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SUMMARY

Transforming growth factor β (TGF-β) accumulation in the tumor microenvironment (TME) is a major barrier to 

durable antitumor immunity. We developed fibronectin extra domain B (FN-EDB)-binding peptide (FEBP)- 

soluble TβRII-Fc (sTβRII), an engineered inhibitor targeting the FN-EDB-rich tumor matrix for localized 

TGF-β blockade. In fibrotic, immune-excluded tumors, FEBP-sTβRII suppresses TGF-β/SMAD signaling to 

unleash T cell activation and IFN-γ production, thereby driving feedforward cancer-associated fibroblast 

(CAF)-myeloid reprogramming toward an antigen-presenting state. This coordinated remodeling relieves im

mune exclusion and converts the fibrotic TME into an antigen-visible ecosystem that sustains robust T cell 

infiltration and activation. Consequently, FEBP-sTβRII induces T cell-dependent tumor regression, expands 

effector-memory populations, and elicits long-term, cross-protective antitumor immunity, while minimizing 

peripheral transcriptional disturbances compared with systemic sTβRII. Together, these findings show 

that spatially targeted TGF-β blockade overcomes fibrotic immune exclusion to establish durable local 

and systemic tumor immunity.

INTRODUCTION

While immune checkpoint inhibitors (ICIs) significantly improve 

survival in some patients, most patients do not respond to these 

treatments.1,2 A principal barrier is the immunosuppressive, 

fibrotic tumor microenvironment (TME), in which an expanded 

extracellular matrix (ECM) limits immune cell infiltration and 

drug penetration, while reinforcing tolerogenic cancer-associ

ated fibroblasts (CAFs), myelosuppressive myeloid cells, and 

regulatory T cells (Treg). Among stromal cytokines, transforming 

growth factor β (TGF-β) functions as the dominant architect of 

this niche, driving myofibroblast differentiation and collagen 

deposition, suppressing matrix remodeling, and broadly damp

ening antitumor immunity, thereby providing a strong rationale 

for combining TGF-β blockade with ICIs.3–11

However, systemic TGF-β antagonists (e.g., kinase inhibitors, 

ligand traps, or soluble receptors) have shown inconsistent effi

cacy and dose-limiting toxicities and often fail to demonstrate a 

clear benefit over ICIs alone in randomized clinical trials.12 A 

possible explanation for this failure is that signaling mediated 

by the high levels of TGF-β1 secreted by cancer tissues is not 

sufficiently suppressed in the TME by systemic TGF-β inhibitors 

at safe doses. This limitation has necessitated the development 

of TGF-β inhibitors that effectively target the TME.

Pancreatic ductal adenocarcinoma (PDAC) exemplifies the 

clinical need for such an approach: it is encased in a dense des

moplastic stroma populated by heterogeneous CAFs including 

myofibroblastic (myoCAF), inflammatory (iCAF), vascular 

(vCAF), and antigen-presenting (apCAF) states, each imposing 

distinct immunologic consequences.13 apCAFs can license 

T cell responses in some contexts but, depending on ontogeny 

and cues, also promote Treg differentiation, underscoring how 

stromal state tunes tumor immunity.14,15 Moreover, CAFs can 

directly engage deletional checkpoints (e.g., PD-L2-PD-1 and 
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Figure 1. FEBP-sTβRII fusion proteins for tumor ECM-targeted TGF-β inhibition 

(A) Schematic of FEBP-sTβRII format design, incorporating FEBP and the sTβRII at various positions relative to the Fc-region. The sTβRII and mutFEBP-sTβRII 

serve as controls. ipTM and pTM scores indicate the structural confidence of the predicted models. 

(legend continued on next page) 
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FASL-FAS), coupling antigen handling to CD8+ T cell attrition.16

Together, these insights suggest that a TME-sensing TGF-β trap 

that accumulates within ECM-rich niches may (1) more effec

tively neutralize stromal TGF-β, (2) collapse myofibroblastic pro

grams that enforce T cell exclusion, and (3) re-wire CAF/ 

myeloid-T cell interfaces toward productive priming and recall.

In this study, we designed and characterized FEBP-sTβRII, a 

soluble TβRII-Fc fused to a fibronectin extra domain B (FN- 

EDB)-binding peptide (FEBP) that selectively accumulates in 

the fibroblast matrix to neutralize TGF-β in situ. Because most 

clinical TGF-β inhibitors act systemically and fail to function opti

mally within the ligand-rich TME, we hypothesized that 

anchoring a TGF-β inhibitor primarily to the tumor ECM would 

convert immunologically ‘‘cold’’ tumors into ‘‘hot’’ tumors, while 

limiting systemic pharmacodynamic engagement. Consistent 

with this hypothesis, our spatial targeting strategy demonstrated 

that restricting TGF-β inhibition to the TME is essential for un

locking the full therapeutic potential of TGF-β1 blockade without 

causing extensive peripheral transcriptional engagement.

RESULTS

‘‘TME-sensing’’ FEBP-sTβRII effectively accumulates 

within the TME

To develop TGF-β inhibitors capable of tumor-targeted delivery, 

we engineered several bispecific formats by fusing a synthetic sol

uble TβRII-Fc protein with one or more EDB-binding peptides (AP

TEDB). These peptides were designed to specifically sense the 

alternatively spliced EDB of fibronectin, which is uniquely enriched 

in the ECM of the TME but virtually absent from normal adult tis

sues17–19 (Figure S1A). Crucially, both the ligand-binding domain 

of TβRII and its ligand, TGF-β1, exhibit high evolutionary conserva

tion across species, as does FN-EDB. Reflecting its clinical rele

vance, FN-EDB is markedly upregulated in multiple syngeneic 

mouse tumor models, aligning with The Cancer Genome Atlas 

(TCGA) profiles of human cancers (Figures S1B–S1E).

Structural modeling using AlphaFold3 demonstrated that 

positioning the FEBP between the hIgG4-Fc and sTβRII domains 

(Fc-FEBP-sTβRII) facilitates a distinct parallel β sheet-like align

ment with FN-EDB, supported by low prediction errors in the 

predicted aligned error (PAE) plots (Figure S1A). Dimer predic

tions for all formats yielded moderate pTM (predicted TM-score) 

and ipTM (interface predicted TM-score) (∼0.7), supporting con

fidence in the predicted models (Figure 1A). Due to its superior 

expression yield and minimal aggregation (Figures S1F and 

S1G), Fc-FEBP-sTβRII (FEBP-sTβRII) was selected as a clinical 

drug candidate. sTβRII lacking FEBP and mutFEBP-sTβRII with 

attenuated FN-EDB affinity were used as controls. Enzyme- 

linked immunosorbent assay (ELISA) demonstrated that sTβRII, 

FEBP-sTβRII, and mutFEBP-sTβRII exhibited comparable TGF- 

β1 binding and inhibitory activity (Figures 1B and 1C). However, 

only FEBP-sTβRII bound to FN-EDB and simultaneously 

engaged FN-EDB and TGF-β1 (Figure 1B). FN containing EDB 

is predominantly expressed in vivo by proliferating or activated 

fibroblasts and is deposited in the ECM. K-RasLA1/TP53− /− pri

mary sarcoma-associated fibroblasts (KP-PSAFs) serve as valu

able platforms to characterize FN-EDB in vitro (Figure S1H). Co- 

immunostaining of KP-PSAFs confirmed recognition of FN-EDB 

by FEBP-sTβRII but not in FN-EDB-knockout KP-PSAFs. No 

interaction was observed between mutFEBP-sTβRII and FN- 

EDB (Figure 1D). FEBP-sTβRII stably bound to FN-EDB at con

centrations above 100 ng/mL, whereas sTβRII and mutFEBP- 

sTβRII did not bind (Figure 1E). Consistent with these findings, 

FEBP-sTβRII markedly inhibited SMAD2/3 phosphorylation 

only in KP-PSAF-coated plates, whereas sTβRII and mutFEBP- 

sTβRII showed little or no effect (Figure 1F). To evaluate tumor 

localization, FEBP-sTβRII and control proteins were assessed 

in orthotopic tumor models. In long-term retention studies, 

FEBP-sTβRII exhibited significantly greater tumor accumulation 

than sTβRII in 4T-1-Luc-LMT-2 tumors (Figure 1G). In early distri

bution studies, FEBP-sTβRII showed enhanced intratumoral 

penetration in both 4T-1-Luc-LMT-2 and KPC tumors, whereas 

sTβRII and mutFEBP-sTβRII displayed limited tumor localization 

and a diffuse, nonspecific distribution in normal organs 

(Figures 1H, 1I, S1I, and S1J). Consistent with these findings, 

FEBP-sTβRII was retained in tumors for several days after 

administration, whereas tumor retention of sTβRII remained min

imal (Figure 1J).

FEBP-sTβRII inhibits tumor growth and metastasis in 

ICI-resistant orthotopic breast and pancreatic cancer 

models

To evaluate in vivo antitumor efficacy, we first tested FEBP- 

sTβRII in the FN-EDB-high 4T-1-Luc-LMT-2 mouse breast 

(B) ELISA for binding of control, sTβRII, FEBP-sTβRII, and mutFEBP-sTβRII with TGF-β1, FN-EDB, and simultaneous binding (n = 3; 3 technical replicates). 

(C) CAGA12-Luc reporter assay of TGF-β-SMAD inhibition by sTβRII, FEBP-sTβRII, and mutFEBP-sTβRII (n = 3; 3 technical replicates). 

(D) Immunofluorescence of whole FN (green) and the indicated Fc-fusion proteins (red) in KP-PSAFs with high FN-EDB expression, as well as in FN-EDB-depleted 

KP-PSAFs (n = 4; scale bars: 10 μm). 

(E) Flow cytometric analysis of Fc-fusion protein binding to FN-EDB+ KP-PSAFs, shown as the mean fluorescence intensity (MFI; n = 2; 3 technical replicates). 

(F) p-SMAD2/3 inhibition assay in 4T-1-Luc-LMT-2 cells cultured with or without KP-PSAF-coated plates for 16 h, treated with control or indicated Fc-fusion 

proteins (6 h), and stimulated with TGF-β1 (5 ng/mL) for 1 h. p-SMAD2/3 was assessed by flow cytometry (n = 3). 

(G) In vivo Cy5 fluorescence in organs and tumors from 4T-1-Luc-LMT-2 tumor-bearing mice following 6 days of administration with Cy5-labeled constructs was 

quantified (n = 3). 

(H and I) Immunofluorescence analysis of the distribution of the indicated Fc-fusion proteins in tumors and multiple normal tissues from 4T-1-Luc-LMT-2 (H) and 

KPC-Luc (I) tumor-bearing mice, 6 h after intravenous injection at tumor sizes of 200–300 mm3 (n = 4/group; scale bars: 200 μm). Each point represents one 

mouse (≥3 ROIs averaged per mouse). 

(J) Time-course analysis of FEBP-sTβRII (n = 4/time point) and sTβRII (n = 3/time point) retention in tumors and normal organs. Values are normalized to the 3-h 

signal. 

Data are presented as mean ± SD; two-way repeated-measures (RM) ANOVA (F–I; log-transformed for H and I) or two-way ANOVA (J), both with �Sidák’s 

correction. 

See also Figures S1 and S8.
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cancer model, which recapitulates the aggressive and highly 

metastatic features of triple-negative breast cancer (TNBC) 

(Figure S2A). FEBP-sTβRII significantly suppressed primary tu

mor growth, completely prevented lung metastasis, and pro

longed overall survival; in contrast, systemic sTβRII, conven

tional ICIs, and their combination formats showed little to no 

therapeutic benefit (Figures S2B–S2D). Consistent with its tu

mor-selective localization (Figures 1G and 1H), FEBP-sTβRII 

markedly reduced α-SMA expression at the tumor edges, 

increased CD8+ T cell infiltration, and robustly suppressed p- 

SMAD2/3 levels both at the tumor edge and within the tumor in

side (Figures S2E and S2F). These results demonstrate that 

FEBP-sTβRII disrupts the CAF-driven stromal barrier in im

mune-resistant TNBC, thereby enabling immune cell infiltration 

into the TME.

A recent report showed that the TGF-β blockade effectively 

promotes TME remodeling by reducing CAF activation and alle

viating stromal-induced barriers in a mouse PDAC model.20

Therefore, we next investigated the therapeutic efficacy of 

FEBP-sTβRII in the PANC02 orthotopic transplant model, which 

exhibits minimal T cell infiltration, a dense ECM, and ICI resis

tance, driven by a SMAD4 impairment that strongly biases 

TGF-β biology toward stromal and immune suppression rather 

than canonical epithelial growth restraint.21–23 FEBP-sTβRII 

significantly inhibited tumor growth and dramatically prolonged 

survival compared with the control, sTβRII, anti-PD-1 antibody, 

or their combination groups (Figures 2A and 2B). In contrast, 

Fc-sTβRII, referred to here as sTβRII, and the reverse-orientation 

sTβRII-Fc format showed limited activity, indicating that 

Fc-fused systemic TGF-β trapping alone was insufficient to 

overcome this immune-excluded PDAC model. The alternative 

sTβRII-FEBP-Fc topology, in which the sTβRII-FEBP module 

is positioned N terminally relative to Fc, showed minimal tumor 

growth suppression in the imaging-based efficacy screen 

and was not advanced to survival analysis (Figure 2A). These 

findings suggest that FEBP-sTβRII activity may be influenced 

by Fc-centered fusion topology, although further structure-func

tion studies are needed to define how molecular orientation 

affects FN-EDB-dependent tumor retention and local TGF-β 
neutralization.

Histological analysis of tumors treated with FEBP-sTβRII re

vealed a marked decrease in α-SMA expression, particularly at 

the tumor edges (p < 0.0001), a significant increase in the total 

number of CD8+ T cells in both the edge and the inside of tumors 

(p < 0.0001), and a strong suppression of p-SMAD2/3 levels in 

both regions (p < 0.0001) (Figures 2C, 2D, and S3A). Additional 

PANC02-Luc studies confirmed dose-dependent tumor sup

pression by FEBP-sTβRII, with clear antitumor activity emerging 

from 15 mg/kg and the most durable efficacy observed at 30 mg/ 

kg, whereas mutFEBP-sTβRII failed to reproduce this pattern, 

even at increased doses (Figure S3B). Co-administration of the 

sTNFR2 fusion protein reduced the activity of FEBP-sTβRII, sup

porting the involvement of TNF-α-mediated inflammatory im

mune responses (Figure S3B). FEBP-sTβRII also reduced intra

tumoral TGF-β1 levels, consistent with local TGF-β pathway 

suppression within the TME (Figure S3C).

We next evaluated FEBP-sTβRII in two aggressive, SMAD4- 

intact KRAS/TP53-driven orthotopic PDAC models that 

recapitulate key features of human PDAC, PKCY-Luc (Pdx1- 

cre;LSL-K-RasG12D/+;TP53fl/+;R26YFP) and KPC-Luc (Pdx-1- 

Cre;LSL-KrasG12D/+;LSL-TP53R172H/+) in which canonical epi

thelial TGF-β tumor-suppressive circuitry may be preserved 

unlike in SMAD4-impaired PANC02 tumors.24

Both models exhibited rapid tumor progression in the control 

and systemic sTβRII-treated mice, whereas FEBP-sTβRII 

induced profound tumor regression. In PKCY-Luc tumors, a 

complete regression (CR) rate of 75% was achieved by day 30. 

Similarly, in KPC-Luc tumors, CR was observed in 4 of 6 mice 

by day 19, whereas sTβRII and the non-binding control, mut

FEBP-sTβRII, failed to replicate this therapeutic efficacy 

(Figures 2E and S3D).

This robust tumor control translated into a durable, long- 

term survival benefit in both models. In the PKCY-Luc model, 

over 90% of control and sTβRII-treated mice succumbed to 

disease within 10 days of treatment discontinuation; in stark 

contrast, 87.5% (7/8) of FEBP-sTβRII-treated mice remained 

Figure 2. FEBP-sTβRII suppresses tumor growth and prolongs survival in ICI-refractory pancreatic cancer by remodeling stroma and 

enhancing CD8+ T cell infiltration 

(A–D) PANC02-Luc orthotopic model. Mice were treated with control, sTβRII (Fc-sTβRII), sTβRII-Fc, FEBP-sTβRII (Fc-FEBP-sTβRII), sTβRII-FEBP-Fc, anti-PD-1, 

or anti-PD-1 + sTβRII (n = 4–8/group). 

(A) Tumor progression was monitored by bioluminescence imaging following treatments initiated on day 7 and administered every 5 days. 

(B) Kaplan-Meier survival analysis. 

(C and D) Immunofluorescence images and quantification of α-SMA (green) and CD8+ T cells (red) in the tumor edge and inside regions of PANC02-Luc tumors 

after control, sTβRII, or FEBP-sTβRII treatment (n = 6; scale bars: 100 μm). 

(E–H) KPC-Luc orthotopic model. Mice were treated with control (n = 16/group), sTβRII (n = 13/group), FEBP-sTβRII (n = 20/group), or mutFEBP-sTβRII (n = 

9/group). 

(E) Treatments were initiated on day 7 and administered every 4 days. Tumor progression was monitored by bioluminescence imaging. 

(F) Kaplan-Meier survival analysis. 

(G and H) Immunofluorescence images and quantification of α-SMA (green) and CD8+ T cells (red) in the tumor edge and inside regions of KPC-Luc tumors (n = 6; 

scale bars: 100 μm). 

(I) Comparison of PANC02 tumor weight in wild-type and Rag1− /− mice treated with FEBP-sTβRII. Treatment was started on day 7 at 5-day intervals, and mice 

were sacrificed on days 50 and 40, respectively (n = 7/group). 

(J) Comparison of PKCY-Luc tumor weight in wild-type and Rag1− /− mice treated with FEBP-sTβRII with or without adoptive transfer of CD45.1+CD3+ T cells 

(4 × 106/mouse, n = 4/group, except the T cell transfer group, n = 6). 

Data are presented as mean ± SD; log-rank (Mantel-Cox) test with Holm-�Sidák-adjusted pairwise comparisons (B and F); �Sidák’s multiple comparisons following 

one-way ANOVA on square-root-transformed data (D and H), two-way ANOVA (I), or one-way ANOVA (J). Each point represents one mouse (≥3 ROIs averaged 

per mouse) (D and H). 

See also Figures S2 and S3.
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alive at 327 days post-treatment (270 days after drug cessa

tion), with no further deaths observed to date (Figure S3E). 

Likewise, in the KPC-Luc model, more than 75% of control, 

sTβRII-treated, and mutFEBP-sTβRII-treated mice died within 

10 days of treatment cessation, whereas FEBP-sTβRII mark

edly delayed progression and significantly prolonged survival 

(Figure 2F). Together, these data demonstrate that FEBP- 

sTβRII can induce exceptional, durable tumor control, even 

in highly aggressive, KRAS/TP53-driven, and SMAD4-intact 

PDAC models.

Consistent with our findings in the PANC02-Luc model, the 

antitumor activity of FEBP-sTβRII in KPC-Luc and PKCY-Luc tu

mors was accompanied by a profound spatial remodeling of the 

stromal-immune barrier. FEBP-sTβRII virtually eliminated α-SMA 

expression along the invasive tumor margins, enhanced CD8+ 

T cell infiltration throughout the tumor parenchyma, and robustly 

suppressed p-SMAD2/3 signaling across all tumor regions; in 

contrast, sTβRII and mutFEBP-sTβRII exerted limited or incom

plete remodeling activity (Figures 2G, 2H, and S3F–S3I). 

Whole-tumor α-SMA/CD8 density mapping further confirmed 

that FEBP-sTβRII uniquely induced broad stromal relaxation, 

which correlated with the intratumoral redistribution of CD8+ 

T cells (Figure S3G).

To establish the immune-dependent efficacy of FEBP-sTβRII, 

PANC02-Luc and PKCY-Luc tumors were evaluated in Rag1− /−

and wild-type mice. FEBP-sTβRII failed to suppress tumor 

growth in Rag1− /− mice but retained robust antitumor activity 

in immunocompetent wild-type controls (Figures 2I and 2J). 

Crucially, the adoptive transfer of CD45.1+ naive T cells into 

FEBP-sTβRII-treated Rag1− /− mice fully restored the therapeutic 

efficacy. This demonstrates that stromal remodeling alone is 

insufficient and that T cell-mediated adaptive immunity is indis

pensable for the therapeutic activity of FEBP-sTβRII (Figure 2J).

In orthotopic PKCY-Luc tumors, FEBP-sTβRII dose depen

dently reduced tumor weight, while combination with anti- 

PD-1 therapy achieved near-complete tumor eradication 

(Figure S3J). Together, these findings establish that FN-EDB- 

targeted TGF-β blockade overcomes stromal immune exclu

sion through local p-SMAD2/3 suppression, α-SMA+ stromal 

remodeling, CD8+ T cell infiltration, and adaptive antitumor im

munity and sensitizes checkpoint-refractory PDAC to PD-1 

blockade.

FEBP-sTβRII drives tumor-localized stromal-immune 

remodeling with limited peripheral disturbance

Next, we performed transcriptome analyses of tumors and pe

ripheral whole blood (PWB) from PANC02-Luc-bearing mice to 

compare the transcriptional effects of TME-sensing FEBP- 

sTβRII and systemic sTβRII in tumors and normal tissues 

(Figures 3A and 3B). In tumors, FEBP-sTβRII induced a broader 

transcriptional response than sTβRII, yielding 772 differentially 

expressed genes (DEGs) relative to 344, with 234 DEGs shared 

between them (Figure 3B; Table S1A). Conversely, sTβRII treat

ment caused substantial systemic perturbation in PWB (693 

DEGs), whereas FEBP-sTβRII altered only 25 genes (7 shared), 

indicating a substantially narrower peripheral transcriptional 

footprint (Figure 3B; Table S1B).

In the tumor transcriptome, DEGs (Table S1A) were classified 

into three groups: genes common to both treatments 

(Figure S4A), genes with greater alterations under FEBP-sTβRII 

(Figure S4B), and FEBP-sTβRII-specific genes (Figure S4C). 

Pathway analysis revealed a coordinated remodeling of the im

mune and stromal programs. Genes showing greater alterations 

under FEBP-sTβRII were enriched in pathways associated with 

T cell and B cell activation, inflammatory responses, MHC class 

I antigen presentation, type-II interferon (IFN) signaling, and pro

tein degradation. Conversely, FEBP-sTβRII-specific genes were 

uniquely enriched in pathways related to Fc-receptor signaling, 

MHC class II (MHC-II) antigen presentation, extravasation, 

phagocytosis, and ECM/junction disassembly, while suppress

ing pathways associated with ECM organization, growth factor 

signaling, tube morphogenesis, and mesenchymal cell prolifera

tion, consistent with the attenuation of TGF-β-driven stromal 

programs (Figure 3C; Table S1C). Gene set enrichment analysis 

(GSEA) confirmed this transcriptional architecture, showing the 

enrichment of T cell activation, antigen presentation, ECM/ 

junction disassembly, and IFN-γ response programs, alongside 

the suppression of TGF-β, VEGF, hypoxia, Myc, E2F, mTOR, 

G2M checkpoint, and glycolysis pathways (Figures 3D and 3E; 

Table S1D).

Despite inducing potent antitumor reprogramming, FEBP- 

sTβRII exerted minimal impact on gene expression in PWB 

(Figure S4D; Table S1B). In PWB, sTβRII induced broad neutro

phil/inflammatory transcriptional changes and reduced adaptive 

immune programs (Figure 3F; Table S1E). To detect subtle 

Figure 3. FEBP-sTβRII selectively reprograms tumor ECM and immune gene signatures while minimizing peripheral transcriptional pertur

bation 

(A) Paired transcriptomic profiling of PANC02-Luc tumors and peripheral whole blood (PWB) from C57BL/6J mice (n = 3/group) treated with control, sTβRII, or 

FEBP-sTβRII. 

(B) Comparative DEG analysis of tumors (left) and PWB (right) treated with FEBP-sTβRII or sTβRII. Venn diagrams and volcano plots showing DEGs identified with 

a stringent cut-off versus control (n = 3/group). 

(C) GO enrichment analysis of DEGs in PANC02-Luc tumors. AP, antigen processing/presentation; IFN, interferon. 

(D and E) Representative GSEA plots of immune cell activation (D) and barrier remodeling and clearance (E) pathways enriched in FEBP-sTβRII-treated tumors 

relative to control and sTβRII. 

(F) GO term analysis of upregulated and downregulated genes in PWB from FEBP-sTβRII- and sTβRII-treated mice compared with control under a stringent 

cut-off. 

(G) Venn diagrams showing DEGs in PWB identified with a mild threshold versus control for sTβRII and FEBP-sTβRII (n = 3/group). GO enrichment analysis was 

performed on FEBP-sTβRII-specific DEGs. 

(H) Representative GSEA plots of PWBs from sTβRII-treated mice, showing representative upregulated (left) and downregulated (right) pathways. 

(I) Representative GSEA plots showing enrichment of pathways and memory CD4/CD8 T cell signatures from ImmuneSigDB in PWB from FEBP-sTβRII-treated 

mice relative to control and sTβRII. 

See also Figure S4 and Table S1.
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PWB transcriptional changes, we applied a mild threshold 

(Figure S4E). Using this exploratory threshold, FEBP-sTβRII 

showed selective enrichment of adaptive immune and MHC 

class II programs without broad innate inflammatory activation 

(Figure 3G; Tables S1B and S1F). Consistent with the Gene 

Ontology (GO) analysis, GSEA revealed that sTβRII induced 

broad inflammatory activation, reduced T cell and B cell pro

grams, and attenuated TGF-β signaling (Figure 3H; Table S1G). 

In contrast, FEBP-sTβRII selectively enriched T cell and MHC 

class II pathways, alongside immune-memory programs 

(Figure 3I; Table S1G).

To test whether the PANC02-derived pharmacodynamic pro

gram extends to a more aggressive PDAC setting, we performed 

bulk RNA sequencing (RNA-seq) on KPC-Luc tumors. Under a 

stringent threshold, FEBP-sTβRII-treated KPC-Luc tumors ex

hibited pathway-level remodeling highly consistent with the 

PANC02-Luc tumor response. FEBP-sTβRII enriched antigen 

presentation, IFN response, T cell activation, cytotoxicity, 

chemotaxis, and phagocytic/tissue-remodeling programs, while 

suppressing ECM, TGF-β response, mesenchymal, and angio

genic programs (Figures S4F and S4G; Tables S1H and S1I).

These findings define a TME-targeted pharmacodynamic pro

file distinct from that of systemic sTβRII across different PDAC 

models. Characterized by local suppression of stromal and 

TGF-β-driven programs alongside the promotion of immune acti

vation and tissue remodeling, FEBP-sTβRII selectively reshapes 

the TME, while sparing the peripheral immune system from the 

broad transcriptional perturbations induced by systemic sTβRII.

Delivery of FEBP-sTβRII to the tumor site reshapes CAF- 

macrophage plasticity to establish antigen-presenting 

stromal-myeloid immunity

Because paired tumor/PWB RNA-seq established PANC02-Luc 

as a robust discovery model for tumor-localized pharmacody

namic remodeling, we performed single-cell RNA sequencing 

(scRNA-seq) on orthotopic PANC02-Luc tumors treated with 

control, sTβRII, or FEBP-sTβRII to define the cellular basis of 

FEBP-sTβRII-induced stromal-immune reprogramming. Inte

grated analysis resolved major immune, stromal, endothelial, 

and epithelial lineages (Figures S5A and S5B), and key findings 

were subsequently validated in KPC-Luc tumors.

Subclustering identified myoCAF, vCAF, Dcn+-apCAF, 

Krt19+-apCAF, fibrocyte-(like)-apCAF, Ly6c1+-iCAF, and prolif

erating CAF states (Figure S5C). In control and sTβRII-treated 

tumors, myoCAFs predominated, consistent with an immune- 

excluded, matrix-enriched niche. In contrast, FEBP-sTβRII con

tracted the myoCAF compartment and expanded Dcn+-apCAFs, 

with more modest increases in Ly6c1+-iCAFs and Krt19+-ap

CAFs (Figure 4A). FEBP-sTβRII also triggered substantial sub

set-specific transcriptional remodeling. In myoCAFs, genes 

associated with ECM deposition and stiffening and matrix-re

modeling enzymes were significantly downregulated, consistent 

with the attenuation of stromal-barrier function (Figure S5D). 

Conversely, apCAFs, which strongly express IFN- or chemo

taxis-responsive genes, were significantly upregulated by 

FEBP-sTβRII, whereas immune-inhibitory or compensatory me

diators remained predominant in control or sTβRII-treated tu

mors (Figure S5E). Meanwhile, Ly6c1+-iCAFs showed a modest 

increase in inflammation-, immunomodulation-, and migration- 

responsive genes, collectively suggesting a net shift toward an 

immunostimulatory stromal phenotype (Figure S5F). At the 

compartment level, pseudobulk profiling across CD45– fractions 

demonstrated broad upregulation of MHC class Ia (H2-K1/H2- 

D1/B2m) and MHC class II (H2-Aa/H2-Ab1/Cd74) under FEBP- 

sTβRII (Figure 4B), indicating the acquisition of antigen presenta

tion capacity within stromal compartments.

Because apCAF states can support either stimulatory immu

nity or tolerogenic immunity depending on context,14,15 we next 

investigated whether FEBP-sTβRII preferentially induces an im

munostimulatory CAF phenotype. Dcn+-apCAFs, rather than 

Krt19+-apCAFs, exhibited stronger IFN-responsive, costimula

tory, and stromal-adhesion/matrix programs, consistent with 

an antigen-presenting-like stromal niche capable of T cell 

engagement (Figure S5G). Flow cytometry confirmed the 

expansion of apCAFs (Ly6C− /MHC-II+), with reciprocal con

traction of myoCAFs (Ly6C− /MHC-II− ) in both PANC02-Luc 

and KPC-Luc tumors (Figure 4C), demonstrating that this 

CAF transition is conserved in a genetically engineered, highly 

refractory PDAC model. Importantly, mutFEBP-sTβRII failed to 

recapitulate this CAF remodeling, indicating that FN-EDB- 

dependent matrix retention is strictly required for full stromal 

reprogramming.

Figure 4. FEBP-sTβRII converts CAF and myeloid compartments into antigen-visible immune-supportive niches 

(A–K) Mice were treated with control, sTβRII, FEBP-sTβRII, or mutFEBP-sTβRII as indicated. 

(A) UMAP of CAF-cluster and -subset proportions in orthotopic PANC02 tumors, delineating seven transcriptionally distinct CAF states. 

(B) Heatmap of MHC class I/II gene expression across CAF, Epi, and EC compartments by pseudobulk analysis of scRNA-seq. 

(C) Flow cytometry strategy for CAF phenotyping and quantification of myoCAF/apCAF/iCAF from PDPN+ parental gate in PANC02-Luc (n = 5/group) and KPC- 

Luc (n = 6/group) tumors. 

(D) UMAP of tumor-infiltrating myeloid lineages in PANC02-Luc tumors, with proportional shifts in subsets (Macro, macrophage; Mono, monocyte; NCM, non- 

classical monocyte; CM, classical monocyte). 

(E and F) Flow cytometric quantification of MDSCs per gram of tumor (E) and M1/M2 ratios (F) in PANC02-Luc and KPC-Luc tumors (n = 8–9/group; 3 technical 

replicates). 

(G) Heatmap of MHC class I/II expression in CD45+ immune subsets across treatment groups by pseudobulk scRNA-seq analysis. 

(H) Flow cytometric analysis of myoCAFs, apCAFs, and M1 macrophages in subcutaneous B16-OVA tumors after treatment. Population frequencies and H-2Kb- 

SIINFEKL+ cell percentage and MFI were quantified (CAFs, n = 6–7/group; macrophages, n = 12/group). 

(I) Schematic of T cell co-culture assays using CAFs or macrophages sorted from treated KPC tumors. 

(J and K) Following peptide pulsing, sorted cells were co-cultured with OT-I CD8+ T cells (OVA257–264; J) or OT-II CD4+ T cells (OVA323–339; K) overnight. 

CD69+IFN-γ+ T cell frequencies were analyzed by flow cytometry (n = 4–6). 

Data are presented as mean ± SD; statistical analyses were performed using one-way ANOVA (C, E, H, J, and K) or Welch’s unpaired t tests (F), with �Sidák- 

adjusted multiple comparisons. 

See also Figures S5 and S8.
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FEBP-sTβRII also markedly reshaped the tumor myeloid 

compartment compared with the control or sTβRII treatments. 

Uniform manifold approximation and projection (UMAP) clus

tering identified distinct myeloid states, including neutrophil- 

like myeloid-derived suppressor cells (MDSCs), as well as 

MHC-II+, IFN+, and hypoxic macrophages (Figure S5H). Control 

and sTβRII-treated tumors were dominated by neutrophil-like 

MDSCs, whereas FEBP-sTβRII reduced MDSCs and expanded 

MHC-II+ and IFN+-responsive macrophage states (Figure 4D).

MDSCs expressing immunosuppressive markers25,26 were 

transcriptionally downregulated following FEBP-sTβRII treat

ment (Figure S5I). Furthermore, at the transcriptional level, 

FEBP-sTβRII enhanced macrophage antigen presentation and 

IFN response programs, while suppressing hypoxic and immu

nosuppressive macrophage features (Figure S5J). Flow cytome

try confirmed this shift in both PANC02-Luc and KPC-Luc tu

mors, demonstrating reduced CD11b+Ly6G+ MDSCs and an 

increased M1/M2 macrophage ratio (F4/80+CD86+CD206– 

versus F4/80+CD86–CD206+) after FEBP-sTβRII treatment 

(Figures 4E and 4F). Consistently, pseudobulk profiling across 

the CD45+ immune compartment revealed elevated MHC class 

II expression on tumor macrophages/monocytes. It also showed 

a redistribution of MHC class I, characterized by reduced 

expression on MDSCs and enhanced expression on macro

phages/monocytes (Figure 4G). H2-Ab1 immunohistochemistry 

further confirmed the enrichment of antigen-presenting pro

grams in FEBP-sTβRII-treated tumors (Figure S5K).

To determine whether this CAF-myeloid remodeling translated 

into functional antigen presentation, we quantified surface H- 

2Kb–SIINFEKL in B16-OVA tumors.27 FEBP-sTβRII reduced my

oCAF abundance without increasing SIINFEKL presentation 

within the residual myoCAF population (Figure 4H). In contrast, 

it expanded apCAFs and markedly enhanced both the frequency 

of SIINFEKL+ cells and the SIINFEKL mean fluorescence inten

sity (MFI) within apCAFs, with a similar enhancement observed 

in M1 macrophages. Crucially, these functional effects were 

not reproduced by mutFEBP-sTβRII, confirming that FN-EDB- 

dependent matrix retention is required for the induction of these 

antigen-presenting stromal and myeloid states (Figure 4H).

Moreover, we tested whether CAFs and macrophages remod

eled by FEBP-sTβRII could functionally stimulate antigen-spe

cific T cells. Total CAFs, apCAFs, and macrophages were sorted 

from treated tumors, peptide-pulsed, and co-cultured with OT-I 

or OT-II T cells to test antigen-presenting function14,28,29

(Figure 4I). CAFs and macrophages from FEBP-sTβRII-treated 

tumors induced significantly higher frequencies of CD69+IFN- 

γ+ OT-I CD8+ T cells than those from control- or sTβRII-treated 

tumors, whereas vehicle control conditions without antigen 

loading showed minimal T cell activation (Figure 4J). Similarly, 

upon OVA323-339 peptide loading, total CAFs, apCAFs, and 

macrophages from FEBP-sTβRII-treated KPC tumors enhanced 

OT-II CD4+ T cell activation significantly more than matched 

populations from control- or sTβRII-treated counterparts 

(Figure 4K). This MHC class II-dependent functional enhance

ment was independently validated in B16-OVA tumors, where 

CAFs, apCAFs, and macrophages from FEBP-sTβRII-treated 

environments more effectively stimulated OT-II CD4+ T cells 

(Figure S5L). Of note, isolated apCAFs were explicitly included 

in these assays to increase the sensitivity of detecting stromal- 

mediated OT-II CD4+ T cell activation.

Collectively, these data demonstrate that FEBP-sTβRII con

verts a myoCAF- and MDSC-dominated, immune-excluded 

niche into an antigen-presenting stromal-myeloid microenviron

ment. This remodeling coupled myofibroblast and MDSC 

contraction to expansion of IFN-responsive apCAF/iCAF and 

MHC-II+ macrophage states, resulting in enhanced stromal- 

myeloid activation of antigen-specific CD4+ and CD8+ T cells.

FEBP-sTβRII initiates IFN-γ-dependent T cell feedback, 

amplifying antigen presentation and stabilizing an 

immune-instructive stromal-myeloid niche

Next, we investigated whether antigen presentation remodeling 

required immune-derived IFN-γ feedback. scRNA-seq showed 

that FEBP-sTβRII increased non-proliferating CD8+ effector T 

(Teff) cells and shifted the lymphoid compartment toward 

effector and IFN-producing T cell states (Figures 5A, S6A, and 

S6B). Flow cytometry validated these findings, confirming 

increased frequencies of CD8+IFN-γ+ and CD4+IFN-γ+ T cells 

in both PANC02-Luc and KPC-Luc tumors following FEBP- 

sTβRII treatment relative to the control, sTβRII, or mutFEBP- 

sTβRII groups (Figure 5B). Furthermore, FEBP-sTβRII enriched 

CD8+ T cells for IFN-γ response, activation, and cytotoxicity pro

grams; enhanced IFN and immune activation while dampening 

TGF-β receptor signaling in CD4+ non-Tregs; and modulated 

Figure 5. IFN-γ functions as a secondary amplifier of FEBP-sTβRII-induced antigen presentation and effector immunity 

(A) UMAP of lymphoid lineages from PANC02-Luc tumors treated with control, sTβRII, or FEBP-sTβRII. 

(B) Flow cytometric quantification of CD4+IFN-γ+ and CD8+IFN-γ+ T cells in PANC02-Luc and KPC-Luc tumors treated with control, sTβRII, FEBP-sTβRII, or 

mutFEBP-sTβRII, shown as cells per gram of tumor (n = 8–10/group; 2 technical replicates). 

(C) In vivo depletion assays were performed in orthotopic PANC02-Luc tumor-bearing mice, which were treated with control, FEBP-sTβRII alone, or FEBP-sTβRII 

in combination with depletion of CD4+ T cells, CD8+ T cells, or IFN-γ (n = 5/group). 

(D) Representative α-SMA/CD8 immunofluorescence images and quantification of α-SMA-positive tumor edges in PANC02-Luc (day 26) and KPC-Luc (day 17) 

tumors following the indicated treatments (n = 5/group; scale bars: 100 μm). Each point represents one mouse (≥3 ROIs averaged per mouse). 

(E and F) Flow cytometric analysis of CAF-state distribution (E) and M1/M2 macrophage ratio (F) in PANC02 (n = 5/group), KPC (n = 5–6/group), and B16-OVA (n = 

6/group) tumors treated with control, FEBP-sTβRII, or FEBP-sTβRII plus anti-IFN-γ (3 technical replicates). 

(G) Flow cytometric quantification of SIINFEKL-H-2Kb presentation (SIINFEKL+ frequency) in myoCAFs, apCAFs, and M1 macrophages from PANC02-OVA 

tumors (n = 6/group). 

(H–J) scRNA-seq-derived CCI networks of TGF-β ligand-receptor (H), immune-stimulatory (I), and compensatory/immune-inhibitory signaling (J) in the TME 

following the indicated treatments. 

Data are presented as mean ± SD; �Sidák-adjusted comparisons following one-way ANOVA on square-root-transformed data (B and D), one-way ANOVA (E, F, 

and G; myoCAF/apCAF), or Welch’s unpaired t tests (G; M1 macrophages). 

See also Figures S6 and S8 and Table S2.
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IL-2/cytokine-related programs in Tregs, collectively indicating a 

broad relief of T cell suppression (Figure S6B; Tables S2A and 

S2B). FEBP-sTβRII did not induce a compensatory Treg-domi

nant state, as assessed by Treg abundance and p-STAT5 activa

tion (Figures S6C and S6D).

We performed immune cell depletion experiments to identify 

the specific immune subpopulations required for FEBP-sTβRII- 

mediated tumor suppression. In PANC02-Luc tumor-bearing 

mice, the antitumor efficacy and prolonged survival achieved 

by FEBP-sTβRII were completely abolished by the depletion of 

CD8+ T cells or the neutralization of IFN-γ. Conversely, the deple

tion of CD4+ T cells exerted a significant but less pronounced 

effect on efficacy30,31 (Figures 5C and S6E). Given the absolute 

requirement for IFN-γ in FEBP-sTβRII-mediated tumor 

control, we next asked whether IFN-γ also contributes to the 

observed stromal and myeloid remodeling. In PANC02-Luc tu

mors, concomitant IFN-γ neutralization substantially reversed 

the FEBP-sTβRII-induced reduction in α-SMA+ area fraction, 

restoring it toward baseline levels. However, the α-SMA+ stroma 

remained qualitatively less compact than that of control tumors, 

suggesting residual remodeling of α-SMA-defined stromal orga

nization despite IFN-γ blockade (Figure 5D). In parallel, p- 

SMAD2/3 suppression remained detectable under IFN-γ 
blockade, although it was partially attenuated compared with 

FEBP-sTβRII treatment alone (Figure S6F). Together, these find

ings support an IFN-γ-independent layer of local TGF-β signaling 

inhibition, while indicating that IFN-γ is required for full down

stream stromal-myeloid immune amplification.

Anti-IFN-γ co-treatment similarly attenuated both FEBP- 

sTβRII-induced apCAF enrichment and the associated increase 

in the M1/M2 macrophage ratio across PANC02-Luc, KPC-Luc, 

and B16-OVA tumors (Figures 5E and 5F). To distinguish 

proximal TGF-β target engagement from immune-dependent 

amplification, we examined the temporal kinetics of CAF and 

macrophage remodeling following FEBP-sTβRII treatment. 

FEBP-sTβRII significantly increased apCAFs by day 19, and 

this remodeled stromal state was maintained through day 35, 

showing a further increasing trend that did not reach statistical 

significance. Meanwhile, the macrophage M1/M2 ratio was 

also significantly elevated by day 19 and became further ampli

fied by day 35, indicating that while both CAF and macrophage 

remodeling are initiated early, they follow distinct kinetic trajec

tories (Figure S6G).

Furthermore, anti-IFN-γ co-treatment reduced SIINFEKL- 

H2Kb presentation in apCAFs and M1 macrophages within the 

PANC02-OVA and B16-OVA models, whereas presentation by 

myoCAFs remained largely unaffected (Figures 5G and S6H). 

Consistently, IFN-γ neutralization decreased the expression of 

MHC class I/II-related genes, as well as Cd80 and Cd86, in 

PANC02-Luc tumors (Figure S6I). In ex vivo TGF-β1-exposed 

CAF, tumor-associated macrophage (TAM), or bone marrow- 

derived macrophage (BMDM) culture systems, FEBP-sTβRII 

potentiated IFN-γ-driven apCAF-like conversion and M1 macro

phage polarization. Similar activation patterns in mono- and co- 

cultures suggested that these changes can occur, at least in 

part, without direct CAF-macrophage bidirectional crosstalk 

(Figure S6J).

We next examined whether these phenotypic shifts were 

accompanied by a broader remodeling of cell-cell interaction 

(CCI) networks.16,32 Ligand-receptor interaction analysis re

vealed that FEBP-sTβRII reduced TGF-β-mediated inhibitory 

communication among the stromal, myeloid, and lymphoid com

partments, consistent with the direct local inhibition of TGF-β 
signaling (Figure 5H; Table S2C). Concurrently, within the same 

tumors, FEBP-sTβRII enhanced immunostimulatory communi

cation between antigen-presenting stromal/myeloid cells and 

Teff cells, including pathways linked to antigen presentation, 

leukocyte trafficking, and T cell activation (Figure 5I; 

Table S2C). Importantly, this immune activation was not accom

panied by the broad expansion of compensatory suppressive 

circuits; rather, immune-inhibitory communication networks33,34

were comparatively reduced or restrained following FEBP- 

sTβRII treatment (Figure 5J; Table S2C).

Beyond stromal-immune rewiring, FEBP-sTβRII also re

shaped malignant epithelial programs, downregulating tran

scripts associated with proliferation, epithelial-mesenchymal 

transition (EMT), drug resistance, and survival (Figure S6K). 

However, flow cytometry showed no significant expansion of 

NK-T cells or B lymphocytes in either PANC02-Luc tumors 

or KPC-Luc tumors (Figure S6L). Similarly, scRNA-seq 

profiling revealed a reduction in endothelial motility-related 

genes, which correlated with immunohistochemical validation 

showing no significant increase in CD31+ endothelial abun

dance (Figure S6M). Thus, FEBP-sTβRII primarily drives an an

tigen-visible stromal-myeloid remodeling rather than nonspe

cific lymphoid, endothelial, or vascular activation.

Together, these findings support a two-layer, feedforward 

mechanism for FEBP-sTβRII. FN-EDB-retained TGF-β trapping 

attenuates stromal TGF-β signaling and myofibroblastic barrier 

features, creating a permissive niche for T cell entry. Once estab

lished in the tumor bed, activated T cells provide IFN- 

γ-dependent feedback that amplifies MHC induction, apCAF 

remodeling, inflammatory macrophage polarization, and func

tional antigen presentation. Thus, FEBP-sTβRII links stromal 

relaxation and immune activation as mutually reinforcing conse

quences of localized TGF-β neutralization, rather than as a strict 

linear sequence.

The FEBP-sTβRII-remodeled stromal-immune axis is 

conserved in human tumors and partially recapitulated 

in humanized models

To evaluate the translational relevance of FEBP-sTβRII-induced 

remodeling, we generated cell-type-restricted signatures from 

the PANC02 scRNA-seq dataset, representing the myoCAF, 

Dcn+-apCAF, MHC-II+-Macro, and CD8+-Teff states. Signature 

genes were selected based on their preferential expression 

within each target population and minimal baseline expression 

across unrelated lineages. We first validated these signatures 

in bulk RNA-seq datasets from both the discovery PANC02 

and independent KPC PDAC models. In both systems, FEBP- 

sTβRII suppressed the myoCAF signature, while coordinately 

enriching the CD8+-Teff, MHC-II+-Macro, and Dcn+-apCAF sig

natures (Figures 6A and 6B). Crucially, these immune-activating 

signatures were positively correlated with one another, whereas 

the myoCAF signature was inversely correlated with this antigen- 

presenting stromal-myeloid-T cell module, demonstrating a 

reproducible stromal-immune remodeling architecture across 

independent murine PDAC models.
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Figure 6. The FEBP-sTβRII-remodeled stromal-immune axis is conserved in human tumors and validated in humanized mice 

(A–F) Correlation analysis of myoCAF, CD8+-Teff, MHC-II+-Macro, and Dcn+-apCAF signatures in (A) PANC02 and (B) KPC bulk RNA-seq datasets and (C) PDAC, 

(D) MSS-CRC, (E) mGC, and (F) melanoma cohorts. Correlations were calculated using Spearman’s rank correlation coefficient. 

(G) Comparison of signature scores between responders (R) and non-responders (NR) in the indicated human cohorts (mean ± SD; Welch’s unpaired t test). 

(legend continued on next page) 
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We next projected these mouse-derived signatures onto their 

human orthologs and analyzed datasets from clinical cohorts of 

patients treated with ICIs, including human PDAC,35 microsatel

lite-stable colorectal cancer (MSS-CRC),35 metastatic gastric 

cancer (mGC),36 and melanoma37 (Figures 6C–6F). Across these 

clinical datasets, the CD8+-Teff, MHC-II+-Macro, and Dcn+-ap

CAF signatures remained coordinately enriched, supporting 

conservation of the FEBP-sTβRII-responsive module in human 

tumors. The inverse association between the myoCAF and im

mune-activating signatures was the strongest in PDAC and 

more variable in the other cancers, suggesting tumor-type- 

dependent coupling between fibrotic stromal restriction and im

mune activation.

We next examined whether this module was associated with 

clinical response to ICIs. As expected within the ICI-treated co

horts, CD8+-Teff scores were significantly higher in responders 

across the PDAC, mGC, and melanoma cohorts, whereas 

MSS-CRC responders showed a numerically higher, though 

non-significant, trend. Importantly, this response-associated 

immune activity was not restricted to CD8+ T cell enrichment 

alone: Dcn+ apCAF scores were significantly higher in mGC 

and melanoma responders, displayed a favorable trend in 

PDAC, and showed no significant association in MSS-CRC. 

MHC-II+ macrophage scores were significantly enriched exclu

sively in melanoma responders, with no significant differences 

observed in the other cohorts. In contrast, myoCAF activity 

defined a separable fibrotic stromal axis; while actively antago

nized by FEBP-sTβRII in mouse tumors, it was insufficient on its 

own to predict checkpoint responsiveness in patients (Figure 

6G). Thus, the FEBP-sTβRII-responsive program is best inter

preted as a coordinated TME state rather than a single-cell- 

type biomarker.

We next evaluated FEBP-sTβRII in CD34+ huHSC-NKG-ProF 

humanized mice bearing orthotopic, HLA-A24-matched Mia- 

PaCa2 tumors. Baseline human CD45+ immune engraftment 

was comparable across groups, and FEBP-sTβRII significantly 

reduced tumor weight compared with the control, although the 

magnitude of tumor restriction at day 21 was modest relative 

to the robust efficacy observed in fully syngeneic PANC02-Luc 

and KPC-Luc models (Figure 6H). This attenuated response 

aligns with a well-documented limitation of conventional human

ized xenografts: human T cells and tumor cells are embedded 

within a predominantly murine stromal and myeloid framework, 

where human T cell-derived IFN-γ is largely incompatible with 

native murine IFN-γ receptor signaling on CAFs and myeloid 

cells.38,39 Despite this cross-species constraint, FEBP-sTβRII 

induced clear pharmacodynamic remodeling. Treatment signifi

cantly reduced α-SMA+ stromal areas, increased CD8+ T cell 

infiltration, and suppressed p-SMAD2/3 signaling. Furthermore, 

it enhanced both murine H2-Ab1 and human pan-HLA staining, 

indicating local TGF-β pathway inhibition, stromal relaxation, 

and the induction of antigen presentation programs within hu

manized tumors (Figures 6I–6K). Together, these data support 

the translational potential of FEBP-sTβRII in humans, while high

lighting that current humanized mouse platforms may underesti

mate therapies whose full activity depends on IFN-γ-linked CAF- 

myeloid-lymphocyte reciprocity.

FEBP-sTβRII promotes effector and memory T cell 

programming and establishes durable antitumor 

immunity

Next, we investigated whether FEBP-sTβRII-induced complete 

tumor regression was linked to antigen-recallable immunity. In 

IFN-γ ELISpot assays, pancreatic lymph node cells from 

FEBP-sTβRII-treated, PANC02-Luc-bearing mice exhibited 

robust responses to dendritic cells (DCs)40 loaded with 

PANC02 tumor cell lysate, while the control, sTβRII, and mut

FEBP-sTβRII groups showed only weak responses (Figure 7A). 

Similar tumor-lysate-reactive responses were observed in the 

KPC model (Figure S7A), supporting homologous tumor-antigen 

recall across independent PDAC models. In the B16-OVA model, 

FEBP-sTβRII-treated mice demonstrated increased IFN-γ 
ELISpot responses to both MHC class I- and MHC class II- 

restricted OVA peptides, indicating enhanced CD8+ and CD4+ 

T cell memory responses (Figure S7B).41,42

TGF-β regulates inflammatory and memory responses, but 

whether localized TGF-β neutralization generates durable anti

tumor recall remains unclear.43 We, therefore, examined whether 

FEBP-sTβRII-induced recall responses were associated with a 

distinct memory phenotype.44,45 FEBP-sTβRII significantly 

increased the frequency of CD44hiCD62LloCD127+ effector- 

memory-like CD4+ and CD8+ T cells within KPC-Luc and 

PANC02-Luc tumors, whereas sTβRII and mutFEBP-sTβRII ex

erted no such effect (Figure 7B). scRNA-seq profiling further 

identified the coordinated enrichment of effector memory46–49 

and memory T cell survival/niche-maintenance programs,50

without a broad induction of canonical tissue-resident memory 

(TRM)-associated genes (Figures S7C and S7D). Consistently, 

GSEA using the GSE41867 memory-versus-exhausted CD8+ 

T cell signatures demonstrated a robust enrichment of a mem

ory-like CD8+ program in FEBP-sTβRII-treated tumors relative 

to the control and sTβRII-treated groups (Figure S7E). This mem

ory-associated program extended systemically, as evidenced by 

effector memory T (Tem)-related transcriptional enrichment in 

PWB from FEBP-sTβRII-treated mice, alongside increased fre

quencies of circulating effector-memory-like CD4+ and CD8+ 

T cells in both PDAC models (Figures 3I, 7C, and 7D). Crucially, 

the absence of widespread inflammatory gene induction further 

supports a model of systemic adaptive priming rather than 

nonspecific, cytokine-driven activation (Figure 3H).

(H) Treatment scheme and tumor weight after control, sTβRII, or FEBP-sTβRII treatment in the Mia-PaCa2 orthotopic humanized mouse model (n = 7/group; left). 

Frequency of live human CD45+ cells in PWB before tumor implantation (right). 

(I) Immunofluorescence images and quantification of α-SMA (green) and CD8+ T cells (red) in the tumor edge and inside regions of Mia-PaCa2 tumors (n = 

7/group; scale bars: 100 μm). 

(J) p-SMAD2/3 expression and quantification in the tumor edge and inside regions (n = 6/group; scale bars: 100 μm). 

(K) H2-Ab1 and pan-HLA staining and quantification (n = 6/group; scale bars: 100 μm). 

Data are mean ± SD analyzed by one-way ANOVA with �Sidák’s correction (H–K; square-root-transformed for I and K). Each point represents one mouse (≥3 ROIs 

averaged per mouse) (I–K).
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Figure 7. FEBP-sTβRII establishes durable systemic antitumor memory with recall capacity 

(A) ELISpot assay of LN cells from orthotopic PANC02-Luc tumor-bearing mice after overnight co-culture with DCs pulsed with or without PANC02 lysate (n = 

6/group). 

(legend continued on next page) 
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To determine whether this memory program translated into 

durable functional immunity, the mice cured of orthotopic 

PANC02 or PKCY tumors were rechallenged with tumor 

cells without further therapeutic intervention. Remarkably, 

PANC02 survivors completely rejected homologous tumor 

challenges on day 122 or day 611, achieving 100% long- 

term survival, whereas age-matched naive controls developed 

progressive, lethal tumors (Figures 7E and S7F). Furthermore, 

among PANC02 survivors rechallenged with heterologous but 

syngeneic PKCY tumors on day 611, four out of six mice 

achieved CR by day 40. The remaining two mice exhibited a 

marked tumor growth delay, resulting in significantly pro

longed survival compared with naive controls (p = 0.0028). In 

contrast, heterologous challenges with unrelated MB49 or 

Lewis lung carcinoma (LLC) cells caused only modest tumor 

growth delays (Figures 7E and S7G), indicating variable heter

ologous protection across tumor types.

Unexpectedly, PKCY complete responders also rejected ho

mologous PKCY rechallenge and showed broader heterologous 

protection, including MB49 rejection, LLC rejection in four of five 

mice, and PANC02 tumor outgrowth in only one of ten mice 

(Figures 7F and S7H). Heterologous tumors frequently exhibited 

initial transient growth followed by subsequent regression. Thus, 

FEBP-sTβRII induces complete homologous and tumor- 

context-dependent heterologous protection, which is most 

prominent in PKCY survivors.

To identify the specific lymphocyte subsets mediating this du

rable protection, we subjected PKCY-CR mice to in vivo deple

tion of CD4+ T cells, CD8+ T cells, or NK cells 127 days after 

FEBP-sTβRII treatment, followed by a homologous PKCY or het

erologous (PANC02, MB49, or LLC) rechallenge. CD8+ T cell 

depletion completely abolished homologous PKCY protection, 

whereas CD4+ T cell depletion exerted only a limited effect. In 

contrast, the depletion of either CD4+ cells or CD8+ T cells 

completely abrogated protection against all heterologous tu

mors, indicating that heterologous protection strictly requires 

CD4+ T cell help in addition to CD8+ T cells. Conversely, NK cells 

were dispensable for protective immunity in both homologous 

and heterologous settings (Figure 7G).

We next assessed whether a durable T cell memory-like 

state persisted after tumor clearance in PKCY-CR mice.51,52

Compared with age-matched naive controls, CR mice showed 

increased TCF1+CD127+ and TCF1+Ki67+ populations among 

CD4+ T cells in the inguinal lymph nodes, without expansion of 

TCF1− Ki67+ effector-like cells, whereas CD8+ T cell popula

tions remained largely unchanged (Figure 7H, top). Similar 

trends were observed in the spleen, indicating preferential 

maintenance of a CD4+ memory-like compartment during ho

meostasis. Upon heterologous rechallenge, CR mice showed 

increased TCF1+CD127+, TCF1+Ki67+, and TCF1− Ki67+ popu

lations in both circulating CD4+ and CD8+ T cells relative to 

age-matched tumor-bearing controls (Figure 7H, bottom). 

This shift is consistent with systemic, memory-associated 

activation during tumor challenge.

To assess the transferability of this antitumor T cell activity, 

we adoptively transferred CD4+ and CD8+ T cells isolated 

from PKCY-CR mice into wild-type recipients, which were 

subsequently challenged with heterologous tumors. In the 

MB49 model, CR-derived CD4+ T cells induced complete tu

mor rejection in all recipients following an initial transient 

outgrowth (CR, 6/6). CR-derived CD8+ T cells also exhibited 

greater antitumor activity than age-matched naive CD8+ 

T cells, although they achieved fewer complete responses 

(CR, 3/6). Notably, the co-transfer of combined CD4+ and 

CD8+ T cells led to complete rejection in all recipients (CR, 

6/6) (Figure 7I, top).

In contrast, within the LLC model, the transfer of CR-derived 

CD4+ T cells, CD8+ T cells, or both populations combined re

sulted in only limited tumor suppression and failed to recapitulate 

the robust protection observed in the original CR hosts (Figure 7I, 

bottom). Finally, to evaluate antigen cross-reactivity, PANC02- 

primed splenocytes were restimulated with DCs loaded with 

PANC02, PKCY, or MB49 cell lysates. Responses were robustly 

detected against PANC02 and PKCY, but not MB49, indicating 

shared PDAC antigen recognition, while suggesting that MB49 

protection is not explained solely by lysate-level cross-reactivity 

(Figure S7I).

Collectively, these data demonstrate that FEBP-sTβRII con

verts local, matrix-restricted TGF-β blockade into systemic, 

antigen-recallable immunity. This protective memory is charac

terized by CD8-dependent homologous protection, CD4/CD8- 

cooperative heterologous protection, and context-dependent 

transferability shaped by both T cell memory intrinsic features 

and the immune accessibility of the recipient TME.

(B) Quantification of CD8+ and CD4+ Tem subsets in KPC-Luc and PANC02-Luc tumors (n = 6–8/group; 3 technical replicates). 

(C) Heatmap of Tem signatures in PWB of PANC02-Luc tumor-bearing mice (n = 3/group). 

(D) Quantification of CD8+ and CD4+ Tem subsets in PWB of KPC-Luc- and PANC02-Luc-tumor-bearing mice (n = 5–8/group). 

(E) Tumor-free long-term PANC02-Luc survivors were rechallenged subcutaneously with PANC02 or heterologous tumor cells on day 611 after completion of 

treatment. 

(F) Reciprocal rechallenges were performed in FEBP-sTβRII-cured, long-term tumor-free PKCY-Luc survivors and age-matched naive controls. Mice were re

challenged subcutaneously with PKCY, MB49, or LLC cells on day 102 after completion of treatment or with PANC02 cells on day 142 after completion of 

treatment. 

(G) PKCY-Luc survivors were subcutaneously rechallenged with PKCY (n = 3–5), PANC02, MB49, or LLC (n = 4–5) tumor cells on day 152. Tumor growth was 

monitored following in vivo depletion of CD4+ T cells, CD8+ T cells, or NK cells. 

(H) Frequencies of CD4+ and CD8+ memory-associated T cell subsets in inguinal lymph nodes of age-matched naive and tumor-free CR mice before rechallenge 

(top, n = 5–8/group) and in PWB of age-matched and CR mice bearing MB49 or LLC tumors (bottom, n = 3–4/group). 

(I) Tumor growth in MB49 and LLC models following adoptive transfer of T cells from age-matched naive or PKCY-Luc CR mice (n = 5–8/group). 

Quantitative data are presented as mean ± SD; two-way ANOVA with Tukey’s test (A and G; log-transformed for A); one-way ANOVA on square-root-transformed 

data (B) and two-way mixed-effects analysis (H), both with �Sidák’s correction; two-tailed Mann-Whitney U test (D) and log-rank (Mantel-Cox) test with Holm- 
�Sidák-adjusted pairwise comparisons (E and F). 

See also Figures S7 and S8.
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DISCUSSION

The ultimate goal of cancer immunotherapy is to establish 

sustained, systemic tumor control through durable immune 

protection. However, many solid tumors remain refractory 

because a dense stromal architecture and immunosuppres

sive cytokine circuits impair immune priming, restrict T cell 

trafficking, and dampen tumor-directed effector functions.53

TGF-β serves as a central regulator of this immune-excluded 

state, antagonizing T cell activation, myeloid inflammatory 

polarization, antigen presentation, and stromal accessi

bility.5,12,54 While current TGF-β inhibitors broadly block this 

pathway throughout the body, disrupting TGF-β’s tumor-sup

pressive functions in healthy tissues and causing dose-limiting 

toxicities,55 we addressed this hurdle by demonstrating the 

critical necessity of spatial targeting to specifically neutralize 

TGF-β within the tumor bed. Here, we show that FEBP-sTβRII 

successfully translates pleiotropic TGF-β biology into a 

geographically precise pharmacology by anchoring a soluble 

TβRII decoy to the oncofetal ECM splice isoform FN-EDB, 

thereby unlocking a robust and localized antitumor therapeutic 

program.

A central conclusion of this study is that the anatomical site of 

TGF-β neutralization, rather than pathway blockade alone, dic

tates the therapeutic outcome. The binding-defective mut

FEBP-sTβRII control was essential for this conclusion: despite 

preserved soluble TGF-β trapping, it failed to reproduce FEBP- 

sTβRII-induced tumor control, stromal-immune remodeling, an

tigen presentation, or memory phenotypes. Thus, FEBP-sTβRII 

is not simply a more potent soluble TGF-β inhibitor; rather, its 

therapeutic activity emerges uniquely from FN-EDB-dependent 

matrix retention, which converts systemic TGF-β trapping into 

localized stromal pharmacology. By validating this strategy 

across SMAD4-impaired PANC02-Luc tumors and KRAS/ 

TP53-driven PKCY-Luc and KPC-Luc tumors, we further 

demonstrate that matrix-retained TGF-β blockade remains high

ly effective across PDAC contexts with distinct epithelial TGF-β 
dependencies.

Mechanistically, FEBP-sTβRII reprogrammed the TME from a 

myofibroblast- and MDSC-dominant exclusion state into an an

tigen-visible stromal-myeloid ecosystem. Orthogonal analyses 

leveraging scRNA-seq, flow cytometry, histology, SIINFEKL-H- 

2Kb presentation, and OT-I/OT-II adoptive transfer assays 

demonstrated that FEBP-sTβRII contracts matrix-remodeling 

myoCAF programs, while expanding immunostimulatory CAF 

and macrophage states capable of supporting antigen-specific 

CD4+ and CD8+ T cell activation. Crucially, these effects should 

not be viewed as exclusively immune mediated; local TGF-β 
blockade also altered the malignant epithelial, ECM, and 

vascular-associated programs, which collectively contribute to 

tumor restraint and metastatic suppression. Accordingly, the 

near-complete restriction of breast cancer metastasis to the 

lung is best interpreted as an integrated consequence of pri

mary-tumor control, stromal/vascular remodeling, and systemic 

immune activation, rather than definitive evidence of post- 

dissemination immune clearance.

These findings fundamentally refine our understanding of 

apCAF biology. FEBP-sTβRII does not simply expand a 

generic antigen-presenting fibroblast state; instead, it orches

trates an IFN-responsive, MHC-enriched stromal-myeloid 

network embedded within a T cell-inflamed niche. Thus, the 

therapeutic value of apCAF remodeling appears to depend 

on whether antigen presentation programs are functionally 

coupled to co-stimulation, myeloid activation, and CD8+ 

T cell accessibility, rather than on nominal MHC expression 

alone. In this context, this localized antigen-presenting capac

ity becomes an integral part of a coordinated stromal-myeloid 

circuit, providing a clear mechanistic basis for the downstream 

epitope spreading and cross-protective immunity observed 

across our models.

This highly coordinated cell-to-cell interaction supports a 

feedforward amplification loop. Local TGF-β neutralization re

laxes the restrictive stromal barrier, permitting T cell entry into 

the tumor bed. Once established within the TME, CD8+ T cells 

and IFN-γ drive an initial wave of antigen presentation, macro

phage activation, and stromal immune accessibility, while 

CD4+ T cells provide an additional layer of helper signals neces

sary for secondary and heterologous antitumor responses. 

Rather than dictating a strictly linear sequence, this framework 

positions FEBP-sTβRII as a localized pharmacologic trigger 

that unlocks a reciprocal, multicellular stromal-myeloid-T cell 

amplification loop.

To interrogate the translational durability of this cellular circuit, 

we examined the long-term immunological architecture after 

tumor clearance. Complete responders developed long-lived, 

antigen-recallable immunity that combined CD8-dependent ho

mologous protection with context-dependent heterologous 

resistance. Heterologous rechallenge and adoptive transfer ex

periments showed that cross-protection operates as a compos

ite phenomenon, rather than as a simple consequence of strict 

antigen cross-reactivity or T cell-intrinsic memory alone. 

Although heterologous protection required both CD4+ and 

CD8+ T cells, transfer studies revealed context-dependent limits, 

suggesting that durable protection also depends on host im

mune conditioning and tumor microenvironmental accessibility. 

This distinction provides important translational clarity, suggest

ing that clinical responses may depend not only on antitumor 

T cell induction but also on the remodelability and immune 

accessibility of the TME.

Unlike neutrophil-skewed inflammation triggered by untar

geted soluble receptors, the PWB transcriptome remains essen

tially unchanged in FEBP-sTβRII. While formal toxicology and 

clinical safety evaluations remain mandatory to confirm whether 

this compartmentalized pharmacodynamic profile translates into 

reduced immune-related adverse events (irAEs) in patients, 

these findings establish a mechanistic rationale for testing, in 

future toxicology studies, whether compartmentalized TGF-β 
neutralization translates into a reduced peripheral safety burden.

The human relevance of this stromal-immune axis was 

strongly substantiated by human tumor datasets, in which the 

FEBP-sTβRII-responsive Dcn+-apCAF, MHC-II+-Macro, and 

CD8+-Teff signatures were highly conserved and linked to immu

notherapy-responsive microenvironments. Concurrently, our 

studies in CD34+ humanized orthotopic pancreatic tumor 

models exposed a critical methodological constraint of current 

humanized platforms: while they successfully captured the 

direct pharmacodynamics of matrix-retained TGF-β neutraliza

tion, they only partially reconstructed the IFN-γ-dependent 

ll
OPEN ACCESSArticle 

Cancer Cell 44, 2227–2248, November 9, 2026 2243 



stromal-immune feedforward circuit defined here. Together, 

these data support the preservation of the direct pharmacody

namic layer of matrix-retained TGF-β neutralization in the hu

manized model, while indicating that the complete IFN- 

γ-dependent immune-amplified mechanism cannot yet be 

confirmed and will require validation in advanced humanized 

stromal-immune models or clinical specimens.

Consequently, future clinical development should evaluate 

whether a biomarker panel comprising baseline FN-EDB 

expression, the myoCAF signature, antigen-presenting CAF/ 

myeloid status, and the degree of baseline immune exclusion 

can effectively stratify and identify patients most likely to reap 

maximal therapeutic benefit from FEBP-sTβRII therapy.

Limitations of the study

This study demonstrates that targeting the TGF-β signaling 

pathway within the TME could provide a promising therapeutic 

strategy for difficult-to-treat cancers. However, because this 

study was conducted primarily in murine tumor models that 

recapitulate fibrosis and immune exclusion, clinical validation re

mains essential. Human cancers are molecularly, stromally, and 

immunologically complex. Therefore, future clinical trials must 

evaluate whether FN-EDB expression, stromal TGF-β activity, 

and baseline immune-exclusion signatures can reliably predict 

clinical responses.

The second limitation is the inherent heterogeneity of apCAF 

states. While FEBP-sTβRII promotes antigen visibility and T cell 

activation, apCAF states can shift between the stimulatory and 

tolerogenic functions depending on the cytokine milieu and 

myeloid interactions. Therefore, future high-resolution and func

tional studies are essential to pinpoint the specific stromal sub

populations required for effective antigen presentation and sus

tained immunity.

Finally, although FEBP-sTβRII induces long-term homologous 

and heterologous protection, the precise antigenic and cellular 

mechanisms remain to be fully defined. While TCR profiling sug

gests clonal expansion, determining absolute antigen specificity 

requires direct mapping. Furthermore, because heterologous 

protection was not fully transferable in all models, long-term 

memory likely depends on a cooperative post-therapy environ

ment that supports antigen presentation, rather than on cross- 

reactive T cells alone. Therefore, comprehensive spatial and 

functional analyses are essential to clarify how local, matrix-re

tained TGF-β blockade coordinates this systemic immune 

memory.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 421 anti-Mouse Ly-6G [1A8]; Monoclonal BioLegend Cat#127628; RRID: AB_2562567

Brilliant Violet 421 anti-Mouse CD3 [17A2]; Monoclonal BioLegend Cat#100228; RRID: AB_2562553

Brilliant Violet 421 anti-Mouse I-A/I-E Antibody [M5/114.15.2] BioLegend Cat#107632; RRID: AB_2650896

Brilliant Violet 421 anti-Mouse CD86 Antibody [GL-1] BioLegend Cat#105032; RRID: AB_2650895

Brilliant Violet 421 anti-Mouse FOXP3 [MF-14]; Monoclonal BioLegend Cat#126419; RRID: AB_2565933

Brilliant Violet 421 anti-Mouse CD8a [53-6.7]; Monoclonal BioLegend Cat#100738; RRID: AB_11204079

Brilliant Violet 421 anti-Mouse CD47 [miap301]; Monoclonal BioLegend Cat#127527; RRID: AB_2734196

Brilliant Violet 510 anti-Mouse CD25 [PC61]; Monoclonal BioLegend Cat#102042; RRID: AB_2562270

Brilliant Violet 510 anti-Mouse CD45 [30-F11]; Monoclonal BioLegend Cat#103138; RRID: AB_2561392

Brilliant Violet 510 anti-Mouse CD8a [53-6.7]; Monoclonal BioLegend Cat#100752; RRID: AB_2563057

Brilliant Violet 510 anti-Mouse CD4 [GK1.5]; Monoclonal BioLegend Cat#100449; RRID: AB_2564587

Brilliant Violet 510 anti-Mouse CD3 [17A2]; Monoclonal BioLegend Cat#100234; RRID: AB_2562555

Brilliant Violet 510 anti-Human CD14 Antibody 

[M5E2]; Monoclonal

BioLegend Cat#301842; RRID: AB_2561946

Brilliant Violet 605 anti-Mouse I-A/I-E [M5/114.15.2]; 

Monoclonal

BioLegend Cat#107639; RRID: AB_2565894

Brilliant Violet 650 anti-Mouse Ly-6C [HK1.4]; 

Monoclonal

BioLegend Cat#128049; RRID: AB_2800630

Brilliant Violet 650 anti-Human CD15 Antibody 

[W6D3]; Monoclonal

BioLegend Cat#323034; RRID: AB_2563840

PerCP anti-mouse/human CD11b [M1/70]; Monoclonal BioLegend Cat#101229; RRID: AB_2129374

PerCP anti-Mouse CD4 [GK1.5] BioLegend Cat#100432; RRID: AB_893323

PerCP anti-Mouse CD45 [30-F11]; Monoclonal BioLegend Cat#103130; RRID: AB_893339

PerCP anti-Mouse CD90.2 (Thy1.2) [30-H12]; 

Monoclonal

BioLegend Cat#105322; RRID: AB_893453

PerCP anti-Human CD45 Antibody [HI30]; 

Monoclonal

BioLegend Cat#304026; RRID: AB_893337

FITC anti-Mouse Ly-6C [HK1.4]; Monoclonal BioLegend Cat#128006; RRID: AB_1186135

FITC anti-mouse/human CD44 Antibody [IM7]; 

Monoclonal

BioLegend Cat#103022; RRID: AB_493685

FITC anti-Mouse Ly-6G/Ly-6C (Gr-1) [RB6-8C5]; 

Monoclonal

BioLegend Cat#108406; RRID: AB_313371

FITC anti-Mouse CD25 [PC61]; Monoclonal BioLegend Cat#102006; RRID: AB_312855

FITC anti-Mouse CD8a [53-6.7]; Monoclonal BioLegend Cat#100706; RRID: AB_312745

FITC anti-Mouse CD11c [N418]; Monoclonal BioLegend Cat#117306; RRID: AB_313775

FITC anti-Mouse CD279 (PD-1) [29F.1A12]; 

Monoclonal

BioLegend Cat#135214; RRID: AB_10680238

FITC anti-Mouse CD3 [17A2]; Monoclonal BioLegend Cat#100204; RRID: AB_312661

BD Pharmingen FITC Rat Anti-Mouse CD31 

[MEC13.3]; Monoclonal

BD Biosciences Cat#553372; RRID: AB_394818

PE anti-Mouse CD49b (pan-NK cells) [DX5]; 

Monoclonal

BioLegend Cat#108908; RRID: AB_313415

PE anti-Mouse CD8a [53-6.7]; Monoclonal BioLegend Cat#100708; RRID: AB_312747

PE anti-Mouse CD19 [6D5]; Monoclonal BioLegend Cat#115508; RRID: AB_313643

PE anti-Mouse CD206 (MMR) [C068C2]; Monoclonal BioLegend Cat#141706; RRID: AB_10895754

PE anti-Mouse CD4 [GK1.5]; Monoclonal BioLegend Cat#100408; RRID: AB_312693
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PE anti-Mouse IFN-γ [XMG1.2]; Monoclonal BioLegend Cat#505808; RRID: AB_315402

PE anti-Mouse F4/80 [BM8]; Monoclonal BioLegend Cat#123109; RRID: AB_893498

PE anti-mouse/human CD44 [IM7]; Monoclonal BioLegend Cat#103008; RRID: AB_312959

PE anti-Mouse NK-1.1 [PK136]; Monoclonal BioLegend Cat#108707; RRID: AB_313394

PE anti-Mouse Podoplanin [8.1.1]; Monoclonal BioLegend Cat#127408; RRID: AB_2161928

PE/Cyanine7 anti-Mouse NK-1.1 [PK136]; Monoclonal BioLegend Cat#108714; RRID: AB_389364

PE/Cyanine7 anti-Mouse CD11c [N418]; Monoclonal BioLegend Cat#117318; RRID: AB_493568

PE/Cyanine7 anti-mouse/human Ki-67 [11F6]; Monoclonal BioLegend Cat#151218; RRID: AB_2910305

PE/Cyanine7 anti-Mouse Ly-6G [1A8]; Monoclonal BioLegend Cat#127618; RRID: AB_1877261

PE/Cyanine7 anti-Mouse CD4 [GK1.5]; Monoclonal BioLegend Cat#100422; RRID: AB_312707

PE/Cyanine7 anti-Mouse CD127 [A7R34]; Monoclonal BioLegend Cat#135014; RRID: AB_1937265

PE/Cyanine7 anti-Mouse F4/80 [BM8]; Monoclonal BioLegend Cat#123114; RRID: AB_893478

APC anti-Mouse CD3 [17A2]; Monoclonal BioLegend Cat#100236; RRID: AB_2561456

APC anti-Mouse CD62L [MEL-14]; Monoclonal BioLegend Cat#104412; RRID: AB_313099

APC anti-Mouse F4/80 [BM8]; Monoclonal BioLegend Cat#123116; RRID: AB_893481

APC anti-Mouse Ly-6C [HK1.4]; Monoclonal BioLegend Cat#128016; RRID: AB_893481

APC anti-Mouse CD49b (pan-NK cells) [DX5]; Monoclonal BioLegend Cat#108909; RRID: AB_313416

APC anti-Mouse I-A/I-E [M5/114.15.2]; Monoclonal BioLegend Cat#107614; RRID: AB_3741415

APC anti-Mouse CD69 [H1.2F3]; Monoclonal BioLegend Cat#104514; RRID: AB_492843

APC/Cyanine7 anti-Mouse CD19 [6D5]; Monoclonal BioLegend Cat#115530; RRID: AB_830707

Alexa Fluor 488 anti-Mouse CD74 (CLIP) 

[In1/CD74]; Monoclonal

BioLegend Cat#151006; RRID: AB_2750326

Alexa Fluor 488 anti-mouse-TCF1/TCF7; Rabbit mAb Cell Signaling Technology Cat#6444; RRID: AB_2797627

PE/Dazzle 594 anti-Mouse H-2K bound 

to SIINFEKL Antibody

BioLegend Cat# 141612; RRID: AB_2750522

Alexa Fluor 700 anti-Mouse CD31 [390]; Monoclonal BioLegend Cat#102444; RRID: AB_2832289

Alexa Fluor 647, anti-Mouse p-Stat5(pY694) 

[47/p-Stat5(pY694)]; Monoclonal

BD Biosciences Cat#562076; RRID: AB_11154412

anti-Mouse CD16/32 BioLegend Cat#101301; RRID: AB_312800

Anti-Phospho-SMAD2/SMAD3 (Ser465, 

Ser467, Ser423, Ser425)

Invitrogen Cat#PA5-110155; RRID: AB_2855566

CD8a Antibody Invitrogen Cat#14-0808-82; RRID: AB_2572861

Anti-alpha smooth muscle Actin antibody Cell Signaling Technology Cat #19245; RRID: AB_2734735

Anti-Fibronectin antibody Abcam Cat#ab2413; RRID: AB_2262874

Anti-CD31 antibody [EPR17259] Abcam Cat#ab182981; RRID: AB_2920881

H2-Ab1 Rabbit mAb Abclonal Cat#A24650; RRID: AB_3713138

Anti-CD8 alpha antibody [RM1129] Abcam Cat#ab316778; RRID: AB_3107047

Recombinant HLA-DP (MHC II) Antibody [rHLA-Pan/3475] NeoBiotechnologies Cat# MSM2-3475; RRID: AB_3753785

Alexa 488, Anti-Mouse IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4408S; RRID: AB_10694704

Alexa 555, Anti-Mouse IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4409S; RRID: AB_1904022

Alexa 647, Anti-Mouse IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4410S; RRID: AB_1904023

Alexa 488, Anti-Rabbit IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4412S; RRID: AB_1904025

Alexa 555, Anti-Rabbit IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4413S; RRID: AB_10694110

Alexa 647, Anti-Rabbit IgG (H + L), F(ab’)2 Cell Signaling Technology Cat#4414S; RRID: AB_10693544

Alexa 488, Anti-Human IgG (H + L) Invitrogen Cat#A11013; RRID: AB_141360

Alexa 555, Anti-Human IgG (H + L) Invitrogen Cat#A21433; RRID: AB_1500626

Alexa 647, Anti-Human IgG (H + L) Invitrogen Cat#A21445; RRID: AB_2535862

Alexa 647, Anti-Rat IgG (H + L) Cell Signaling Technology Cat#4418S; RRID: AB_1904017

human TβRII Biotinylated Antibody R&D Cat#BAF241; RRID: AB_356321
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HRP, Anti Mouse IgG (H + L) Invitrogen Cat#31430; RRID: AB_228307

HRP, Anti-Rabbit IgG Cell Signaling Technology Cat#7074S; RRID: AB_2099233

HRP, Anti-Rat IgG (H&L) Biotin Abcam Cat#ab207997

Peroxidase AffiniPure Goat Anti- 

Human IgG, Fcγ fragment specific

Jackson ImmunoResearch Cat#109-035-008; RRID: AB_2337579

InVivoMAb anti-Mouse CD4 (clone GK1.5) Bio X Cell Cat#BE0003-1; RRID: AB_1107636

InVivoMAb anti-Mouse CD8a (clone 2.43) Bio X Cell Cat#BE0061; RRID: AB_1125541

InVivoMAb anti-Mouse IFN-γ (clone XMG1.2) Bio X Cell Cat#BE0055; RRID: AB_1107694

InVivoMAb polyclonal rat IgG Bio X Cell Cat#BE0094; RRID: AB_1107795

InVivoMAb anti-Mouse NK1.1 (clone PK136) Bio X Cell Cat#BE0036; RRID: AB_1107737

InVivoMAb anti-PD-1 (J43) antibody Bio X Cell Cat#BE0033-2; RRID: AB_1107747

Ax647-conjugated goat anti-Human IgG Thermo Fisher Scientific Cat#A21445; RRID: AB_2535862

human TβRII Biotinylated Antibody R&D Cat#BAF241; RRID: AB_356321

Anti-pSMAD2 (Ser465/467), clone 138D4 Cell Signaling Technology Cat#3108; RRID: AB_490941

Anti-β-actin (clone D6A8) Cell Signaling Technology Cat#8457; RRID: AB_10950489

anti-PD-1 (J43) antibody This paper N/A

anti-PD-L1 (Avelumab) antibody This paper N/A

Bs-anti-PD-1 (J43)-sTβRII antibody This paper N/A

Bs-anti-PD-L1 (Avelumab)-sTβRII antibody This paper N/A

Chemicals, peptides, and recombinant proteins

viability dye 780 Biogems Cat#62910-00-100

viability dye 450 Biogems Cat#62510-00-100

anti-CD45 microbeads Miltenyi Biotec Cat#130-052-301; RRID: AB_2877061

recombinant human TGF-β1 PeproTech Cat#100-21C

Mouse IL-4 Recombinant Protein PeproTech Cat#214-14

Human IL-7 recombinant Protein PeproTech Cat#AF-200-07

Mouse IL-15 recombinant Protein PeproTech Cat#210-15

Mouse M-CSF Recombinant Protein PeproTech Cat# 315-02

PROLEUKIN (Human IL-2) CLINIGEN Cat#076100031R

bovine serum albumin (BSA) TOCRIS Cat#5217

FN-EDB-Fc This paper N/A

biotinylated TGF-β1 R&D Systems Cat#NFTG0

Recombinant Mouse GM-SCF Protein R&D Systems Cat#415-ML

T-PER Tissue Protein Extraction Reagent Thermo Fisher Scientific Cat#78510

cOmplete Mini, EDTA-free protease inhibitor Roche Cat#11836170001

PhosStop phosphatase inhibitor Roche Cat#4906845001

Ovalbumin (257–264) chicken; SIINFEKL Sigma-Aldrich Cat#S7951

Ovalbumin (323–339) (chicken, Japanese quail) Sigma-Aldrich Cat#O1641

Lipopolysaccharides from Escherichia coli 0111:B4 Sigma-Aldrich Cat#L2630

control-Fc (Control) This paper N/A

control-IgG types This paper N/A

Fc-sTβRII (sTβRII) This paper N/A

FEBP-Fc-sTβRII (FEBP-sTβRII) This paper N/A

Fc-FEBP-sTβRII This paper N/A

Fc-sTβRII-FEBP formats This paper N/A

FEBP-Fc-FEBP-sTβRII formats This paper N/A

FEBP-Fc-sTβRII-FEBP formats This paper N/A

Fc-FEBP-sTβRII-FEBP formats This paper N/A

2FEBP-Fc-sTβRII formats This paper N/A

Fc-2FEBP-sTβRII formats This paper N/A

(Continued on next page)
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Fc-sTβRII-2FEBP formats This paper N/A

Fc-mutFEBP-sTβRII (mutFEBP-sTβRII) This paper N/A

sTβRII-Fc This paper N/A

sTβRII-FEBP-Fc This paper N/A

sTNFR2-Fc This paper N/A

Critical commercial assays

ExpiCHO expression system kit Thermo Fisher Scientific Cat#A29133

Expi293 PRO expression system kit Thermo Fisher Scientific Cat#A14635

Mouse tumor-associated fibroblast isolation kit Miltenyi Biotec Cat#130-116-474

MidiMACS Separator and Starting Kits (LD) Miltenyi Biotec Cat#130-090-329

MiniMACS Separator and Starting Kit Miltenyi Biotec Cat#130-090-312

CD11c MicroBeads UltraPure mouse Miltenyi Biotec Cat#130-125-835

CD8 (TIL) MicroBeads, mouse Miltenyi Biotec Cat#130-116-478

CD4 (TIL) MicroBeads, mouse Miltenyi Biotec Cat#130-116-475

Pharmingen Transcription Factor Buffer Set BD Biosciences Cat#562725

BD GolgiStop Protein Transport Inhibitor BD Biosciences Cat#554724

eBioscience Intracellular Fixation 

& Permeabilization Buffer Set

Thermo Fisher Scientific Cat#88-8824-00

eBioscience Foxp3/Transcription 

Factor Staining Buffer Set

Thermo Fisher Scientific Cat#00-5523-00

GeneArt Precision gRNA Synthesis Kit chem Cat#A29377

AccuPower PCR Premix Bioneer Cat#K-2011

Lenti-X Concentrator TaKaRa Cat#631232

D-luciferin PerkinElmer Cat#122799

Cy5 dye Abcam Cat#ab146456

Mouse TGF-β1 DuoSet ELISA kit R&D Systems Cat#DY1679

Mouse IFN-gamma ELISpot Kit R&D Systems Cat#XEL485

VECTASTAIN Elite ABC-HRP Kit VectorLabs Cat#PK-6103

Splink HRP Rabbit DAB Detection kit ORIGENE Cat#D03-110

VivoGlo Luciferin Promega Cat#P1043

Hybrid-R GeneAll Cat#305-101

RiboPure RNA Purification Kit, blood Invitrogen Cat#AM1928

PrimeScript RT Master Mix TaKaRa Cat#RR036A

TaqMan Gene Expression Master Mix Applied Biosystems Cat#4369016

iTaq Universal SYBR Green Supermix Bio-Rad Cat#1725121

TruSeq Stranded Total RNA kit with Ribo-Zero H/M/R Illumina Cat# 88-8824-00

Chromium GEM-X Single Cell 3′ Kit v4 10× Genomics Cat#PN1000691

ELISpot Flex: Mouse IFN γ (HRP) Mabtech Cat#3321-2H

ELISpot plates, white Mabtech Cat#3654-WP-10

ELISpot substrate: TMB for HRP Mabtech Cat#3651-10

Deposited data

RNA-seq raw data This paper BioProject: PRJNA1241682

Single-cell RNA-seq raw data This paper BioProject: PRJNA1241682

Human PDAC, MSS CRC immunotherapy cohort NCBI Gene Expression 

Omnibus (GEO)

GEO: GSE17935135

Human metastatic gastric cancer immunotherapy cohort Kim et al.36 TIDE database(http://tide.dfci. 

harvard.edu/download/); 

ENA:PRJEB25780

Human melanoma immunotherapy cohort Gide et al.37 TIDE database(http://tide.dfci. 

harvard.edu/download/); 

ENA:PRJEB23709
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Mus musculus GRCm38 (Ensembl Release 99) Ensembl https://www.ncbi.nlm.nih.gov/ 

datasets/genome/ 

GCF_000001635.20/

Experimental models: Cell lines

HEK293T (human embryonic kidney) ATCC Cat#CRL-3216; RRID: CVCL_0063

MiaPaCa-2 (human pancreatic cancer) ATCC Cat#CRL-1420; RRID: CVCL_0428

4T-1-Luc (murine breast cancer expressing Luciferase) ATCC Cat#CRL-2539-LUC2; RRID: CVCL_A4BM

4T-1-Luc-LMT-2 (murine breast cancer 

expressing Luciferase)

This paper N/A

CT26 (murine colorectal cancer) ATCC Cat#CRL-2638; RRID: CVCL_7256

B16F10 (murine melanoma) ATCC Cat#CRL-6475; RRID: CVCL_0159

B16F10-Luc (murine melanoma expressing Luciferase) UBIGENE Cat#YC-A011-Luc-P; RRID: CVCL_C8XU

B16-OVA MO4 (murine melanoma expressing OVA) Sigma-Aldrich Cat#SCC420; RRID: CVCL_WM78

RM1 (murine prostate cancer) ATCC Cat#CRL-3310; RRID: CVCL_B459

Lewis lung carcinoma (LLC, murine lung cancer) ATCC Cat#CRL-1642; RRID: CVCL_4358

MB49 (murine bladder cancer) Sigma-Aldrich Cat#SCC148; RRID: CVCL_7076

PANCO2-OVA-Luc ((murine pancreatic 

cancer expressing OVA)

Vitro Biotech Cat#VOA4B040

Hepa1-6 (murine hepatoma) Vanderbilt University Cat#CRL-1830; RRID: CVCL_0327

GL26 (murine glioblastoma) Cedars-Sinai Medical Center N/A

PANC02 (murine pancreatic cancer) Chungnam National University, 

Republic of Korea)

N/A

PANC02-Luc (murine pancreatic cancer 

expressing Luciferase)

This paper N/A

PKCY (murine PDAC; Pdx1-cre; LSL-K-RasG12D/+; 

TP53fl/+; R26YFP)

UT MD Anderson Cancer Center N/A

PKCY-Luc (murine PDAC expressing Luciferase; 

Pdx1-cre; LSL-K-RasG12D/+; TP53fl/+; R26YFP)

This paper N/A

KPC-Luc (C57BL/6N.129Cya-Krastm1(LSL− G12D) 

Trp53tm1(LSL− R172H)Tg(Pdx1-Cre)/Cya, murine PDAC, 

Custom-synthesized Luciferase)

Cyagen N/A

KP-PSAFs (K-RasLA1; TP53− /− Sarcoma 

associated fibroblasts)

This paper N/A

KP-PSAFs-ΔEDB (K-RasLA1; TP53− /− Sarcoma 

associated fibroblasts with Fn1-EDB knockout

This paper N/A

Experimental models: Organisms/strains

OT-I mice(C57BL/6-Tg(TcraTcrb)1100Mjb/J [OT-I]) The Jackson Laboratory Cat#003831; RRID: IMSR_JAX:003831

OT-II mice(B6.Cg-Tg(TcraTcrb)425Cbn/J) The Jackson Laboratory Cat#004194; RRID: IMSR_JAX:004194

C57BL/6J mice (male, 6–10 weeks old) Doo-Yeol Biotech (Seoul, 

Korea) or Orient Bio Inc. 

(Seongnam, Korea)

N/A

BALB/c mice (female, 6–10 weeks old) Doo-Yeol Biotech (Seoul, 

Korea) or Orient Bio Inc. 

(Seongnam, Korea)

N/A

Rag1− /− (B6.129S7-Rag1tm1Mom/J) The Jackson Laboratory Cat#002216; RRID: IMSR_JAX:002216

B6.45.1 (B6.SJL-Ptprca Pepcb/BoyJ) The Jackson Laboratory Cat#002014; RRID: IMSR_JAX:002014

huHSC-NKG-ProF (female, 11–16 weeks old) Cyagen Cat#C001543

K-RasLA1 mice (heterozygous) Dr. YA Suh (MD Anderson 

Cancer Center

N/A

TP53− /− mice (homozygous) Dr. YA Suh (MD Anderson 

Cancer Center

N/A

K-RasLA1 TP53− /− mice (homozygous) Dr. YA Suh (MD Anderson 

Cancer Center

N/A

(Continued on next page)
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APC1638N/+ mice (heterozygous) Dr. KY Choi (Yonsei University) N/A

APC1638N/+/TP53− /− (AP) This paper N/A

Oligonucleotides

Genotyping primers (see Table S1) This paper N/A

SYBR Green qRT-PCR primers (see Table S1) This paper N/A

TaqMan qRT-PCR probes (see Table S1) Integrated DNA 

Technologies (IDT)

Various, see Table S1

Recombinant DNA

psPAX2 (packaging plasmid) Addgene Cat#12260; RRID: Addgene_12260

pMD2.G (envelope plasmid) Addgene Cat#12259; RRID: Addgene_12259

DNA fragments for control-Fc (mouse IgG1, 

mouse IgG2a, human IgG4, human IgG1)

Bionics N/A

DNA fragments for control-IgG types Bionics N/A

DNA fragments for Fc-sTβRII Bionics N/A

DNA fragments for FEBP-Fc-sTβRII formats Bionics N/A

DNA fragments for Fc-FEBP-sTβRII formats Bionics N/A

DNA fragments for Fc-sTβRII-FEBP formats Bionics N/A

DNA fragments for FEBP-Fc-FEBP-sTβRII formats Bionics N/A

DNA fragments for FEBP-Fc-sTβRII-FEBP formats Bionics N/A

DNA fragments for Fc-FEBP-sTβRII-FEBP formats Bionics N/A

DNA fragments for 2FEBP-Fc-sTβRII formats Bionics N/A

DNA fragments for Fc-2FEBP-sTβRII formats Bionics N/A

DNA fragments for Fc-sTβRII-2FEBP formats Bionics N/A

DNA fragments for Fc-mutFEBP-sTβRII formats Bionics N/A

DNA fragments for sTβRII-Fc Bionics N/A

DNA fragments for sTβRII-FEBP-Fc Bionics N/A

DNA fragments for sTNFR2-Fc Bionics N/A

DNA fragments for anti-PD-1 (J43) antibody Bionics N/A

DNA fragments for anti-PD-L1 (Avelumab) antibody Bionics N/A

DNA fragments for Bs-anti-PD-1 (J43)- 

sTβRII antibody

Bionics N/A

DNA fragments for Bs-anti-PD-L1 

(Avelumab)-sTβRII antibody

Bionics N/A

Software and algorithms

STAR (v2.4.0b) Dobin et al.56 http://code.google.com/p/rna-star/; 

RRID: SCR_004463

RSEM (v1.3.1) Li et al.57 https://deweylab.github.io/RSEM/; 

RRID: SCR_000262

DESeq2 (v 1.44) Love et al.58 https://www.bioconductor.org/ 

packages/release/bioc/ 

html/DESeq2.html; RRID: SCR_015687

MultiExperiment Viewer (MeV) Howe et al.59 https://mev.tm4.org

DAVID (v 6.8) Huang et al.60 https://davidbioinformatics.nih.gov/ 

summary.jsp; RRID: SCR_001881

GSEA (v 4.4.4) Subramanian et al.61 http://software.broadinstitute.org/ 

gsea/index.jsp; RRID: SCR_003199

‘‘GSVA’’ method Hanzelmann et al.62 https://bioconductor.org/packages/ 

release/bioc/html/GSVA.html; 

RRID: SCR_021058

STRING Szklarczyk et al.63 https://string-db.org/; 

RRID: SCR_005223

(Continued on next page)
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Cytoscape (v 3.10.0); with ClueGO/CluePedia Shannon et al.64 https://cytoscape.org/; 

RRID: SCR_003032

CellRanger (v 9.0.1) 10× Genomics https://github.com/10XGenomics/ 

cellranger; RRID: SCR_023221

CellBender (v 0.3.2) Fleming et al.65 https://github.com/broadinstitute/ 

CellBender; RRID: SCR_025990

Scrublet (v 0.2.3) Wolock et al.66 https://github.com/swolock/scrublet; 

RRID: SCR_018098

Scanpy (v 1.10.4) Wolf et al.67 https://github.com/scverse/scanpy; 

RRID: SCR_018139

BBKNN (v 1.6.0) Pola�nski et al.68 https://github.com/Teichlab/bbknn; 

RRID: SCR_022807

LIANA framework (v1.5.1), CellPhoneDB Dimitrov et al.69 https://saezlab.github.io/liana/; 

RRID: SCR_027830

ChimeraX (v1.7.1) Meng et al.70 https://www.rbvi.ucsf.edu/chimerax/; 

RRID: SCR_015872

AlphaFold3 Abramson et al.71 https://alphafoldserver.com/welcome; 

RRID: SCR_028034

UCSC Xena Goldman et al.72 https://xena.ucsc.edu/; 

RRID: SCR_018938

GEPIA2 Tang et al.73 http://gepia2.cancer-pku.cn/#index

RRID: SCR_026154

BD FACSDiva software (v8.0.2) BD Biosciences https://www.bdbiosciences.com/ 

sg/instruments/software/; 

RRID: SCR_001456

CytExpert software (v2.6) Beckman Coulter https://www.beckman.com/coulter- 

flow-cytometers/cytoflex/cytexpert; 

RRID: SCR_017217

FlowJo (v10.8.1) TreeStar https://www.flowjo.com/; 

RRID: SCR_008520

Living Image software (v.4.7.3) PerkinElmer https://www.perkinelmer.com/lab- 

products-and-services/resources/ 

in-vivo-imaging-software- 

downloads.html#LivingImage; 

RRID: SCR_014247

ZEN software (v2.6 blue edition) Zeiss https://www.zensoftware.cloud/; 

RRID: SCR_013672

i-control software (v2.0) TECAN RRID: SCR_024562

Amersham Imager 680 Analysis Software (v.2.0) Cytiva N/A

quantstudio design and analysis software (v1.4.3). Applied Biosystems N/A

GraphPad Prism (v10.1.2). GraphPad Software https://www.graphpad.com/ 

scientific-software/prism/; 

RRID: SCR_002798

QuPath software (v0.5.1) Bankhead et al.74 https://qupath.github.io; 

RRID: SCR_018257

Other

NovaSeq 6000 Illumina Ref#20012850; RRID: SCR_016387

BD Canto II BD Biosciences BD FACS CANTO II; RRID: SCR_018056

BD FACSAria Fusion Flow Cytometer BD Bioscience Cat#656700; RRID: SCR_025715

CytoFLEX Beckman Coulter CytoFLEX S; RRID: SCR_027083

IVIS Spectrum optical scanner PerkinElmer Lumina S5; RRID: SCR_025239

Zeiss Axio scan Z1 slide scanner Zeiss Axio scan.Z1; RRID: SCR_020927

Zeiss LSM800 confocal microscope Zeiss LSM800; RRID: SCR_015963

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Syngeneic mice

Male C57BL/6J wild-type CD45.1 and CD45.2 mice and female BALB/c mice about 6–10 weeks old were purchased from Doo-Yeol 

Biotech (Seoul, Korea) or Orient Bio Inc. (Seongnam, Korea). Rag1− /− mice (lacking T- and B-cells; B6.129S7-Rag1tm1Mom/J: 

#002216) and C57BL/6J wild-type CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ: #002214) were purchased from the Jackson Labora

tory. The heterozygous K-RasLA1 mice75 were crossed with homozygous TP53− /− mice (both kindly provided by Dr. YA Suh, The Uni

versity of Texas M. D. Anderson Cancer Center, Houston, TX, USA) to generate K-RasLA1/TP53− /− (KP) and wild-type mice. The het

erozygous APC1638N/+ mice76 (both kindly provided by Dr. KY Choi, Yonsei University, Seoul, Republic of Korea) were crossed with 

homozygous TP53− /− mice to generate APC1638N/+/TP53− /− (AP) and wild-type mice. All genotype primers used in this study are 

listed in Table S1J. All mice were maintained under specific pathogen-free conditions with 10/14 dark/light cycle, 20◦C–26◦C, and 

30–70% humidity. All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of 

MedPacto, Inc. (Authorization No. M-IACUC-2020-0024 for KP and AP mice studies, M-IACUC-2024-0006-02, M-IACUC-2023- 

0012, M-IACUC-2025-0001 and M-IACUC-2026-0006 for murine breast, melanoma and pancreatic tumor models, M-IACUC- 

2023-0007 for Rag1− /− mice studies).

Humanized mice

All animal procedures using 10-week-old, female huHSC-NKG-ProF mice (Cyagen Biosciences) were approved by the MedPacto 

Inc. IACUC (M-IACUC-2026-0005-01). Through advanced neonatal transplantation of human donor HSCs (HLA-A: A*24:02), this fully 

humanized model supports multi-lineage reconstitution of human lymphoid (T, B, NK) and myeloid (DCs, monocytes, macrophages, 

granulocytes) cells.77,78 Peripheral blood flow cytometry confirmed successful human leukocyte chimerism, with hCD45+/total 

CD45+ ratios ranging from 48.24% to 75.13%. To ensure balanced baseline characteristics, mice were allocated into experimental 

groups based on both tumor take rate and human immune cell engraftment levels.

Orthotopic 4T-1 tumor model in BALB/c mice

BALB/c mice were orthotopically inoculated with 0.5 × 104 4T-1 murine advanced breast cancer cells into the mammary fat pad. On 

day 15, the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal tissues using a tissue 

homogenizer.

Orthotopic CT26 tumor model in BALB/c mice

BALB/c mice were orthotopically inoculated with 5 × 105 CT26 murine colorectal cancer cells into the submucosal region of the 

cecum. On day 25, the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal tissues using 

a tissue homogenizer.

Orthotopic B16F10 luc tumor model in C57BL/6J mice

C57BL/6J mice were orthotopically inoculated with 2 × 105 B16F10-Luc murine melanoma cells (UBIGENE, #YC-A011-Luc-P) into 

the ear skin. On day 22, the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal tissues using 

a tissue homogenizer.

Orthotopic GL26 tumor model in C57BL/6J mice

For the intracranial implantation of syngeneic tumor cells, C57BL/6J mice were stereotactically inoculated with 1 × 105 GL26 murine 

glioblastoma cells/6 μL PBS into the right frontal lobe (2 mm lateral and 1 mm anterior to bregma at 2.5-mm depth from the skull base) 

using a Hamilton syringe (Hamilton Company) and a microinfusion pump. Tumor burden was monitored by luminescence imaging on 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Infinite M Plex microplate reader TECAN TECAN Microplate Reader M-Pl; 

RRID: SCR_026522

Cytiva Amersham Imager 680 Cytiva Amersham Imager 680

QuantStudio5 Applied Biosystems QuantStudio5; RRID: SCR_020240

AKTA Pure M150 Cytiva AKTA Pure M150; RRID: SCR_019958

Superdex S200 10/300 GL column Cytiva Cat#28-9909-44

Endosafe LAL cartridge system (Endosafe MS) Charles River Cat#PTS55005F

Protein A prepacked gravity flow column Cytiva Cat#28-9852-54

ImmunoSpot S5UV C.T.L. Analyzer LLC N/A

TissueLyser III Bead Mill Homogenizer QIAGEN Cat#9003240
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day 7 after implantation. On day 24, the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal 

tissues using a tissue homogenizer.

Orthotopic RM1-Luc tumor model in C57BL/6J mice

C57BL/6J mice were orthotopically inoculated with 0.5 × 105 RM1-Luc murine prostate carcinoma cells into the anterior prostate 

lobe. On day 22, the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal tissues using a tissue 

homogenizer.

Orthotopic Hepa1-6 tumor model in C57BL/6J mice

C57BL/6J mice were orthotopically inoculated with 2 × 105 Hepa1-6 murine hepatoma cancer cells into the left liver lobes. On day 20, 

the mice were euthanized, and RNA was extracted from the tumor tissues and matched normal tissues using a tissue homogenizer.

Establishment of orthotopic 4T-1-luc-LMT-2 tumor model with highly metastatic potential

Orthotopic advanced breast tumor models are more clinically relevant than their subcutaneous counterparts, because of the estab

lishment of an organ-specific tumor. To establish highly metastatic cell lines, we used the continuous implanting method; 4T-1-Luc 

cells were implanted into the mammary fat pad of a BALB/c mouse. One month later, lung metastatic nodules were collected and 

digested into single cells. After the process was repeated twice, the metastatic cancer cells, termed 4T-1-Luc-LMT-2 (Highly met

astatic cell lines), were separated and then cultured in vitro. The 4T-1-Luc-LMT-2 cell line, which mimics the aggressive and immune- 

resistant characteristics of TNBC, was used to evaluate monotherapy, combination therapy, and bi-specific fusion antibodies target

ing TGF-β and PD-1/PD-L1 pathways (control, 25 mg/kg Vactosertib, 20 mg/kg sTβRII, 10 mg/kg anti-PD-1, 20 mg/kg anti-PD-L1, 

anti-PD-1/Vactosertib, anti-PD-1/sTβRII, anti-PD-L1/sTβRII, 20 mg/kg Bs-anti-PD-1/sTβRII, 20 mg/kg Bs-anti-PD-L1/sTβRII, and 

20 mg/kg FEBP-sTβRII). For efficacy and survival studies, 2.5 × 104 4T-1-Luc-LMT-2 cells were inoculated into the mammary fat 

pad of a BALB/c mouse on day 0. Where appropriate, mice were selected at random. Treatment was initiated on day 6 at 5-day in

tervals (n = 5 mice/group). For immunofluorescence or immunohistochemical studies, mice were treated on day 6 (n = 6 mice/group) 

and euthanized on day 18. Tumor volumes (0.5 × length × width2) were measured with calipers on the indicated days. After tumor 

collection, tumors were weighed and samples were used for immunofluorescence or immunohistochemistry. Also, tumor growth and 

incidence of lung metastasis in the 4T-1-Luc-LMT-2 tumor model were monitored once (early stage) or twice (late stage) weekly on an 

in vivo bioluminescence imager (PerkinElmer, #Lumina S5).

Orthotopic PANC02-Luc pancreatic tumor model

Eight to ten-week-old wild-type mice or Rag1− /− mice were anesthetized with Zoletil (40 mg/kg) and xylazine (10 mg/kg) via intraper

itoneal injection. Hair on the left flank was removed, and the pancreas was carefully taken out using a tissue forceps following a 

10-mm mid-axillary line incision just below the rib cage. Then, 3 × 106 cells of PANC02-Luc in 30 μL PBS without Matrigel were in

jected into the pancreas tail using an insulin syringe with a 29-gauge needle (BD, #320320). On day 7, mice were randomized into 

treatment groups with comparable average tumor burden based on bioluminescence imaging, and treatment was initiated on the 

same day and repeated every 5 days. Tumor progression was monitored at the indicated time points using in vivo bioluminescence 

imaging with the IVIS Lumina system (PerkinElmer).

For efficacy and survival studies, cohorts received intravenous control, sTβRII, or FEBP-sTβRII as indicated (30 mg/kg; n = 8 per 

group). Separate cohorts were used for flow cytometric analysis of tumor samples on days 19 and 35 and PWB on day 35, as well as 

for IFN-γ ELISPOT analysis of lymph node cells on day 19 and in vitro-stimulated T-cells on day 50. Additional cohorts were used for 

IFN-γ neutralization experiments and transcriptomic analyses. For IFN-γ neutralization, anti-IFN-γ antibody was administered on 

days 11, 14, and 17, with analysis performed on day 18. Tumors were collected on day 35 for bulk RNA-seq (n = 3 per group) 

and scRNA-seq analyses. For scRNA-seq, tumors from four mice per treatment group were pooled before single-cell library 

preparation.

For the dose-ranging and mechanistic studies, mice (n = 4 per group) received vehicle, control, sTβRII (30 mg/kg), or FEBP-sTβRII 

(15 or 30 mg/kg), starting on day 7 and repeated every 5 days. To explore the potential contribution of TNF-associated inflammatory 

signaling to the antitumor activity of FEBP-sTβRII, an additional treatment arm received FEBP-sTβRII (30 mg/kg) in combination with 

soluble TNFR2-Fc (sTNFR2; 20 mg/kg), administered on days 7, 11, and 14. Separately, mutFEBP-sTβRII was evaluated using two 

intensified sequential treatment schedules: 5 mg/kg for the first two administrations followed by 20 mg/kg for the subsequent six 

administrations, or 10 mg/kg for the first two administrations followed by 30 mg/kg for the subsequent six administrations, for a total 

of eight administrations per group. Thus, the mutFEBP-sTβRII cohorts differed from the FEBP-sTβRII dose-ranging cohorts in both 

dose sequence and number of administrations and were not designed or analyzed as dose-matched comparators. Tumor progres

sion was monitored longitudinally by in vivo bioluminescence imaging on days 5, 13, 20, 34, 48, and 62 after tumor implantation.

For immunofluorescence and immunohistochemical analyses, separate cohorts (n = 6 per group) were treated beginning on day 12 

and euthanized on days 26, 35, or 43, as indicated. Tumors were collected at the respective endpoints for histological analysis.

Orthotopic PKCY-Luc pancreatic tumor model

PKCY-Luc cells (2 × 105 cells in 30 μL with Matrigel) were implanted orthotopically into the pancreas of C57BL/6J mice using the 

same surgical procedure described for PANC02-Luc implantation. Mice were randomized into treatment groups with comparable 
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average tumor burden based on bioluminescence imaging and treated on day 7 and repeated every 4 days. Tumor progression was 

monitored at the indicated time points using in vivo bioluminescence imaging with PerkinElmer’s IVIS Lumina system.

For efficacy and survival studies, mice received intravenous treatment with control, sTβRII, or FEBP-sTβRII (30 mg/kg; n = 8 per 

group). For PD-1 blockade combination studies, additional cohorts received anti-PD-1 antibody (clone J43; 10 mg/kg) together 

with control or FEBP-sTβRII (6.5, 15, or 30 mg/kg). Mice were euthanized on day 26 for tumor collection and tumor weight 

measurement.

For immunofluorescence or immunohistochemical studies, mice were treated using the same dosing schedule and euthanized on 

day 14 or 20 for tumor collection (n = 7 per group).

Orthotopic KPC-Luc pancreatic tumor model

KPC-Luc cells (1.5 × 106 cells in 30 μL with Matrigel) were implanted orthotopically into the pancreas of C57BL/6J mice using the 

same surgical procedure described for PANC02-Luc and PKCY-Luc implantation. After baseline bioluminescence imaging, KPC- 

Luc tumor-bearing mice were randomized into control, sTβRII, FEBP-sTβRII, or mutFEBP-sTβRII groups with comparable average 

tumor burden. Mice received intravenous treatment with the indicated agents (30 mg/kg; n = 6 per group), starting on day 7 and 

repeated every 4 days. Tumor progression was monitored by serial bioluminescence imaging, and mice were followed for survival. 

Separate KPC-Luc cohorts were used for flow cytometric analysis of tumor samples and PWB on day 15. Additional cohorts were 

used for anti-IFN-γ experiments and CAF–myeloid co-culture assays on day 18, and for CAF/macrophage–T-cell co-culture assays 

evaluating antigen-presenting capacity, IFN-γ ELISPOT analysis of lymph node cells, and bulk RNA-seq validation on day 18. Anti- 

IFN-γ antibody was administered on days 7, 11 and 15. For histology, tumors were collected at day 15–21 and analyzed by α-SMA/ 

CD8 immunofluorescence using tumor edge and inside ROI definitions.

Humanized orthotopic Mia-PaCa2 pancreatic tumor model

HLA-A: A*24:02-compatible CD34+ humanized mice were used for humanized pancreatic tumor studies. Before tumor implantation, 

peripheral blood was collected and stained for live human CD45+ cells to confirm human immune reconstitution. Mia-PaCa2 cells 

(3 × 106 cells) were implanted orthotopically into the pancreas under anesthesia. After tumor establishment, mice were 

randomized into control, sTβRII, or FEBP-sTβRII treatment groups. Treatment was administered on days 7, 11, 15, and 19, and 

mice were sacrificed on day 21 for tumor weight and histological analysis. n = 7 mice per group. Tumors were weighed and processed 

for α-SMA/CD8 immunofluorescence, H2-Ab1 immunohistochemistry, pan-HLA immunohistochemistry, and p-SMAD2/3 

immunohistochemistry.

Cell lines

HEK293T cells (CRL-3216, Female), Mia-PaCa2 (CRL-1420, Male), 4T-1 (CRL-2539-LUC2, Female) murine breast cancer, CT26 

(CRL-2638, Female) murine colorectal cancer, B16F10 (CRL-6475, Male) murine melanoma, RM1 (CRL-3310, Male) murine prostate 

cancer, and Lewis lung carcinoma (LLC, CRL-1642, Male) murine lung cancer cell lines were obtained from the American Type Cul

ture Collection (ATCC; Manassas, VA, USA). MB49 murine bladder cancer (Male) and B16-OVA MO4 (Male, murine melanoma ex

pressing chicken-ovalbumin, SCC420) were purchased from Sigma-Aldrich (St. Louis, MO, USA). PANC02-OVA-Luc (VOA4B040) 

cell line was purchased from Vitro Biotech (Kowloon, Hong Kong). Luciferase-expressing KPC cell line (KPC-Luc), derived from 

KPC mice (C57BL/6N.129Cya-Krastm1(LSL-G12D)Trp53tm1(LSL-R172H)Tg(Pdx1-Cre)/Cya, C001308), was custom-synthesized by Cya

gen (Suzhou, China). Hepa1-6 (CRL-1830) murine liver cancer was purchased from Professor Sachiyo Nomura through her collab

orator Dr. James R. Goldenring of Vanderbilt University School of Medicine, TN. GL26 murine glioblastoma cell line was provided by 

Dr. John S. Yu (Cedars Sinai Medical Center, Los Angeles, CA), PANC02 murine pancreatic cancer cell line (Male) was provided by 

Professor Kyu Lim (Chungnam National University, Republic of Korea). Murine PDAC cell lines (PKCY cells) derived from a genetically 

engineered PKCY mouse (Pdx1-cre;LSL-K-RasG12D/+;TP53fl/+;R26YFP mouse) were provided by Dr. Andrew D. Rhim (University of 

Texas, MD Anderson Cancer Center). 4T-1, PANC02, CT26, Hepa1-6, B16F10, PKCY, MiaPaCa-2, and GL26 cells were cultured 

in 5% CO2 at 37◦C and maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% heat-inactivated FBS, 

2 mM L-glutamine, 100 U/mL penicillin-streptomycin. HEK293T and RM1 cells were cultured in R10 medium (RPMI1640 supple

mented with 10% heat-inactivated FBS). 4T-1, PANC02, CT26, B16F10, PKCY-Luc, GL26, RM1, and Hepa1-6 cells were passaged 

2 to 21 times before in vivo implantation and harvested with TrypLE Express (Gibco) or 0.25% trypsin. Before experiments, trypan 

blue exclusion staining was used to determine the number of viable cells.

METHOD DETAILS

FEBP-sTβRII computer-generated model

FEBP-sTβRII structural predictions were performed using AlphaFold3,71 and final models were visualized in UCSF ChimeraX 

(v1.7.1).70 The model shows the crystal structure of an Fcγ4 (PDB ID: 4D2N) (Davies, A.M.) linked by a computer-generated (Molec

ular Operating Environment [MOE]) (G4S)4G linker to the extracellular domain of TβRII (sTβRII); both of the sTβRII moieties can simul

taneously bind a disulfide-linked TGF-β homodimer (PDB ID: 1KTZ). [Fc-sTβRII as a systemic TGF-β trap] is a structure in which TβRII 

ectodomain is fused to the C terminus of the heavy chain Fc region, [FEBP-Fc-sTβRII] is a general dual target fusion system, in which 

a fibronectin EDB binding peptide (FEBP) polypeptide is fused to the N-terminal of Fc region, and a TβRII ectodomain is fused to the 
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C-terminal of Fc region, [Fc-FEBP-sTβRII] is a form in which the dual N-terminal FEBP polypeptides with TβRII ectodomain is fused to 

the C-terminal of the FEBP polypeptide linked below Fc region, and [Fc-sTβRII-FEBP] is a structure in which the FEBP polypeptide is 

fused to the C-terminal of the TβRII ectodomain linked below Fc region. [sTβRII-Fc and sTβRII-FEBP-Fc] were designed as Fc-fusion 

formats in which the sTβRII moiety alone, or the sTβRII-FEBP module, respectively, is positioned at the N-terminus relative to the Fc 

region. [FEBP-Fc-FEBP-sTβRII, FEBP-Fc-sTβRII-FEBP, and Fc-FEBP-sTβRII-FEBP] are engineered dual-target fusion proteins in 

which two FEBP polypeptides are positioned in different orientations within the Fc-sTβRII (sTβRII) backbone, thereby enabling multi

valent FN-EDB recognition while preserving TGF-β trapping capacity. [2FEBP-Fc-sTβRII, Fc-2FEBP-sTβRII, and Fc-sTβRII-2FEBP] 

were designed to compare EDB-binding affinity and positional effects through a tandem FEBP arrangement strategy, while the sTβRII 

or mutFEBP-sTβRII version serves as a negative control.

1) Structural prediction of Fc-soluble TβRII and FEBP-sTβRII formats

The amino acid sequences of Fc-soluble TβRII and the nine FEBP-sTβRII formats were used as dimeric inputs for structural 

modeling with AlphaFold3. This configuration allowed for the prediction of potential inter-domain interactions critical to fusion protein 

stability. For each construct, five independent predictions were generated to ensure reproducibility. The final models were selected 

based on high ipTM (interface predicted TM-score) and pTM (predicted TM-score) values, which quantitatively reflect the reliability of 

inter-domain interfaces and the overall accuracy of the structural models. These models were subsequently visualized and analyzed 

using UCSF ChimeraX (v1.7.1) to evaluate domain organization, relative orientation, and overall structural integrity.

2) FN-EDB binding analysis for FEBP-sTβRII formats

To evaluate FN-EDB binding interactions, a second round of AlphaFold3 predictions was performed, incorporating the FN-EDB 

sequence alongside the FEBP-sTβRII formats in the same dimeric configuration. Models were ranked based on ipTM and pTM 

scores, and Predicted Aligned Error (PAE) plots were extracted to assess the spatial accuracy of FN-EDB and fibronectin EDB-bind

ing peptide (FEBP) interactions. Lower PAE values (darker regions) indicate higher confidence in the predicted binding interface. The 

x- and y axes of the PAE plots were annotated to correspond to FN-EDB (yellow) and FEBP (red) regions, respectively.

Cloning of FEBP-sTβRII formats, sTβRII and antibody fusion formats

DNA fragments for control-Fc (mouse IgG1, mouse IgG2a, human IgG4, human IgG1), control-IgG types, sTβRII/FEBP-sTβRII for

mats, anti-PD-1 (J43) antibody, anti-PD-L1 (Avelumab) antibody, and FN-EDB-Fc were synthesized by Bionics. To reduce immuno

genicity in preclinical animal studies, mouse IgG2a D265A/N297A (DANA) and human IgG1 N297A variant constant regions were 

used. Additionally, to prevent Fab arm exchange in human IgG4, Serine 228 in the hinge region was substituted with Proline. The 

DNA fragments FEBP-sTβRII and mutFEBP-sTβRII included constant regions from mouse IgG1 or human IgG4 (S228P), fused 

with FEBP (also known as APTEDB) and the TβRII ectodomain. Anti-PD-1 and anti-PD-L1 antibody protein fusion formats were gener

ated through overlapping PCR using DNA fragments encoding mouse IgG1 or IgG2a (DANA) and human IgG1 (N297A) or IgG4 

(S228P) constant regions. Additionally, a DNA fragment encoding the human TβRII ectodomain was synthesized and fused to the 

corresponding IgG constant regions. For FN-EDB target-binding ELISA, a DNA fragment encoding the fibronectin EDB domain 

was fused to the IgG1 constant region to generate FN-EDB-Fc fusion protein.

Expression and purification of FEBP-sTβRII formats, sTβRII and antibody fusion formats

Plasmids encoding control-Fc molecules (mouse IgG1, mouse IgG2a, rabbit IgG1, human IgG4, and human IgG1), FEBP-Fc-sTβRII, 

Fc-FEBP-sTβRII, Fc-sTβRII-FEBP, sTβRII-FEBP-Fc, FEBP-Fc-FEBP-sTβRII, FEBP-Fc-sTβRII-FEBP, Fc-FEBP-sTβRII-FEBP, 

2FEBP-Fc-sTβRII, Fc-2FEBP-sTβRII, Fc-sTβRII-2FEBP, FEBP-sTβRII, mutFEBP-sTβRII (lacking FN-EDB binding ability), sTβRII- 

Fc, sTβRII (Fc-sTβRII), anti-PD-1 (J43), Bs-anti-PD-1/sTβRII, anti-PD-L1 (avelumab), Bs-anti-PD-L1/sTβRII, and FN-EDB-Fc were 

transiently transfected into CHO-S cells using the ExpiCHO Expression System Kit (Thermo Fisher Scientific, #A29133) according 

to the manufacturer’s protocol. In parallel, additional format variants, including Control-Fc, sTβRII, FEBP-Fc-sTβRII, Fc-FEBP-sTβRII, 

Fc-sTβRII-FEBP, and mutFEBP-sTβRII, were transiently produced using the Expi293 Pro Expression System Kit (Thermo Fisher Sci

entific, #A14635) according to the manufacturer’s protocol and purified using the same downstream workflow as CHO-S-derived 

proteins. Culture supernatants were harvested 8–10 days after transfection for CHO-S cultures and 4–6 days after transfection for 

Expi293 cultures. Supernatants were clarified by low-speed centrifugation and filtered through 0.45-μm filters. Clarified supernatants 

were supplemented with 10× binding buffer (0.2 M Na3PO4, pH 7.0) and loaded onto Protein A prepacked gravity-flow columns (Cy

tiva, #28-9852-54). Bound proteins were eluted with 0.1M glycine-HCl (pH 2.7) into a neutralizing buffer (1M Tris-HCl, pH 9.0), 

concentrated by centrifugation, and buffer-exchanged into PBS (pH 7.4). The purified proteins were quantified using spectrophotom

etry, and purity was assessed by SDS-PAGE followed by Coomassie blue staining. To evaluate physicochemical homogeneity, size 

exclusion chromatography (SEC) was performed using an AKTA purifier system (Cytiva) equipped with a Superdex S200 10/300 GL 

column (Cytiva, #28-9909-44) and PBS as the mobile phase at a flow rate of 0.5 mL/min. The percentage of monomeric species was 

calculated as the area under the monomeric peak divided by the total area of monomeric and non-monomeric peaks at 280 nm. All 

purified formats were filtered through 0.22-μm filters and validated for low endotoxin levels using the Endosafe LAL cartridge system 

(Charles River Endosafe MS, #PTS55005F) before being used in experiments. In addition, a subset of the Fc-FEBP-sTβRII material 

used in this study was produced from a research cell bank (RCB)-derived CHO-K1 production batch manufactured at Chime 
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Biologics, and material from this independent batch was incorporated into efficacy studies in the PANC02-OVA, B16-OVA, and KPC 

tumor models.

Cell isolation from tumors for flow cytometry

Tumor tissues and peripheral whole-blood (PWB) samples were collected from mice bearing PANC02-Luc or KPC-Luc tumors 

following the indicated treatments. Tumor tissues alone were collected from mice bearing PANC02-OVA or B16-OVA tumors. For 

tumor cell analysis, tumor tissues were excised and cut into the smallest possible fragments by using ophthalmic scissors. The tumor 

fragments were incubated for 30 min at 37◦C in RPMI medium containing 1 mg/mL collagenase type I (Worthington), 50 U/mL DNase I 

(Enzynomics) and 2% FBS with constant shaking. After incubation, the digestion reaction was stopped by adding cold FACS buffer 

(2% FBS, 1mM EDTA in PBS), and the fragments were filtered through a 100-μm nylon mesh cell strainer (BD Falcon). Red blood cells 

were lysed in ammonium-chloride-potassium (ACK) buffer (150 mM ammonium chloride, 10 mM potassium chloride, 0.1 mM sodium 

EDTA, pH 7.4), followed by filtering through a 40-μm cell strainer (BD Falcon).

CRISPR/Cas9-mediated deletion of the Fn1-EDB in murine KP-PSAFs

For generation of Fn1-EDB knockout cells (KP-PSAFs-ΔEDB) by CRISPR/Cas9-mediated gene targeting, we targeted the upstream 

and downstream intronic regions of exon 25 of Fn1 (RefSeq Accession number: NM_010233.2): 5′-GGACGTCTTTTCAGATAATT-3’ 

(front intron of exon 25, FI-E25) and 5′-AGTCTTCTGTGTTTGAGACATGG-3’ (behind intron of exon 25, BI-E25) using GeneArt Pre

cision gRNA Synthesis Kit (Invitrogen) according to the manufacturer’s protocol. KP-PSAFs at passage 2–4 were transfected with the 

gRNAs and Cas9 protein (Toolgen) using the Neon Transfection System following the manufacturer’s protocol. These primary can

cer-associated fibroblastic cells generally show senescence over the course of serial passaging; thus, cells with fewer than 10 pas

sages were used in all experiments. Since KP-PSAFs were unable to form colonies from individual cells, the pools of edited cells were 

used for further FEBP-sTβRII binding assays, protein and mRNA isolation. Genomic DNA from KP-PSAFs was extracted, and the 

region encompassing exon 25 of the Fn1-EDB gene was amplified using primers targeting the flanking intronic sequences of 

exon 25 with AccuPower PCR Premix (Bioneer). The CRISPR/Cas9-mediated Fn1-EDB gene knockout efficiency in KP-PSAFs 

was determined by ICE knockout analysis (www.synthego.com) using the PCR products. Fn1-EDB-depleted KP-PSAFs with ICE 

and KO scores exceeding 70%, indicating a high percentage of indels and frameshift mutations, were selected for further 

experiments.

Flow cytometry

For staining of cell surface markers, cell suspensions were blocked with anti-Mouse CD16/32 (BioLegend, #101301). Live/dead cell 

discrimination was performed using Viability Dye (BioGems, #62910-00-100, #62510-00-100), followed by the surface antibody 

cocktail for 30 min in the dark at 4◦C. For phosphorylated STAT5 staining, cells were serum-starved for 45 min at 37◦C and subse

quently stimulated with IL-2 (100 U/mL) for 30 min at 37◦C. For Foxp3 and phosphorylated STAT5 staining, cell suspensions were 

stained for the cell surface marker as described above, and then fixed and stained using BD Pharmingen Transcription Factor Buffer 

Set (BD Biosciences, #562725) or eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, #00-5523- 

00) according to the manufacturer’s instructions. For intracellular cytokine staining, single cells were re-suspended in complete RPMI 

with 25 ng/mL Phorbol 12-myristate 12-acetate (PMA, Sigma-Aldrich, #P1585), 1 μg/mL ionomycin (Sigma-Aldrich, #10634) and BD 

GolgiStop (BD Biosciences, #554724). The suspensions were incubated for 4 h at 37◦C. At the end of the stimulation, cells were 

stained for surface antigens as described above, followed by intracellular staining for cytokines using the eBioscience Intracellular 

Fixation & Permeabilization Buffer Set (Thermo Fisher Scientific, #88-8824-00) according to the manufacturer’s instructions. CAF- 

and immune-profile mapping was performed by flow cytometry (Figures S8B and S8C). To evaluate the inhibition of FN-EDB-depen

dent TGF-β-induced signaling by FEBP-sTβRII, 4T-1-Luc-LMT-2 cells with low FN-EDB expression were seeded on Matrigel-coated 

plates either unmodified or further coated with sarcoma-derived KP-PSAFs, which exhibit high FN-EDB expression. Cells were pre

treated with control, sTβRII, FEBP-sTβRII, or mutFEBP-sTβRII (300 ng/mL) for 1 hour to permit simultaneous binding to matrix- 

anchored FN-EDB, followed by three washes with PBS and subsequent stimulation with TGF-β1 (5 ng/mL, PeproTech, #100-21C) 

for 1 hour. Following treatment, cells were fixed, permeabilized, and stained with an antibody recognizing phospho-SMAD2 

(Ser465/467)/SMAD3 (Ser423/425), and phospho-SMAD2/3 levels were quantified by flow cytometry. Samples were measured 

with BD Canto II using BD FACSDiva 8.0.2 software (BD Biosciences) or CytoFLEX (Beckman) using CytExpert 2.0 software and 

data subsequently analyzed with FlowJo 10.8.1 software (TreeStar). All antibodies used in this study are listed in key resources table.

Adoptive cell transfer in the Rag1–/– mice bearing PKCY tumor treated with FEBP-sTβRII

When orthotopic PKCY-Luc tumors in Rag1− /− mice reached the treatment stage, mice were administered control or FEBP-sTβRII 

every 4 days for a total of four doses. A subset of FEBP-sTβRII-treated mice additionally received adoptive transfer of CD45.1+CD3+ 

T-cells. CD45.1+ congenic mice were used as T cell donors to distinguish donor from host lymphocytes. Spleens were harvested from 

8 to 10-week-old CD45.1+ mice, and CD3+ T-cells were isolated using the CD3ε MicroBead Kit (Miltenyi Biotec, #130-094-973) and 

LS columns (Miltenyi Biotec, #130-042-401) according to the manufacturer’s instructions. The purity and phenotype of the isolated 

T-cells were verified by flow cytometry. Purified CD3+ T-cells (4.5 × 106 cells per mouse) were injected intravenously on days 8, 12, 

and 16 after tumor inoculation. Recombinant IL-2 (10,000 IU per mouse, CLINIGEN, #076100031R) was administered intraperitone

ally once daily for three consecutive days following each T cell transfer to support T cell activation and persistence.
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B16-OVA-luc tumor model

C57BL/6 mice were subcutaneously inoculated with B16-OVA cells (1 × 106 cells) on day 0 and intravenously treated with control 

(30 mg/kg), sTβRII (30 mg/kg), mutFEBP-sTβRII (30 mg/kg), or FEBP-sTβRII (30 mg/kg) on days 8, 11, and 14. Anti-IFN-γ antibody 

was administered on days 6, 9, and 12. Mice were euthanized on day 16, and tumors and spleen were harvested for subsequent 

flow cytometric and functional co-culture analyses.

PANC02-OVA-luc tumor model

C57BL/6 mice were orthotopically inoculated with PANC02-OVA cells (2 × 106 cells) on day 0 and intravenously treated with control 

(30 mg/kg) or FEBP-sTβRII (30 mg/kg) on day 26 and every 5 days thereafter. Anti-IFN-γ antibody was administered on days 24, 27, 

and 30. Mice were euthanized on day 35, and tumors were harvested for subsequent flow cytometry analyses.

Survival analysis

Mice bearing 4T-1-Luc-LMT-2 orthotopic tumors were randomized into 11 treatment groups: control (n = 6); Vactosertib (25 mg/kg, 

n = 6); sTβRII (20 mg/kg, n = 6); anti-PD-1 (10 mg/kg, n = 6); anti-PD-L1 (20 mg/kg, n = 6); anti-PD-1/Vactosertib (n = 5); anti-PD-1/ 

sTβRII (n = 5); anti-PD-L1/sTβRII (n = 5); Bs-anti-PD-1/sTβRII (20 mg/kg, n = 6); Bs-anti-PD-L1/sTβRII (20 mg/kg, n = 6); and FEBP- 

sTβRII (20 mg/kg, n = 5). For the PANC02-Luc orthotopic model, mice were randomized into five groups: control (n = 8), sTβRII (30 mg/ 

kg, n = 8), FEBP-sTβRII (30 mg/kg, n = 8), anti-PD-1 (10 mg/kg, n = 4), and anti-PD-1/sTβRII (n = 4). For the KPC-Luc orthotopic model, 

mice were randomized into four groups: control (n = 16), sTβRII (30 mg/kg, n = 13), FEBP-sTβRII (30 mg/kg, n = 20), and mutFEBP- 

sTβRII (30 mg/kg, n = 9). Two independent cohorts of mice bearing orthotopic PKCY-Luc tumors were similarly randomized into con

trol, sTβRII, and FEBP-sTβRII treatment groups (n = 8 per group). Treatments were administered subcutaneously initiating on day 5 

for the 4T-1-Luc-LMT-2 model or intravenously initiating on day 7 for the PANC02-Luc (5-day intervals), KPC-Luc (4-day intervals) 

and PKCY-Luc (4-day intervals) models, and then discontinued (‘‘Stop to treat’’). Tumor progression was monitored by serial biolu

minescence imaging, and mice were euthanized upon reaching humane endpoints. Long-term survivors were defined as animals 

with no detectable luminescence for at least 90 consecutive days. Overall survival was analyzed using Kaplan-Meier curves, and sta

tistical significance was determined by the log-rank (Mantel-Cox) test, with Holm–�Sidák adjustment for multiple prespecified pairwise 

comparisons where applicable.

Tumor rechallenge studies

Long-term functional immunity was evaluated by subcutaneous tumor rechallenge of FEBP-sTβRII-cured mice derived from the 

PANC02-Luc and PKCY-Luc orthotopic PDAC models. ‘‘Cured’’ denoted complete regression of the primary orthotopic tumor 

with no detectable disease for ≥90–100 days after the final treatment. For each rechallenge cohort, age-matched or -unmatched 

naive C57BL/6 mice served as controls. To exclude any confounding immunogenicity from luciferase, all rechallenge inoculations 

used the parent (luciferase-negative) cell lines. No additional therapy was administered after rechallenge. All procedures were 

approved by the institutional IACUC. In both models, mice that achieved complete regression after FEBP-sTβRII were rechallenged 

to evaluate tumor growth in the absence of further treatment. Syngeneic cell lines included PANC02, PKCY, MB49 (bladder carci

noma), and LLC (Lewis lung carcinoma). Cells were resuspended in PBS and injected subcutaneously into the shaved flank under 

brief isoflurane anesthesia using 29-gauge needles. PDAC lines and MB49 were implanted at 1 × 106 cells in 100 μL, whereas 

LLC were implanted at 2 × 106 cells in 100 μL. Each mouse received a single tumor type at rechallenge (no bilateral co-implantation). 

For PANC02-Luc survivors, durability of protection was tested by same-tumor rechallenge at day 122 or day 611 after therapy (n = 6 

per time point), with age-matched naive controls (n = 5) receiving identical PANC02 inoculation. Breadth of protection was assessed 

in an independent cohort of day-611 PANC02 survivors rechallenged with PKCY (n = 6), MB49 (n = 6), or LLC (n = 5), each with 

matched naive controls (n = 5 per tumor). For PKCY-Luc survivors, durability of protection and reciprocity were tested by rechallenge 

at day 102 with PKCY, MB49, or LLC (n = 5–6 per arm; naive n = 5 each), and in a second cohort at day 141 with PANC02 (n = 10; naive 

n = 5). Tumor dimensions (length, width) were measured twice weekly with calipers, and volumes were calculated as 

(length × width2)/2. Individual growth trajectories are reported for all rechallenge arms. Mice were monitored at least three times 

weekly for health and euthanized at prespecified humane endpoints (tumor volume ≥2,000 mm3, ulceration, >20% body-weight 

loss, or signs of distress). Survival was analyzed from the date of rechallenge using Kaplan-Meier curves and compared by log- 

rank (Mantel-Cox) tests (two-sided). Where indicated, group differences in tumor volume were assessed by two-way ANOVA with 
�Sidák’s correction.

Memory-phase immune depletion

Lineage-depletion studies were initiated in PKCY-Luc CR mice 127 days after cessation of FEBP-sTβRII treatment. CR mice were 

subcutaneously rechallenged with PKCY (n = 3–5), PANC02 (n = 4–5), MB49 (n = 4–5), or LLC (n = 4–5) cells, with matched naive 

controls included for each tumor model (n = 5 per group), in the absence of further FEBP-sTβRII treatment. For CD8+ or CD4+ 

T cell depletion, mice received intraperitoneal injections of purified anti-CD8α antibody (Bio X Cell, 53-6.7 clone, #BE0004-1) or 

anti-CD4 antibody (Bio X Cell, YTS191 clone, #BE0119), respectively, at 200 μg per mouse. Antibody administration was initiated 

2 days before tumor-cell inoculation and repeated on days 3, 6, 9, and 12 after inoculation. Control mice received anti-Rat IgG anti

body (Bio X Cell, #BE0094) according to the same schedule. For NK-cell depletion, mice received an intraperitoneal injection of pu

rified anti-NK1.1 antibody (Bio X Cell, PK136 clone, #BE0036) at 0.5 mg per mouse 2 days and 1 day before tumor-cell inoculation, 
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followed by additional injections at 0.25 mg per mouse on days 6, 9, and 12 after inoculation. Depletion of CD8+ T-cells, CD4+ T-cells, 

and NK-cells was confirmed by flow cytometric analysis of peripheral blood collected by retro-orbital bleeding 3 days after the final 

antibody injection.

Adoptive transfer of memory T-cells

C57BL/6J mice were subcutaneously inoculated with MB49 or LLC tumor cells. Spleens were harvested from PKCY CR mice or 

matched naive mice, and CD8+ and CD4+ T-cells were isolated using CD8+ MicroBeads (Miltenyi Biotec, #130-116-478) or CD4+ 

MicroBeads (Miltenyi Biotec, #130-116-475), respectively, in combination with LS Columns (Miltenyi Biotec, #130-042-401), accord

ing to the manufacturer’s instructions. The purity and phenotype of the isolated T-cells were verified by flow cytometry. Recipient 

mice received an intraperitoneal injection of cyclophosphamide (CTX; 100 mg/kg, Sigma-Aldrich, #C7397) 1 day before the first 

T cell transfer. Purified CD8+ or CD4+ T-cells from PKCY CR mice or matched naive mice were intravenously administered at 

2 × 106 cells per mouse on days 5 and 8 after tumor inoculation. For the combined-transfer group, CD4+ and CD8+ T-cells were 

each administered at 2 × 106 cells per mouse. Recombinant IL-2 (10,000 IU per mouse, CLINIGEN, #076100031R) was administered 

intraperitoneally once daily for 3 consecutive days following each T cell transfer.

Cancer-associated fibroblasts (CAFs)-like cell isolation

Aggressive sarcomas were harvested from spontaneous KRasLA1/TP53− /− (KP) male mice (12 weeks old). The tumors were minced 

and digested in 1 mg/mL collagenase type I (Worthington, # CLS-1), 50 U/mL DNase I (Enzynomics, #M059S) and 2% FBS at 37◦C 

with vigorous shaking for 30 min. Following digestion, tissues were further homogenized through a 100 μm cell strainer and pelleted 

by centrifugation at 500 x g. Red blood cells were lysed in ammonium-chloride-potassium (ACK) buffer (150 mM ammonium chloride, 

10 mM potassium chloride, 0.1 mM sodium EDTA, pH 7.4) and resuspended in magnetic-activated cell sorting (MACS) buffer (0.5% 

BSA and 2 mM EDTA in PBS). CD45+ cells were depleted using anti-CD45 microbeads (Miltenyi Biotec #130-052-301) and subse

quently cultured in primary culture. To isolate CAFs from the acquired CD45− primary cultured cells, the mouse tumor-associated 

fibroblast isolation kit (Miltenyi Biotec #130-116-474) was used in a two-step strategy according to the manufacturer’s protocol. 

Briefly, samples were first pre-enriched by removing non-target cells, followed by isolation using the marker CD90.2. For pre-enrich

ment, LD Columns on a MidiMACS Separator (Miltenyi Biotec, #130-090-329) were used and for the subsequent CAF-like cell isola

tion, MS Columns on a MiniMACS Separator (Miltenyi Biotec, #130-090-312) were used. Isolated CAFs were cultured in α-MEM 

medium supplemented with 10% FBS, β-mercaptoethanol and 100 U/mL penicillin-streptomycin. Murine KP primary sarcoma-asso

ciated fibroblast-like cells (KP-PSAFs) were isolated from aggressive sarcomas of spontaneous KP mice (Figure S8A).

Peripheral blood human CD45 analysis in humanized mice

Peripheral whole blood was collected from CD34+ huHSC-NKG-ProF humanized mice (Cyagen Biosciences Inc. China) before or

thotopic Mia-PaCa2 implantation and/or before treatment. Red blood cells were lysed, and leukocytes were stained with viability 

dye and anti-Human CD45 and anti-Mouse CD45 antibodies. Live human CD45+ cell frequency was quantified by flow cytometry. 

Humanized mice with comparable human CD45+ reconstitution were randomized into treatment groups.

TCF1/CD127/Ki67 recall analysis

Lymph nodes and peripheral blood were collected from age-matched naive mice, tumor-free complete responder mice, age- 

matched tumor-bearing mice, and complete responder mice after tumor rechallenge. TCF1+CD127+, TCF1+Ki67+, and 

TCF1− Ki67+ populations were quantified within CD4+ and CD8+ T cell gates. All antibodies used in this study are listed in the key 

resources table.

Evaluation of the antigen-presenting capacity of CAFs and macrophages

Total CAFs (CD45− EpCAM− CD31− PDPN+), MHC-II+ CAFs (CD45− EpCAM− CD31− PDPN+MHC-II+), and TAMs (CD45+CD11b+F4/ 

80+) were isolated from KPC or B16-OVA tumors using a FACSAria Fusion cell sorter (BD Biosciences, #656700). Sorted CAFs 

and macrophages were seeded in 96-well plates at 2 × 103 cells per well for OT-I co-culture experiments or 1 × 104 cells per 

well for OT-II co-culture experiments in RPMI-1640 medium supplemented with 10% FBS.

For antigen loading, sorted CAFs and macrophages were incubated for 1 h with OVA 257–264 peptide (1 μg/mL) or OVA 323–339 

peptide (2 μg/mL). Following Ag loading, cells were washed to remove unbound peptides before co-culture with OT-I CD8+ T-cells or 

OT-II CD4+ T-cells, respectively.

OT-I CD8+ T-cells and OT-II CD4+ T-cells were isolated from the spleens of 8–10-week-old OT-I and OT-II transgenic mice, respec

tively. Following red blood cell lysis using ACK lysis buffer, OT-I CD8+ T-cells were purified using CD8+ MicroBeads (Miltenyi Biotec, 

#130-116-478), whereas OT-II CD4+ T-cells were purified using CD4+ MicroBeads (Miltenyi Biotec, #130-116-475), according to the 

manufacturer’s instructions.

Purified OT-I CD8+ T-cells or OT-II CD4+ T-cells were added at 5 × 104 cells per well to peptide-pulsed CAFs or macrophages and 

co-cultured overnight in complete RPMI-1640 medium supplemented with 10% FBS, 1× antibiotic-antimycotic solution, 1% sodium 

pyruvate, 1% non-essential amino acids, and 55 μM β-mercaptoethanol. BD GolgiStop Protein Transport Inhibitor was added during 

the final 4 h of co-culture to facilitate intracellular cytokine accumulation. Cells were then harvested and analyzed by flow cytometry 

for the expression of CD69 and intracellular IFN-γ.
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Preparation of splenic dendritic cells and bone marrow-derived dendritic cells

For the isolation of splenic dendritic cells (DCs), splenocytes were prepared by mechanical dissociation of spleen tissues, followed by 

red blood cell lysis. Splenocytes were washed and resuspended in magnetic separation buffer. CD11c+ DCs were isolated using 

CD11c MicroBeads UltraPure, mouse (Miltenyi Biotec, #130-125-835), according to the manufacturer’s instructions. Briefly, spleno

cytes were incubated with anti-CD11c magnetic microbeads and subjected to magnetic separation using a MACS separation sys

tem. Positively selected CD11c+ cells were collected, washed, and used for subsequent experiments.

For the generation of bone marrow-derived dendritic cells (BMDCs), bone marrow cells were isolated from the femurs and tibiae by 

flushing the marrow cavities with culture medium, followed by red blood cell lysis. Bone marrow cells were cultured in complete 

RPMI-1640 medium supplemented with recombinant murine GM-CSF (20 ng/mL; R&D Systems, #415-ML) and recombinant murine 

IL-4 (10 ng/mL; PeproTech, #214-14). Cells were cultured for 7 days, with half of the culture medium replaced every 2 days with fresh 

cytokine-containing medium. At the end of the differentiation period, non-adherent and loosely adherent cells were collected and 

used as BMDCs.

In vitro stimulation of antigen-specific T-cells

To expand antigen-specific T-cells in vitro, splenocytes were seeded at 5 × 106 cells per well in 12-well plates and cultured in RPMI- 

1640 medium supplemented with 10% FBS, 50 μM β-mercaptoethanol, 10 mM HEPES, 1% antibiotic-antimycotic solution, and non- 

essential amino acids.

For the B16-OVA model, splenocytes were stimulated with either OVA 257–264 peptide (1 μg/mL; Sigma-Aldrich, #S7951) or OVA 

323–339 peptide (2 μg/mL; Sigma-Aldrich, #O1641) in the presence of recombinant murine IL-7 (20 ng/mL; PeproTech, #AF-200-07). 

After 3 days of culture, the medium was replaced with fresh medium containing IL-7 (20 ng/mL) and IL-2 (20 U/mL; CLINIGEN, 

#076100031), and the cells were cultured for an additional 2 days. On day 5, expanded in vitro-stimulated (IVS) T-cells were harvested 

and used for mouse IFN-γ ELISPOT assays.

For the PANC02-Luc model, splenocytes isolated from PANC02-Luc tumor-bearing mice were co-cultured with splenic DCs 

pulsed with PANC02-Luc tumor cell lysate (100 μg/mL). Cells were cultured in the presence of recombinant IL-7 (20 ng/mL) and re

combinant murine IL-15 (10 ng/mL; PeproTech, #210-15). After 3 days of culture, the medium was replaced with fresh medium con

taining IL-7 (20 ng/mL) and IL-2 (20 U/mL), and the cells were cultured for an additional 2 days. Expanded IVS T-cells were harvested 

on day 5 and used for mouse IFN-γ ELISPOT assays.

Measurement of IFN-γ secretion by ELISPOT assay

Antigen-specific T cell responses were evaluated using a mouse IFN-γ ELISPOT assay. Depending on the experiment, either the 

Mabtech Mouse IFN-γ ELISPOT kit (#3321-2H) or the R&D Systems Mouse IFN-γ ELISPOT kit (#XEL485) was used according to 

the manufacturer’s instructions. Briefly, 96-well PVDF plates were prepared with anti-Mouse IFN-γ capture antibody and blocked 

with RPMI-1640 medium containing 10% FBS for 30 min at room temperature. For ELISPOT restimulation, DCs were cultured in com

plete RPMI-1640 medium and stimulated overnight with lipopolysaccharide (LPS; 100 ng/mL; Sigma-Aldrich, #L2630) in the pres

ence of the indicated antigen. For the B16-OVA model, DCs were loaded with either OVA 257–264 peptide (1 μg/mL) or OVA 

323–339 peptide (2 μg/mL). For the PANC02-Luc and KPC-Luc models, DCs were loaded with the indicated tumor cell lysate 

(100 μg/mL). IVS cells or draining lymph node cells were co-cultured overnight with antigen-loaded DCs or no-antigen control 

DCs at an effector cell-to-DC ratio of 5:1 at 37◦C in a humidified CO2 incubator. After incubation, the plates were washed and incu

bated with biotinylated anti-Mouse IFN-γ detection antibody for 2 h at room temperature. Following washing, the plates were incu

bated with streptavidin-HRP for 1 h at room temperature. Spots were developed using the substrate provided with each kit, rinsed 

with distilled water, and air-dried. Spot-forming units (SFUs) were enumerated using an automated ELISPOT reader (ImmunoSpot 

S5UV; Cellular Technology Limited).

Preparation of bone marrow-derived macrophages (BMDMs)

Bone marrow cells were isolated from the femurs and tibiae by flushing the marrow cavities with culture medium. Erythrocytes were 

removed using ACK lysis buffer. Cells were cultured at a density of 3.5 × 106 cells/mL in DMEM supplemented with 10% FBS, 100 U/ 

mL penicillin, 100 μg/mL streptomycin, and recombinant murine M-CSF (20 ng/mL; PeproTech, #315-02). After 5 days of culture, 

fresh M-CSF-containing medium was added, and the cells were cultured for an additional 2 days. On day 7, non-adherent cells 

were removed by washing with PBS, and adherent BMDMs were gently detached using a cell scraper and harvested for subsequent 

co-culture experiments.

CAF and macrophage mono- and co-culture assays

For CAF–macrophage co-culture assays, total CAFs (CD45− EpCAM− CD31− PDPN+) and total TAMs (CD45+CD11b+F4/80+) were 

isolated from KPC tumors using a FACSAria Fusion cell sorter. CAFs were co-cultured with either BMDMs or TAMs at a 1:1 ratio 

and treated for 24 h with recombinant murine IFN-γ (10 ng/mL; PeproTech, #315-05), FEBP-sTβRII (10 μg/mL), and/or recombinant 

murine TGF-β1 (5 ng/mL; PeproTech), as indicated. Following treatment, cells were harvested and analyzed by flow cytometry to 

assess phenotypic changes in CAFs and macrophages.
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Flow cytometry-based assay to assess binding of FEBP-sTβRII to FN-EDB in vitro

For the binding of FEBP-sTβRII to FN-EDB in vitro, one million cells were stained with Viability Dye 780 (BioGems) to exclude dead 

cells, followed by intracellular staining with FEBP-sTβRII, mutFEBP-sTβRII, sTβRII, and control, each prepared at a 1:100 dilution or 

with serial dilutions. In the case of KP-PSAF-wild-type and ΔEDB (Fn1-EDB KO) cells, intracellular staining was performed using the 

eBioscience Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher Scientific) in the dark at room temperature for 30 min. 

After staining, cells were washed, resuspended, and incubated with Ax647-conjugated goat anti-Human IgG (Thermo Fisher Scien

tific, #A21445) in the dark at room temperature for 30 min. Following incubation, cells were washed again and analyzed by flow 

cytometry.

Measurement of FEBP-sTβRII binding by ELISA

To determine whether FEBP-sTβRII formats bind to plate-bound TGF-β1, 96-well plates (Corning, #2592) were coated with 500 ng/ 

mL recombinant human TGF-β1 (PeproTech) in PBS and incubated overnight at 4◦C. The following day, the plates were washed and 

blocked with 1% bovine serum albumin (BSA) (TOCRIS, #5217) in PBS at room temperature for 2 h. After washing three times, serial 

1:2 dilutions of FEBP-sTβRII formats starting from 200 ng/mL were incubated at room temperature for 2 h. Subsequently, 200 ng/mL 

human TβRII Biotinylated Antibody (R&D Systems, #BAF241) was added to the plate and incubated at room temperature for 1 h. The 

plates were further washed and incubated with streptavidin-HRP (R&D Systems, #DY998) at room temperature for 20 min. After 

washing, TMB substrate (R&D Systems, #DY999) was added, and the reaction was stopped with 2N H2SO4 (SAMCHUN, #7664- 

93-9). To assess whether FEBP-sTβRII formats bind to plate-bound FN-EDB, 96-well plates (Corning) were coated with 3 μg/mL 

of FN-EDB-Fc in PBS and incubated overnight at 4◦C. Plates were washed three times with PBS containing 0.05% Tween 20 and 

blocked with 1% BSA (TOCRIS) in PBS for 2 h at room temperature. After discarding the blocking solution, serial 1:2 dilutions of 

FEBP-sTβRII were added in duplicate and incubated at 37◦C for 2 h. Subsequently, 200 ng/mL of human TβRII biotinylated antibody 

(R&D Systems) was added and incubated for 1 h at room temperature. After further washing, plates were incubated with streptavidin- 

HRP (R&D Systems) for 20 min at room temperature. The reaction was developed with TMB substrate and stopped with 2N H2SO4. 

To evaluate simultaneous binding to FN-EDB and TGF-β1 in vitro, 96-well ELISA plates (Corning) were coated with 3 μg/mL FN-EDB- 

Fc in PBS and incubated for 24 h at 4◦C. Plates were washed three times with PBS containing 0.05% Tween 20 and blocked with 1% 

BSA (TOCRIS) in PBS for 2 h at room temperature. Serial 1:4 to 1:8 dilutions of FEBP-sTβRII formats, sTβRII, and control were added 

and incubated at 37◦C for 2 h. After washing, plates were incubated with 0.5 μg/mL biotinylated TGF-β1 (R&D Systems, #NFTG0) for 

2 h at room temperature. Plates were washed again and incubated with HRP-conjugated streptavidin (Thermo Fisher Scientific, 

#21130, 1:10,000 dilution in PBS) for 1 h at room temperature. After washing four times, 100 μL of TMB substrate (R&D Systems) 

was added to each well, and the reaction was terminated with 2N H2SO4. Absorbance in all assays was measured at 450 nm using 

a microplate reader (Infinite M Plex, TECAN).

TGF-β/SMAD luciferase reporter assay

Cells were transfected with the pGL4.17-CAGA12-Luc vector using PEI (Polyethylenimine, Sigma-Aldrich, #408727). Stably trans

fected cells were selected by treatment with Geneticin Solution (WELGENE, #LS205-01) at a concentration of 500 μg/mL. The cells 

carrying the CAGA12-Luc reporter were plated in 48-well plates (SPL Life Sciences, #30048) at a density of 3 × 104 cells per well and 

incubated overnight at 37◦C in a humidified 5% CO2 atmosphere. Cells were pre-incubated with the FEBP-sTβRII construct or serial 

dilutions of sTβRII for 30 min, followed by treatment with TGF-β1 (PeproTech; 5 ng/mL) for 12 h. To prepare the samples for luciferase 

measurement, cell suspensions in 100 μL of PBS were prepared and mixed with 100 μL of 150 μg/mL Luciferase assay reagent 

(VivoGlo Luciferin, Promega, #P1043) and plates were incubated for at least 5 min at room temperature. Luminescence was 

measured using a microplate reader (TECAN). RLU, relative unit of normalized firefly luciferase activity to Renilla luciferase activity.

Lentivirus production and transduction

Lentiviruses were produced by cotransfecting HEK293T cells with lenti plasmids expressing Luciferase, the packaging plasmid 

psPAX2 (Addgene #12260) and the envelope plasmidpMD2G (Addgene #12259), in a ratio of 4:3:1, respectively. Transfection me

dium was removed 24 h after transfection and fresh medium was added to the plate. Virus-containing medium was collected at 

48 h and concentrated using Lenti-X Concentrator (TaKaRa, #631232). PANC02, PKCY, and 4T-1 were seeded 24 h prior to infection 

and then transduced with virus-containing supernatant supplemented with 8 μg/mL polybrene (Millipore) as shown previously.79

In vivo bioluminescence and imaging

An IVIS Spectrum optical scanner (PerkinElmer) was used to acquire the bioluminescence images at 10 min after intraperitoneal in

jection of D-luciferin (PerkinElmer) in PBS (15 mg/mL) into the animals (10 μL/g body weight). Exposure time was 5 min for the biolu

minescence imaging. The imaging system was also used to track Fc fusion protein distribution.

In vivo biodistribution analysis

To investigate the biodistribution, isotype control Fc, sTβRII, and FEBP-sTβRII were labeled with Cy5 dye (Abcam, #ab146456). The 

Cy5 in DMSO was added to the protein dissolved in sodium bicarbonate buffer using a molar ratio 15:1 of Dye NHS ester-to-protein. 

The conjugation reactions were performed at room temperature for 1 h with mild stirring. The conjugates were purified chromato

graphically using a gel filtration column and a phosphate buffer as eluent. The Cy5 conjugated products were concentrated and 
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the buffer exchanged with PBS. An orthotopic 4T-1-Luc-LMT-2 tumor: in vivo fluorescence imaging (PerkinElmer) was performed to 

track Fc fusion protein distribution. On day 0, 7 days after tumor implantation, orthotopic 4T-1-Luc-LMT-2 tumor-bearing BALB/c 

mice were subcutaneously treated with Cy5-conjugated mouse IgG1 or human IgG4 control, sTβRII, or FEBP-sTβRII at 10 mg/kg. 

At 6 days post-injection, mice were sacrificed and a) ex vivo Cy5 fluorescence images of tumor as well as organs (brain, heart, 

lung, liver, bone, spleen, kidney, small (S) intestine, and muscle) were measured. b) Quantification of Cy5-radiance efficiency of tumor 

as well as organs, with autofluorescence and dye-related artifacts excluded. For Cy5-free detection of construct localization, a sepa

rate cohort bearing orthotopic 4T-1-Luc-LMT-2 tumors was intravenously dosed on day 0 with non-labeled mFc sTβRII or FEBP- 

sTβRII (10 mg/kg). At 6 h post-dose, mice were euthanized and transcardially perfused with ice-cold PBS to remove intravascular 

signal. Tumors and organs (brain, bone, heart, kidney, liver, lung, skeletal muscle, small intestine) were fixed in 4% paraformaldehyde 

(2 h, 4◦C), cryoprotected in 30% sucrose (overnight), embedded in OCT, and sectioned at 8–10 μm. Cell nuclei were stained with 2 μM 

DAPI, and tissue-bound constructs were detected using Alexa Fluor 647 goat anti-Mouse IgG (Cell Signaling Technology). Also, mice 

bearing orthotopic KPC-Luc tumors implanted on day − 16 were intravenously treated with sTβRII, FEBP-sTβRII, or mutFEBP-sTβRII 

at 15 mg/kg, a dose selected based on the efficacy study. Tumors and normal organs were harvested 6 h after injection and subjected 

to histological analysis. Whole-section images were acquired on Axio scan Z1 slide scanner (Zeiss) under identical exposure and 

processing settings across groups. Biodistribution measurements obtained from multiple tissues of the same mouse were treated 

as repeated observations. Data were analyzed by two-way repeated-measures ANOVA with treatment as the between-subject factor 

and tissue as the within-subject factor, followed by �Sidák-adjusted comparisons between FEBP-sTβRII and sTβRII within each tissue.

In vivo time-course analysis for tissue retention

Mice were orthotopically implanted with PANC02-Luc cells and on day 20, after tumor establishment was confirmed by IVIS-based 

bioluminescence imaging, mice with comparable tumor burden were randomized to receive a single intravenous injection of sTβRII or 

FEBP-sTβRII (30 mg/kg). At 3, 72, and 144 h post-injection, mice were euthanized and transcardially perfused with ice-cold PBS to 

remove intravascular signal, and major normal organs and tumor tissues were collected. Tissues were homogenized using a 

TissueLyser III (Qiagen), followed by protein extraction with T-PER buffer (Thermo Fisher Scientific, #78510) containing protease in

hibitor cocktail (Roche, #11836153001). Extracted lysates were stored at − 80◦C until further analysis. To quantify sTβRII or FEBP- 

sTβRII in tissue lysates, 96-well plates were coated with 500 ng/mL recombinant human TGF-β1 (PeproTech) overnight at 4◦C. Plates 

were washed with PBST and blocked with blocking/diluent buffer consisting of PBS containing 3% BSA and 0.05% Tween 20 for 2 h 

at room temperature. After washing, diluted tissue lysates were added and incubated for 2 h at room temperature. Following addi

tional washes, HRP-conjugated goat anti-IgG Fcγ antibody (Jackson ImmunoResearch, #109-035-008) was added and incubated for 

1 h at room temperature. After washing, colorimetric reactions were developed using TMB substrate (R&D Systems) and terminated 

with sulfuric acid. Absorbance was measured using an Infinite 200 Pro plate reader (Tecan), and construct concentrations were 

calculated by interpolation from standard curves using GraphPad Prism software. After correction for dilution factors, calculated con

centrations were normalized to tissue weight and expressed as ng/mg tissue. To compare tissue retention kinetics across organs 

with different initial exposure levels, concentrations at 72 and 144 h were normalized to the corresponding 3-h concentration for 

each tissue.

Depletion of immune-cell populations and IFN-γ neutralization

Control and FEBP-sTβRII were administered every 5 days for a total of nine doses, starting on day 7, in the PANC02-Luc orthotopic 

tumor model. For immune-cell depletion, mice received intraperitoneal injections of anti-CD4 antibody (clone YTS191; 150 μg) or 

anti-CD8 antibody (clone 53-6.7; 150 μg) 1 day before the first dose of FEBP-sTβRII (20 mg/kg), followed by additional injections every 

5 days for a total of six doses. For IFN-γ neutralization, mice received intraperitoneal injections of anti-IFN-γ antibody (clone XMG1.2; 

500 μg) 1 day before the first dose of FEBP-sTβRII, followed by additional injections every 5 days for a total of six doses. All antibodies 

were purchased from Bio X Cell.

Tumor progression was monitored on days 5, 13, 20, 34, and 48 using in vivo bioluminescence imaging with the IVIS Lumina system 

(PerkinElmer). A separate cohort of C57BL/6J mice (n = 5 per group) received PBS, anti-CD4, anti-CD8, or anti-IFN-γ antibodies on 

days 6, 11, and 16. CD4+ and CD8+ T cell depletion was verified by flow cytometric analysis of peripheral blood collected by retro- 

orbital bleeding, and IFN-γ neutralization was assessed by measuring serum IFN-γ levels, 3 days after the final antibody injection.

Tumor tissue TGF-β1 measurement

Levels of TGF-β1 in tumor tissues were measured using the Mouse TGF-β1 DuoSet ELISA kit (R&D Systems, #DY1679) according to 

the manufacturer’s instructions, with modifications in sample preparation. Briefly, 96-well ELISA plates were coated with 2 μg/well of 

mouse TGF-β1 capture antibody in PBS and incubated overnight at 4◦C. After washing and blocking with TBST for 1 h at room tem

perature, tumor lysates (50 μg/mL) and standards, diluted in 1.4% Reagent Diluent Concentrate 1 (R&D Systems, #DY997) with 

PBST, were added without acid activation and incubated for 2 h at room temperature. Subsequent steps, including incubation 

with biotinylated detection antibody, Streptavidin-HRP, and signal development with TMB substrate (R&D Systems), were performed 

according to the manufacturer’s protocol. Absorbance was measured at 450 nm using an Infinite M Plex reader (TECAN).
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Immunohistochemistry analysis

Tissues were fixed for 24 h in 4% PFA and stored in 70% ethanol until further processing. Five-micrometer sections of formalin-fixed, 

paraffin-embedded tissues were deparaffinized with xylene, rehydrated, and subjected to antigen retrieval with heated antigen un

masking solution (1.0 mM EDTA, 0.05% Tween 20, pH 8.0). After 1 h in horse serum blocking buffer, primary antibodies were applied 

for 3 h at room temperature or overnight at 4◦C. Anti-phospho-SMAD2/3 (S465/467 and S423/425, 1:100, Invitrogen, #PA5-110155), 

anti-CD8a (1:50, Invitrogen, #14-0808-82), Anti-CD31 (1:200, EPR17259, abcam, #ab182981), anti-HLA-Pan (1:200, 

NeoBiotechnologies, #MSM2-3475) and Anti-H2-Ab1 (1:250, Abclonal, #A24650) were used. Detection was carried out with anti- 

Mouse, anti-rabbit, or anti-Rat secondary antibodies conjugated to biotin (VECTASTAIN Elite ABC-HRP Kit), and visualized using 

DAB substrate (Splink HRP Rabbit DAB Detection kit). Images were acquired with an Axio scan Z1 slide scanner (Zeiss). Quantitative 

analyses were performed using QuPath74 software (v0.7.0). Cells were segmented using InstanSeg80 and classified with a Random 

Trees object classifier as described above. The proportion of positive cells was expressed relative to the total number of segmented 

cells. Digital Histoscore for H2-Ab1 and pan-HLA expression was determined using positive cell detection, with predefined DAB in

tensity thresholds for 1+/2+/3+ classes applied uniformly across all samples (Σ intensity level [1–3] × percentage of cells in that class; 

range 0–300).

ROI definitions for tumor-edge and tumor-interior analyses

Because immune-excluded tumors exhibit marked spatial heterogeneity, tumor-edge and tumor-interior regions were quantified 

separately for all α-SMA, CD8, and p-SMAD2/3 analyses. Tumor-edge ROIs were defined as viable tumor regions located within 

approximately 0–400 μm of the invasive tumor boundary, stromal capsule, tumor–stroma interface, or outer desmoplastic margin. 

Tumor-interior ROIs were defined as viable tumor regions located more than 400 μm from the tumor boundary and spatially separated 

from the invasive margin. Necrotic areas, hemorrhagic regions, large vessels, tissue folds, cautery artifacts, and poorly preserved 

tissue areas were excluded from the analysis. For each tumor, at least three non-overlapping tumor-edge ROIs and three non-over

lapping tumor-inside ROIs were analyzed. When tumor size allowed, ≥3 ROIs per region were quantified. ROI size was kept constant 

within each staining experiment and magnification. The same tumor ROI definitions were also applied to quantification of CD31, HLA- 

Pan, and H2-Ab1 staining, where indicated. Quantification was performed by an investigator blinded to the treatment group when

ever possible.

Immunofluorescence staining for tissues and cells

Tissues were frozen in OCT medium (Sakura Finetek) and cut into 10-μm sections. Tumor sections were fixed and stained with 

antibodies and mounted with Vectashield anti-fade mounting media (Vector Laboratories). Rat anti-CD8a (1:100, Invitrogen, #14- 

0808-82), rabbit anti-hCD8a (1:100, Abcam, #ab316778) and rabbit anti-α-SMA (1:300, Abcam, #ab7817) were used. The secondary 

antibodies were produced in either donkey or goat and targeted against mouse and rabbit (Cell Signaling Technology), and human 

(Invitrogen) with conjugation to Alexa Fluor 488, 555 or 647. To detect FEBP-sTβRII formats on tumor, tissue sections were stained 

using a secondary antibody specific to the appropriate species. KP-PSAFs were washed in PBS and fixed in 3% paraformaldehyde 

for 5 min. Cells were permeabilized with PBS containing 0.25% Triton X-100 (Sigma-Aldrich, #T8787) for 10 min. After washing 3 

times with PBS to remove the permeabilization buffer, cells were blocked with 1% BSA (TOCRIS) in PBST (0.01% Triton X-100) 

for 1 h. Anti-fibronectin (Abcam, #ab2413) was used at a 1:100 dilution as the primary antibody and incubated at 4◦C overnight. 

As the secondary antibody, Alexa Fluor 488 Goat anti-Rabbit IgG (Cell Signaling Technology, #4408S) was used and it was treated 

at room temperature for 1 h. Cell nuclei were stained with 2 μM DAPI. In the case of FEBP-sTβRII (200 μg/mL), Alexa Fluor 647 Goat 

anti-Human IgG (Invitrogen, #A21445) was used at a 1:100 dilution. Images were acquired with an Axio scan Z1 slide scanner (Zeiss) 

or LSM800 confocal microscope (Zeiss). QuPath software (v0.7.0) was used for quantitative image analysis.74 Cells were segmented 

using InstanSeg81 implemented through the Deep Java Library extension with a PyTorch82 backend. CD8+ cells were identified using 

a Random Trees object classifier trained on representative annotated cells and applied uniformly across all images. The proportion of 

CD8+ cells was calculated as the percentage of CD8+ cells among total segmented cells. Spatial density maps were generated from 

CD8+ cell centroids by calculating summed cell counts within a 200 μm radius and visualized using a jet colormap. α-SMA+ area was 

quantified using a pixel classifier trained on the α-SMA channel and applied uniformly across all samples, and expressed as the per

centage positive area of annotated tissue. For each mouse tumor, at least three ROIs from the tumor edge and inside regions were 

analyzed, and the averaged value was used as a single biological replicate for statistical analysis. CD8+ cells were quantified as the 

percentage of total cells, whereas α-SMA was quantified as the percentage of ROI area.

The primary and secondary antibodies used in immunofluorescence and immunohistochemistry are listed in the key 

resources table.

Quantitative PCR with reverse transcription

Total RNA from tissues or cells was extracted with Hybrid-R (GeneAll, #305-101). Isolated RNA was quantified using NanoDrop 8000 

Spectrophotometer (Thermo Fisher Scientific). To synthesize cDNA, reverse transcription was performed using the PrimeScript RT 

Master Mix (TaKaRa, #RR036A) with 50 ng/μL of isolated RNA. Gene expression levels of EDB_Ex24-25 (Mm.PT.58.5160215) were 

quantified by qPCR using TaqMan probes and Gene Expression Master Mix (Applied Biosystems, #4369016), with expression levels 

normalized to the housekeeping gene 18S rRNA (Hs.PT.39a.22214856.g). qPCR for antigen-presentation-related genes was per

formed using the iTaq Universal SYBR Green Supermix (Bio-Rad, #1725121) according to the manufacturer’s protocol, and relative 
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expression was normalized to Actb (β-actin) or Gapdh. All qPCR reactions were run on a QuantStudio 5 Real-Time PCR System 

(Applied Biosystems). Relative gene expression was calculated using the 2− ΔΔCt method, and all primers used in this study are listed 

in Table S1J. Statistical analyses were performed on log2-transformed data using two-sided Welch’s t-tests with Holm–�Sidák adjust

ment for multiple comparisons.

Bulk RNA-seq library preparation and data processing

Tumors and matched peripheral whole blood were collected from PANC02-Luc tumor-bearing mice treated with control, sTβRII, or 

FEBP-sTβRII. The source therapeutic cohort contained n = 10 mice per group for sample collection, and n = 3 representative biolog

ical replicates per group were sequenced for the primary tumor/PWB RNA-seq analysis unless otherwise indicated. Tumors were 

harvested at day 35, snap-frozen or stabilized in RNA-preserving reagent, and homogenized. Peripheral whole blood was collected 

into RNA-stabilizing or anticoagulant-containing tubes and processed for total RNA extraction. For KPC validation RNA-seq, tumors 

from control, sTβRII, and FEBP-sTβRII-treated mice were collected at day 20. n = 3 biological replicates per group were sequenced.

Total RNA from tumors was extracted using Hybrid-R (GeneAll #305-101). PWB RNA was purified with the RiboPure RNA Purifi

cation Kit, blood (Invitrogen #AM1928). Libraries were prepared with the TruSeq Stranded Total RNA kit with Ribo-Zero H/M/R (Illu

mina) and sequenced as paired-end 2 × 151 bp on a NovaSeq 6000 after qPCR QC. Reads with mean base quality ≥ Q20 were 

aligned to the Mus musculus reference GRCm38 (Ensembl Release 99) using STAR v2.4.0b.56 Gene-level counts were generated 

with RSEM v1.3.1.57 Protein-coding genes with TPM ≥0.5 in at least one condition were retained.

Differential expression and pathway analysis of bulk RNA-seq data

Differential expression analysis was performed using DESeq2 (v1.44).58 For the PANC02 orthotopic model, genes with p < 0.01 and 

|fold change (FC)| ≥ 1.5 in the sTβRII versus control and FEBP-sTβRII versus control comparisons were considered differentially ex

pressed. Based on their expression patterns, DEGs were classified into three groups: sTβRII & FEBP-sTβRII common genes (altered 

in both comparisons), greater-altered in FEBP-sTβRII genes (common genes with |FC| ≥ 1.5 in sTβRII versus control and additional 

changes in FEBP-sTβRII versus sTβRII with |FC| ≥ 1.25), and FEBP-sTβRII-specific genes (identified only in the FEBP-sTβRII versus 

control comparison). Candidate genes were further selected based on Z-score-normalized expression patterns.

For the KPC orthotopic model, DEGs were identified using an adjusted p-value (Padj) < 0.01 and |FC| > 2. Because transcriptional 

differences between control and sTβRII-treated tumors were limited, DEGs were classified into two categories: FEBP-sTβRII-specific 

genes (1), which were differentially expressed in both FEBP-sTβRII versus control and FEBP-sTβRII versus sTβRII comparisons, and 

greater-altered genes (2), which were identified only in the FEBP-sTβRII versus control comparison.

For PWB, DEGs were identified in the sTβRII versus control and FEBP-sTβRII versus sTβRII comparisons using a stringent cutoff 

(p < 0.01 and |FC| ≥ 1.5). To capture subtle peripheral transcriptional responses, an exploratory analysis was additionally performed 

using a mild cutoff (p < 0.05 and |FC| ≥ 1.25), followed by filtering based on Z-score-normalized expression patterns. Expression 

patterns were visualized as hierarchical heatmaps in MeV (Manhattan correlation; complete linkage).59

Gene Ontology enrichment analysis was performed using DAVID (EASE <0.05). Differentially expressed genes from tumor tissues 

and PWB are provided in Table S1. Gene set enrichment analysis (GSEA, v4.4.4) was performed by comparing FEBP-sTβRII-treated 

tumors with the remaining groups (control and sTβRII) or sTβRII-treated tumors with the remaining groups (control and FEBP-sTβRII). 

See also Table S1.

Single-cell RNA-seq preprocessing, integration, and clustering

Fresh tumors were minced and enzymatically dissociated under RNase-free conditions, filtered to remove debris and doublets, and 

red blood cells were lysed. scRNA-seq libraries were subsequently generated following the manufacturer’s protocol (10× Geno

mics), which includes reverse transcription, cDNA amplification, and library construction using the Chromium GEM-X Single Cell 

3′ Kit v4 (10× Genomics, PN1000691). The quality and size distribution of the resulting cDNA and final libraries were assessed, 

and concentrations were quantified. Libraries were sequenced on a NovaSeq 6000 platform (Illumina) using a paired-end configu

ration, with read lengths structured to capture the cell barcode, Unique Molecular Identifier (UMI), and the transcript sequence. 

Raw fastqs were processed with CellRanger (v9.0.1)83 against GRCm38 (Ensembl Release 99) to produce gene–barcode matrices. 

To reduce ambient RNA, matrices were denoised with CellBender remove-background (v0.3.2)65 using dataset-specific expected- 

cell settings. Putative doublets were identified with Scrublet (v0.2.3)66 and excluded according to dataset-specific thresholds inferred 

from simulated distributions. Analyses were performed in Scanpy (v1.10.4)67 using the AnnData framework. Cells were filtered ac

cording to standard quality-control criteria: those with fewer than 200 or more than 7,000 detected genes were excluded to remove 

low-complexity barcodes and potential multiplets; cells with fewer than 1,000 total UMI counts were discarded as low-quality. In 

addition, cells in which more than 20% of transcripts mapped to mitochondrial genes were removed to avoid artifacts derived 

from stressed or dying cells. Count matrices were library-size normalized to a target depth of 10,000 UMIs per cell and log-trans

formed. Highly variable genes (HVGs) were identified using a batch-aware procedure (batch_key = ’Sample’); all other parameters 

were left at defaults. Across the combined dataset, 5,000 HVGs were retained for downstream analyses. Expression matrices 

were scaled prior to PCA, for which 50 components were retained. To account for batch effects across libraries, a batch-balanced 

k-nearest neighbor graph was constructed using BBKNN (v1.6.0).68 Clustering was performed on the corrected neighbor graph using 

the Leiden algorithm with a resolution parameter tuned empirically for biological separability and cluster stability. For visualization, 

two-dimensional embeddings were generated with UMAP (min_dist = 0.5).
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Cell type annotation and pseudobulk expression analysis

Ten major lineages: T-cells, B-cells, NK-cells, macrophages/monocytes (Macro/Mono), dendritic cells (DC), myeloid-derived sup

pressor cells (MDSC), cancer-associated fibroblasts (CAFs), epithelial cells (Epi), endothelial cells (EC), and red blood cells (RBC) 

were annotated using curated markers and cluster-specific differential expression. Each lineage was then re-embedded for sub- 

clustering. For lineage-level comparisons, pseudobulk expression profiles were generated by summing raw counts of cells grouped 

by sample and cell type. Aggregated matrices were library-size normalized and scaled to per-gene z-scores for visualization and 

comparative analyses across lineages.

scRNA-seq differential expression and functional enrichment

Differential expression within T-cells was assessed using the rank_genes_groups function in Scanpy (Wilcoxon rank-sum test, 

Benjamini-Hochberg FDR correction; default). Genes with FDR <0.01 and |log2FC| ≥ 0.5 were defined as DEGs. For downstream 

GO enrichment, up- and down-regulated DEGs were submitted to DAVID. GO terms with an EASE score <0.05 were considered 

significantly enriched. See also Table S2.

Cell–cell communication analysis

Ligand–receptor interactions were inferred using the CellPhoneDB method within the LIANA framework (v1.5.1).69 The analysis was 

performed on a normalized expression matrix with curated cell-type annotations. Interactions with a permutation-based p < 0.05 and 

mean expression >0 in both interacting cell types were considered significant and retained for downstream analysis.

Significant interactions among major immune populations, CAF subtypes, and epithelial cells were categorized into TGF-β-direct 

inhibitory, immune-stimulatory, and compensatory/immune-inhibitory communication programs. Representative interactions and 

complete ligand–receptor pairs are provided in Table S2.

GTEx to TCGA comparison

GTEx and TCGA (normal and primary tumor only) total gene and transcript RNA-seq datasets were obtained from UCSC Xena 

(https://xena.ucsc.edu/)72 and were used for pan-normal and cancer analysis of whole FN1 mRNA expression and four FN1-EDB 

mRNA isoform expression.

Human immunotherapy cohorts

Publicly available transcriptomic datasets from patients treated with immune checkpoint blockade were used for cross-cohort vali

dation analyses. The metastatic pancreatic ductal adenocarcinoma (PDAC; n = 17) and microsatellite-stable colorectal cancer (MSS- 

CRC; n = 26) cohorts were obtained from GSE179351. Pretreatment samples included both pre-Tx and pre-xRT biopsies. Pre-xRT 

biopsies were collected after one cycle of ipilimumab (anti-CTLA-4) plus nivolumab (anti-PD-1) and prior to radiation therapy. The 

metastatic gastric cancer (mGC) cohort (Kim cohort; n = 45) consisted of patients treated with anti-PD-1 therapy, whereas the mel

anoma cohort (Gide cohort; n = 32) consisted of patients treated with combined anti-PD-1 and anti-CTLA-4 therapy. Processed 

expression matrices and clinical annotations for these cohorts were obtained from the Tumor Immune Dysfunction and Exclusion 

(TIDE) database (http://tide.dfci.harvard.edu/download/). For all cohorts, only pretreatment samples were included. GSVA scores 

were calculated using mouse-derived signatures after conversion to human orthologs, and their associations with each other and 

with clinical responses were evaluated across cohorts.

Signature generation and GSVA analysis

Cell type-specific signatures were derived from PANC02 scRNA-seq analyses and further refined based on concordant expression 

patterns observed in bulk RNA-seq datasets. The myoCAF signature (CLIC4, ACVR1, BMPR1A, LMO7, ITGB4, HS2ST1, ITGA6, 

FLNB, VDR, and FOXP1) represented TGF-β-driven myofibroblastic programs that were reduced following FEBP-sTβRII treatment. 

The CD8-Teff signature (CD8B, NKG7, GZMB, GZMK, CCL5, CCR5, and CD226), MHC-II+-Macro signature (CXCL9, FCGRT, LST1, 

DAP10, FPR1, CX3CR1, and MS4A7), and Dcn+-apCAF signature (HLA-DRA, CD74, HLA-DRB1, HLA-DPA1, HLA-DPB1, CD80, 

PDGFRA, ICOSL, CD40, SELK, IFNG, CIITA, and HLA-DQB1) comprised genes associated with cytotoxic effector T-cells, anti

gen-presenting inflammatory macrophages, and antigen-presenting CAFs with immune-interacting properties, respectively, and 

were enriched following FEBP-sTβRII treatment. Treatment-associated changes in each signature were confirmed by pseudobulk 

analyses within the corresponding cell populations. Mouse genes were converted to human orthologs, and GSVA scores62 were 

calculated using the GSVA package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analyses were performed using Prism software (v10.1.2; GraphPad). The experimental unit and statistical model were 

defined according to the corresponding experimental design. Comparisons between two independent groups were performed using 

two-tailed unpaired Student’s t-tests or unpaired Welch’s t-tests, as appropriate. For comparisons among multiple groups, one-way 

or two-way ANOVA followed by �Sidák’s or Tukey’s multiple comparisons test was used as appropriate.
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For experiments in which multiple measurements were obtained from the same mouse, repeated-measures ANOVA was used to 

account for within-subject dependence. For repeated-measures datasets for which a mixed-effects framework was appropriate, 

including those containing incomplete observations, mixed-effects analysis was used to account for within-subject dependence.

Where substantial heterogeneity of variance and/or mean-dependent variability was observed, square-root, log2, or log10 trans

formation was applied before statistical analysis, as indicated in the corresponding figure legends. For datasets showing substantial 

heterogeneity of variance, prespecified pairwise comparisons were performed using unpaired Welch’s t-tests followed by �Sidák 

adjustment for multiple comparisons. Multiple-comparison families were defined according to the prespecified biological compar

isons within each analysis.

Survival analyses were performed using the log-rank (Mantel–Cox) test, with Holm–�Sidák adjustment for multiple prespecified pair

wise comparisons where applicable. Spearman’s rank correlation coefficient was used to assess correlations. Data are presented as 

mean ± SD, as indicated. Statistical significance was defined as p < 0.05.

For bulk RNA-seq analysis, gene counts were quantified using RSEM (v1.3.1),57 and differential expression analysis was performed 

using DESeq2 (v1.44)58 with the Wald test. For single-cell RNA-seq analysis, raw FASTQ files were processed using CellRanger 

(v9.0.1),83 and differential gene expression analysis was performed using Scanpy (v1.10.4)67 with the sc.tl.rank_genes_groups func

tion and the Wilcoxon method. Ligand–receptor interactions were inferred using CellPhoneDB with permutation testing (1,000 

iterations).

For digital pathology, each biological replicate corresponded to one mouse tumor. Multiple ROIs from the same tumor were treated 

as technical fields and averaged to generate one biological replicate value per mouse before group-level statistical analysis, unless 

otherwise specified. For flow cytometry, each tumor or blood sample was treated as one biological replicate. For in vitro ELISA, re

porter, binding, and co-culture assays, biological and technical replicate numbers are specified in the figure legends or the STAR 

Methods subsections.
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