Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Integrated transcriptomics reveal CTHRC1-
associated immune resistance and JAM2- F11R-
STAT1 macrophage remodeling in anaplastic
thyroid carcinoma

Xiaoting Wang'
China-Japan Friendship Hospital
Bo Zhang?

thyroidus@163, com

China-Japan Friendship Hospital

Ke Yang'
China-Japan Friendship Hospital

Peitong Deng’
China-Japan Friendship Hospital

Research Article

Keywords: anaplastic thyroid carcinoma, CTHRC1, macrophage state remodeling, tumor
microenvironment, spatial transcriptomics, immune therapy

Posted Date: September 24th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-10904032/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/26


https://doi.org/10.21203/rs.3.rs-10904032/v1
https://doi.org/10.21203/rs.3.rs-10904032/v1
https://doi.org/10.21203/rs.3.rs-10904032/v1
https://creativecommons.org/licenses/by/4.0/

Abstract
Background

Anaplastic thyroid carcinoma (ATC) is a rare but highly lethal thyroid malignancy. Immune checkpoint
blockade (ICB) has shown therapeutic activity in ATC, but responses remain limited and heterogeneous.
The immune microenvironment underlying ICB resistance in ATC remains incompletely characterized,
highlighting the need to identify biologically relevant biomarkers and therapeutic vulnerabilities.

Methods

We integrated multiple ATC bulk transcriptomic cohorts with single-cell and spatial transcriptomic
datasets and two pretreatment ICB cohorts. Candidate genes were prioritized across ATC progression
and ICB nonresponse, followed by single-cell and spatial characterization, myeloid state reconstruction,
ligand—receptor analysis, and in silico perturbation.

Results

Integrated analysis prioritized CTHRC1 as a candidate linking ATC progression with ICB nonresponse
and confirmed its consistent upregulation in ATC. Single-cell analysis localized CTHRC1 mainly to
malignant epithelial, fibroblast/CAF, and endothelial compartments and showed that CTHRC1-positive
malignant cells exhibited a broader resistance-associated transcriptional state. Spatial analysis
identified focal CTHRC1-high immune resistance niches containing CAF, M2-like macrophage,
CD8/cytotoxic, and T-cell exhaustion signals. Myeloid analysis revealed a reproducible ST00A12-positive
monocyte—SPP1-positive TAM—ADAMDEC1-associated macrophage continuum, with STAT1 as the
leading transition-associated regulator. Receiver state-guided communication analysis prioritized
JAM2-F11R as the top malignant-to-myeloid interaction, supported by F11R/STAT1 perturbation,
independent single-cell replication, and spatial coupling. The integrated CTHRC1-related feature was
associated with ICB nonresponse, while virtual CTHRC1 knockout predicted reductions in multiple
resistance-related programs.

Conclusions

The CTHRC1-associated immune resistance niche is linked to ICB nonresponse in ATC, while JAM2-
F11R-STAT1 may contribute to ADAMDEC1-associated macrophage state remodeling, suggesting
CTHRC1 as a potential therapeutic target to improve immunotherapy responsiveness in ATC.

Background
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Anaplastic thyroid carcinoma (ATC) is uncommon but remains one of the most lethal thyroid
malignancies [1, 2]. Targeted therapy has changed the outlook for selected molecular subgroups,
especially BRAF V600E-mutant disease [3]. Immune checkpoint blockade (ICB) has produced responses
in ATC [4, 5], including in recent combination studies [6, 7], but benefit remains uneven and often short-
lived. The unresolved problem is therefore not whether ATC is immunologically active, but why an
immune-infiltrated tumor microenvironment fails to generate effective antitumor immunity. TGF-B-driven
extracellular matrix (ECM) programs can limit T-cell infiltration and contribute to checkpoint resistance
[8, 9]. Related cancer-associated fibroblast (CAF) states have been linked to immunotherapy resistance
[10, 11] and CD8 + T-cell exclusion [12, 13]. CAF—-macrophage interactions can reinforce suppressive
myeloid states [14], while FAK signaling links stromal remodeling to reduced cytotoxic T-cell infiltration
[15]. These observations argue against a purely checkpoint-centered view of resistance.

ATC studies have described molecular and tumor microenvironment subtypes [16], genomic and
evolutionary changes [17], inflammatory and mesenchymal malignant cell states [18], macrophage-rich
immunosuppressive microenvironments [19, 20], and dysfunctional or pre-exhausted T cells [21]. Spatial
studies revealed tumor—stroma organization [22, 23] and ATC-associated molecular features [24]; ECM
remodeling has also been implicated [25, 26]. How these features connect remains unclear, including
whether malignant, stromal, and myeloid programs occupy one niche and which malignant cell signal
links to macrophage remodeling.

We approached this question by first prioritizing genes associated with both ATC progression and ICB
nonresponse, and then tracing the leading candidate across single-cell and spatial datasets. CTHRC1
emerged as the top candidate. We then asked which cell populations express CTHRC1, whether
CTHRC1-high regions define a coherent multicellular niche, and whether a specific malignant-to-myeloid
signaling axis is associated with the macrophage state within that niche.

This strategy allowed us to move from a candidate gene to the organization of the local tumor
microenvironment, and then to a defined macrophage remodeling program. We further examined
whether the broader CTHRC1-associated state was related to ICB response and whether its resistance-
related programs were altered by computational perturbation.

Methods
Study design and data sources

Public datasets were used throughout. Bulk ATC cohorts were GSE29265, GSE33630, GSE53072,
GSE65144 and GSE76039, with GSE9115 and GSE27155 used for additional comparisons. Single-cell
analyses used GSE193581 [18] and GSE232237 [29]. Four ATC Visium sections from GSE250521 [22]
provided spatial data. Pretreatment ICB analyses used GSE78220 [27] and GSE91061 [28], both
melanoma cohorts. GSE248058 [30] and GSE211806 [31] were used for orthogonal FAK- and TGF-B-
related perturbation analyses.
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Identification of ATC progression-associated genes and construction
of the AICR program

Each bulk dataset was normalized and analyzed with limma [32]. ATC was compared with normal
thyroid, papillary thyroid carcinoma (PTC) and poorly differentiated thyroid carcinoma (PDTC).
Progression-associated genes required a positive pooled effect, concordant direction in at least two-
thirds of comparisons and meta-analysis FDR < 0.05. ICB nonresponse-associated genes required a
positive pooled effect and meta-analysis FDR < 0.10. Genes supported by both analyses formed the ATC-
associated immune checkpoint resistance (AICR) candidate set. The top 100 genes defined the AICR
program, and candidates were ranked with ATC effect, cross-cohort consistency, ICB evidence, single-
cell source and spatial/stromal evidence.

Single-cell processing and stratification of malignant cells by
CTHRC1 expression

GSE193581 and GSE232237 were processed separately with Seurat [33] for quality control,
normalization, dimensionality reduction, and clustering. Doublets were assessed and cell types
annotated before downstream analysis. After filtering, GSE193581 contained 33,936 cells from nine ATC
samples; GSE232237 contained 84,804 cells from five ATC and seven PTC samples. Malignant/epithelial
cells were annotated using epithelial and thyroid lineage markers together with tumor-associated
expression patterns.

For cell-level stratification, malignant/epithelial cells with normalized CTHRC1 expression >0 were
classified as CTHRC1-positive, whereas cells with CTHRC1 expression = 0 were classified as CTHRC1-
negative. Comparisons between the two groups were performed within individual samples, and patient-
level effect estimates rather than pooled cell counts were used for cross-sample statistical summaries.

Construction and scoring of the CTHRC1-independent resistance
program

Normalized single-cell expression was In[1 + 10,000 x (gene count/total UMI count)]. The integrated
resistance program contained nine prespecified modules: AICR, ECM remodeling, EMT, CAF, myCAF, TGF-
B, myeloid suppression, checkpoint ligands and T-cell exhaustion. CTHRC1 was removed from the AICR
set for CTHRC1-stratified analyses, leaving a fixed 99-gene AICR signature. Module scores were means
of normalized constituent gene expression; myeloid suppression was the mean of TAM and M2-like TAM
scores.

Module scores were z-standardized within each dataset and averaged with equal weight to form a
CTHRC1-independent integrated resistance score. Patient-level analysis required at least 10 CTHRC1-
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positive and 20 CTHRC1-negative malignant/epithelial cells. The effect for each patient was the median
score in CTHRC1-positive cells minus the median score in CTHRC1-negative cells.

Spatial transcriptomic and neighborhood analyses

The four GSE250521 ATC Visium sections were processed separately. Tissue-covered spots with valid
transcript detection were retained and aligned to the corresponding H&E images. Within each section,
CTHRC1-high spots were defined as detectable CTHRC1 expression above the section-specific 75th
percentile; the remaining tissue spots formed the reference group.

Spatial AICR used the fixed CTHRC1-excluded 99-gene signature. The CTHRC1-independent spatial
resistance core combined AICR99, ECM/invasion, TGF-B, CAF, M2-like TAM, checkpoint ligand, T-cell
exhaustion and FAK/SRC modules after within-section z-standardization. A separate integrated spatial
score also included CTHRC1 and was used only for visualization.

Within each section we calculated Spearman correlation between CTHRC1 and the resistance core, and
the core score difference between CTHRC1-high and reference spots. First- and second-order Visium
neighborhoods were tested by label permutation. Spatial lag and bivariate Moran analyses were used for
local association. Section-level effects were combined by signed Stouffer analysis, with Benjamini-
Hochberg correction within each comparison family.

Myeloid state reconstruction, trajectory analysis, and
regulon prioritization

Myeloid cells were reanalyzed separately in both single-cell datasets. ST00A12-positive monocytes,
SPP1-positive TAMs and ADAMDEC1-associated macrophages were identified from marker profiles.
Patient-level pseudobulk expression for ADAMDEC1-associated and ST100A12-associated populations
was compared across datasets by effect correlation, directional concordance and concordant FDR-
supported genes; ranked pathway enrichment used the same cross-dataset differential expression
results.

Pseudotime was reconstructed across the ST00A12-positive monocyte, SPP1-positive TAM and
ADAMDEC1-associated macrophage continuum. Genes varying along scaled pseudotime defined the
transition program. Transcription factor regulons were ranked by agreement with that program, target
gene support and sample consistency. The resulting STAT1-associated transition program and
ADAMDECT1 state were then used as receiver features for communication analysis.

Cell-cell communication analysis and state-first ligand—receptor
prioritization
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Communication prioritization combined malignant ligand and receiver receptor expression with
NicheNet ligand—target relationships [34] and spatial association, consistent with spatially informed
communication frameworks [35]. Broader pathway-level results were analyzed separately.

For the focused myeloid analysis, ligand—receptor pairs were ranked against the predefined STAT1
transition and ADAMDECT1 receiver state features. Ranking incorporated malignant ligand expression,
myeloid receptor expression and association with the receiver programs. The highest-ranked pairs were
carried into perturbation and spatial analyses.

Targeted in silico perturbation and spatial validation

F11R and STAT1 knockout and overexpression were modeled in sample-specific signed regulatory
networks. Readouts were the STAT1 regulon, STAT1 transition program, ADAMDEC1 state, terminal state
markers and root state markers. Directional consistency was checked across individual networks and by
leave-one-sample-out analysis.

The STAT1 transition program was independently assessed in GSE193581 and GSE232237 as a late-
minus-early trajectory signal. For spatial testing, the CTHRC1/JAM2 sender score, F11R expression,
STAT1 transition score and ADAMDEC1 state score were mapped to Visium coordinates. Consecutive
links in this chain were tested with coordinate shift null models within each section and combined
across the four sections with multiple testing correction.

Public ICB treatment response analysis

Pretreatment samples from GSE78220 (n = 27; 15 responders and 12 nonresponders) and GSE91061 (n
=49; 10 responders and 39 nonresponders) were included. Complete response and partial response
were classified as response, whereas stable disease and progressive disease were classified as
nonresponse. The analysis included CTHRCT1, AICR, EMT/ECM, CTHRCT1 reversal burden, and FAK/SRC.

Each feature was z-standardized within cohort. The integrated ICB feature score was calculated as the
unweighted mean of the five standardized features:

Integrated ICB feature score = [zZ(CTHRC1) + z(AICR) + z(EMT/ECM) + z(reversal burden) + z(FAK/SRC)] /
5.

Associations with ICB nonresponse were evaluated using cohort-adjusted logistic regression for the
integrated score and each individual feature:

logit[P(nonresponse)] = B0 + B1z(feature) + B2I(GSE91061).

Odds ratios represent the change in the odds of nonresponse per 1-SD increase in a within-cohort
standardized feature. Odds ratios with Wald 95% confidence intervals were reported. Statistical
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significance was assessed using one-degree-of-freedom likelihood ratio tests comparing each feature
model with the cohort-only model, followed by Benjamini—Hochberg correction across the six models.

Pretreatment feature distributions were summarized descriptively. ROC analyses were performed
separately in GSE78220 and GSE91061 for the integrated ICB feature score and standardized CTHRCT,
with nonresponse defined as the positive class. AUC 95% confidence intervals were estimated from
2,000 response-stratified, sample-level bootstrap resamples. Because these cohorts contributed to the
development of the ICB nonresponse framework, ROC results were interpreted as within-cohort
discrimination.

Virtual CTHRC1 perturbation and external perturbation
analyses

Virtual CTHRC1 knockout was run with scTenifoldKnk [36] in five GSE193581 malignant cell networks
(ATCO08, ATC09, ATC11, ATC12 and ATC13). Absolute gene-level Z statistics were converted to within-
network percentile ranks. Direction was assigned from an independent CTHRC1 coexpression
consensus; CTHRC1 itself was removed before module projection. Signed gene values were summarized
by the median for each module.

AICR, ECM remodeling, EMT, TAM recruitment, T-cell exclusion, TGF-B, CAF activation, myCAF and
antigen presentation were assessed. The main figure displays the eight resistance-oriented modules, for
which a negative value represents movement away from the CTHRC1-associated state. Module-level
inference used one-sided exact Wilcoxon signed-rank tests with Benjamini—Hochberg correction.

For orthogonal perturbation support, GSE248058 [30] compared 24-h VS4718 FAK inhibition with vehicle
in mouse KP2 pancreatic ductal adenocarcinoma organoids; FAK-SRC and EMT-ECM scores and gene-
level changes were examined. GSE211806 [31] tested TGF-B induction and galunisertib rescue in
PLC/PRF/5 and SNU-449 hepatocellular carcinoma cells at both program and gene levels. Program-level
tests used exact permutation procedures with Benjamini—Hochberg correction.

Statistical analysis

All statistical tests were two-sided unless otherwise specified. The unit of statistical inference was
defined according to the biological level of each analysis: individual patients or biological samples for
cohort-level and single-cell analyses, tissue sections for cross-section spatial analyses, and sample-
specific networks for virtual perturbation analyses. Cell- and spot-level measurements were summarized
or permuted within their corresponding biological units rather than treated as independent replicates.

Effect sizes, medians, 95% confidence intervals, and multiplicity-adjusted P values were reported as
appropriate for each analysis. Benjamini—Hochberg correction was applied where multiple hypotheses
were tested within the same analysis.

Results
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Multi-cohort integration prioritizes CTHRC1 across ATC
progression and ICB nonresponse

We first identified transcriptional features shared between ATC progression and ICB nonresponse. ATC
versus normal, ATC versus PTC, and ATC versus PDTC contrasts from multiple bulk transcriptomic
cohorts were integrated with two pretreatment melanoma ICB cohorts (Fig. 1a). Genes showing
concordant positive associations with both ATC progression and ICB nonresponse were used to define
the ATC-associated immune checkpoint resistance (AICR) program. In the two thyroid comparison
cohorts, AICR scores were highest in ATC, with lower levels in PTC and normal thyroid tissue (Fig. 1d).

CTHRC1 was strongly upregulated in ATC. In GSE33630, CTHRC1 expression was higher in ATC than in
normal thyroid tissue (log2FC = 4.60, FDR = 5.40 x 10*-26; Fig. 1b), with positive effects across the other
evaluable ATC progression-related contrasts (Fig. 1c). CTHRC1 ranked 11th among genes in the AICR
program. Candidate prioritization was then extended to additional evidence from malignant cell
specificity, stromal/ECM association, single-cell expression, and spatial analyses (Fig. 1e—h). CTHRC1
achieved the highest overall target score and was selected for subsequent single-cell and spatial
analyses.

CTHRC1 is concentrated in malignant/epithelial and
stromal compartments

Single-cell analysis showed a nonuniform distribution of CTHRC1 across cell populations (Fig. 2a, b). In
GSE193581 ATC, the median CTHRC1-positive fractions were highest in fibroblasts/CAFs (79.3%),
malignant/epithelial cells (65.4%), and endothelial cells (54.3%), whereas CTHRC1-positive fractions
remained low in the major immune populations (0.6%—3.3%). A similar compartmental pattern was
observed in GSE232237 ATC, with median CTHRC1-positive fractions of 40.0% in fibroblasts/CAFs,
36.5% in endothelial cells, and 30.1% in malignant/epithelial cells.

Within-patient comparisons showed higher CTHRC1-positive fractions and higher median AICR scores in
malignant/epithelial cells than in the remaining cell populations (Fig. 2c). The cellular composition of the
CTHRC1-positive pool differed across GSE193581 ATC, GSE232237 ATC, and GSE232237 PTC (Fig. 2d).
At the patient level, tumor/stromal source summaries were higher than immune/other source
summaries in all three groups (FDR =0.014, 0.030, and 0.017, respectively; Fig. 2e). The patient-level
heatmap showed marked interpatient variation in the distribution of CTHRC1-positive cells across
malignant/epithelial, fibroblast/CAF, and endothelial compartments, while CTHRC1 remained low in most
immune populations (Fig. 2f).

(e) Within-patient comparison of tumor/stromal and immune/other CTHRC1 source summaries across
the three groups. (f) Patient-level heatmap of CTHRC1-positive fractions across major cell populations;
gray indicates non-evaluable combinations.
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CTHRC1-positive malignant cells exhibit a broader
resistance-associated transcriptional state

We next examined whether CTHRC1 expression was associated with a broader resistance-related
malignant cell state. In within-patient comparisons, the CTHRC1-independent integrated resistance
score was higher in CTHRC1-positive malignant/epithelial cells, with median positive-minus-negative
differences of 0.478 in GSE193581 and 0.098 in GSE232237. Positive shifts were observed in 5/5
evaluable patients in GSE193581 and 4/5 in GSE232237, although the integrated score did not remain
significant after multiple testing correction (FDR = 0.0625 in both datasets; Fig. 3b). The CTHRC1-
excluded AICR score showed a more consistent increase, with positive shifts in all five evaluable
patients in both datasets and median differences of 0.176 and 0.015, respectively (FDR = 0.03125 in both
datasets; Fig. 3a, ).

Resistance-related programs showed broadly concordant changes between CTHRC1-positive and
CTHRC1-negative malignant/epithelial cells. AICR, ECM/EMT, CAF-related, TGF-B, checkpoint, and T-cell
exhaustion programs generally shifted in the positive direction in both datasets, although effect sizes
were larger in GSE193581 (Fig. 34, ¢, d). Patient-level pseudobulk profiles showed substantial
interpatient heterogeneity in these transcriptional programs (Fig. 3e), while single-cell activity maps
showed partial overlap between CTHRC1 expression and individual resistance-related programs (Fig. 3f).
CTHRC1 positivity therefore marked a broader resistance-associated malignant cell state with
considerable heterogeneity across tumors.

(f) Representative single-cell activity maps of CTHRC1 and selected resistance-related programs.
CTHRC1 was excluded from the AICR and integrated resistance scores used for CTHRC1 state
comparisons. Color scales in panel F are specific to each transcriptional program.

CTHRC1-high spatial regions define focal resistance
niches with stromal, myeloid, and T-cell remodeling

Spatial analysis of four ATC sections from GSE250521, comprising 11,622 tissue-covered spots, showed
marked intratumoral heterogeneity (Fig. 4a, b). CTHRC1 expression was positively correlated with the
CTHRC1-independent resistance core within all four sections, with Spearman p values of 0.281, 0.123,
0.172, and 0.434. Core program scores were also higher in CTHRC1-high than in CTHRC1-low spots in all
four sections, with high-minus-low differences of 0.358, 0.752, 0.114, and 0.752, respectively. CTHRC1-
high spots accounted for 21%, 3%, 25%, and 20% of the four sections (Fig. 4d), indicating that the
CTHRC1-associated program was concentrated in focal spatial regions whose extent varied across
sections.

CTHRC1-high neighborhoods also showed distinct immune and stromal features. M2-like TAM, CD8
cytotoxicity, CD8-related, T-cell exhaustion, and CAF programs were higher in CTHRC1-high regions, with
median high-minus-low effects of 0.523, 0.313, 0.241, 0.189, and 0.111, respectively (Fig. 4c, e=h). The
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exhaustion/CD8 composite showed a small negative shift (- 0.040), whereas the broader TAM and CAF-
M2/CD8 composite scores showed little change. Thus, CTHRC1-high regions were not characterized by
simple immune exclusion; CD8-associated and cytotoxic signals coexisted with CAF activation, M2-like

macrophage programs, and T-cell exhaustion.

(c) Median CTHRC1-high minus CTHRC1-low neighborhood shifts in myeloid, stromal, and T-cell-related
programs, with combined FDR g-values. (d) Section-level relationship between the within-section
CTHRC1-resistance core Spearman correlation and the CTHRC1-high minus CTHRC1-low core program
difference; point size represents the proportion of CTHRC1-high spots. (e—h) Distributions of M2-like
TAM, CAF neighborhood, CD8 cytotoxicity, and T-cell exhaustion scores in CTHRC1-low and CTHRC1-
high regions.

ADAMDEC1-associated macrophages exhibit a
reproducible remodeling state associated with STAT1
regulation

Given the prominent myeloid features of the CTHRC1-associated spatial niche, we further analyzed the
myeloid compartment in both single-cell datasets. ST00A12-positive monocytes, SPP1-positive TAMs,
and ADAMDEC1-associated macrophages were identified in both datasets and showed distinct marker
expression patterns (Fig. 5a, b). Patient pseudobulk differential expression effects between ADAMDEC1-
associated macrophages and S100A12-positive monocytes were positively correlated across the two
datasets (Spearman p = 0.64). Among shared genes, 72.4% changed in the same direction, and 262
genes showed concordant FDR-supported changes in both datasets (Fig. 5¢c, d). Pathway enrichment
analysis showed higher MHC-II antigen presentation and cholesterol efflux programs in the ADAMDEC1-
associated state, together with lower inflammatory response, neutrophil chemotaxis, and cytoplasmic
translation programs (Fig. 5e).

Focused pseudotime analysis placed S100A12-positive monocytes predominantly toward the early state,
SPP1-positive TAMs in an intermediate region, and ADAMDEC1-associated macrophages toward the late
state of the myeloid continuum (Fig. 5f). Dynamic expression analysis identified a late-stage
transcriptional program containing STAT1 and other interferon response-related genes (Fig. 5g). Regulon
prioritization ranked STAT1 first among regulators associated with the transition program, with IRF7 and
STAT2 among the next-ranked candidates (Fig. 5h). STAT1 was therefore prioritized for subsequent
receiver state-guided signaling analysis.

Receiver state-guided analysis prioritizes a JAM2-F11R-
STAT1 axis associated with macrophage remodeling

We prioritized malignant-to-myeloid ligand—receptor pairs according to their association with the
predefined STAT1 transition/ADAMDEC1 receiver state program. JAM2-F11R ranked first, with a fixed
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TF/state explanation score of approximately 0.79, followed by JAM2-(ITGAV+ITGB1), GAS6—-AXL, PTN-
SDC3, PROS1-AXL, CSF1-CSF1R, and several collagen-related interactions (Fig. 6a).

Targeted in silico perturbation further linked F11R and STAT1 to the receiver state program. Virtual F11R
knockout reduced the STAT1 regulon, STAT1 transition program, ADAMDEC1-associated macrophage
state, and terminal state markers, whereas F11R overexpression produced changes in the opposite
direction. STAT1 perturbation similarly altered the transition and ADAMDEC1-associated programs, with
the largest effect observed for terminal state markers (Fig. 6b). The late-minus-early STAT1 transition
AUC difference was positive in all five evaluable GSE193581 samples and in three of four evaluable
GSE232237 samples (Fig. 6c¢).

We next examined spatial coupling among components of the candidate pathway. Positive spatial
coupling was observed in all four ATC sections between the CTHRC1/JAM2 sender program and F11R
(combined FDR = 0.0042), between F11R and the STAT1 transition program (FDR = 2.3 x 10-6), and
between the STAT1 transition program and the ADAMDEC1-associated macrophage state (FDR=3.1 x
107-22; Fig. 6d, e). Together, these analyses prioritized a JAM2-F11R-STAT1-linked signaling model
associated with ADAMDEC1 macrophage remodeling in the CTHRC1-high malignant context (Fig. 6f).

CTHRC1-associated resistance features are linked to ICB
nonresponse and perturbation-induced state shifts

In the two pretreatment melanoma ICB cohorts, the integrated CTHRC1-related feature score was higher
in nonresponders, whereas raw CTHRC1 showed less separation between response groups (Fig. 7a). In
cohort-adjusted logistic models, the integrated ICB feature score was associated with nonresponse (OR
2.17,95% Cl 1.22-3.86, FDR = 0.0097), as were CTHRC1 reversal burden (OR 2.90, FDR = 0.0012), AICR
(OR 2.42, FDR =0.0065), and EMT/ECM (OR 1.93, FDR =0.0277). FAK/SRC and raw CTHRC1 were not
significant after multiple testing correction (Fig. 7b). The integrated score yielded AUCs of 0.84 and 0.58
in GSE78220 and GSE91061, compared with 0.73 and 0.54 for raw CTHRCT1, corresponding to AAUC
values of + 0.11 and + 0.04, respectively (Fig. 7c). These ROC results were interpreted as within-cohort
discrimination.

Virtual CTHRC1 knockout predicted negative median shifts across all eight resistance-related modules,
ranging from - 0.36 for myCAF to - 0.66 for ECM remodeling (Fig. 7d). External perturbation datasets
provided additional evidence that selected components of this transcriptional state were modifiable. In
GSE248058, FAK inhibition with VS4718 produced modest changes in FAK/SRC and EMT/ECM programs
at both the program and gene levels (Fig. 7e1, €2). In GSE211806, TGF-B induced coordinated gene- and
signature-level changes that were reversed by galunisertib in PLC/PRF/5 and SNU-449 cells (Fig. 7e3,
e4); the program-level induction and rescue effects remained significant after multiple testing correction
(g =0.010 for both).
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(a) Distributions of standardized raw CTHRC1 expression and the integrated ICB feature score in
responders and nonresponders from GSE78220 and GSE91061. (b) Cohort-adjusted associations of the
integrated ICB feature score and individual transcriptional features with ICB nonresponse, shown as
odds ratios with 95% confidence intervals and FDR values; bubble color represents log2 odds ratio and
bubble area represents -log10 FDR. (c) Cohort-specific AUCs for standardized CTHRC1 and the
integrated ICB feature score, with bootstrap 95% confidence intervals and AAUC relative to raw CTHRC1.
(d) Sample-specific predicted changes in eight resistance-related modules after virtual CTHRC1
knockout across five malignant cell networks; the bar plot shows the median predicted change across
samples. (e1) FAK/SRC and EMT/ECM program scores and FAK inhibitor-minus-vehicle changes after
VS4718 treatment in mouse KP2 pancreatic ductal adenocarcinoma organoids. (e2) Gene-level
transcriptional response to FAK inhibition. (e3) Gene-level effects of TGF-B induction and galunisertib-
mediated rescue in PLC/PRF/5 and SNU-449 cells. (e4) TGF-B signature scores across control, TGF-8,
galunisertib, and TGF-B + galunisertib conditions in the two cell lines.

Discussion

Immune checkpoint blockade has shown therapeutic activity in ATC, but resistance remains common
and clinical benefit is heterogeneous [4-7]. Our integrative analyses prioritized CTHRC1 as a candidate
linking ATC progression with ICB nonresponse and identified a broader CTHRC1-associated immune-
resistant tumor state. Tumor ECM can arise from multiple cellular compartments [37], while CTHRC1-
positive fibroblast programs have been associated with EMT [38], therapy resistance [39], tumor
stemness [40], and ITGB3/FAK signaling [41]. CTHRC1-related programs have also been implicated in
tumor invasion and immune evasion [42, 43]. In our spatial analysis, CTHRC1-high regions contained
CAF and M2-like TAM programs together with CD8-associated cytotoxicity and T-cell exhaustion. This
pattern suggests that immune resistance in ATC may not simply reflect immune exclusion, but rather
impaired antitumor function within an immune-infiltrated microenvironment. This interpretation is
consistent with previous evidence linking TGF-B/ECM programs to T-cell exclusion [8, 9], resistant CAF
states [10, 11], and CAF-mediated restriction of CD8 + T-cell infiltration [12, 13].

Myeloid state analysis further identified a reproducible S100A12-positive monocyte—SPP1-positive
TAM-ADAMDEC1-associated macrophage continuum. STAT1 ranked as the leading transition-
associated regulator, consistent with previous evidence that STAT1 participates in transcriptional and
metabolic regulation in tumor-associated macrophages [44]. Using this receiver state to prioritize
malignant-to-myeloid communication identified JAM2-F11R as the top interaction. JAM2-F11R-
mediated endothelial-macrophage communication has also been reported in hepatocellular carcinoma
[45], providing biological precedent for this ligand—receptor pair in myeloid regulation. F11R/STAT1
perturbation, replication of the STAT1 transition program in an independent single-cell dataset, and
spatial coupling across ATC sections further supported a JAM2-F11R-STAT1-linked model of
macrophage state remodeling. Importantly, this receiver state-guided approach relates ligand—-receptor
communication to a reproducible myeloid phenotype rather than relying solely on the expression
abundance of individual ligand-receptor pairs.
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The ICB response and perturbation analyses further supported the potential therapeutic relevance of this
resistance program. The integrated CTHRC1-related feature was more strongly associated with ICB
nonresponse than CTHRC1 expression alone, suggesting that the broader transcriptional context may
better capture immune resistance than a single marker. Virtual CTHRC1 knockout predicted coordinated
reductions in multiple resistance-related programs, while external perturbation data supported the
reversibility of the TGF-B-related component [31]. These findings suggest that CTHRC1 may represent a
potential intervention point within the immune-resistant ATC microenvironment, whereas JAM2-F11R-
STAT1-associated macrophage remodeling provides a candidate intercellular mechanism contributing to
this state.

Limitations

Several limitations should be acknowledged. This study integrated multiple independent ATC datasets,
including bulk, single-cell, and spatial transcriptomic data, providing cross-dataset support for the major
findings. Because ATC-specific immunotherapy cohorts were unavailable, two independent melanoma
ICB cohorts were used to assess whether the identified resistance features were also associated with
ICB nonresponse; however, their predictive value in ATC requires further validation. Finally, the
identification of CTHRC1 as a candidate target and the JAM2-F11R-STAT1-associated pathway was
based on computational analyses of publicly available datasets and therefore requires further
experimental validation in ATC models.

Conclusions

This study integrated multiple ATC bulk transcriptomic cohorts with single-cell and spatial
transcriptomic datasets to identify a CTHRC1-associated immune resistance niche in ATC. Cross-cohort
transcriptomic analyses, independent single-cell replication, spatial coupling, ICB response analyses, and
in silico perturbation supported the biological relevance of CTHRC1, the ADAMDEC1-associated
macrophage state, and the candidate JAM2-F11R-STAT1 signaling axis in ATC immune resistance.
These findings suggest that CTHRC1 may represent a potential therapeutic target for overcoming
immune resistance in ATC.
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Figure 1

Multi-cohort prioritization of CTHRC1 across ATC progression and ICB nonresponse. (a) Study design
and core public datasets used for bulk transcriptomic, single-cell, spatial, and ICB response analyses.
(b) Representative differential expression analysis of ATC versus normal thyroid tissue in GSE33630,
highlighting CTHRC1. (c) Cross-dataset evidence for CTHRC1 across ATC progression-related and ICB
nonresponse contrasts, showing effect size (log2FC), upward rank percentile, and FDR evidence (-log10
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FDR). (d) Within-cohort standardized AICR scores across normal thyroid, PTC, and ATC samples in
GSE9115 and GSE27155. (e) Candidate gene evidence matrix summarizing ATC effect, ICB nonresponse,
AICR overlap, stromal/ECM association, single-cell source, and spatial support. (f) Relative contributions

of the five scoring components to the integrated scores of the leading candidates. (g) Evidence
component scores for CTHRC1 across ATC bulk meta-analysis, ICB nonresponse, malignant specificity,
AICR-high association, and spatial exclusion. (h) Integrated target scores and broader evidence

component profiles of the leading candidates.
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Figure 2

Cellular distribution of CTHRC1 across single-cell datasets. (a) Single-cell atlas and CTHRC1 expression
in GSE193581 and GSE232237. (b) Split violin plots of CTHRC1 expression and CTHRC1-positive
fractions across major cell populations in GSE193581 ATC, GSE232237 ATC, and GSE232237 PTC; the
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upper half represents expression level and the lower half represents the CTHRC1-positive fraction. (c)
Within-patient comparisons of CTHRC1-positive fractions and median AICR scores between
malignant/epithelial cells and the remaining cell populations. (d) Relative cell type composition of the
CTHRC1-positive cell pool across the three dataset/disease groups.

(e) Within-patient comparison of tumor/stromal and immune/other CTHRC1 source summaries across
the three groups. (f) Patient-level heatmap of CTHRC1-positive fractions across major cell populations;
gray indicates non-evaluable combinations.
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Figure 3

Resistance-associated transcriptional programs in CTHRC1-positive malignant/epithelial cells. (a) Radial
summary of median CTHRC1-positive minus CTHRC1-negative shifts in the integrated score and
individual resistance-related programs in GSE193581 and GSE232237. (b) Within-patient changes in the
CTHRC1-independent integrated resistance score between CTHRC1-negative and CTHRC1-positive
malignant/epithelial cells. (c) Component-level summary of median within-patient shifts across
resistance-related transcriptional programs in the two single-cell datasets. (d) Cross-dataset heatmap of
selected resistance program shifts between CTHRC1-positive and CTHRC1-negative malignant/epithelial
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cells. (e) Patient-level pseudobulk profiles of CTHRC1 and resistance-related transcriptional features.
(f) Representative single-cell activity maps of CTHRC1 and selected resistance-related programs.
CTHRC1 was excluded from the AICR and integrated resistance scores used for CTHRC1 state
comparisons. Color scales in panel F are specific to each transcriptional program.
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Spatial organization of the CTHRC1-associated resistance niche. (a) H&E images of four ATC Visium
sections with spatial CTHRC1 expression overlaid. (b) Spatial distribution of the integrated CTHRC1-
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associated program score across the four sections.
(c) Median CTHRC1-high minus CTHRC1-low neighborhood shifts in myeloid, stromal, and T-cell-related
programs, with combined FDR g-values. (d) Section-level relationship between the within-section
CTHRC1-resistance core Spearman correlation and the CTHRC1-high minus CTHRC1-low core program
difference; point size represents the proportion of CTHRC1-high spots. (e—h) Distributions of M2-like
TAM, CAF neighborhood, CD8 cytotoxicity, and T-cell exhaustion scores in CTHRC1-low and CTHRC1-

high regions.
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Cross-dataset characterization of an ADAMDEC1-associated macrophage remodeling state. (a) Myeloid
cell atlas highlighting ST00A12-positive monocytes, SPP1-positive TAMs, and ADAMDEC1-associated
macrophages. (b) Expression of representative markers across the three myeloid states; dot size
represents the fraction of cells expressing each gene. (c) Cross-dataset concordance of patient
pseudobulk differential expression effects between ADAMDEC1-associated macrophages and ST00A12-
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positive monocytes. (d) Representative genes showing concordant state-associated effects in
GSE193581 and GSE232237. (e) Ranked pathway enrichment associated with the ADAMDEC1
macrophage state across the two datasets. (f) Focused pseudotime trajectory spanning ST00A12-
positive monocytes, SPP1-positive TAMs, and ADAMDEC1-associated macrophages. (g) Dynamic
transcriptional program along scaled pseudotime. (h) Regulon ranking associated with the myeloid state
transition program, with STAT1 ranked first.
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Figure 6

Receiver state-guided prioritization of a JAM2-F11R-STAT1 axis associated with macrophage
remodeling. (a) Ranking of malignant-to-myeloid ligand-receptor pairs according to their association
with the predefined STAT1 transition/ADAMDECT receiver state program; JAM2-F11R ranked first. (b)
Targeted in silico knockout and overexpression of F11R and STAT1, summarized across the STAT1
regulon, STAT1 transition program, ADAMDEC1-associated macrophage state, terminal state markers,
and root state markers. (c) Late-minus-early STAT1 transition AUC differences across evaluable samples
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in GSE193581 and GSE232237. (d) Four-section Stouffer meta-analysis of spatial coupling between the
CTHRC1/JAM2 sender program and F11R, F11R and the STAT1 transition program, and the STAT1
transition program and the ADAMDEC1-associated macrophage state. (e) Representative spatial maps
from ATC-1 and ATC-4 showing the CTHRC1/JAM2 sender program, F11R receptor signal, STAT1
transition program, and ADAMDEC1-associated macrophage state. (f) Schematic of the candidate
JAM2-F11R-STAT1 axis linking the CTHRC1-high malignant cell context with a STAT1-centered
transcriptional program and the ADAMDEC1-associated macrophage state.
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Association of CTHRC1-related resistance features with ICB nonresponse and perturbation-induced
transcriptional changes.
(a) Distributions of standardized raw CTHRC1 expression and the integrated ICB feature score in
responders and nonresponders from GSE78220 and GSE91061. (b) Cohort-adjusted associations of the
integrated ICB feature score and individual transcriptional features with ICB nonresponse, shown as
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odds ratios with 95% confidence intervals and FDR values; bubble color represents log2 odds ratio and
bubble area represents -log10 FDR. (c) Cohort-specific AUCs for standardized CTHRC1 and the
integrated ICB feature score, with bootstrap 95% confidence intervals and AAUC relative to raw CTHRC1.
(d) Sample-specific predicted changes in eight resistance-related modules after virtual CTHRC1
knockout across five malignant cell networks; the bar plot shows the median predicted change across
samples. (e1) FAK/SRC and EMT/ECM program scores and FAK inhibitor-minus-vehicle changes after
VS4718 treatment in mouse KP2 pancreatic ductal adenocarcinoma organoids. (e2) Gene-level
transcriptional response to FAK inhibition. (e3) Gene-level effects of TGF-B induction and galunisertib-
mediated rescue in PLC/PRF/5 and SNU-449 cells. (e4) TGF-B signature scores across control, TGF-8,
galunisertib, and TGF-B + galunisertib conditions in the two cell lines.
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