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ABSTRACT

Background and aim: Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease character-

ized by aberrant fibroblast activation and extracellular matrix accumulation. Although ROR2 signaling via Wnt
ligands has been implicated in fibrosis, their integrated clinical relevance in IPF remains unclear. This study inves-
tigated the clinical significance of ROR2 and its ligands—WNT1, WNT5A, and WNT7A—in IPF development and
prognosis.

Methods: Bronchoalveolar lavage (BAL) fluid was collected from 124 IPF patients and 17 controls. Protein levels
of ROR2, WNT1, WNT5A, and WNT7A were measured using ELISA. Immunofluorescence staining was performed
to evaluate cellular localization. Cox proportional hazards analysis with backward elimination was used to iden-

tify mortality risk factors. Kaplan—Meier and log-rank tests were used to compare cumulative mortality between
subgroups.
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Results: The levels of ROR2 and WNT7A were significantly higher in IPF compared to controls (p < 0.001 and
p = 0.030, respectively). Among the proteins analyzed (ROR2, WNT1, WNT5A, and WNT7A), only elevated ROR2
levels were independently associated with increased mortality (hazard ratio [HR] = 2.32, p = 0.026), whereas

WNT1, WNT5A, and WNT7A did not show significant associations with survival after correction for multiple com-

parisons using the Benjamini-Hochberg false discovery rate (FDR) method. Immunofluorescence analysis dem-
onstrated co-localization of ROR2 with COL1A1-positive fibroblasts, as well as with WNT1, WNT5A, and WNT7A.
Exploratory stratification based on combined ROR2 and WNT5A expression identified a subgroup with low ROR2 /
high WNT5A levels that showed a trend toward better prognosis.

Conclusion: ROR2 levels in BAL fluid are independently associated with IPF pathogenesis and prognosis, and

may serve as a useful biomarker for identifying molecular endotypes and assessing clinical risk. Exploratory find-

ings suggest that ROR2 and its ligand may modulate prognosis in a subset of patients.

Key words: ROR2, idiopathic pulmonary fibrosis, WNT proteins, bronchoalveolar lavage fluid, mortality

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic
and progressive lung disease that often leads to death,
and is marked by disordered lung tissue remodeling (1).
At the cellular level, the condition involves the abnor-
mal activation and proliferation of fibroblasts and my-
ofibroblasts, which accumulate and deposit thick layers
of extracellular matrix in the lung tissue (2-5). As the
disease advances, these cells become excessively prolif-
erative and develop resistance to apoptosis, contribut-
ing to the ongoing scarring of lung parenchyma (5, 6).
These characteristic changes in fibroblast behavior ulti-
mately disrupt normal alveolar structure and impair res-
piratory function. However, the molecular mechanisms
that continue to drive this destructive “fibrotic loop” are
still not fully understood and remain an active subject
of scientific research. Recent studies have increasingly
pointed to a role for Wingless-type MMTYV integration
site (Wnt) signaling in the disrupted tissue repair pro-
cesses seen in IPF (7-10). WNT proteins play essential
roles in regulating cell fate decisions, proliferation, and
regeneration, and abnormal activation of the Wnt/3-
catenin pathway has been documented in fibrotic lungs
(7, 8). In fact, canonical Wnt signaling is upregulated
in IPF, and blocking this pathway experimentally

has been shown to reduce fibrotic progression (10).

Several Wnt ligands and downstream targets are mis-
regulated in IPF; for instance, WNT1-inducible sign-
aling protein-1 (WISP1), which is a direct target of
WNTT1, is overexpressed in alveolar epithelial cells in
fibrotic lung tissue (11). The noncanonical WNT5A
ligand is also found at elevated levels in IPF and has
been shown to promote fibroblast proliferation and
survival while suppressing apoptosis (12). More re-
cently, basal-like epithelial cells within fibrotic regions
of the lung have been found to release high amounts of
WNT7A, which can activate nearby fibroblasts (13).
Taken together, this evidence indicates that both ca-
nonical (such as WNT1/WISP1) and noncanonical
(such as WNT5A and WNT7A) Wnt pathways may
contribute to sustained fibroblast activation and ongo-
ing extracellular matrix production in IPF. Receptor
tyrosine kinase-like orphan receptor 2 (ROR2) has re-
cently gained attention as a key Wnt co-receptor in the
context of pulmonary fibrosis. ROR2 is a transmem-
brane protein that contains cysteine-rich domains
capable of binding Wnt ligands, and it mainly serves
as a receptor for WNTS5A, playing a central role in
mediating noncanonical Wnt signaling (14). Signifi-
cantly, ROR2 expression is highly elevated in IPF. In
fibroblasts isolated from IPF patients, ROR2 mRNA
levels are reported to be over 20 times higher than
those in controls (15). The interaction between ROR2
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and WNTS5A has functional implications, including
modulation of downstream Wnt/B-catenin activity
and enhanced fibroblast accumulation via resistance to
apoptosis (12, 16). Clinically, ROR2 protein is found
at much higher levels in the bronchoalveolar lavage
(BAL) fluid of IPF patients compared to controls or
those with other interstitial lung diseases (16), and its
concentration has been associated with more severe
stages of the disease (16). These findings suggest that
the ROR2-Wnt signaling axis is not only biologically
significant in fibroblast dysregulation but may also
have clinical utility as both a biomarker and therapeu-
tic target in IPF (16). Nonetheless, the broader clini-
cal significance of ROR2 and its ligands—WNT1,
WNT5A, and WNT7A—has yet to be fully explored.
In the present study, we sought to clarify this by meas-
uring the levels of ROR2 and WNT proteins in BAL
fluid from patients with IPF and matched controls,
and by analyzing their spatial distribution in lung tis-
sue samples from individuals with IPF.

Methods

Study subjects

BAL fluids were obtained from the biobank of
Soonchunhyang University Hospital, Bucheon, Korea,
following approval by the Institutional Ethics Com-
mittee (Approval No. SCHBC 2022-08-020-001).
Informed consent was obtained from all participants
prior to sample collection. All participants underwent
comprehensive clinical evaluation, including chest
radiography, high-resolution computed tomography
(HRCT), and pulmonary function testing, specifically
forced vital capacity (FVC) and diffusion capacity
for carbon monoxide (DL¢p). BAL procedures were
performed within two weeks of the initial evalua-
tion, during which patients remained clinically stable
without signs of infection or acute exacerbation. IPF
was diagnosed either by histopathologic confirma-
tion of a usual interstitial pneumonia pattern (n = 64),
or through multidisciplinary discussion in accord-
ance with the 2011 and 2018 international diagnostic
guidelines (n = 60) (17, 18). Controls were asymp-

tomatic, as verified using a standardized respiratory

symptom questionnaire, and showed normal pulmo-
nary function (predicted FEV1 and FVC > 80%) along
with unremarkable chest radiographs.

Enzyme-linked immunosorbent assay (ELISA)
of ROR2 and Wnt ligands in BAL fluid

BAL was performed within 2 weeks of the ini-
tial examination in a stable condition without signs of
infection or acute exacerbation. In patients with IPF,
BAL was obtained from the most significantly in-
volved lower lobe segments as determined by HRCT,
whereas in controls it was obtained from the right mid-
dle lobe (19-21). The mean BAL fluid recovery rate
was 42.3% in IPF and 52.7% in controls, consistently
exceeding the recommended 30% threshold, ensur-
ing sample quality. All BAL samples were processed
and stored under identical standardized conditions.
None of the patients were receiving immunosuppres-
sive treatment at the time of BAL collection. Total
cell counts were determined using a hemocytometer.
BAL fluid was centrifuged at 500 x g for 5 minutes
to separate cellular components, which were then uti-
lized for cytological examination. The remaining acel-
lular BAL fluid, not required for clinical diagnostics,
was aliquoted and stored at —80°C in the institutional
biobank. Differential cell counts were performed on
500 cells per sample using cytocentrifuge-prepared
slides stained with Diff-Quick. Protein concentrations
of ROR2, WNT1, WNT5A, and WNT7A in BAL
fluid were quantified using commercially available
ELISA kits: ROR2 (MBS9326623, MyBioSource,
CA, USA), WNT1 (BSKH66231, Bioss, MA, USA),
WNT5A (BSKH66237, Bioss, USA), and WNT7A
(BSKH66239, Bioss, USA), according to manufac-
turers’ instructions. The lower limits of detection were
0.05 ng/mL for ROR2, 0.01 ng/mL for WNT1, 0.07
ng/mL for WNT5A, and 5.2 pg/mL for WNT7A.

Immunofluorescence (IF) staining of ROR2
and WNT proteins in lung tissue

Formalin-fixed, paraffin-embedded lung tissue
samples were collected from patients with IPF and
controls who underwent lobectomy for stage I or II
lung cancer. Control lung tissues were confirmed to



4 SARCOIDOSIS VASCULITIS AND DIFFUSE LUNG DISEASES 2026; 43 (1); 17921 DOI: 10.36141/SVDLD.2026.17921

be free of malignant cells by hematoxylin and eosin
(H&E) staining. Tissue sections were cut at a thickness
of 4 pm, followed by deparaffinization and rehydra-
tion, and subsequently post-fixed in 0.4% cold para-
formaldehyde for 30 minutes at room temperature. To
prevent nonspecific binding, slides were incubated for
1 hour with Fe receptor blocking reagent (Innovex Bio-
sciences, Richmond, CA, USA) containing 5% bovine
serum albumin. Sections were then incubated over-
night at 4°C with the following primary antibodies:
rabbit polyclonal anti-human ROR2 (1:50; Invitrogen,
Waltham, MA, USA), mouse monoclonal anti-human
COL1A1 (1:400; Bioss, Woburn, MA, USA), mouse
monoclonal anti-human WNT1 (1:100; Santa Cruz
Biotechnology, Dallas, TX, USA), mouse monoclonal
anti-human WNTS5A (1:100; Santa Cruz), and mouse
monoclonal anti-human WNT7A (1:100; Santa
Cruz). After three washes with Tris-buffered saline,
sections were incubated for 1 hour at room tempera-
ture with species-specific secondary antibodies: anti-
rabbit IgG H&L (FITC) (1:500; Abcam, Cambridge,
UK) and anti-mouse IgG H&L (Alexa Fluor™ 594)
(1:500; Invitrogen, Waltham, MA, USA). Nuclei were
counterstained using a 4’,6-diamidino-2-phenylindole
(DAPI)-containing mounting medium (ab104139;
Abcam). Fluorescence images were acquired using a
confocal laser scanning microscope (LSM 510 META;
Zeiss, Jena, Germany) equipped with a CoolSNAP
HQ camera (Photometrics, Tucson, AZ, USA). Im-
age processing was performed using ZEN 2009 Light
Edition software (Zeiss). After uniform background
subtraction, regions of interest (ROIs) were manu-
ally selected to minimize background interference.
Manders’ coefficients M1 and M2, ranging from 0 (no
colocalization) to 1 (complete colocalization), were
calculated to quantify fluorescence overlap using the
Coloc2 plugin in Fiji (Image], NIH), following the
methodology described by Shakhov et al. (2022) (22).
Six images were analyzed per group.

Statistical analysis

All statistical analyses were performed using
SPSS version 22.0 (IBM Corp., Armonk, NY, USA).
Data normality was assessed using the Shapiro-Wilk
test. Variables with non-normal distributions are

presented as medians with interquartile ranges (25th—
75th percentiles). Continuous variables are presented
as mean * standard error of the mean or median (inter-
quartile range), as appropriate. Comparisons between
two groups were performed using the Mann—Whitney
U test for non-normally distributed variables. Com-
parisons among three or more groups were performed
using the Kruskal-Wallis test for non-normally dis-
tributed variables or one-way analysis of variance
(ANOVA) for normally distributed variables, fol-
lowed by Bonferroni post hoc correction. Categorical
variables were compared using the chi-square test or
Fisher’s exact test, as appropriate. A p-value < 0.05
was considered statistically significant. Receiver op-
erating characteristic (ROC) curve analysis was used
to evaluate the diagnostic performance of biomark-
ers. Optimal cut-off values were determined using
the Youden index. Comparisons between areas under
the ROC curves (AUC) were performed using the
Z-test, following the method described by DeLong
et al. (23). Kaplan—Meier survival curves were con-
structed to compare cumulative mortality between
groups, and multivariate analysis of mortality was per-
formed using Cox proportional hazards regression. To
correct for multiple comparisons in the Cox analyses,
the Benjamini-Hochberg false discovery rate (FDR)
method was applied where appropriate. Age and sex
were retained in all models as clinically relevant covari-
ates, whereas smoking history, FVC, DL¢o, and each
biomarker were included if their univariate association
reached p < 0.1. The proportional hazards assumption
was verified using Schoenfeld residuals. The event-
per-variable ratio was approximately 8.3, which is con-
sidered acceptable for exploratory survival analyses. A
p-value < 0.05 was considered statistically significant.

Results

Clinical characteristics of the study groups

BAL samples were collected from 124 patients
with IPF and 17 controls (Table 1). Compared to con-
trols, patients with IPF exhibited significantly elevated
total BAL cell counts, along with increased propor-
tions of neutrophils, eosinophils, and lymphocytes
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Table 1. Comparison of clinical characteristics of the study subjects who underwent BAL.

Variables Controls IPF p-value
No. 17 124 -
Age (year) 52 (44-62) 65.5 (59.75-73) <0.001
Sex (male/female) 11/6 84/40 0.044
Smoke (SM/ES/NS) 4/4/9 23/41/60 < 0.001
Survival/Death ND 74/50 -
Follow up duration (years) ND 4.67 (1.65-7.31) -
FVC (% pred.) 87.8 £10.7 73.2 £16.9 < 0.001
DLco (% pred.) 91+ 185 69.2 20.9 <0.001
Treatment status

Anti-fibrotic agent (%) - 28 (22.6)

Anti-inflammatory agents (%) - 113 (91.1)

BAL fluid recovery rate (%) 51.5+2.8 40.7 5.2 -
BAL total cell count (x10°/mL) 1.7120.7 6.33+1.82 <0.001
Macrophages (%) 943 £ 4.2 67.5 £24.7 <0.001
Neutrophils (%) 2.6 +£2.6 24.6 +25.4 < 0.001
Eosinophils (%) 04+09 29+35 < 0.001
Lymphocytes (%) 2.7+25 51+54 <0.001

Abbreviations: IPF: Idiopathic pulmonary fibrosis, SM/ES/NS: smokers/ex-smokers/never-smokers, FVC: forced vital capacity, DLco: diffusing
capacity of the lung for carbon monoxide, BAL: bronchoalveolar lavage. Data with skewed distributions are presented as median (25th-75th quar-
tiles), and comparisons between two groups were performed using the Mann—Whitney U-test. Data with normal distributions are presented as mean

+ standard error of the mean.

(p < 0.001, respectively). Pulmonary function testing re-
vealed significantly reduced FVC (p < 0.001) and DLo
(p < 0.001) in the IPF group compared to controls.

Comparison of ROR2 and Wnt protein levels
in BAL fluid between groups

ROR2 protein was detected in 109 of 124 pa-
tients with IPF (87.9%) and in 1 of 17 controls (5.9%).
WNT1was detected in 100 of 124 IPF patients (80.6%)
and 15 of 17 controls (88.2%), WNT5A in 89 of 124
IPF patients (71.8%) and 9 of 17 controls (52.9%), and
WNTT7A in 82 of 124 IPF patients (66.1%) and 8 of
17 controls (47.1%). Chi-square analysis revealed that
the detection rate of ROR2 was significantly higher in
IPF patients compared to controls (p < 0.001), whereas
no statistically significant differences were observed in
the detection rates of WNT'1, WNTS5A, or WNT7A
between the groups (Table S1).

Patients with IPF showed significantly elevated
levels of ROR2 and WNT7A in BAL fluid compared
to controls ([1.86 (0.39-5.55) ng/mL vs. 0 ng/mL,
p < 0.001]; [8.73 (0-22.35) ng/mL vs. 5.78 (0-7.01)
ng/mL, p = 0.030], respectively). Although WNT1
and WNTS5A levels tended to be higher in the IPF
group, these differences did not reach statistical signif-
icance ([0.11 (0.03-0.23) ng/mL vs. 0.06 (0.02-0.16)
ng/mL, p = 0.484]; [9.00 (0-21.00) ng/mL vs. 1.00
(0~10.00) ng/mL, p = 0.118], respectively) (Figure 1).

ROC curve analysis demonstrated that ROR2
exhibited strong discriminative capacity between
IPF and controls in the unadjusted analysis, whereas
WNT1, WNT5A, and WNT7A showed limited di-
agnostic performance (Figure 2A). After age adjust-
ment, all four biomarkers retained or improved their
discriminative ability (Figure 2B). Detailed metrics,
including AUC, cut-off values, sensitivity, specificity,

and p-values, are summarized in Figure 2C.



6 SARCOIDOSIS VASCULITIS AND DIFFUSE LUNG DISEASES 2026; 43 (1); 17921 DOI: 10.36141/SVDLD.2026.17921

23 B

>

9 0.8
3 ] ; 206 H
) ] & .
& ¥ E04
N — r
23 ¢ =
~ Lo ]
0 ; i‘ 00l = a8
Control IPF Control IPF
C D .
901 80 .
3 ’ 3
= . = s
£ 60 : 3 60
< : < 40
7 301 E " !
. N

Control IPF Control IPF

Figure 1. ROR2 and Wnt protein concentrations in BAL flu-
ids. (A-D) ROR2, WNT1, WNT5A, and WNT7A protein
levels were measured by ELISA in BAL fluids from patients
with IPF (n = 124) and controls (n = 17). Values below the
manufacturer’s lower limit of detection (LOD) were assigned
a value of 0 ng/mL (or pg/mL) for statistical analysis, as
they were below the quantifiable range. The LODs were 0.05
ng/mL for ROR2, 0.01 ng/mL for WNT1, 0.07 ng/mL for
WNTS5A, and 5.2 pg/mL for WNT7A. Detection rates were as
follows: ROR2, 109/124 (87.9%) in IPF and 1/17 (5.9%) in
controls; WNT1, 100/124 (80.6%) in IPF and 15/17 (88.2%) in
controls; WNTS5A, 89/124 (71.8%) in IPF and 9/17 (52.9%)
in controls; WNT7A, 82/124 (66.1%) in IPF and 8/17 (47.1%)
in controls. Data are presented as medians with interquartile
ranges (25th and 75th percentiles). Statistical differences were
assessed using the Mann—Whitney U test. *p < 0.05, *p < 0.01.

Comparison of mortality rates in patients with
IPF based on ROR2 and Wnt levels

In the ROC analysis, the AUC values were used as
C-indices to determine optimal cut-off levels for sur-
vival stratification using Youden’s index. Although the
p-values for WNT1 and WNT7A were not significant,
their cut-off values were used to define high- and low-
expression groups for exploratory survival comparison.
Among these, ROR2 demonstrated statistically sig-
nificant discrimination, whereas WNT5A showed an
initial association with survival that did not remain sig-
nificant after adjustment for multiple comparisons us-
ing the FDR method. WNT1 and WNT7A exhibited
non-significant but biologically plausible trends. The
optimal cut-off values determined by Youden’s index

were 5.59 ng/mL for ROR2 (AUC = 0.653, p = 0.022),
0.01 ng/mL for WNT1 (AUC = 0.521, p = 0.711),
6 ng/mL for WNTS5A (AUC = 0.594, p = 0.041),
and 20.97 pg/mL for WNT7A (AUC = 0.524,
p = 0.673). Cumulative mortality analysis revealed
that patients with ROR2 levels > 5.59 ng/mL exhib-
ited significantly higher mortality compared to those
with ROR2 < 5.59 ng/mL (hazard ratio [HR] = 2.32;
95% confidence interval [CI]: 1.29-4.18; p = 0.003)
(Figure 3A). Patients with WNT1 levels > 0.01 ng/mL
showed higher mortality rates than those with lower

levels, although this difference did not reach statis-
tical significance (HR = 2.49; 95% CI: 0.89-6.99;
p = 0.071) (Figure 3B). For WNTS5A, patients with
levels > 6 ng/mL. demonstrated lower mortality com-
pared with those with lower levels (HR = 0.52; 95% CI:
0.29-0.94; p = 0.028) (Figure 3C). However, this asso-
ciation did not reach statistical significance after cor-
rection for multiple comparisons using FDR method
(adjusted p = 0.056; Table 2). For WNT7A, patients
with levels > 20.97 pg/mL exhibited a non-significant
trend toward reduced mortality (HR = 0.72; 95%
CI: 0.35-1.50; p = 0.377) (Figure 3D).

Univariate analysis identified FVC (p = 0.008),
DLco (p = 0.013), ROR2 (p = 0.005), and WNT5A
(p = 0.031) as predictors of mortality. However, the
association of WNTS5A did not remain statistically
significant after adjustment for multiple comparisons
using the FDR method (adjusted p = 0.056). In the
multivariate Cox regression analysis with backward se-
lection, only FVC (p = 0.002) and ROR2 (p = 0.024)
remained independently associated with mortality

(Table 2).

Correlation of clinical parameters with
combined ROR2 and WNT5A expression
in BAL fluid

ROR2 and its ligand WNTS5A were selected for
analysis due to their relevance to non-canonical Wnt
signaling in IPF. WNTS5A was significant in the initial
Cox regression but lost significance after FDR adjust-
ment; accordingly, its cutoff was applied on an explora-
tory basis. Patients with IPF were then stratified into
four groups according to BAL fluid levels of ROR2
and WNTS5A. The groups were defined as Group A
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ROR2 0.931 0.06 ng/mL 0.886 —0.976 85.7 100 <0.001
WNTI1 0.530  0.08 ng/mL 0.362 —0.698 59.8 58.3 0.735 (NS)
WNTS5A  0.652 1.50 ng/mL 0.492 —0.812 74.1 58.3 0.085 (NS)
WNT7A  0.622  9.59 pg/mL 0.499 —0.744 46.4 91.7 0.167 (NS)
Age-Adjusted
AUC  Probability 95% CI Sensitivity ~ Specificity p-value
ROR2 0.959 0.82 0.926 —0.991 88.6 100 <0.001
WNT1 0.751 0.79 0.601 —0.901 89.2 58.8 <0.001
WNT5A  0.800 0.81 0.673 —0.928 86.8 70.6 <0.001
WNT7A  0.818 0.81 0.693 —0.943 86.7 66.7 <0.001

Figure 2. ROC curve analysis for the diagnosis of IPF versus controls. (A) Unadjusted ROC curves
for ROR2, WNT1, WNTS5A, and WNT7A based on single biomarker measurements. (B) Age-
adjusted ROC curves from logistic regression models including age. Cut-off values represent pre-
dicted probabilities. (C) Summary of AUC, cut-off, 95% CI, sensitivity, specificity, and p-values.
For age-adjusted analyses, cut-off values represent predicted probabilities. Abbreviations: AUC:
area under the curve; CI: confidence interval; p-values > 0.05 are marked as “(NS)” to indicate

non-significance.

(ROR2\L/WNT5AL, n = 36), Group B (ROR2J/
WNT5AT, n = 54), Group C (ROR2T/WNT5AJ,
n = 12), and Group D (ROR2T/WNT5AT, n = 18)
(Table 3).

Significant intergroup differences were ob-
served in mortality rates, total BAL total cell counts
(x10%/mL), and neutrophils (%) (p < 0.05, respectively).
Among the groups, Group B had the lowest mortality
risk. HR were estimated using univariate Cox propor-
tional hazards regression models. Specifically, Group
A exhibited a significantly higher mortality risk com-
pared to Group B (HR = 2.67; 95% CI: 1.22-5.84;
p =0.014). Additionally, Group B showed significantly

lower mortality risks than Group C (HR = 0.27; 95%
CI: 0.11-0.71; p = 0.008) and Group D (HR = 0.29;
95% CI: 0.13-0.67; p = 0.004). No significant differ-

ences in mortality risk were found among Groups A,

C, and D (Figure 4).

Localization of ROR2 and WNT proteins
in IPF lung tissue

To identify the cellular source of ROR2 expres-
sion in IPF lungs, IF double staining was performed
using antibodies against ROR2 and COL1A1, a fibro-
blast marker (Figure 5A). The analysis demonstrated
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Figure 3. Exploratory comparison of 10-year mortality according to data-derived thresholds of ROR2
and WNT concentrations in BAL fluid from patients with IPF. (A) Mortality comparison based on
the exploratory ROR2 threshold (5.59 ng/mL). (B) Mortality comparison based on the explora-
tory WNT1 threshold (0.01 ng/mL). (C) Mortality comparison based on the exploratory WNT5A
threshold (6 ng/mL). (D) Mortality comparison based on the exploratory WNT7A threshold (20.97
pg/mL). Thresholds represent exploratory, data-derived values, not validated clinical cut-offs. Mor-
tality rates were compared between groups above and below each threshold. Number at risk below
the cumulative mortality curves represents the number of patients who remained under observation
without experiencing the event (death) at each time point. P-values shown on the plots correspond
to comparisons between groups, and hazard ratios (HR) with 95% confidence intervals (CI) are from
Cox regression analyses presented in Table 2.
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Table 2. Univariate and multivariate Cox regression analyses of clinical parameters and ROR2 and Wnt protein concentrations in

BAL fluids for mortality.

Univariate analysis

Parameters HR (95% CI) p-value FDR
Age 1.03 (1.00 — 1.06) 0.076 0.137
Sex 1.00 (0.54 — 1.85) 0.994 0.994
Smoke 0.90 (0.62 —1.31) 0.575 0.639
FVC (% pred.) 0.97 (0.96 — 0.99) 0.008 0.026
DL¢o (% pred.) 0.98 (0.97 - 1.00) 0.013 0.043
BAL fluids

ROR2 (= 5.59 ng/mL) 2.32(1.29 — 4.18) 0.005 0.026
WNT1 (= 0.01 ng/ml) 2.48 (1.18 - 5.22) 0.071 0.137
WNT5A (= 6 ng/mL) 0.52 (0.28 - 0.97) 0.031 0.056
WNT7A (= 20.97 pg/mL) 0.72 (0.36 — 1.40) 0.377 0.475

Multivariate analysis

Parameters HR (95% CI) p-value FDR
FVC (% pred.) 0.97 (0.94-0.99) 0.002 0.002
ROR2 (2 5.59 ng/mL) 2.33 (1.12 - 4.85) 0.024 0.024

Variables that showed a p-value < 0.05 in univariate analysis were included in the multivariate Cox regression model using a backward stepwise selec-
tion method. Hazard ratio (HR) and 95% confidence interval (CI) are presented. P-values were adjusted for multiple comparisons in the univariate
analyses using the FDR method, where appropriate. Abbreviations: FVC: forced vital capacity, DLcq: diffusing capacity for carbon monoxide, BAL:
bronchoalveolar lavage.

Table 3. Comparison of clinical parameters among four IPF patient groups classified by BAL fluid ROR2 and WNTS5A levels based

on cut-off values.

Group A Group B Group C Group D

(ROR2! / (ROR2! / (ROR2T/ (ROR2T/
Parameters WNT5AL) WNTS5AT) WNT5AL) WNT5AT) p-value
No. 36 54 12 18 -
Age (year) 67 (62.75 - 70.5) 63 (58.25 - 69) 68 (60.25 - 73) 74.5 (62.25 - 77.75) 0.055
Sex (male/female) 25/11 35/19 10/2 12/6 0.662
Smoke (CS/ES/NS) 7/14/13 8/15/24 4/5/2 3/6/9 0.185
Survival/Death 21/15 43/ 11* 5/7t 7/11t 0.002
Follow up duration 3.26 (1.4 - 6.33) 5.94 (1.94 - 8.31) 4.31 (0.77 - 6.05) 3.79 (2 - 6.48) 0.163
(year)
FVC (% pred.) 69.5 (63.5 - 84.25) 75.5 (62.25 - 85) 74 (59.75 - 79.25) 78 (67.5 - 80) 0.838
DLco (% pred.) 68 (59.5 - 80) 70 (56.5 - 85) 62.5 (52.5 - 70.75) 64 (55 - 78.25) 0.745
BAL fluids
ROR2 (ng/mL) 0.27 (0-1.11) 1.46 (0.53 - 3.27)* 6.19 (5.9 - 7.09)*t 6.54 (5.98 - 6.99)" < 0.001
WNTS5A (ng/mL) 0(0-2) 19 (10.25 - 27.5)* 0(0-3)f 16.5 (9 - 21.5)*§ < 0.001
BAL total cell count 3.08+6.83 5.55+7.09* 0.93+1.14F 4.19+5.48"§ 0.005
(x105/mL)
Macrophages (%) 61.35 £ 26.21 62.45 + 26.78 48.33 + 22.61 51.29 + 28.7 0.137

Table 3 (Continued)
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Group A Group B Group C Group D

(ROR2!/ (ROR2! / (ROR2T/ (ROR2T/
Parameters WNT5AL) WNT5AT) WNT5AL) WNT5AT) p-value
Neutrophils (%) 16.12 + 19.91 20.95 +21.72 41.96 + 22.76*t 35.21 = 25.96*F <0.001
Eosinophils (%) 1.96 + 2.61 2.68 + 4.35 1.48+0.71 3.62+7.9 0.877
Lymphocytes (%) 6.54 + 6.61 3.8+3.24 2.65+3.18 3.21+2.93 0.179

Abbreviations: SM/ES/NS: smokers/ex-smokers/ never-smokers FVC: forced vital capacity, DLco: diffusing capacity of the lung for carbon mon-
oxide, BAL: bronchoalveolar lavage. Data with skewed distributions are presented as median (25th—75th quartiles). Comparisons among four groups
(A-D) were performed using the Kruskal-Wallis test, followed by Mann—Whitney U-tests with Bonferroni correction for post-hoc pairwise com-
parisons. Data with normal distributions are presented as mean + standard error of the mean. Comparisons among four groups were performed using
one-way analysis of variance (ANOVA), followed by Bonferroni post-hoc correction. * P < 0.05 compared to group A, P < 0.05 compared to group
B and § P < 0.05 compared to group C.

Ten-Year Mortality Rates

100 1| —A: ROR2| / WNT5A| --- B: ROR2| / WNT5A1
----- C:ROR21/WNT5A| --- D: ROR27 / WNT5A1

60

wd 000 v

p-value: 0.004

Cumulative mortality rate (%)

0 2 4 6 8 10

Number at risk

— 36 22 16 11 5 3
| 54 40 35 26 14 8
....... 12 7 6 3 1
| 18 13 9 6 1
0 2 4 6 8 10
Time
Groups HR (95% CI) p-value
AvsB 2.67 (1.22 —5.58) 0.014
AvsC 0.68 (0.28 —1.68) 0.405
AvsD 0.76 (0.35 — 1.65) 0.481
BvsC 0.27 (0.11 —0.71) 0.007
BvsD 0.29 (0.13 - 0.67) 0.003
CvsD 1.07 (0.41 —2.76) 0.891

Figure 4. Exploratory comparison of 10-year mortality based on combined data-de-
rived thresholds of ROR2 and WNTS5A concentrations in BAL fluid. Patients were
categorized into four groups according to whether their ROR2 (5.59 ng/mL) and
WNTS5A (6 ng/mL) concentrations were above or below exploratory, data-derived
thresholds. Cumulative mortality curves were used to explore differences in 10-year
mortality across the four groups. Numbers at risk shown below the curves represent
patients who remained under observation without experiencing the event (death) at
each time point. Hazard ratios (HR) with 95% confidence intervals (CI) and corre-
sponding p-values were obtained using unadjusted Cox proportional hazards regres-
sion analysis, applying the same exploratory thresholds used for group stratification.
These thresholds are preliminary and not intended as validated clinical cut-off values.
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Figure 5. IF Staining of ROR2 with COL1A1 and WNT proteins in human lung tissues. (A-D) Representa-
tive images showing the expression of COL1A1 and WNT proteins, co-localized with ROR2 in human lung
tissues. Quantitative analyses of Manders’ coefficients (M1 and M2) were performed using the Coloc2 plugin
in Fiji (Image]), demonstrating increased spatial co-localization between ROR2 and COL1A1/WNT proteins
in IPF lungs compared with controls. Images were acquired at x400 magnification. Scale bar = 200 pm.

clear co-localization of ROR2 with COL1A1, indi-
cating that ROR2 is predominantly expressed in fi-
broblasts within fibrotic lung tissue. To investigate
potential interactions within the ROR2-Wnt path-
way, additional IF double staining was conducted
for ROR2 together with the Wnt ligands WNT1,
WNTS5A, and WNT7A. ROR2 showed spatial co-
localization with all three ligands in IPF lung samples,
suggesting that these molecules may coexist within the
same fibrotic niche rather than demonstrating direct
regulatory relationships. Expression levels of ROR2,
WNT1, WNT5A, and WNT7A were higher in IPF
lung tissues compared with controls, as illustrated in
Figures 5B-D. These findings support the presence
of a ROR2-Wnt signaling milieu in the fibrotic mi-
croenvironment of IPF lungs, although the functional
implications require further investigation.

Discussion

This study provides novel insights into the biologi-
cal and clinical significance of ROR2 and its associated
WNT ligands—WNT1, WNTS5A, and WNT7A—in
IPF. Our findings suggest that the ROR2-WNT sign-
aling milieu is active within the fibrotic lung micro-
environment and may influence fibroblast behavior.
We observed significantly elevated levels of ROR2
and WNT7A in the BAL fluid of patients with IPF,

consistent with prior studies (16). IF analysis demon-
strated clear co-localization of ROR2 with the fibro-
blast marker COL1A1, confirming its enrichment in
(myo)fibroblasts within fibrotic lesions. ROR2 was
also spatially co-localized with WNT1, WNT5A, and
WNT7A in situ, indicating that these molecules reside
within the same fibrotic niche, although the direction-
ality and functional relevance of these interactions re-
main to be clarified. In our survival analyses, elevated
BAL fluid ROR2 levels were significantly associated
with increased mortality, supporting its potential as
a prognostic biomarker. In contrast, higher WNT5A
levels were associated with improved survival in uni-
variate analysis, but this relationship did not remain
statistically significant after Bonferroni correction;
therefore, interpretations involving WNT5A must be
made cautiously. Although our findings do not estab-
lish a significant prognostic role for WNT5A in BAL
fluid, previous studies indicate that WNT5A can ex-
ert divergent effects depending on receptor context
and cellular origin, acting as a pro-fibrotic factor in
some settings while counteracting canonical Wnt/B-
catenin pathways in others (12, 24-26). The WNT5A
detected in BAL fluid may originate from epithelial
or immune cells and could reflect a compensatory or
injury-responsive signal rather than direct fibroblast
activation (27). Further research is needed to elucidate
its biological role in IPF and determine whether it rep-
resents a context-dependent modulator or a marker of
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disease adaptation. WNTS5A alone was not indepen-
dently associated with survival after Bonferroni cor-
rection. However, when analyzed in combination with
ROR2, the subgroup analysis identified a subset of pa-
tients with low ROR2 and high WNTS5A levels who
exhibited lower mortality rates and reduced inflam-
matory cell counts. This indicates that the combined
analysis revealed patterns not apparent from WNT5A
alone and may reflect underlying heterogeneity in
IPF or interactions within the ROR2-WNT signal-
ing pathway. Because WNT5A was not independently
significant, these findings should be considered ex-
ploratory. Nevertheless, they suggest the possibility of
a distinct IPF endotype associated with ROR2-WNT
signaling, although its clinical implications remain
preliminary and require further validation. Beyond
IPF, ROR2 has been implicated in a range of diseases,
including cancer, osteoarthritis, and cardiovascular dis-
orders. In malignancies such as pancreatic ductal ad-
enocarcinoma, ROR?2 is overexpressed in both tumor
cells and the stromal microenvironment, correlating
with poor clinical outcomes (28-30). In osteoarthritis,
blockade of ROR2 attenuates joint degradation (31),
and in cardiovascular disease, the WNT5A—-ROR2
signaling axis regulates cholesterol metabolism and
modulates inflammatory processes in atherosclero-
sis (32). Among the 19 human Wnt ligands, WNT1,
WNT5A, and WNT7A have been shown to interact
with ROR2 at the molecular level (14, 33-35). In IPF
lung tissue, we observed co-localization of ROR2
with COL1A1 as well as with WNT1, WNT5A, and
WNT7A, suggesting that ROR2 may mediate tissue
remodeling, cell migration, and fibrotic progression
via these ligands. Elevated WNT1 levels have been
reported in BAL fluid from bleomycin-treated mice,
indicating a conserved role in fibrotic lung injury (11),
and functionally, WNT1 promotes myofibroblast dif-
ferentiation and extracellular matrix production (36).
WNTS5A was detected in BAL fluid and fibrotic lung
tissue and is expressed in epithelial, endothelial, and
smooth muscle cells (12, 37-39). WNT7A, predomi-
nantly secreted by basal-like epithelial cells, functions
through paracrine signaling to induce epithelial-
mesenchymal transition, fibroblast-to-myofibroblast
transition, and extracellular matrix production—key
fibrogenic processes in IPF (13, 40). ROR2, acting

as a receptor for WNT5A, activates non-canonical
signaling pathways such as JNK and ROCK, which
promote cytoskeletal remodeling and latent TGF-3
activation (28, 41). These molecular events are criti-
cal for fibroblast activation and tissue fibrosis. In our
cohort, elevated ROR2 levels were associated with
increased mortality, whereas Wnt ligands alone were
not independently significant. Nevertheless, their co-
localization with ROR2 and documented roles in fi-
broblast activation suggest potential contributions to
IPF pathogenesis, highlighting the ROR2-Wnt axis
as a focus for further mechanistic studies. However,
our study has limitations. First, BAL was obtained
from the most affected lower lobe in IPF and the right
middle lobe in controls, which may have affected bio-
marker levels despite standardized procedures. Sec-
ondly, the study included a small and younger control
group, and due to the limited sample size and event
count, multivariate and validation analyses were
not feasible, increasing the risk of overfitting. Con-
sequently, although DLcq is a clinically important
prognostic factor, it was not retained in the final mul-
tivariate Cox model. While penalized Cox methods
such as ridge or LASSO could potentially improve
model stability in small-sample settings, we opted for
conventional backward selection to maintain inter-
pretability of HR. Thirdly, multiple biomarker com-
parisons and treatment of values below the detection
limit were not formally adjusted, which may have
influenced statistical significance. Finally, given the
observational nature and lack of external validation,
the findings should be regarded as exploratory and
hypothesis-generating. Further large-scale studies are
warranted to confirm the diagnostic and prognostic
value of ROR2 and Wnt signaling in IPF. In conclu-
sion, ROR2 is independently associated with disease
progression in IPF and represents a promising bio-
marker for identifying molecular endotypes and as-
sessing clinical risk. Exploratory analysis suggests that
interactions with WNT5A may define a subset of pa-
tients with distinct prognosis, although this requires
further validation. Larger, externally validated studies
are needed to confirm these findings, and mechanistic
investigations are warranted to clarify the precise role
of ROR2 within the WNT signaling network and its

potential as a therapeutic target.
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Annex
Table S1. Detection frequencies of ROR2 and Wnt ligands in BAL fluid from IPF patients and controls.
IPF + IPF -
(n, %) (n, %) Control + (n, %) Control — (n, %) %2 p-value
ROR2 109 (87.9%) 15 (12.1%) 1 (5.9%) 16 (94.1%) <0.001
WNT1 100 (80.6%) 24 (19.4%) 15 (88.2%) 2 (11.8%) 0.449
WNTS5A 89 (71.8%) 35 (28.2%) 9 (52.9%) 8 (47.1%) 0.113
WNT7A 82 (66.1%) 42 (33.9%) 8 (47.1%) 9 (52.9%) 0.124

Data are presented as number and percentage of patients showing detectable “+” and undetectable

«,»

«_»

levels within each group.

«,»

+” indicates levels

above the assay’s detection limit. Statistical comparisons between groups were performed using the chi-square test. A p-value of less than 0.05 was

considered statistically significant.
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