast states, in which these primed fibroblasts may amplify in

flammatory and fibrogenic signals and facilitate subsequent 

engagement of TGF-β-dependent matrix remodeling pathways, 

thereby contributing to capsular fibrosis. Although this model 

is inferred from transcriptional state transitions rather than direct 

lineage tracing, it provides a coherent mechanistic framework 

linking stress adaptation, fibroblast state switching, and pro

gressive fibrosis in AC.

IEGs such as FOS, JUN, and EGR1 are rapidly and transiently 

induced in response to extracellular stimuli, including mechani

cal stress, cytokines, growth factors, and neurotransmitters, 

independently of de novo protein synthesis.45 Activation of these 

genes represents a conserved cellular program that enables 

cells to sense environmental perturbations and initiate adaptive 

responses.46 In fibroblasts, IEG activation has been increasingly 

recognized as an early and decisive event preceding fibrotic dif

ferentiation. In pulmonary, renal, and cardiac fibrosis, stress- 

responsive transcription factors, particularly AP-1 components 

and EGR family members, have been shown to promote fibro

blast activation, inflammatory crosstalk, and ECM remodel

ing.47–52 Our findings extend this concept to AC, demonstrating 

that IEG-activated fibroblasts emerge as a distinct and spatially 

organized population within the joint capsule and are preferen

tially enriched in disease. While IEG activation represents a gen

eral cellular response to stress, our data indicate that this 

Figure 3. Trajectory analysis reveals a sequential transition from homeostatic to pro-fibrotic fibroblast states in AC 

(A) Slingshot-based pseudotime analysis depicting the inferred transition trajectory of fibroblast subpopulations. 

(B) Cell density distribution of fibroblasts in control and AC samples. Dashed lines indicate the inferred boundaries between fibroblast subpopulations. 

(C) GSEA-based KEGG pathway enrichment analysis of differentially expressed genes (DEGs) comparing FB2 fibroblasts from AC samples with FB1 fibroblasts 

from non-AC controls. 

(D) GSEA-based Gene Ontology (GO) biological process enrichment analysis of the same DEG set. NES, normalized enrichment score.
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Figure 4. In situ validation identifies IEG-activated fibroblasts as a central cellular driver of AC 

Representative immunofluorescence staining of joint capsular tissues from the control and AC groups showing pan-fibroblast marker PDGFRα in combination 

with PTEN (A), JUN and FOS (B), EGR1 (C), CCN2 (D), CD31 and αSMA (E), or TGF-β1 (F), together with quantification of the corresponding positive cell pro

portions. Scale bars, 50 μm; inset, 10 μm. Data are presented as mean ± SD (n = 6). Statistical significance was determined by unpaired two-tailed Student’s t 

tests. ****p < 0.0001.
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response is selectively expanded and spatially organized within 

the fibroblast compartment in frozen shoulder, suggesting a dis

ease-associated amplification of this program rather than a uni

form tissue-wide response. The concurrent upregulation of the 

CTGF-encoding gene CCN2 further links this early activation 

program to sustained pro-fibrotic signaling, consistent with the 

known synergy between CTGF and TGF-β in reinforcing fibrotic 

responses across tissues.53

Notably, much of the existing literature on AC and fibrosis 

more broadly has focused on terminally differentiated, αSMA+ 

myofibroblasts and canonical TGF-β signaling.54–56 While these 

cells represent key effectors of tissue contraction and matrix 

deposition, accumulating evidence across multiple organs, 

including the liver, lung, heart, skin, and kidney, suggests that es

tablished myofibroblast states are highly resistant to 

reversal.57–61 Our data support a model in which fibroblast acti

vation is not a binary switch but a continuum, with an intermedi

ate IEG-activated state bridging homeostasis and overt fibrosis. 

In AC, this intermediate state is marked by rapid stress respon

siveness, inflammatory signaling, and early matrix remodeling 

capacity. Importantly, targeting fibroblasts at this early activation 

stage may provide a broader therapeutic window to halt or 

reverse disease progression before irreversible capsular fibrosis 

is established.

In summary, this study reveals a previously unrecognized 

stress-responsive fibroblast state that bridges inflammation 

and fibrosis in frozen shoulder. By highlighting IEG-activated fi

broblasts as a pivotal intermediate in disease progression, our 

findings provide new conceptual insight into capsular fibrosis 

and suggest potential therapeutic strategies aimed at restoring 

fibroblast homeostasis or interrupting early activation programs 

to prevent irreversible joint contracture.

Limitations of the study

Several limitations of this study should be acknowledged. First, 

the cross-sectional analysis of human surgical specimens pre

cludes direct observation of dynamic state transitions. Conse

quently, the trajectories inferred from spatial transcriptomics 

and pseudotime analysis will require further validation in longitu

dinal studies or animal models. Second, although our data 

highlight the potential involvement of MAPK and TGF-β signaling 

programs in fibroblast state transitions, functional perturbation 

studies will be necessary to establish causal relationships. Third, 

although CosMx SMI spatial transcriptomic imaging has certain 

advantages in accuracy and localization due to its principle of in 

situ hybridization, the number of RNA molecules it can detect re

mains inferior to that of PCR-based sequencing technologies. 

Finally, the upstream niche signals that initiate IEG activation in 

joint capsule fibroblasts remain to be elucidated. Future studies 

should also explore reciprocal interactions between fibroblasts 

and immune cells that may contribute to shaping the fibrotic 

microenvironment in frozen shoulder. Despite these limitations, 

our spatially resolved analysis of human capsule tissue provides 

a framework for understanding fibroblast state heterogeneity 

and its potential relevance to capsular fibrosis.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human shoulder joint capsule tissues

The use of human shoulder joint capsule tissues in this study was approved by the Institutional Review Boards of Shanghai General 

Hospital (Approval No. YLK[2025]514) and Renji Hospital (Approval No. KY2021-204-B), Shanghai Jiao Tong University School of 

Medicine. Written informed consent was obtained from all patients in accordance with the Declaration of Helsinki.

Human shoulder capsular tissue samples were obtained during arthroscopic shoulder surgery. Patients were enrolled based on a 

confirmed diagnosis of adhesive capsulitis (AC) or non-AC controls, determined by clinical symptoms, physical examination of shoul

der range of motion, and radiographic evaluation including X-ray and magnetic resonance imaging (MRI). Eligible participants were 

adults aged 25–80 years of either sex who required arthroscopic surgery for rotator cuff tear, with or without concomitant shoulder 

stiffness.64 Patients in the AC group presented with clinically significant shoulder stiffness, whereas control patients exhibited pre

served shoulder mobility.

Exclusion criteria included a history of previous surgery on the affected shoulder, radiographic evidence of shoulder fracture, sys

temic or degenerative inflammatory joint diseases (such as rheumatoid arthritis or osteoarthritis), and receipt of intra-articular corti

costeroid injection within one month prior to surgery.

Shoulder capsule samples from seven patients with AC and nine non-AC control patients were included for downstream analyses. 

Basic demographic and clinical information, including age, sex, and disease stage (for AC patients), as well as sample allocation for 

specific experiments, are summarized in Table S1. No personally identifiable information was collected or disclosed.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

TGF-β1 antibody clone EPR21143 Abcam Cat#ab215715

c-Jun antibody clone G-4 Santa Cruz Cat#sc-74543

c-Fos antibody clone 9F6 Cell Signaling Cat#2250

CD31 antibody Abcam Cat#ab28364

Human PDGFRα antibody R&D Cat#AF-307-NA

CTGF (CCN2) antibody clone 6B13 Santa Cruz Cat#sc-101586

PTEN antibody clone 138G6 Cell Signaling Cat#9559

aSMA antibody clone 1A4 Cell Signaling Cat#48938

Chemicals, peptides, and recombinant proteins

pH 9.0 Tris/EDTA buffer Beyotime Cat#P0084

donkey serum MeilunBio Cat#MB4516-1

Triton X-100 Servicebio Cat#G3068

antifade mounting media containing DAPI SouthernBiotech Cat#0100-20

Critical commercial assays

HE Stain Kit Solarbio Cat#G1121

Masson’s trichrome Stain Kit Solarbio Cat#G1346

Deposited data

spatial transcriptomics data this paper https://ngdc.cncb.ac.cn/omix

accession number OMIX015211

Software and algorithms

RStudio RStudio, Inc RRID: SCR_000432

GraphPad Prism 8 GraphPad software RRID: SCR_002798

FIJI NIH RRID:SCR_002285

CurveAlign (V5.0) Bredfeldt JS et al.62 https://loci.wisc.edu/curvealign/

Qupath (v0.6.0) Bankhead P et al.63 RRID: SCR_018257
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METHOD DETAILS

Spatial transcriptomic imaging

Sample preparation for CosMx SMI

Spatial molecular profiling was performed using the NanoString CosMx Spatial Molecular Imager (SMI) RNA assay according to the 

manufacturer’s manual (MAN-10184), using formalin-fixed paraffin-embedded (FFPE) tissue sections. The FFPE sections were 

retrieved in 1× Target Retrieval Solution at 100◦C for 8 min, followed by digestion with 3 μg/mL Proteinase K in a hybridization 

oven at 40◦C for 15 min. Sections were then incubated with fiducial markers (0.0005% in 2× Saline Sodium Citrate with Tween 

20) for 5 min at room temperature in the dark. To visualize cell morphology and guide field of view (FOV) selection, sections were 

stained with DAPI and a panel of morphology markers, including CD298/B2M, pan-cytokeratin (PanCK), and CD45.

CosMx SMI instrument processing

Prepared slides were loaded onto the NanoString CosMx SMI instrument for imaging and transcription detection. A total of 386 FOVs 

were selected across the tissue sections, guided by H&E staining to ensure representative regional coverage. Probe hybridization 

was performed according to the manufacturer’s protocol, followed by removal of unbound probes. An imaging buffer was applied 

prior to image acquisition. Fluorophores linked to reporter probes via photocleavable linkers were sequentially released by UV illu

mination and washed with strip wash buffer. Fluorescent barcodes were imaged by the CosMx imager, and decoded by probe iden

tity to generate in situ transcription detection data at single-molecule resolution.

Image processing and cell segmentation

Raw image processing and feature extraction were performed using an in-house CosMx SMI data processing pipeline which includes 

registration, feature detection, and localization. z stack images of nuclear (DAPI+) and surface staining were used to define cell 

boundaries. Cell segmentation was performed using Cellpose, a machine learning-based algorithm, to accurately assign transcripts 

to individual cells and subcellular compartments. Single-cell transcriptomic profiles were generated by aggregating transcript counts 

assigned to each segmented cell.

Data processing and spatial analysis

Downstream data analysis was performed using Seurat (v5.0.3), scanpy (v1.9.8) and Giotto (v4.0.5). Quality control was conducted 

following Nanostring’s official guidelines. Cells were excluded if the proportion of negative probe counts exceeded 10%. Among the 

remaining cells, only those with ≥50 total transcript counts, ≥20 detected genes, and a minimal cell area of 50 μm2 were retained for 

further analysis.

Dimensionality reduction and graph-based clustering were performed in Scanpy, using the Leiden algorithm. The processed data 

were then imported into the R for further analysis. Processed data were subsequently imported into R for downstream analyses. Cell 

type annotation was carried out using InsituType (NanoString) with appropriate reference datasets. Differentially expressed genes for 

each cluster were identified using the FindMarkers function. Spatially co-expressed gene modules were identified using the InsituCor 

R package. For neighborhood analysis, in-house scripts were applied to divide cells into spatial regions (niches). A spatial Delaunay 

network was constructed based on cell centroid distances using createSpatialDelaunayNetwork, followed by cellProximityEnrich

ment to assess spatial enrichment or depletion between pairs of cell types. The spatial transcriptomics data generated in this study 

have been deposited in the OMIX with accession number OMIX015211, China National Center for Bioinformation/Beijing Institute of 

Genomics, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn/omix).

Bioinformatics analysis of SMI data

Downstream bioinformatic analyses of spatially resolved single-cell transcriptomic data were performed using Seurat (v5.0.3) in R. 

Initial quality control involved filtering cells based on the following criteria: a minimum of 200 counts and a minimum of 200 genes 

detected per cell. A total of 72,865 cells passed these thresholds and were retained for subsequent analysis. Data integration across 

samples was conducted using Harmony (v1.2.4) to correct for batch effects. This was followed by cell clustering and subpopulation 

analysis. Pseudotime trajectory analysis was performed using Slingshot (v2.14.0). For functional annotation, KEGG pathway enrich

ment analysis and Gene Ontology (GO) enrichment analysis were performed utilizing the KEGG and GO databases, respectively. 

Gene Set Enrichment Analysis (GSEA) was conducted using the GSEABase (1.68.0) package to achieve enrichment of pathways 

and functions.

H&E and Masson’s trichrome staining

FFPE sections of human shoulder capsule tissue were prepared and stained for histological evaluation. Hematoxylin and Eosin (H&E) 

staining was performed using a commercial staining kit (Solarbio, G1121) according to the manufacturer’s protocol. Masson’s tri

chrome staining was conducted using a commercial kit (Solarbio, G1346) to visualize collagen deposition and tissue fibrosis. Briefly, 

sections were deparaffinized, rehydrated, and then processed sequentially with the respective staining solutions as specified by the 

kits. After staining, sections were dehydrated, cleared, and mounted with neutral balsam for microscopic examination.

Immunofluorescence staining

FFPE sections of human shoulder capsular tissues were subjected to immunofluorescence staining according to the following pro

tocol. Sections were deparaffinized and rehydrated through a graded ethanol series. Antigen retrieval was performed by incubating 
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the sections in pH 9.0 Tris/EDTA buffer (Beyotime, P0084) at 100◦C for 20 min using a water bath, followed by cooling to room tem

perature. Sections were then blocked and permeabilized with 5% donkey serum (MeilunBio, MB4516-1) containing 0.3% Triton 

X-100 (Servicebio, G3068) for 1 h at room temperature. After washing three times with PBS buffer for 5 min each, the sections 

were incubated with the corresponding primary antibody at 4◦C overnight. Following another three washes with PBS (5 min 

each), the sections were incubated with the fluorophore-conjugated secondary antibodies. Finally, the sections were mounted 

with antifade mounting media containing DAPI (SouthernBiotech, 0100–20) and imaged under a fluorescence microscope (Zeiss, 

Axio Imager Z2).

The following primary antibodies were used: PDGFRα (R&D, AF-307-NA polyclonal); TGF-β1 (Abcam, ab215715, clone EPR21143); 

c-Jun (Santa Cruz, sc-74543, clone G-4); c-Fos (Cell Signaling, 2250, clone 9F6); CD31 (Abcam, ab28364, polyclonal); CTGF (CCN2) 

(Santa Cruz, sc-101586, clone 6B13); PTEN (Cell Signaling, 9559, clone 138G6); αSMA (Cell Signaling, 48938, clone 1A4).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantification and statistical analysis

For quantitative analysis of fiber alignment in Masson’s trichrome-stained images, we employed CurveAlign (V5.0)63 and FIJI. Ten 

regions were selected from each of the control and adhesive capsulitis groups for quantification, the data were presented as 

mean ± SD and statistically compared using unpaired two-tailed Student’s t test. Quantitative analysis of immunofluorescence 

was performed using Qupath (v0.6.0)64. Following cell segmentation, the number of positive cells was counted. Six regions from 

each of the control and adhesive capsulitis of the shoulder groups were assessed, the data were presented as mean ± SD and 

analyzed with unpaired two-tailed Student’s t-tests. Statistical graphs were generated using GraphPad Prism 8. Statistical signifi

cance is denoted by asterisks, according to the following convention: not significant (ns) for p ≥ 0.05; * for p < 0.05; ** for 

p < 0.01; *** for p < 0.001; **** for p < 0.0001. Statistical information relative to the figures was provided in Table S2.
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