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ABSTRACT
Cancer associated fibroblasts (CAF) are known to orchestrate multiple components of the tumor microenvir-
onment, whereas the influence of the whole stromal-fibroblast compartment is less understood. Here, an 
extended stromal fibroblast signature was investigated to define its impact on immune cell infiltration. The 
lung cancer adenocarcinoma (LUAD) data set of the cancer genome atlas (TCGA) was used to test whole 
stroma signatures and cancer-associated fibroblast signatures for their impact on prognosis. 3D cell cultures of 
the NSCLC cancer cell line A549 together with the fibroblast cell line SV80 were used in combination with 
infiltrating peripheral blood mononuclear cells (PBMC) for in-vitro investigations. Immune cell infiltration was 
assessed via flow cytometry, chemokines were analyzed by immunoassays and RNA microarrays. Results were 
confirmed in specimens from NSCLC patients by flow cytometry or immunohistochemistry as well as in the 
TCGA data set. The TCGA analyses correlated the whole stromal-fibroblast signature with an improved 
outcome, whereas no effect was found for the CAF signatures. In 3D microtumors, the presence of fibroblasts 
induced infiltration of B cells and CD69+CD4+ T cells, which was linked to an increased expression of CCL13 and 
CXCL16. The stroma/lymphocyte interaction was confirmed in NSCLC patients, as stroma-rich tumors displayed 
an elevated B cell count and survival in the local cohort and the TCGA data set. A whole stromal fibroblast 
signature was associated with an improved clinical outcome in lung adenocarcinoma and in vitro and in vivo 
experiments suggest that this signature increases B and T cell recruitment via induction of chemokines.
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1. Introduction

Fibroblast diversity has gained interest due to its varying functions 
on pathophysiological processes that are tightly inter-connected 
within the local cancer microenvironment.1,2 Tumor microenvir-
onment-derived fibroblasts (also termed cancer-associated fibro-
blasts = CAF) mediate cancer-immune cell interactions by direct 
contact and by paracrine effects via secretion of cytokines and 
chemokines.2 Whereas CAFs are an emerging research field, the 
influence of the whole stromal fibroblast compartment using an 
extended stromal signature exceeding the standard known cancer 
associated fibroblast patterns and their chemokine patterns 
appears to be less clear, even though it might be of particular 
importance in early stage cancer, where transition of fibroblasts 
into CAFs remains less prominent.3 For example, the human 
fibroblast cell line SV80 induced cytotoxic T cell infiltration in 
microtumors in vitro.4 Recent work reveals B lymphocytes and 
recently activated tissue resident CD4+CD69+ T helper 
lymphocytes5,6 as essential players of antitumor immunity, 

partially by forming tertiary lymphoid structures (TIL) and per-
forming local T cell priming.7 Their infiltration and activity highly 
depend on various cytokines and chemokines.7 Amongst others, 
CCL13 and CXCL16 are considered to induce immune cell 
recruitment and differentiation.8,9

We suggest that an extended stromal fibroblast signature is 
important for the lung adenocarcinoma outcome, as it is linked 
to a specific chemokine pattern and the intra-tumor abundance 
of B cells and CD4+ T helper cells in ex vivo microtumors.

2. Material & methods

2.1. Analysis of data from the cancer genome atlas 
(TCGA)

Gene expression profiles (RNA sequencing V2 data) and corre-
sponding clinical information of 515 patients with primary lung 
adenocarcinoma and 58 adjacent normal lung tissue of The 
Cancer Genome Atlas cohort (LUAD-TCGA)10 were retrieved 
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via firebrowse.org (courtesy Broad Institute of MIT & Harvard). 
Consistent survival outcome data were retrieved from a recent 
TCGA pan-cancer approach.11 Normalized expression data 
(TPM) from the RSEM pipeline were log2 transformed adding 
a pseudo count of 1. Single sample gene set enrichment analyses 
(ssGSEA) were performed using a cancer associated fibroblast 
(CAFs) marker gene set and a tumor stroma gene set using the 
R package GSVA (Table S1).12,13 The ESTIMATE algorithm14 

was used as a whole stromal score. A deconvolution method 
(EPIC) based on RNA sequencing data were used to calculate 
the amount of CAF and tumor stroma and to estimate the 
infiltration of specific immune cell types using the R package 
immunedeconv.15,16 Patients were dichotomized based on med-
ian expression or median of estimated scores and visualized as 
Kaplan Meier curves. Differences between groups were tested 
with log-rank test and univariate Cox regression analyses. 
Spearman rank based correlation coefficient was used to identify 
association between different gene expression and infiltration 
scores. All analyses were performed using R version 4.1.0 
(https://www.r-project.org/, The R project for Statistical 
Computing, Vienna, Austria) and R package survival.

2.2. Single cell analysis of stromal signatures in NSCLC

Expression of gene signatures and individual marker genes 
were mapped onto UMAP plots from our single-cell lung 
cancer atlas17 comprising more than 1.3 million cells from 
318 patients with annotated cell types and stromal subpopula-
tions (https://luca.icbi.at).

2.3. Cell lines

The human NSCLC cell lines A549 (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ), Germany: 
ACC107) and the human fibroblasts cell line SV80 (Cell line 
services, Germany: 300345) were cultured in DMEM (PAA, 
Pasching, Austria) supplemented with 10% fetal bovine serum 
(FBS) (Sigma-Aldrich, Munich, Germany, Lot 010M3396) and 
100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM 
L-Glutamine (PAA). Cells were incubated at 37°C and 5% CO2.

2.4. PBMCs

Anonymized leftover specimens of blood donations were pro-
vided by the blood bank of the Medical University of 
Innsbruck. Utilization of these specimens had been approved 
by the ethics committee of the Medical University of Innsbruck 
(AN2014–0353 345/4.1 - 3673a) and was conducted in accor-
dance with the principles of the Declaration of Helsinki. PBMC 
were isolated via Ficoll density gradient centrifugation accord-
ing as described previously.18

2.5. 3D cell culture and multicellular cultivation

3D cell culture was performed as described previously4,18 with 
the “GravityPLUSTM“microtissue culture system (InSphero 
AG, Zürich, Switzerland). A549 cells (2500 cells/well) with or 
without SV80 fibroblasts (5000 cells/well) were seeded in 
DMEM as described above, and cultivated for 10 days with 

medium exchange every second day. On day 10, 25000 
PBMCs were added to each well (total media volume was 
kept constant). The tumor cell/PBMC co-cultures were incu-
bated for 24 h to obtain immune cell infiltration.

2.6. Gene expression profiling of 3D cancer cell 
co-cultures

We used a dataset created previously19 for the analysis of gene 
(chemokine) expression profiles. In brief, Affymetrix HuGene 
1.0 ST microarrays were used for 3D cancer cell cultures (A549 
alone or in combination with SV80) to quantify chemokine 
expression. Differentially expressed genes were identified using 
the R package limma. In order to determine whether CAF or 
tumor stroma gene signatures were enriched in the tumor- 
fibroblast co-culture gene set enrichment analyses (GSEA) 
were performed on preranked log2 fold changes.20

2.7. Chemokine profiling of supernatants

To determine the concentration of cytokines and chemokines 
secreted by the microtissues, we harvested and pooled 24 single 
co-cultivated microtissues which were stored at −80°C until 
use. Concentrations were determined using ProcartaPlex™ 
Essential Human Th1/Th2 immunoassay (Affymetrix, 
eBioscience) and Bio-Plex ProTM Human Chemokine Assay 
(Bio-Rad, USA), following manufacturers’ instructions. 
Samples were measured using a Magpix (Luminex) and data 
were analyzed by the “xPONENT 4.2” software (Luminex).

2.8. Analysis of immune markers

Subpopulations of infiltrating PBMC in co-culture 3D micro-
tissues were analyzed with flow cytometry (FACS Canto™ II). 
Single cell suspensions were generated from pooled microtissues 
by enzymatic disaggregation with 100 µg collagenase from clos-
tridium histolyticum at a concentration of 1 mg/ml (Sigma- 
Aldrich) for 15 min at 37°C and 5% CO2. Reaction was stopped 
with medium and cells washed twice with PBS containing 10% 
FCS. Detailed information about antibodies used for staining 
can be found in the supplementary file (Table S2).

2.9. In-vivo NSCLC specimens

Immune infiltration of CD4+ T cell subpopulations and of 
CD20+ B cells was assessed using immunohistochemistry 
(IHC) in 45 patients who underwent surgical tumor eradica-
tion in curative intent (stage I-III). Ethical approval and writ-
ten informed consent were obtained for all participating 
patients (AN2014–0293).

Beneath a conventional hematoxylin/eosin staining, the 
Ventana Benchmark Ultra and Ultra View DAB Kit automated 
staining system (Ventana Medical Systems, Tucson, AZ, USA) 
was performed on paraffinized sections (3 µm) according to the 
manufacturers´ instructions with slight optimization (sSCC31 
and mSCC31 programs). Monoclonal antibodies were CD4 
(Ventana, #790–4423), CD8 (Dako, #M7103), CD20 (Roche, 
clone: L26, #5267099001, mouse) and cytokeratin (Ventana 
#760–2595/#760–2135). Positive and negative tissues were used 
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as quality controls. Staining was evaluated by a pathologist using 
a bright field microscope (Olympus BX 50) with a 10-fold magni-
fication for whole slides and 40-fold for scoring of expression and 
localization.

Quantification of the stromal amount was performed by two 
trained specialists in pathology using a visual verification of 
cytokeratin stained slides. The stromal amount was defined as 
the entirety of non-cytokeratin expressing areas within the 
tumor mass. Quantification was accomplished in semi- 
quantitative steps: 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 
80%, 90% and 100% of the total tumor mass.

Concerning localization of B cells (CD 20+) and T cells 
(CD4+ and CD8+), we analyzed the tumor center (epithelial 
center) and the invasive margin (epithelial frontline), as well as 
the infiltration in the stroma (stromal center) and at the stro-
mal margin (stromal frontline). Quantification was performed 
by classifying four groups of infiltrating cells: <1%, 1–5%, 5– 
50% and >50%. The cutoff for the stroma stratification was 
40%, defining a stroma proportion <40% as low stromal com-
partment and ≥40% as high stromal compartment. This value 
was defined as the ideal cutoff point by ROC analysis.

Infiltrating lymphocyte subpopulations were quantified 
with flow cytometry. Flow cytometry data were available in 
69 NSCLC specimens in our local cohort. Infiltrating subpo-
pulations were expressed as percentage of the parental popula-
tion. Patients were stratified by the percentage of investigated 
populations (high vs low percentage) with the following cutoff 
values: 9% of leukocytes for B cells, 45% of CD3+ lymphocytes 
for CD4+ T cells and 25% of CD4+ T cells for CD4+CD69+ 
T cells defined as optimal cutoff values by ROC analyses.

2.10. Statistical analysis

For statistical analysis of the experiments, mean value and the 
standard error of the mean (SEM) are specified. Statistical 
significance analyzed by paired Student’s-t-test (two-tailed) 
for the in-vitro data and by the Mann-Whitney-U-test for the 
in-vivo data. Significant differences were defined as P-values 
<.05. For survival analysis, logrank-test was used to determine 
statistical significance (p < .05) and Kaplan–Meier survival 
curves were used to express overall survival. Correlation of 
the stromal score and tumor purity was performed with 
a linear regression analysis. Regarding the data of the local 

patient cohort, optimal cutoff values for survival curves of the 
stromal amount in the IHC and immune cell infiltration in the 
flow cytometry experiments were defined by ROC-analyses. 
Heatmap visualization was generated with Genesis (v1.8.0, 
Graz University of Technology, Graz, Austria) based on 
z-score transformed data.

3. Results

3.1. Whole stromal fibroblast signature correlates with 
survival

NSCLC data of “The Cancer Genome Atlas” (TCGA) were used 
to investigate the influence of a whole stromal fibroblast signa-
ture within the tumor on the probability of overall survival (OS). 
The ”ESTIMATE stromal score” showed a significant correla-
tion regarding the OS of LUAD patients (Figure 1). A higher 
ESTIMATE stromal score (which suggests higher extent of 
stromal tissue within a tumor) associates with a prolonged OS 
(hazard ratio (HR) ESTIMATE stromal scorehigh vs low 0.74; 
p = 0.04). In contrast, we could not identify OS difference 
between high vs. low CAF marker signatures (Figure 1). The 
gene sets used for the ESTIMATE score and the CAF markers 
are shown in the supplementary file (Table S1).

To further evaluate how the CAF signature and the 
whole stromal signature (ESTIMATE score) are distributed 
in single cell analyses, we used our single-cell lung cancer 
atlas.15 In this NSCLC cohort, the CAF signature is mainly 
upregulated in stromal cells and bronchus fibroblasts 
(Figure S1). The gene signature of the ESTIMATE score 
was also upregulated in the same cell compartments, but 
was additionally expressed in lung fibroblasts and macro-
phages. Thereby, we are able to show that the ESTIMATE 
stromal score not only covers the CAF signature, but 
exceeds it by comprising also other parts of the stromal 
compartment, especially non cancer associated lung fibro-
blasts (Figure S1).

3.2. Three-dimensional (3D) co-cultures mimic fibroblast 
gene signatures and impact immune cell infiltration

To define the influence of fibroblasts in a reproducible in vitro 
system, 3D microtissues solely consisting of A594 cells were 

Figure 1. Stromal score and CAF in NSCLC patients (TCGA dataset). Non-small-cell lung cancer (NSCLC) data of The Cancer Genome Atlas (TCGA) were used to determine 
the influence of the tumor stroma and cancer associated fibroblasts (CAF) on the probability of overall survival (OS). CAF = cancer associated fibroblasts.
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compared with microtissues additionally containing fibroblasts 
(SV80 cell line). To confirm the fibroblast signature of SV80 
fibroblasts, a gene set enrichment analyses of SV80 microtis-
sues was performed, showing an explicit fibroblast/stromal 
signature (Figure S2). In order to determine whether genes 
associated with an extended stromal fibroblast signature or 
the CAF signature are enriched in the co-cultures, we per-
formed gene set enrichment analysis (Table S1). In microtis-
sues comprising stromal cells, the in vivo defined extended 
whole stromal fibroblast signature (ESTIMATE score) was 
more prominent than CAF signatures, even though both 
were enriched (Figure S3). We conclude that the fibroblast- 
containing microtumors at least in part mimic the situation in 
patients and thus represents an appropriate tool to perform 
functional analyses with respect to the impact of the stromal 
cells on immune cell recruitment. For this purpose, we co- 
cultured preformed cancer cell/fibroblast microtissues with 
PBMCs and analyzed the infiltration of immune cells. In addi-
tion to the already known induction of CD8+ T cell 
infiltration4; we now also observed an increased abundance of 
CD19+ B cells and activated CD69+CD4+ T-helper cells (gating 
strategy see Figure S4) in the co-culture of A549/SV80/PBMCs 
(Figure 2a).

3.3. CD19+ B lymphocytes

A significant increase of B cells was observed in the presence of 
fibroblasts with similar results for triple and co-cultures (A549/ 
PBMC 7% vs. A549/SV80/PBMC 21%, p = 0.017; A549/SV80/ 
PBMC 21% vs. SV80/PBMC 20%, p = 0.91). Non-infiltrating 
B cells are reduced in the supernatant of microtissues with 
fibroblasts (A549/SV80/PBMC 21% vs. Sup_A549/SV80/ 
PBMC 6%, p = 0.032; SV80/PBMCs 20% vs Sup_SV80/PBMC 
14%, p = 0.721), whereas the opposite was observed in super-
natants of co-cultures of tumor cells with PBMC (A549/PBMC 
7% vs Sup_A549/PBMCs 32%, p = 0.043). Concordantly, dif-
ferences are significant for the B cell amount in the supernatant 
between microtissues without and with fibroblasts (Sup_A549/ 
PBMC 32% vs. Sup_A549/SV80/PBMC 6%, p = 0.022). Thus, 
evidence is provided that the presence of fibroblasts within 
cancer microtissues triggered the recruitment of CD19+ 
B cells into the microtissues (Figure 2a).

3.4. Recently activated tissue resident T helper 
lymphocytes

An upregulation of recently activated tissue resident 
T helper lymphocytes (CD69+CD4+) was already observed 
in tumor cell microtissues cultured together with PBMCs 
(Figure 2a) compared to the PBMC only controls (A549/ 
PBMC 21% vs PBMC 2%, p = 0.035). This effect was even 
more evident in cultures with fibroblasts (A549/PBMC 21% 
vs. A549/SV80/PBMC 49%, p = 0.0076; SV80/PBMC 53% vs 
A549/PBMC 21%, p = 0.0037). However, no significant dif-
ference between cancer cell/fibroblast/PBMC tri-cultures 
and fibroblast/PBMC co-cultures was observed regarding 
the amount of infiltrating CD69+CD4+ T cells. A similar, 
albeit reduced effect was observed in cells from the super-
natant that did not migrate into the microtissues, 

suggesting that direct cellular interactions as well as soluble 
factors seem to induce activation of T helper lymphocytes 
(CD4+CD69+ T cells in Sup_A549 21% vs. Sup_A549/SV80 
49%, p = 0.084)

3.5. In vitro secretion of chemokines

Chemokine expression in “PBMC-only” controls were com-
pared to co- and triplet-cultures with equal cell counts 
(Figure 2b,c). Chemokine levels were very low in mono-
cultures of cancer cells, fibroblasts or PBMC. Only CCL22 
and CCL24 were detectable in PBMC monocultures 
(Figure 2c). Co-incubation of PBMC with cancer cells 
resulted in an increased secretion of CXCL5 and CCL20. 
In the triple culture, all B cell and CD4+ T cell-associated 
chemokines were elevated, with the exception of CCL24 
(Figure 2c). Interestingly, a secretion of CCL24 and an 
even stronger increase in CCL13 and CCL8 was found, 
when PBMC were added to fibroblast microtissues. 
CCL20, CCL26, CXCL2 and CXCL5 were not induced in 
comparison to the triple cultures (Figure 2c). The most 
prominent differences were observed for CCL13 and 
CXCL16 (Figure 2b).

CCL13 was slightly expressed in PBMC-only controls and 
monocultures (A549 and SV80, Figure 2b). After the addition 
of fibroblasts to tumor cells, the levels of CCL13 increased 
about 2-fold (A549 vs. A549/SV80 p = 0.03), furthermore 
CCL13 concentrations increased another 2-fold in triple cul-
tures, which, however, did not reach statistical significance 
(A549/SV80 vs. A549/SV80/PBMC p = 0.06). Actually, when 
PBMCs were cultivated together with tumor cells but without 
additional fibroblasts no effect was observed, suggesting 
a synergistic effect of fibroblasts and PBMCs on the production 
of CCL13. This is supported by the observation that SV80 
cultures together with PBMCs have CCL13 amounts compar-
able to the triple culture (A549/SV80/PBMC).

Similar results were observed for CXCL16, even though the 
baseline levels were higher in “PBMC-only” controls. CXCL16 
was highest secreted in triple cultures (A549 vs. A549/SV80/ 
PBMC p = 0.006, Figure 2b), but comparably high in all cul-
tures containing SV80 including their monoculture (A549 vs. 
A549/SV80 p = 0.013), whereas all cultures without fibroblast 
secreted lower amounts (A549, PBMCs, A549/PBMCs). 
Subsuming all approaches, CXCL16 showed a constitutive 
expression in fibroblast-containing cultures, assuming that 
the stromal tissues secreted the chemokine CXCL16 without 
interaction with cancer cells or immune cells (Figure 2b).

3.6. Infiltration of lymphocyte subpopulations in human 
lung cancer

To validate the in vitro data regarding the immune cell infiltra-
tion in association with the stromal compartment, we evalu-
ated the infiltration of CD4+ T lymphocytes and B lymphocytes 
in tumor tissues from NSCLC patients, using immunohisto-
chemistry (n = 45) and flow cytometry (n = 69).

An increased infiltration of CD20+ B cells was observed 
in both the central epithelial (p = 0.002) and central stromal 
region (p = .006, Figure 3a,b) in cancer tissues with high 
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stromal content. Tumor tissues with a low stromal content 
showed a decreased infiltration of B cells within the stromal 
compartment and remarkably no infiltration in the epithe-
lial fraction. Furthermore, an enhanced CD4/D8 ratio, 
reflecting an increased CD4+ T cell proportion, was 

associated with an increased infiltration of CD20+ B cells 
(Figure 3b).

To further validate these findings and test for the prognostic 
influence of CD20+ B cells and CD4+CD69+ T cells in this 
cohort, available flow cytometry results of 69 patients were 

Figure 2. In-vitro chemokine expression and CD4+CD69+ T cell and B cell infiltration. (a) Shows the infiltration of CD4+CD69+ T cells and B cells in microtissues with 
A549 cancer cells with and without SV80 fibroblasts. (b) Shows the secretion of CCL13 and CXCL16 in microtissues with A549 cancer cells, SV80 fibroblasts and 
peripheral blood mononuclear cells (PBMC). (c) The heatmap shows the expression of the measured chemokines. Values are expressed as z-scores between 2.0 and -2.0. 
Asterisks indicate significant results (p < .05).
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investigated (Figure 3c). A CD20+ B cells percentage >9% of 
leukocytes within in the tumor specimen was associated with 
a significant increased OS (p = 0.042). Increased infiltration of 
B cells showed a 5-year survival of >90% of patients. In contrast, 
only 60% of the patients were alive after 5 years if the percentage 
of B cells was below 9%. Finally, the infiltration of CD4+ T cells 
(cutoff 40%, p = 0.566) and CD4+CD69+ T cells (cutoff 15%, 
p = 0.436) in flow cytometry was not linked to survival.

3.7. Combined effect of B lymphocytes and tumor stroma 
on survival using TCGA data

To investigate the influence of the stromal compartment on che-
mokine signaling and chemotaxis of B and CD4+ T cells, expres-
sion of CXCL16, CCL8, CCL13 and CCL22 was correlated with 
the stromal score and tumor purity using TCGA data (Figure 4a). 
A higher stromal score significantly correlated with an enhanced 
expression of these chemokines. Concordantly, tumor purity 

correlated negatively with the expression of the same chemokines. 
Among the investigated chemokines, the strongest correlation was 
observed for CCL13 (R2 = 0.312, p < .001, Figure 4a).

We next estimated the infiltration of CD4+ T helper cells 
and CD19+ B cells and reassessed their prognostic relevance in 
NSCLC using bulk RNA sequencing data from the TCGA 
cohort (Figure 4b +5). Moreover, we correlated the expression 
of CD69 and prognosis of NSCLC patients (Figure 4b). An 
increased B cell infiltration was associated with a beneficial 
prognosis in NSCLC (B cell high vs. low: HR of 0.62, 
p = 0.001, EPIC). We further categorized the NSCLC TCGA 
dataset into four different groups with different stroma/B cell 
content (stroma high/B cell high, stroma high/B cell low, 
stroma low/B cell high and stroma low/B cell low; Figure 5a, 
b). Only a minor proportion of patients (6 out of 208) with 
a low stromal content showed a high B cell infiltration. OS was 
significantly increased in the stroma high/B cell high compared 
to those with low B cell infiltration independent of the stroma 

Figure 3. In-vivo infiltration of lymphocyte subpopulations. (a) Cancer biopsies of patients with non-small cell lung cancer (NSCLC) of our local patient cohort were 
stained for cytokeratin and CD20 (brown), counterstaining was performed with hematoxylin (blue). (b) Patients were stratified by the stroma percentage and CD4/CD8 
ratio. Infiltration of CD20+ lymphocytes is expressed as percentage of the parental population (CD5+ leukocytes). The CD4 ratio cutoff was defined at 2.0 (CD4: 
CD8 = 2:1). (c) NSCLC patients of the same cohort were investigated for the probability of survival regarding the infiltration of CD4+ T cells, CD4+CD69+ T cells and 
CD20+ B cells. Black bar = 200 µm.
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content. CD4+ T helper cells did not show any correlation with 
overall survival in the same patient cohort. However, we found 
a significant correlation between CD69 expression and an 
improved OS in NSCLC (HR = 0.70, p = .018, Figure 4b).

4. Discussion

Fibroblasts within the tumor microenvironment (TME) are 
a highly heterogeneous cell population with diverse 
functions.21,22 Based on analyses of TCGA data, we here 
provide evidence that in NSCLC patients with an enriched 
ESTIMATE score prognosis is superior14, whereas known 
CAF signatures did not indicate a survival disadvantage, 
which is contrary to recent data.23 Using our single-cell 
lung cancer atlas, we are able to show that that the gene 
signature of the ESTIMATE score exceeds the CAF 

signature by comprising also non-cancer associated lung 
fibroblasts and represents rather a whole stromal 
fibroblast compartment. We speculated that the positive 
effect of a stromal compartment with a whole stromal, 
fibroblast signature outweighs the impact of CAF signa-
tures, what might be induced by the modulation of the 
tumor immune-milieu.

The humoral axis with antigen-presenting abilities consisting 
of CD4+ T helper cells and B cells are of growing interest.24,25 

Especially in combination with T helper cells, B cells were 
described to form tertiary lymphoid structures and to prime 
cytotoxic T cells.26,27

In our 3D in vitro model, immune cell infiltration is 
measurable and can be induced by chemokine-mediated 
attraction of PBMC. Moreover, we were able to show the 
extended stromal fibroblast signature to remain more pro-
minent in the chosen setting. Notably, our 3D model has 

Figure 4. Gene expression of chemokines, CD4 and CD69 (TCGA dataset). (a) Linear regression analyses showing chemokines CXCL16, CCL13, CCL8 and CCL22 and their 
association with tumor purity and stromal score (estimated by ESTIMATE). Significant results are defined by a p-value <.05. (b) Non-small-cell lung cancer (NSCLC) data 
of “The Cancer Genome Atlas” (TCGA) were used to determine the influence of CD4+ T cell infiltration and CD69 expression on the overall survival (OS).
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certain weaknesses, as the lack of HLA-matching of circulat-
ing immune cells and the use of the artificial SV80 fibroblast 
cell line as a substitute for the whole tumor stroma. With 
these limitations to consider, we were able to show that 
a whole stromal fibroblast signature is linked to an increased 
infiltration of B lymphocytes and recently activated tissue 
resident CD4+CD69+ T helper lymphocytes in fibroblast- 
containing microtumors.

The secretion of specific chemokines attracting T helper cell 
and B cells, proliferation and activation were enhanced in super-
natants of fibroblast-enriched 3D tumors and to an even higher 
extent in the presence of PBMCs. Of note, CCL13 and CXCL16 
are most up-regulated in our in vitro system. Analysis of the 
LUAD data set confirms the importance of chemokines on the 
prognosis in lung cancer. Moreover, also a higher expression of 

CD69 within the tumor specimens was associated with an 
improved survival. Our in vivo findings are supported by posi-
tive correlations of the in vitro identified chemokines with the 
stroma score in the NSCLC TCGA data set.

A higher number of infiltrating CD20+ B cells was found in 
NSCLC tissue specimens of a local cohort containing 
a prominent stromal compartment. Remarkably, survival 
probability was significantly increased in tumors with 
a prominent stromal compartment combined with an 
increased B cell infiltration. A higher B cell score calculated 
by ESTIMATE or EPIC algorithms in the LUAD data set of the 
TCGA confirmed beneficial prognosis for these patients. Based 
on our data, we speculate that chemokine expression patterns 
dictated by fibroblasts orchestrate the link between T helper 
cells, B cells and tertiary lymphoid structures formation.

Figure 5. In-vivo B cell infiltration shows an improved overall survival in NSCLC patients. (a) Using data of the non-small-cell lung cancer (NSCLC) data of “The Cancer 
Genome Atlas” (TCGA), the heatmap shows the expression of the chemokines CCL13 and CXCL16, B cell infiltration and the scores for the tumor stroma (ESTIMATE) and 
expression of markers related with cancer associated fibroblasts (CAF) using a deconvolution approach (EPIC). Values are expressed as z-scores between 2.0 and -2.0. (b) 
Estimated tumor stroma and infiltrating B lymphocytes were used to determine the influence on overall survival (OS). Patients were stratified into four different groups: 
Stroma Low/B cell Low, Stroma Low/B cell High, Stroma High/B cell Low, Stroma High/B cell High.
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In conclusion, our work shows an OS benefit for the B cell- 
rich tumor microenvironment with an extended stromal fibro-
blast signature and suggests an underlying chemokine pattern to 
translate into a consecutive inflammation phenotype with helper 
T and B cell infiltration. Therefore, the beneficial survival effect 
of a stroma-rich compartment might be just a surrogate for its 
potential to activate the chemotaxis of B cells leading to an 
improved OS by modulating immune response mechanisms.28
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