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Background: The spatial distribution and functional heterogeneity of tumor-
in Itrating lymphocytes (TILs) signi cantly impact patient outcomes in non-small
cell lung cancer (NSCLC). While T cell factor 1 (TCF1) expressing TILs have emerged
as key players in sustaining anti-tumor immunity, their subset characterization,
localization, and clinical signi cance within the tumor microenvironment remain
poorly de ned.

Method: We performed multiplex immunohistochemistry and immuno uorescence
to characterize TCF1™ immune cell subsets, in 102 NSCLC tumors, separately analyzing
the tumor center (TC) and invasive front (IF). We integrated this data with publicly
available single-cell RNA-sequencing datasets and clinical outcome analyses.
Results: CD4™ T cells and CD79a™ B cells, dominate the TCF1* landscape, while
CD8" T cells constitute a minority of TCF1™ immune cells, particularly in the TC.
We demonstrated the presence of tumor-in Itrating IgG*/IgA™ plasma cells co-
expressing TCF1. PD1*TCF1™ cells were more frequent than PD1"TCF1" cells
both in the TC and IF, re ecting that terminally differentiated exhausted TILs
predominate within the tumor microenvironment. Survival analyses revealed
signi cantly different prognostic impact of TILs including TCF1-expressing cells
based on topography. Multivariate analysis showed that increased CD8*TCF1*
cells (HR: 2.5; p=0.039) and increased TCF1 expression by cancer cells (HR: 2,7;
p=0.041) in the TC and CD4"TCF1" cells (HR: 0.4; p=0.043) in the IF emerged as
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negative and positive independent prognostic markers for Disease-free survival
(DFS), respectively. Integrating PD-L1 expression with TILs, PD-L1
immunopositivity was correlated with increased CD8" and PD1"TCF1™ cell
in Itration and was associated with favorable DFS especially in the TC.

Conclusions: Our ndings support a more re ned framework for TCF1" TIL
assessment and TCF1 expression across cellular populations in the tumor

microenvironment, with implications for prognostication in operable NSCLC.

KEYWORDS

biomarkers, non-small cell lung cancer, spatial analysis, T cell factor 1, tumor
in Itrating lymphocytes, tumor microenvironment

Introduction

Non-small cell lung cancer (NSCLC) remains one of the most
common malignancies and a leading cause of cancer-associated
death throughout the world (1). In early stage and locally advanced
NSCLC, surgical resection is the treatment of choice. However, 30-
55% of patients develop postoperative recurrence, indicating the
importance of developing appropriate prognostic biomarkers (2).
Accumulating evidence demonstrates the clinical value of the tumor
microenvironment (TME), including tumor-in Itrating
lymphocytes (TILs) in NSCLC (3-5).

CD8" TILs have gained attention as they constitute the main
anti-cancer effector cells of the adaptive immune response.
However, in the TME, T cells often acquire a state of T cell
exhaustion, which describes the compromised function of
immune cells (6). Recent advances identi ed progenitor (early)
exhausted T cells with stem cell- or memory-like features that
express T cell factor 1 (TCF1, encoded by TCF7 along with low to
moderate levels of inhibitory signals including the checkpoint
molecule programmed death 1 (PD1), and terminally
differentiated (late) exhausted T cells which lack TCF1 expression,
but are characterized by high PD1 expression (6, 7). Expression of
TCF1 has been linked to the maintenance of T cell effector
functions, while loss of TCF1, along with concomitant up-
regulation of inhibitory molecules, is associated with a decline in
effector functions (8). The clinical relevance of stem cell-like
CD8'TCF1™ cells was initially demonstrated in melanoma
patients, showing that patients with high CD8"TCF1" cell count
showed improved response to immune-checkpoint inhibitors (ICls)
(9). Similar ndings were observed in NSCLC and invasive breast
carcinoma (10-12). Besides, we recently demonstrated the strong
prognostic value of CD8"TCF1" cells in triple-negative breast
cancer, and Huang et al. showed similar ndings for colorectal
cancer (13, 14). However, TCF1-expression across immune cell
subsets, localization, and clinical signi cance of TCF1* cells in the
tumor microenvironment (TME) remain poorly de ned.

Tumor-in Itrating B lymphocytes comprise a critical
component of TILs (15). However, relative to T cells, the role of
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B lymphocytes in cancer is understudied. Several studies
demonstrate that increased in ltration of TME by CD20* B cells
has been reported to be associated with favorable prognosis in
breast cancer, melanoma and NSCLC (16). As B cells are central
players of humoral immunity, knowledge of B cell biology in
NSCLC could improve our understanding of the TME and help
us to develop new biomarkers and therapeutic strategies.

The current study aims to dissect the immunophenotypic
pro le along with the clinical value of TCF1-expressing cells in
the TME of tumors from a well-characterized cohort of 102
treatment-naive NSCLC patients with early and locally advanced
stage. We investigated which cells express TCF1, and whether their
distribution differs between the tumor center (TC) and the invasive
front (IF) along with their prognostic value.

Materials and methods
Study population

This prospective translational research study, conducted by the
Hellenic Oncology Research Group (HORG), enrolled 102
treatment-naive patients (during the period 2018-2023) with
histologically documented stage I-111 (according to IASLC/UICC,
8™ edition) NSCLC that underwent surgical resection based on the
Multidisciplinary Tumor Board’s (MTD) decision. Forty-six
(45.1%) patients were diagnosed with squamous cell carcinoma
(SCC), 53 (48.0%) with adenocarcinomas (ADC) whereas 7 (6.9%)
patients were grouped as “other” histological types including
patients with pleomorphic carcinoma (n=3) and large cell
carcinoma (n=1) (Supplementary Table 1).

In situ analysis
For in situ analysis of immune in Itrate we performed single

and double immunohistochemistry (IHC) as well as multiplex
immuno uorescence on formalin- xed paraf n-embedded (FFPE)
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tissue sections obtained from the resected primary tumor. For the in
situ analysis we assessed each marker separately in the TC and the
IF as previously described (17).

(i) Immunohistochemistry

For single and double IHC the following antibodies were
employed: anti-CD8 (clone C8/144B, 108 M, Cell Marque, 1:60);
anti-CD4 (clone 4B12, 15649, DAKO, ready to use), anti-CD79a
(JCB117, DAKO, ready to use), anti-TCF1 (clone C63D9, 2203, Cell
Signaling, 1:50), anti-PD1 (NAT105, Cell Marque, 1:50) and anti-
PDL1 (clone SP263, Roche). PD-L1 immunostaining was
performed on Ventana Benchmark Ultra staining system (Roche
Diagnostics, Tucson, AZ, USA). Sections were counterstained with
Mayer’s hematoxylin. To exclude non-speci c staining in double
immunostainings, we omitted sequentially the primary antibody.
Human tonsil served as a positive control for CD8, CD4, CD79a,
TCF1and PD-L1. For CD8, CD4, CD79a and TCF1 we assessed the
number of positive (+) stromal cells per high-power eld (HPF,
magni cation 400x) as previously described (13, 17), as well as
separately the percentage of TCF1 (%) expressed by cancer cells. For
the evaluation of PD-L1, we employed the Tumor Proportion Score
(TPS). PD-L1 immunopositivity was de ned as TPS score 1. The
assessment, of CD8"TCF1*, CD4*TCF1*", CD79a*TCF1",
PD1'TCF1* and PD1"/TCF1 stromal cells was performed by
counting the number of (+) cells per HPF.

(ii) Multiplex immuno uorescence

For multiplex immuno uorescence we employed a panel of ve
markers comprising the following primary antibodies: anti-CD8 (108
M, Cell Marque, 1:60); anti-CD4 (ab133616 Abcam, 1:100), anti-
CD79a (ab79414, Abcam, 1:100), anti-TCF1 (2203, Cell Signaling,
1:50), and anti-Pancytokeratin (KRT/1877R, ab234297, 1:100). The
following secondaries antibodies were employed: goat-anti-mouse
19G (H+L) Alexa Fluor ™ 488 (A11029) and goat-anti-rabbit 19gG (H
+L) Alexa Fluor " 568 (A11011) purchased from Thermo Fisher. We
performed sequential rounds of staining, each including goat serum
and 5% BSA blocking, followed by primary antibody and matched
secondary antibody. To remove primary and secondary antibodies
(stripping) across rounds of staining we employed Lunaphore
Labsat® using Elution buffer Solution 2 (20X) (REF BUO07,
Lunaphore technologies) diluted in Solution 1 (1X) (REF BUO7,
Lunaphore technologies). Nuclei were counterstained with DAPI/
VECTASHIELD® (H-1200-100, Vector Laboratories). Stained
sections were scanned, and images were acquired using the 3D
HISTECH Pannoramic MIDI (Pannoramic software 4.1.0). Tonsils
were used as a positive control. To exclude non-speci ¢ staining, we
omitted the primary antibodies.

Bioinformatic analysis

Single-cell RNA sequencing data processing
Publicly available NSCLC single-cell RNA sequencing raw

counts data was downloaded from GSE127465, GSE131907,

GSE136246 and GSE153935 (18-21). Single-cell data was
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analyzed in R (v4.3.0) using the Seurat (v5.1.0) package. Raw
counts matrix and associated metadata were loaded into R. The
Seurat object containing 135, 376 cells across 42 patient samples was
generated using the CreateSeuratObject() function including a
minimum of 200 features, which are detected in a minimum of 3
cells. The object was normalized and scaled using the
NormalizeData() and ScaleData() functions respectively. The
FindNeighbors() function was used to construct a nearest-
neighbor graph using the top 9 principal components (PCs).
Clustering was performed with FindClusters() using a resolution
of 0.5. Clusters were visualized on a reduced-dimensionality
Uniform Manifold Approximation and Projection (UMAP) plot.

Batch correction

Clusters were visualized per study accession ID revealing batch
effects in the data (Supplementary Figures S1A, B). Batch correction
was performed using the Seurat integrative analysis method, whereby
the Seurat object was normalized by SCTransform() and integrated
using the IntegrateLayers() function using RPCAlntegration
(Supplementary Figures S2A-D). Clustering was performed with
FindClusters() using a resolution of 0.5. Clusters were visualized on a
reduced-dimensionality UMAP plot (Supplementary Figures S3A-C).

Cell type annotation and re-clustering

The Seurat object was rst prepared for differential gene
expression analysis using the PrepSCTFindMarkers() function.
Differential genes were calculated using the FindAllMarkers()
function with, testing genes that are detected in a minimum 20%
cells. DEGs were Itered to include only signi cant genes (pad]
0.05). A combination of top signi cant DEGs and a panel of key cell
markers were used for annotation. Immune cells including B, T and
plasma cells were selected for re-clustering to annotate these
populations to a higher resolution. The FindNeighbors() function
was used to construct a nearest-neighbor graph using the top 9
principal components (PCs). Clustering was performed with
FindClusters() using a resolution of 0.3. Seurat functions
including VInPlot() and FeaturePlot() were used to compare
TCF7expression between cell types.

Statistical analysis

Due to the descriptive nature of the present study, no formal
statistical hypothesis was tested for sample size estimation.

Summary tables (descriptive statistics and/or frequency tables)
were provided for all baseline and ef cacy variables, as appropriate.
Continuous variables were summarized with descriptive statistics
(n, median and range). Qualitative factors were compared using
Pearson’s chi-square test or Fisher’'s exact test, whenever
appropriate. For each biomarker, the Mann-Whitney’s U test was
used to compare the two groups of each tested variable. The
biomarker values were assessed graphically using boxplots
displaying both the medians and the ranks of each subtype.

Disease-free survival (DFS) was de ned as the time of NSCLC
initial diagnosis until the date of rst documented disease relapse.
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To evaluate the impact of each biomarker expression on the DFS,
Kaplan—Meier (KM) curves in association with univariate Cox
regression analyses were performed with computation of a hazard
ratio and 95% con dence interval. In the KM analysis, comparisons
were conducted using the log-rank test. Multivariate analysis was
performed on variables with a p-value of less than 0.05 in the
univariate analysis. Median follow-up was calculated using the
reverse Kaplan-Meier method. All statistical tests were two-sided,
and p-values <0.05 were considered statistically signi cant.

The X-tile algorithm (20) was used to determine the optimal
cut-off value for each biomarker with patients being strati ed into
high- and low-expression groups (Supplementary Material) (22). X-
tile graphs are also provided as Supplementary Material. The data
were analyzed using the IBM SPSS statistics for Windows (IBM
Corp. Released 2019. IBM SPSS Statistics for Windows, Version
26.0. Armonk, NY: IBM Corp) predictive analysis software.

Results

Spatial pro ling and distinct prognostic
impact of in Itrating CD8"TCF1™ T cells

Double immunohistochemistry analysis was used to assess the
presence and distribution of CD8"TCF1* T lymphocytes in the TC
and the IF. Both the absolute number of CD8"TCF1" T cells as well
as the CD8'TCF1"/CD8" and CD8*TCF1*/TCF1* ratios, were
higher in the IF compared to the TC (Figure 1A), mirroring the
distribution observed for CD8" T cells (Supplementary Figure S4).

We next examined the prognostic impact of CD8* and
CDS8'TCF1" T cells separately in the TC and the IF. The presence
of CD8" cells both in the TC and IF was associated with a prolonged
DFS (TC: HR:0.4, 95%CI:0.2-0.9, p=0.027; IF: HR:0.4, 95%CI:0.2-0.8,
p=0.010, respectively). Unexpectedly, high levels of CD8"TCF1* cells
revealed a statistical trend towards worse DFS in the TC (Figures 1B,
C, Table 1). Likewise, increased CD8*TCF1*/CD8* and CD8*TCF1*/
TCF1* ratios in the TC were associated with worse DFS (HR: 2.9,
95%Cl:1.5-5.9, p=0.002; HR: 2.9, 95%Cl:1.2-7.0, p=0.018) (Table 1).

As TCF1 was also expressed by cancer cells, we assessed its
prognostic impact and found that increased percentage of TCF1™ in
cancer cells was associated with a strong trend for a worse DFS in
the TC (HR:2.5, 95%Cl1:1.0-6.5 p=0.055), a trend that became
signi cant when the TCF1 positivity was assessed in the IF
(HR:2.1, 95%CI:1.0-4.4, p=0.045) (Table 1, Figure 1D).

TCF1-expressing cells in the TME of NSCLC
patients

The immunohistochemical analysis demonstrated that the

majority of TCF1™ immune cells did not co-express CD8 in TME
(Figure 1A). Therefore, we characterized the different TCF1*
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subpopulations in NSCLC by performing bioinformatics analysis
based on publicly available NSCLC single-cell RNA sequencing data
(18-21).

This analysis identi ed several subsets of immune cells and
non-immune cells expressing TCF1 mRNA (TCF7 in NSCLC
(Figures 2A—C). As expected, higher expression levels of TCF7
were found in T cells, independently of NSCLC subtypes
(Figure 2B). Interestingly, a smaller proportion of myeloid and
mast cells also expressed TCF7(Figures 2A-D). In addition, non-
immune populations such as cancer associated broblasts (CAFs)
and ciliated cells were identi ed as TCF7expressing cells
(Figures 2A-C).

Within the adaptive immunity population, TCF7was expressed
in CD8" and CD4" cells, including CD4" subsets such as T
regulatory (Treg) and follicular helper cells (Figure 2D), as well as
in B cell subsets, including naive/transitional, germinal center/
memory B cells, and plasma cells (Figure 2D).

Prompted by these ndings, we performed double
immunohistochemistry in serial tissue sections to assess the
presence of CD8"TCF1* and CD4"TCF1* T cells, as well as
CD79a"TCF1" B cells in TME at protein level (Figure 3A). To
quantify the percentage of CD8*TCF1*, CD4"TCF1* and
CD79a*TCF1* cells on the same sections a multiplex
immuno uorescence analysis was performed in a patient subset,
revealing, that 30.5% of TCF1l-expressing cells in the TC are
CD79a", followed by CD4" (29.0%) and to a lesser degree CD8"
(4.2%) (Figure 3B) con rming the immunohistochemistry data
presented in Figure 3A. Interestingly, 38.5% of TCF1* cells were
negative for all three markers.

Among the CD79a*TCF1" cells, many exhibited an eccentric
nucleus, a key morphological feature of plasma cells, validating the
bio-informatic analysis (Figure 3A). As CD79a is a pan-B cell marker
expressed throughout B cell differentiation, including the plasma cell
stage (23), 1gG and IgA were used as markers of plasma cells (24).
The majority of 1gG* and IgA* plasma cells co-expressed TCF1 both
in the TC and the IF in a subset of 10 patients (Figure 3C).

Prompted by our ndings, we focused on CD4*TCF1* and
CD79a TCF1" cells, assessing their distribution separately in the
TC and IF along with their prognostic impact.

Spatial pro ling and distinct prognostic
impact of in Itrating CD4"TCF1™ T cells

Spatial pro ling revealed that both the absolute number of
CD4"TCF1* T cells as well as the CD4"TCF1*/CD4" and
CD4*TCF1*/TCF1" ratios were signi cantly enriched in the IF
compared to the TC (Figure 4A), in accordance with higher CD4* T
cell density (Supplementary Figure S5) and mirroring the pattern
observed for CD8" T cells (Supplementary Figure S4). Interestingly,
increased CD4" cell density in the TC revealed a trend associated
with worse DFS (HR:2.3, 95%C1:0.9-5.7, p=0.063), whereas it was
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TABLE 1 KM & Univariate Cox regression analysis for DFS, evaluating the prognostic role of CD8/TCF1 and CD4/TCF1 status separately in the tumor
center (TC) and invasive front (IF).

DFS - TC DFS - IF
KM analysis Univ. cox regression KM analysis Univ. cox regression
Median (range) p-value HR (95%C.I) p-value Median (range) p-value HR (95%C.I) p-value
Low (ref) 19.4 (4.9-63.2) 22.8 (4.9-50.3)
0.023 04 (0.2-09) 0.027 0.007 0.4 (02-0.8) 0.010
High NR (2.9 - 73.5) NR (2.9-73.5)
ICE1E
Low (ref) NR (2.9 — 735) NR (2.9 — 735)
0.198 16 (0.8-3.2) 0.202 0.065 19 (0.9-3.7) 0.069
High NR (6.8 — 67.7) 35.8 (6.8-61.7)
TCF1+ (%) *
Low (ref) NR (6.6 — 73.5) NR (6.6 — 73.5)
0.047 25 (1.0-6.5) 0.055 0.041 21 (10-4.4) 0.045
High NR (2.9 - 68.4) NR (2.9 - 68.4)
CD8+TCF1+
Low (ref) NR (7.8 — 66.5) NR (6.6 — 66.5)
0.070 21 (0.9-4.8) 0.076 0214 18 (0.7-4.7) 0221
High NR (2.9 — 73.5) NR (2.9 — 73.5)
CD8+TCF1+/CD8+
Low (ref) NR (2.9 - 73.5) NR (6.6 — 73.5)
0.001 2.9 (1.5-5.9) 0.002 0074 2.0 (0.9-4.4) 0.080
High 21.7 (4.9-61.8) 38.2 (29-61.7)
CD8+TCF1+/TCF1+
Low (ref) NR (7.8 — 67.7) NR (4.9 — 73.5)
0.013 29 (12-7.0) 0.018 0.126 05(02-12) 0134
High NR (2.9 - 735) NR (2.9 - 68.4)
CD4+
Low (ref) NR (2.9 - 68.3) 319 (29 - 61.8)
0.056 23(09-5.7) 0.063 0.004 03 (02-0.7) 0.005
High 14 (6.6 —55.9) NR (6.6 — 68.3)
CD4+TCF1+
Low (ref) NR (2.9 - 68.3) 35.9 (29 - 61.7)
0.193 17 (0.7-4.0) 0.198 0.013 0.4 (02-0.8) 0.016
High 44.8 (6.6 —61.7) NR (6.6 — 68.3)
CD4+TCF1+/TCF1+
Low (ref) NR (2.9 — 67.7) NR (2.9 — 67.7)
0367 0.7 (0.4-15) 0370 0272 0.7 (0.3-1.4) 0276
High NR (4.9 - 68.3) NR (4.9 — 68.3)
CD4+TCF1+/CD4+
Low (ref) NR (4.9 - 67.7) NR (2.9 - 66.5)
0.298 0.7 (0.3-1.4) 0301 0.298 0.7 (03-14) 0301
High NR (2.9 - 68.3) NR (4.9 - 68.3)

NR, not reached; TCF1+(%) * refers to TCF1-expression by cancer cells.

Signi cant P values (< 0.05) linked with the biomarkers’ expression are written in bold.

signi cantly linked with favorable DFS in the IF (HR:0.3, 95%
Cl:0.2-0.7, p=0.005) (Figure 4B, Table 1). Similarly, only increased
CD4"TCF1™ T cell density in the IF but not in the TC signi cantly
correlated with improved DFS (HR:0.4, 95%Cl.0.2-0.8, p=0.016),
(Figure 4B, Table 1).

Frontiers in Immunology

Collectively, these data show that, unlike CD8*TCF1" cells, the
presence of CD4"TCF1* cells in the IF is associated with a favorable
prognosis, suggesting distinct roles for these two cell types within
the TME, and highlight a compartment-speci ¢ prognostic role for
CD4"TCF1* T cells in NSCLC.
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FIGURE 2

(A—D) Single-cell RNA sequencing analysis of TCF7 expression across NSCLC. (A, B) Violin plot shows TCF7 expression across the annotated cell
types from NSCLC patient samples and separately across different NSCLC subtypes UNK: unknown NSCLC subtype. (C) Feature plot shows TCF7
expression across the cell type clusters on a UMAP. (D) Feature plot shows TCF7 expression across T and B subtypes in NSCLC.

Spatial pro ling and distinct prognostic
impact of in Itrating CD79a” TCF1™ B cells

The CD79a"TCF17/CD79a* and CD79a* TCF1*/TCF1™ ratios
were signi cantly higher in the TC compared to the IF (Figure 4C),
showing an opposite pattern observed for CD8" and CD4" T cells.
We did not nd any signi cant differences in the absolute number
of CD79a" and CD79a"TCF1"* cells between the TC and the IF
(Supplementary Figure S6).

Survival analysis demonstrated that high CD79a+ cell count in
the TC but not in the IF was associated with a trend towards favorable
DFS [HR: 0.4, 95%Cl: 0.2-1.0, p=0.058] (Supplementary Table 2). No
signi cant associations were found between CD79a  TCF1* cells with
DFS irrespective of the tumor area (Supplementary Table 2).

Spatial pro ling of progenitor versus
terminally differentiated exhausted TILs

The co-expression of TCF1 with PD-1 is considered a marker
for exhausted lymphocytes. Thus, we evaluated the spatial
distribution of exhausted TILs by distinguishing between PD-
1"TCF1" progenitor-like exhausted cells and PD-1"TCF1

Frontiers in Immunology

terminally differentiated exhausted cells. Both populations were
signi cantly enriched in the IF compared to TC (Figure 5A).
Interestingly, PD-1"TCF1™ cells were signi cantly higher than
PD-1*TCF1" cells (Figure 5B), suggesting a higher percentage of
TILs expressing a terminally exhausted phenotype in the tumor
area. Survival analysis could not reveal any signi cant association
between the density of PD-1" TCF1"™ and PD-1" TCF1" cells with
DFS (Supplementary Table 3).

Increased PD-L1 status is associated with
favorable survival

As Programmed Death Ligand 1 (PD-L1) is the ligand of PD1,
we assessed the PD-L1 status in the NSCLC cohort. PD-L1
immunopositivity was found in the TC and IF in 36.4% and
37.2% of NSCLC cases, respectively. Integrating PD-L1 with
CD8"* and CD8*TCF1* status, PD-L1 immunopositivity was
signi cantly associated with increased CD8" T cell density both
in the TC and in IF, as well as with increased CD8"TCF1" cell count
only in the IF (Figure 6A, Supplementary Table 4). As expected,
PD-L1 immunopositivity was associated with increased PD1"TCF1
cell count in both the TC and the IF, re ecting an increase in

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1731337
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


































	Immunophenotyping TCF1-expressing TILs: spatial profiling and prognostic value in operable non-small cell lung cancer
	Introduction
	Materials and methods


