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A B S T R A C T   

Cancer-associated fibroblasts play a crucial role within the tumor microenvironment. However, a comprehensive 
characterization of CAF in colorectal cancer (CRC) is still missing. We combined scRNA-seq and spatial prote
omics to decipher fibroblast heterogeneity in healthy human colon and CRC at high resolution. Analyzing nearly 
23,000 fibroblasts, we identified 11 distinct clusters and verified them by spatial proteomics. Four clusters, 
consisting of myofibroblastic CAF (myCAF)-like, inflammatory CAF (iCAF)-like and proliferating fibroblasts as 
well as a novel cluster, which we named “T cell-inhibiting CAF” (TinCAF), were primarily found in CRC. This 
new cluster was characterized by the expression of immune-interacting receptors and ligands, including CD40 
and NECTIN2. Co-culture of CAF and T cells resulted in a reduction of the effector T cell compartment, impaired 
proliferation, and increased exhaustion. By blocking its receptor interaction, we demonstrated that NECTIN2 was 
the key driver of T cell inhibition. Analysis of clinical datasets showed that NECTIN2 expression is a poor 
prognostic factor in CRC and other tumors. 

In conclusion, we identified a new class of immuno-suppressive CAF with features rendering them a potential 
target for future immunotherapies.   

1. Introduction 

Colorectal cancer (CRC) is among the most frequent and fatal can
cers, causing many cancer-related deaths. In 2020, it was the 3rd most 
common cancer, accounting for 10 % of the new diagnoses, while 
causing 9.4 % of all cancer-related deaths [1]. Although surgical 
resection and chemotherapy have proven effective in many cases, 
immunotherapy is a promising approach for high-risk patients that make 
up to 20 % of all cases in CRC. 

Detailed analysis of CRC has shown a heterogeneous tumor micro
environment with a distinctive population of fibroblasts [2]. Several 
aspects of tumor growth and progression have been associated with 
cancer-associated fibroblasts (CAF) [3,4]. It has been reported that CAF 
regulate the recruitment of inflammatory cells [5], and affect angio
genesis, tumor stemness and drug resistance [6,7]. Thus, CAF substan
tially contribute to cancer progression and are considered an essential 
target for therapy. 

Fibroblasts represent a highly plastic cell type with various functions 
and activation states [8]. Multiple markers have been used to discrim
inate them within the tumor microenvironment (TME), including 
α-smooth muscle actin, fibroblast-activated protein (FAP), S100A4 and 
platelet-derived growth factor α and β-receptor [9–11]. Various attempts 
have been made to eradicate fibroblasts in cancer to remove their 
tumor-promoting functions. Surprisingly, in pancreatic ductal adeno
carcinoma (PDAC) and CRC, ablation of fibroblasts either by genetic 
engineering in mouse models or immunotherapeutic targeting resulted 
in poorer outcomes and showed unfavorable effects [12–15]. The 
identification of functionally distinct subtypes of CAF in PDAC, such as 
myofibroblastic CAF (myCAF), inflammatory CAF (iCAF), and 
antigen-presenting (apCAF), offers possible explanations for these re
sults as not all subpopulations of CAF are equally pro-tumorigenic 
[15–18]. A better understanding of distinct fibroblast subpopulations 
offers the opportunity to specifically eradicate tumor-promoting CAF to 
improve the outcome of targeted tumor therapies [7]. 
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Despite advances in the characterization of CAF in PDAC [16–19], 
breast cancer [20,21], and lung cancer [22], a comprehensive analysis 
of colorectal CAF is still missing. So far, two principal CAF subtypes have 
been described [23,24] either expressing extracellular matrix (ECM) 
molecules and modulators (termed CAF-A) or resembling myofibro
blastic CAF (termed CAF-B) [24]. In addition, CRC CAF signatures have 
been correlated with poor prognosis [25]. However, as previous studies 
have focused on analyzing the overall cellular composition of CRC, 
extensive analysis of CAF subtypes was hampered by relatively low 
numbers of sequenced CAF, usually in the range of 30–800 cells [23,24]. 
Summarizing the available studies, it was demonstrated that CAF play a 
central role in CRC, yet, a comprehensive analysis of CAF heterogeneity 
is still missing. 

In this study, we performed an in-depth analysis of fibroblast het
erogeneity in human colon and CRC tissue samples by combining single- 
cell RNA sequencing (scRNA seq) and spatial proteomics. We identified 
11 distinct fibroblast clusters with different functional traits. Moreover, 
we show that four of the identified subtypes are cancer-associated and 
that those are preferentially found close to T cells in the TME rather than 
close to cancer cells. Finally, we demonstrate that one of these clusters, 
which we named TinCAF, represents a novel subtype which can suppress 
T cell proliferation and effector functionality while increasing exhaus
tion via NECTIN2 and CD40 signaling. Analyzing clinical datasets, we 
found that high expression of markers characteristic for TinCAF is 
associated with reduced relapse-free survival in CRC patients. Hence, 
this newly identified class of CAF might represent a potential target for 
future immunotherapies in CRC. 

2. Materials and methods 

2.1. Fibroblast isolation for single-cell sequencing 

Primary human CRC and normal tissue samples were collected at the 
University Medical Center Göttingen from CRC patients undergoing 
surgical resection of tumor masses (clinical characteristics are summa
rized in Supplementary Table 2). The tissue was stored in MACS Tissue 
Storage Solution before dissociation using the Tumor Dissociation Kit, 
human in combination with the gentleMACS™ Octo Dissociator with 
Heaters (all Miltenyi Biotec) according to the manufacturer’s in
structions. Fibroblasts from normal adjacent or cancer tissue were iso
lated by magnetic activated cell sorting (MACS)-based depletion of cells 
expressing GlyA, CD45, CD31 or EPCAM. Single-cell suspensions were 
labeled with respective MicroBeads and depleted via LS columns (all 
Miltenyi Biotec). The isolation procedure was performed according to 
the manufacturer’s instructions. Purity and yield were assessed by flow 
cytometric analysis using fluorochrome-conjugated antibodies against 
CD90, CD31, CD45, CD326, and GlyA on a MACSQuant Analyzer 16 (all 
Miltenyi Biotec). Isolated cells were immediately cryopreserved in 
MACS Freezing Solution (Miltenyi Biotec) and stored in liquid nitrogen 
until all samples were collected. 

For the library generation, cells were thawed at 37 ◦C in a water bath 
and immediately transferred to pre-warmed Colon TumorMACS™ 
(Miltenyi Biotec) supplemented with 8 % FBS (Catus Biotech) and 
centrifuged at 300 g for 5 min. After removing the supernatant, the cells 
were carefully washed two times with PBS (Ca2+- and Mg2+-free; Lonza) 
supplemented with 0.04 % BSA. The pellet was resuspended in PBS 
(Ca2+- and Mg2+-free; Lonza) supplemented with 0.04 % BSA again and 
counted using the Countess™ cell counter (Invitrogen). The cell con
centration was adjusted to 800–1000 cells/μL. 

2.2. Single-cell RNA sequencing 

To prepare the scRNA seq libraries, the Chromium Next GEM Single 
Cell 5′ Library and Gel Bead Kits v1.1 were used according to the man
ufacturer’s instructions (10× Genomics). The single-cell gel beads in 
emulsions (GEMs) were prepared on a Chromium Single-Cell Controller 

Instrument (10× Genomics), aiming to capture 10,000 cells per library. 
GEM generation was followed by reverse transcription, disruption of 
GEMs, and cDNA clean-up. Next, the cDNA was PCR-amplified, followed 
by sequencing the libraries with a NextSeq 550 High Output Kit v2.5 
(150 Cycles) on a NextSeq 550 platform (Illumina). 

2.3. scRNA seq clustering, cluster analysis and gene set enrichment 
analysis of cancer hallmarks 

By using CellRanger (version 6.1.2), the raw data were demulti
plexed, and the reads were mapped to the transcriptome. The resulting 
raw unique molecular identifier (UMI) count matrix was converted into 
a Seurat object by the R package Seurat (version 4.3.0) [26]. Single cells 
with <200 or >3500 genes, with >75,000 read counts, or with >12.5 % 
of reads mapping to mitochondrial RNA were excluded for each object 
individually. Next, using the merge function all Seurat objects were 
merged and integrated to generate one aggregated object. Cells were 
normalized and scaled (ScaleData). Dimensionality was assessed and the 
Principal Components (PCs) covering the highest variance in the 
aggregated dataset were chosen for the graph-based clustering. Clus
tering was performed using the FindNeighbors and FindClusters functions 
in Seurat. Clusters were visualized with the dimensional reduction 
method UMAP (Uniform Manifold Approximation and Projection) in 
Seurat. The remaining contaminating immune, epithelial, and neural 
cell clusters were identified based on marker genes in violin plots. The 
corresponding clusters were removed via the subset function, followed 
by scaling and clustering the remaining cells again. To identify differ
entially expressed genes, the FindAllMarkers function was used with 
default settings (Seurat version 4.3.0; Wilcoxon Rank Sum test; logfc. 
threshold = 0.25; min. pct = 0.1). Gene set enrichment analysis was 
performed using the R package fgsea (version 1.24.0). For this, all 
differentially expressed markers were passed to the function, and 
different lists of genes were analyzed. 

2.4. Spatial proteomic analysis 

Primary human CRC and normal adjacent tissues were collected at 
the University Medical Center Göttingen from patients undergoing sur
gical resection of tumor masses (see above). Tissue samples for MICS 
analysis were fixed in 4 % paraformaldehyde for 2 h, washed in 30 % 
sucrose solution overnight to prevent the formation of ice crystals during 
freezing, embedded in Tissue Freezing Medium (Leica) and snap-frozen 
and stored at − 70 ◦C until use. For proteomic analysis, 8 μm cryosections 
were cut on a CM3050 S cryostat (Leica), collected on SuperFrost® Plus 
slides (Menzel) and stored at − 70 ◦C. On the day of use, the sections 
were taken out of the − 70 ◦C storage and the MACSwell™ Four Imaging 
Frame was immediately mounted on the slide. The section was then 
washed with MACSima Running Buffer (Miltenyi Biotec), pre-stained 
with DAPI (Miltenyi Biotec), and transferred to the MACSima™ Imag
ing Platform (Miltenyi Biotec). The MACSima™ Imaging System com
bines liquid handling with widefield microscopy for fully automated 
cyclic immunofluorescence imaging. In brief, each staining cycle con
sisted of the immunofluorescent antibody staining, sample washing, 
image acquisition, and signal erasure (photobleaching in this case). 
Images were generated according to the manufacturer’s instructions and 
analyzed using MACSiQView software (version 1.1.0 Miltenyi Biotec). 
Details of the antibodies used can be found in the Supplementary 
Table 1. 

For assessment of fluorescence intensities, cell segmentation was 
done by choosing nuclear and cytoplasma segmentation in the software 
using constrained doughnut method. Fibroblasts were identified by 
exclusion of cells expressing non-fibroblast markers (see Supplementary 
Fig. 4B). Fluorescence intensities (“CellExp”) for the different markers 
expressed by fibroblasts were exported using the export function of the 
Feature Table. To define fibroblast populations dependent on distance to 
other cell populations, distance metrics were generated via the Workflow 
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Editor and fibroblasts were plotted against the distance metrics (see 
Supplementary Fig. 4D). “Close” and “distant” fibroblasts were then 
gated accordingly (Supplementary Fig. 4D) and the fluorescence in
tensities were exported as described above. 

2.5. Primary fibroblast culture 

Fibroblast cultures were generated from isolated fibroblasts (see 
above). After MACS-based isolation, fibroblasts were plated in Colon 
TumorMACS™ medium (Miltenyi Biotec) supplemented with 8 % FBS 
(Catus Biotech). Cells were maintained at 37 ◦C in a humidified 9 % CO2 
atmosphere. Cells were passaged when they reached a confluency of 
approx. 80–90 % using 0.25 % Trypsin/EDTA (Sigma Aldrich) and re- 
seeded at 5 × 104 cells/cm2 density. Of note, primary fibroblasts were 
used only until passage 10. 

The choice for Colon TumorMACS™ medium supplemented with 
FBS for maintaining primary CAFs was based on empirical data (data not 
shown). We observed efficient growth of CAFs in this medium in the 
absence of FBS in primary patient-derived cancer cell cultures, resulting 
in heterogenous cultures. However, isolated CAFs required the addition 
of FBS for plating and expansion. In addition, the widely used CAF- 
medium DMEM supplemented with FBS was tested for propagation of 
primary CAFs, but this resulted in reduced heterogeneity of CAFs and a 
rapid polarization towards the myofibroblastic phenotype within 1–2 
passages compared to TumorMACS medium, which was able to maintain 
a level of CAF heterogeneity until at least passage 10. 

2.6. T cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from 
whole blood donations of healthy anonymous donors (Miltenyi Biotec) 
by density gradient centrifugation. T cells were purified from PBMCs 
using the Pan T Cell Isolation Kit, human (Miltenyi Biotec), according to 
the manufacturer’s instructions. 

2.7. CAF – T cell co-culture assay 

CAF were harvested a day before the co-culture and seeded in Colon 
TumorMACS™ medium (Miltenyi Biotec) supplemented with 8 % FBS 
(Catus Biotech) overnight. The next day, T cells were isolated as 
described above. To analyze T cell proliferation, freshly isolated T cells 
were stained with CellTrace™ Violet (Invitrogen™). In brief, cells were 
washed with PBS after isolation and incubated with 5 μM CellTrace 
Violet at 37 ◦C for 20 min. Then, TexMACS medium (Miltenyi Biotec) 
was added, cells were incubated for an additional 5 min at room tem
perature, centrifuged at 300 g for 5 min, and then resuspended in Tex
MACS medium supplemented with 200 IU/mL IL-2 (both Miltenyi 
Biotec). The cells were analyzed using the MACSQuant Analyzer 16 
(Miltenyi Biotec). The medium from the CAF overnight cultures was 
removed, and stained T cells were then added to the CAF at a 2:1 ratio. 
Cells were co-cultured for 72 h in the absence or presence of the 
CD3− and CD28-cross-linking reagent TransAct (Miltenyi Biotec) for T 
cell stimulation, before they were harvested and analyzed by flow 
cytometry. 

2.8. Blocking experiments 

To assess the function of NECTIN2 or CD40 expressed on fibroblasts, 
fibroblasts were seeded for co-culture assays as described above. One 
hour prior to adding T cells as described above, NECTIN2- or CD40- 
blocking antibody was added to the fibroblast cultures at a concentra
tion of 7.5 μg/mL and incubated at 37 ◦C and 9 % CO2 until addition of T 
cells. The co-cultures were set up and maintained as described above. 

2.9. Flow cytometric analysis 

For flow cytometric analysis, single-cell suspensions were stained 
with the indicated antibodies (Supplementary Table S1) according to the 
manufacturer’s instructions and analyzed using the MACSQuant™ 
Analyzer 16 (Miltenyi Biotec). Briefly, cells were stained at a density of 
0.5–2 × 105 cells per sample in 50 μL volume of PBS pH 7.2, 2 mM EDTA, 
and 0.5 % BSA (PEB) buffer at 2–8 ◦C for 10 min, followed by a washing 
step with PEB. Cell viability was assessed by Propidium Iodide (PI, 1 μg/ 
mL, Miltenyi Biotec) which was added prior to flow cytometric analysis. 
Analysis was performed using the MACSQuant Analyzer 16, and data 
were analyzed using the MACSQuatify software (Miltenyi Biotec). 

2.10. Analysis of clinical data 

To evaluate the prognostic value of candidate genes, the publicly 
available Kaplan-Meier Plotter (http://kmplot.com/analysis/) was used. 
The Kaplan-Meier survival plots of the two patient cohorts were 
compared using a logrank test with hazard ratios (HRs) and 95 % con
fidence intervals [27]. 

2.11. Statistical analysis 

Unless otherwise specified, all graphs show the mean with error bars 
representing the standard error of the mean. Statistical comparisons 
between two groups were conducted by paired t-Test with P-value <0.05 
using GraphPad Prism 9. Statistical comparisons between more than two 
groups were conducted by two-way ANOVA with P-value <0.05 using 
GraphPad Prism 9. For co-culture experiments, at least n = 3 wells were 
analyzed, and experiments were independently repeated at least twice. 

2.12. Ethical concerns 

For all studies using anonymized human primary tissue, written 
informed patient consent was obtained with approval of the Ethical 
committee of the University Medical Center Göttingen (#25/8/15). 
Peripheral blood mononuclear cells (PBMCs) were isolated from whole 
blood of healthy anonymous volunteers who gave their written consent 
before. All blood samples were handled following the required ethical 
and safety procedures. 

3. Results 

3.1. High resolution scRNA seq reveals CAF heterogeneity 

To allow for a comprehensive analysis of fibroblast heterogeneity at 
high resolution, fibroblasts were enriched from tissue biopsies by a 
magnetic-based cell isolation after tissue dissociation (Fig. 1a and b). 
This allowed for subsequent deep analysis of pure fibroblast populations 
from both normal colon tissue from colon cancer patients (in the 
following referred to as “normal”) and cancer tissue by single-cell RNA 
sequencing (Fig. 1c and d). After quality control and aggregation of fi
broblasts from eight different samples (6 CRC, 2 normal colon samples; 
Supplementary Figs. 1a–f), the transcriptomes of 22,865 single fibro
blasts were analyzed. The cells clustered into eleven distinct clusters 
(Fig. 1c). Interestingly, most clusters were found in both normal samples 
and CRC tissue (Fig. 1d; Supplementary Figs. 1g and 2). However, 
clusters 3, 5, 7 and 9, were almost exclusively found in CRC tissue but 
absent among normal tissue-associated fibroblasts (NF), accordingly 
representing CAF specific clusters. 

Based on the analysis of differentially expressed marker genes, 
known fibroblast subtypes such as apCAF (cluster 1; HLA-DRA and CD74 
expression), “epithelial maintenance” fibroblasts (cluster 2; SOX6 and 
POSTN expression), myCAF (cluster 3; MUSTN1 and ACTA2 expression) 
and iCAF (cluster 7; IL6 expression) were identified (Fig. 1e). Cluster 9 
showed high expression of MKI67, CENPF, CDK1 and further cell cycle- 
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associated genes, identifying this cluster as the compartment of prolif
erating fibroblasts. Cluster 5 did not express known CAF-characteristic 
markers. This newly identified cluster of CAF showed expression of 
immune-associated genes such as CD40, CD276, and NECTIN2 (Fig. 1e). 
In summary, our results demonstrated fibroblast heterogeneity in the 
human normal colon tissue and CRC tissue, revealing known CAF sub
types but identified a new cluster of CAF. 

3.2. The newly identified cluster of CAF shows interferon response- and 
immune-modulation traits 

To further analyze cluster 5 and its potential functional character
istics, we utilized gene set enrichment analysis (GSEA). Enriched gene 
sets in cluster 5 were associated with the interferon response and 
oxidative phosphorylation, indicating that these CAF were immune 
responsive and metabolically active (Fig. 1f). When assessing further 
differentially expressed genes in cluster 5, we noticed additional genes 
that were associated with immune modulation such as ENTPD1 (CD39), 
CD59, CAV1, MIF and Notch3 (Fig. 1g). In conclusion, we found that 
cluster 5 fibroblasts were cancer-associated, but distinct from known 
CAF subsets and showed an immune-modulatory gene expression 
profile. 

3.3. Spatial proteomic analysis shows expression of NECTIN2 on 
fibroblasts but not on tumor cells 

To analyze fibroblast heterogeneity at the proteomic level and to 
characterize their spatial distribution at single-cell resolution, we used 
MACSima® Imaging Cyclic Staining (MICS) technology [28]. We 
analyzed CRC and normal tissue samples using antibodies specific for 
proteins corresponding to characteristic genes identified by scRNA seq. 
We identified fibroblast subpopulations recapitulating the clusters 
revealed by scRNA seq in human CRC (Fig. 2a, Supplementary Fig. 3a) 
and normal tissue (Supplementary Figs. 3b and c). 

When comparing the level of protein expression of cluster- 
characteristic markers in fibroblasts in CRC and normal tissue of the 
same patient, we saw differential expression, confirming fibroblast 
heterogeneity and CAF-specific signatures at the proteomic level 
(Fig. 2b). Of note, we analyzed normal tissue corresponding to the 
matched tumor samples. Accordingly, it could be subject to paracrine 
signaling from the tumor and thus show altered expression for the 
analyzed markers. As the newly identified cluster 5 was of particular 
interest, we analyzed the expression of the cluster 5 protein marker 
NECTIN2 (CD112) more closely. NECTIN2 expression was found 
exclusively in the tumor microenvironment, where it primarily co- 
localized with a subpopulation of CD90-expressing fibroblasts, but not 
on epithelial tumor cells (Fig. 2c). 

Taken together, we confirmed fibroblast heterogeneity at the pro
teomic level. Moreover, NECTIN2 was primarily found on CAF but not 
on tumor cells, as seen by the co-localization with CD90 but not EPCAM. 

3.4. Spatial analysis of CAF-related marker proteins shows increased 
expression in CAF close to T cells 

We investigated the spatial distribution of the identified CAF clusters 
(Supplementary Figs. 4 and 5). The scRNA seq data suggested clusters 3, 
5 and 7 to be cancer-associated as they were almost exclusively identi
fied among the CRC samples. Accordingly, we expected a close 

association of the CAF cluster protein markers with epithelial tumor 
cells. Surprisingly, we found that CAF marker expression was signifi
cantly higher in fibroblasts distant from EPCAM+ cells (≥approx. 15 
μm), except for FAP expression (Fig. 3a). Since cluster 5 was associated 
with immune- and T cell-interaction traits, we analyzed the expression 
patterns of CAF marker proteins in relation to T cells (Fig. 3b). All CAF- 
associated markers were expressed at significantly higher levels in fi
broblasts that were close to T cells. These findings point to a close 
interaction between T cells and CAF and raise the possibility that T cells 
could affect the recruitment and distribution of certain CAF in the TME. 

3.5. CRC CAF suppress T cell proliferation and activation 

Our spatial proteomics analysis suggested a close interaction be
tween CAF and tumor-infiltrating T cells. We, therefore, evaluated the 
effects of colorectal cancer-derived CAF on T cells using co-culture as
says. Since the new CAF cluster 5 showed the most immune-interacting 
traits, we first asked whether this cluster was preserved upon in vitro 
propagation of primary CAF isolated from CRC tissue. Six characteristic 
protein markers for cluster 5 CAF could be detected in primary CAF 
cultures from different patients using flow cytometry (Fig. 4a and b) and 
co-expression was confirmed (Fig. 4c), suggesting that the phenotype of 
cluster 5 CAF was maintained in primary culture. 

To characterize interactions between CAF and T cells, primary CAF 
were co-cultured with T cells for three days (Fig. 4d). T cells were 
stimulated via CD3 and CD28 cross-linking (using TransAct) during co- 
culture to simulate activation. Despite constant T cell stimulation 
throughout the co-culture, CAF significantly decreased T cell viability 
and proliferation, demonstrating the T cell suppressive properties of 
CRC CAF (Fig. 4e). T cells were additionally analyzed for activation and 
inhibitory/exhaustion markers by flow cytometry (Supplementary 
Fig. 6a). CD4+ T helper cells showed increased CD69 and TIM-3 
expression, while other tested markers did not show a clear trend 
(Fig. 4f upper panel). In CD8+ cytotoxic T cells, CD69 and TIM-3 were 
also significantly upregulated in the presence of CAF. However, CD25, 
CD137 and PD-1 were significantly down-regulated (Fig. 4f lower 
panel). These data demonstrated that CAF could impair the activation of 
T cells and suppress proliferation in vitro. 

In addition, we analyzed the CAF phenotype after co-culture to 
evaluate a possible modulation caused by direct T-cell interaction. 
Strikingly, CAF significantly upregulated VCAM1 as well as the cluster 5 
specific CAF protein markers NECTIN2 and CD40 within the three days 
of co-culture (Fig. 4g), showing that T cells can directly modulate the 
phenotype of CAF, as implied by spatial proteomics. CD40 is the re
ceptor for T cell activation marker CD154 (CD40L), while NECTIN2 can 
bind multiple receptors expressed by T cells, suggesting a direct 
involvement of cluster 5 CAF in the orchestration of T cell responses in 
CRC. 

3.6. NECTIN2 signaling is a central regulator of T cell inhibition by CAF 

We hypothesized that CRC CAF can suppress T cell proliferation and 
activation by upregulating the cluster 5 protein markers NECTIN2 and 
CD40. To investigate the role of those markers, we applied functional 
antibodies blocking receptor-ligand binding to co-culture assays. T cell 
phenotypes were determined based on CD197 (CCR7) and CD45RA 
expression (Supplementary Fig. 6b) [29,30]. Upon T cell activation, 
most T cells acquired an effector memory (TEM; approx. 50 % of CD4+ T 

Fig. 1. Fibroblast heterogeneity in CRC and colon at the transcriptomic level. 
a Workflow for processing colon tissue samples. b Representative data for magnetic isolation of fibroblasts from normal adjacent tissue (NAT, upper panel) and CRC 
tissue (Tumor, lower panel). c UMAP (Uniform Manifold Approximation and Projection) plot of 11 distinct fibroblast clusters revealed by scRNA seq analysis. 
d Cluster abundance among CAF and NATFs. e Dotplot representation of differentially expressed marker genes for each fibroblast cluster. The size of the dots 
represents the percentage of fibroblasts expressing the respective gene, the color indicates the average expression level. f GSEA analysis of cancer hallmarks for 
cluster 5 CAF. g Overview of genes highly expressed by cluster 5 CAF. 
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cells) or effector memory re-expressing CD45RA phenotype (TEMRA 
approx. 60 % of CD8+ T cells), while only 20–30 % T cells showed a 
naïve phenotype (Fig. 5a). The direct interaction with CAF significantly 
reduced the abundance of TEM and TEMRA cells, while approx. 60–80 % 
of the T cells were retained in the naïve T cell state (TN). Strikingly, upon 
antibody-mediated blocking of NECTIN2 but not CD40, the suppressive 
effect of CAF was completely abrogated, and the phenotypes for CD4+

and CD8+ T cells resembled the ‘T cells only’ condition. 
Analysis of the activation and exhaustion marker expression on T 

cells co-cultured with CAF revealed an aberrant phenotype (Fig. 5b): 
both activation (CD69, CD25) and exhaustion markers (TIM-3, LAG3) 
were increased compared to T cells alone. In contrast, CD40 and even 
more pronounced NECTIN2 blockade significantly reduced the expres
sion of CD25, TIM-3, LAG3, and PD1, demonstrating that both CAF 
markers were required for the suppressive effect. In CD8+ T cells, the 
effects of NECTIN2 blockade were more distinct, suggesting that NEC
TIN2 is a crucial regulator of CD8+ T cell exhaustion. While NECTIN2 
blockade showed striking effects on T cell activation and differentiation, 
the expression of NECTIN2 receptors was not affected (Supplementary 
Fig. 7a). This was surprising, as CD226 engagement was reported to 
trigger T cell activation. Moreover, the closely related ligand CD155 
(PVR), which can bind the same receptors as NECTIN2, was expressed 
on CAF as well. Its expression was not affected by the NECTIN2 blockade 
(Supplementary Fig. 6b), showing that the effects on T cells were indeed 
predominantly mediated by NECTIN2 rather than CD155. 

3.7. NECTIN2 expression correlates with poor prognosis in CRC patients 

To investigate the clinical relevance of cluster 5 CAF-specific gene 

expression, we evaluated NECTIN2, CD40, and CD248 expression in a 
publicly available clinical database of colon tumors from 1342 patients 
[27]. Among all colon cancer cases in the database, patients with high 
NECTIN2 expression showed a significantly poorer outcome (p <
0.00005, HR 1.73) than patients with low NECTIN2 expression (Fig. 6 
upper panel). Similarly, high expression of CD40 (p < 0.05, HR 1.25; 
Fig. 6 middle) or CD248 (p < 0.00005, HR 1.6; Fig. 6 lower panel) were 
poor prognostic factors in this patient cohort as well. Given the differ
ences observed in immune infiltration between microsatellite stable 
(MSS) and microsatellite unstable (MSI) tumors, we expected significant 
differences between the two groups since MSI tumors typically show a 
much higher amount of tumor-infiltrating lymphocytes (TILs) [31,32]. 
High expression of NECTIN2, CD40, and CD248 was correlated with a 
highly significant reduction of relapse-free survival (RFS) only in the 
158 MSS patients but not in MSI-high patients (n = 100). There was no 
difference between tumors in the left or right side of the colon or in 
patients with and without adjuvant therapy, pointing towards a very 
general mechanism (Supplementary Fig. 8a). Given the remarkable 
prognostic value of the cluster 5 CAF marker NECTIN2, we tested the 
correlation of its expression with clinical outcome in other tumor en
tities. In breast cancer patients, high NECTIN2 expression was a poor 
prognostic factor in patients with triple-negative (p < 0.05, HR 1.41) 
and with estrogen and progesterone receptor-negative tumors (p < 0.05, 
HR 1.37), while it was a favorable prognostic factor in the overall 
population (p < 5e− 11, HR 0.71; Supplementary Fig. 8b). The protective 
effect of NECTIN2 in the overall population was surprising, but could 
potentially be explained by a higher percentage of less aggressive and 
less inflamed luminal subtypes contributing to the overall population, 
while the triple-negative and estrogen and progesterone 

Fig. 2. Proteomic analysis to assess the spatial distribution of fibroblast subtypes. 
a Selection of 8 cyclic immunofluorescence images of a representative human CRC tissue to evaluate the spatial expression of representative fibroblast cluster marker 
proteins. b Comparison of expression levels (fluorescence intensities; CellExp) of representative fibroblast cluster markers on fibroblasts from one exemplary cyclic 
immunofluorescence analysis between tumor and normal tissue sections. The figure highlights the overall heterogeneity of markers expressed by fibroblasts in human 
CRC and colon. Each dot represents expression in one single fibroblast (tumor: n = 2514; normal: n = 251). c Representative immunofluorescence images of 
NECTIN2 staining co-stained with antibodies against epithelial cell marker EPCAM, fibroblast marker CD90, and immune cell marker CD45 in a CRC tissue section. 
Significance calculated by Mann Whitney tests; lines indicate median (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

Fig. 3. Influence of cellular neighborhood on CAF marker protein expression. 
a Marker expression of CAFs close to EPCAM + cells (<10 μm) vs. CAFs distant from EPCAM+ cells (>10 μm, upper panel). Each dot represents an expression in one 
single CAF (close to EPCAM+: n = 1123; distant from EPCAM+: n = 1391). b Marker expression of CAFs close to T cells (<10 μm) vs. CAFs distant from T cells (>10 
μm, lower panel). Each dot represents expression in one single CAF (close to T cells: n = 1939; distant from T cells: n = 578). 
Significance calculated by Mann Whitney tests; lines indicate median (**P < 0.01, ***P < 0.001, ****P < 0.0001). 
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receptor-negative tumors represent more desmoplastic and aggressive 
subtypes with high contribution of NECTIN2-positive cells. In patients 
with pulmonary adenocarcinomas, high NECTIN2 was correlated with 
short RFS (p < 0.00005, HR 1.56) (Supplementary Fig. 8b). In gastric 
cancer (p < 0.01, HR 1.45), as well as in acute myeloid leukemia (AML; 
p < 0.01, HR 1.17) and multiple myeloma (p < 0.0005, HR 1.45), high 
NECTIN2 was a poor prognostic factor as well (Supplementary Fig. 8b). 
These data highlight the clinical relevance and prognostic value of 
NECTIN2 as a potential target for immune therapies. 

4. Discussion 

This study represents a comprehensive analysis of fibroblast het
erogeneity in human colorectal cancer and normal colon tissue from 
CRC patients, identifying 11 subsets of fibroblasts (Fig. 7a). Among 
those, previously described subsets, such as myCAF-like, iCAF-like, 

apCAF-like and “epithelial maintenance” fibroblasts, were found. Four 
subsets were almost exclusively found in CRC tissue, thus representing 
CRC CAF. We identified a novel subpopulation of CAF, which we termed 
T cell-inhibiting CAF (TinCAF) based on its T cell inhibiting and 
exhaustion-inducing features (Fig. 7b). 

Previous studies have focused on CAF heterogeneity and their 
involvement in immune modulation in the TME, as CAF are the most 
abundant stromal component in various solid tumors [3,4]. Studies in 
PDAC highlighted CAF heterogeneity, defining and characterizing 
widely accepted major subsets such as myCAF, iCAF, and apCAF 
[15–18]. In this comprehensive study combining transcriptomic and 
spatial proteomic analyses, we could verify these known subsets in CRC 
and identify a novel subtype, which we named TinCAF. Of note, in 
contrast to previous studies in other cancer types, we found apCAF-like 
fibroblasts in CRC and normal colonic tissue. However, in 2002, Adeg
boyega and colleagues identified a myofibroblastic fibroblast 

Fig. 4. Functional analysis of CAF-T cell interaction. 
a Representative density plots from flow cytometric analysis of cluster 5 marker expression in primary CAF cultures (cultured until day 10). b Summary of results 
from two representative primary CAF cultures (n = 3; lines indicate median). c Identification of cluster 5 CAF by flow cytometry: CAF were pre-gated on 
CD248+CD40+ double-positive cells (left); these were then shown in a CD98 versus NECTIN2 dotplot in red (right) in comparison to CD248− CD40− CAF (black) from 
primary cultures (right). d Setup of CAF-T cell co-cultures (upper row) and representative histograms demonstrating assessment of T cell proliferation (lower row). e 
Analysis of T cell viability (left; n = 8) and proliferation (right; n = 10) upon co-culture with CAF. f Analysis of T cell phenotypes divided into CD4+ T cells (upper 
panel; n = 10) and CD8+ T cells (lower panel; n = 10). g Assessment of CAF phenotypes after in vitro assay (n = 6). 
Significance calculated by paired t tests; lines indicate median (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

Fig. 5. Blocking of CD40 or NECTIN2 modulates T cell phenotype and exhaustion after co-culture. 
a Analysis of CD4+ T cell (left) and CD8+ T cell (right) phenotypes after co-culture with and without CD40 or NECTIN2 blocking (n = 3). b Analysis of activation and 
exhaustion marker expression on CD4+ T cells (left) and CD8+ T cells (right) after co-culture with and without CD40 or NECTIN2 blocking (n = 6; two independent 
experiments). Significance calculated by Two-way ANOVA; data represent mean ± s. e.m. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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subpopulation of normal colonic fibroblasts termed pericryptal fibro
blasts (PCFs) surrounding the colonic crypts [33]. PCFs have later been 
shown to express major histocompatibility complex class II and be able 
to process and present antigens [34]. Hence, the cluster 1 apCAF-like 
fibroblasts identified in the present dataset most likely represent PCFs 
from adjacent normal tissue and corresponding apCAF from diseased 
tissue. The presence of the latter within the cluster was indicated by the 
analysis of CD74 and HLA-DR expression using spatial proteomics. Both 
marker proteins were expressed at significantly higher levels in fibro
blasts from CRC tissue, showing a cancer-associated increase likely 
corresponding with the emergence of CAF. This underlines differences in 
fibroblast biology among different organs, as PCFs are part of the normal 
colonic environment but are possibly hijacked by cancer cells to 
contribute to tumor progression. 

To validate the expression of characteristic markers for the identified 
clusters and to analyze their organization and interactions within the 
tissue, we used spatial proteomics. Interestingly, we found that corre
sponding protein markers for the CAF clusters were enriched in CAF 
close to T cells, rather than cancer cells. The effect of immune cells on 
the emergence and regulation of CAF subpopulations has not been 
studied in great detail so far, as most studies have focused on CAF- 
mediated effects on the tumor immune microenvironment [6,7, 
35–38]. However, our spatial data suggest a close reciprocal interplay 
between CAF and T cells. Notably, it has been shown that CAF in 
non-small cell lung cancer can upregulate checkpoint markers PD-L1 
and PD-L2 in response to T-cell-secreted interferon gamma [39], 
demonstrating the direct impact of T cells on CAF phenotypes. 

Moreover, this study supports our observation of a shift in protein 
marker expression towards the newly identified TinCAF signature in 
co-cultures of primary CAF and T cells. It will be interesting to assess 
whether T cell-derived factors can also fuel other CAF subsets, such as 
myCAF and iCAF, as this could directly counteract T cell-dependent 
therapy approaches. This potentially would lead to an increased 
immunosuppressive and/or -exclusive TME, as suggested in a study that 
ablated myCAF from the PDAC TME, resulting in increased immuno
suppression in the tumor [15]. 

The role of stromal cells in the constitution of an immunosuppressive 
environment have now been widely recognized. Most immune sup
pressive CAF-mediated mechanisms described thus far are exerted via 
secreted factors such as TGFβ, IL-6 or ECM proteins [6,7,38,40]. Here, 
we demonstrate a novel T cell-suppressive interaction of TinCAF and T 
cells mediated via direct NECTIN2 engagement. NECTIN2, a trans
membrane glycoprotein with immunoglobulin-like domains that is also 
known as CD112 or PVRL2 [41,42], has been shown to bind to multiple 
receptors on T and NK cells, that importantly are also targets of CD155 
(PVR) [43,44]. The downstream results of interaction are determined by 
differential binding affinities of CD155 and NECTIN2 to these receptors 
[44,45]. However, previous work has mainly focused on the expression 
of NECTIN2 receptors in immune cells or the expression of CD155 
[46–49] rather than the role of NECTIN2 in the stromal compartment of 
the TME. We found a broad and high expression of CD155 in almost all 
primary fibroblasts but only a restricted expression of NECTIN2 in the 
TinCAF subpopulation. Yet, NECTIN2 blocking was sufficient to remove 
T cell-inhibitory effects. Moreover, NECTIN2 is expressed by CAF but 

Fig. 6. Clinical significance of cluster 5 CAF markers. 
Survival analysis of CRC patients with low (black) versus high (red) NECTIN2 expression (upper row); low (black) versus high (red) CD40 expression (middle row); or 
low (black) versus high (red) CD248 expression (bottom row). 
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not cancer cells, rendering NECTIN2 a key regulator of stromal T cell 
inhibition. These findings are supported by the work of Murter and 
colleagues demonstrating that murine CD8+ T cell anti-tumor immunity 
is significantly impaired upon NECTIN2 engagement and that PVRIG is 
the primary co-inhibitory T cell receptor [50]. Notably, this study stated 
that NECTIN2 expression was found in small subsets of myeloid and 
cancer cells in the CT26 and MC38 subcutaneous mouse colon cancer 
models used but did not comment on stromal NECTIN2 expression. Our 
study potentially provides the missing link, as stromal NECTIN2 
expression could be the primary regulator in these models next to 
NECTIN2+ myeloid cells. By genetically manipulating NECTIN2 
expression in CAFs, as shown by Ho and colleagues in a model of HCC, 
the underlying mechanism of NECTIN2 interaction will have to be 
further explored. The literature about the relevance of NECTIN2 re
ceptor signaling for CD8+ T and NK cell-mediated anti-tumor immunity 
can explain the poor prognosis for CRC patients with high NECTIN2 
expression. Our study shows that TinCAF are a major source of NECTIN2 

expression in CRC. 
Immune checkpoint targeting has gained significant attention 

recently and has led to numerous preclinical and clinical successes in 
CRC, especially in patients with microsatellite unstable (MSI) tumors 
[51–53]. In contrast, microsatellite stable (MSS) patients frequently 
show immune-deserted tumors, rendering immune checkpoint targeting 
ineffective [53,54]. The CD155-TIGIT axis is an emerging target for 
immune checkpoint blockade [49,55]. However, we demonstrate that 
NECTIN2 blockade can override CD155-mediated effects on T cells. 
NECTIN2 and its receptors could, at least in CRC, be a more promising 
target for future immune-modulatory therapies. Given that the immu
nosuppressive TinCAF markers NECTIN2 and CD40 are poor prognostic 
factors, particularly in MSS, blockade of NECTIN2 and CD40 could 
provide a more MSS-specific immune checkpoint targeting. Neverthe
less, despite the remarkable effect of NECTIN2 blocking on T cell func
tionality, it was not sufficient to restore T cell proliferation. This might 
be explained by the finding that TinCAF expressed additional 

Fig. 7. Summary of fibroblast heterogeneity in colon and CRC. 
a Summary of the identified fibroblast clusters. b TinCAFs can impair T cell functionality, predominately via NECTIN2 signaling. 
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immunomodulatory markers such as CD39 (ENTPD1), CD40, and CD276 
(B7–H3). Future studies must show to which extent the additional 
immunomodulatory molecules expressed by TinCAF constitute the 
immunosuppressive TME in CRC and how this can be targeted in vivo. 
Suitable in vivo models will have to be identified, as the study by Murter 
and colleagues suggests that murine cell line-induced models of CRC 
apparently do not show the same restricted NECTIN2 expression on fi
broblasts [50] as identified in human samples in the present study. 

In summary, we consider this novel NECTIN2-positive CAF subtype a 
vital player of the suppressive TME and a potential novel target for next- 
generation immune checkpoint inhibitors. These inhibitors might be a 
valuable option, especially in MSS tumors where other options for 
checkpoint inhibition have not shown significant benefits until now. 
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