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Tertiary Lymphoid Structures (TLS) are lymphoid structures commonly

associated with improved survival of cancer patients and response to

immunotherapies. However, conflicting reports underscore the need to

consider TLS heterogeneity and multiple features such as TLS size,

composition, and maturation status, when assessing their functional impact.

With the aim of gaining insights into TLS biology and evaluating the prognostic

impact of TLS maturity in Non-Small Cell Lung Carcinoma (NSCLC), we

developed a multiplex immunofluorescent (mIF) panel including T cell (CD3,

CD8), B cell (CD20), Follicular Dendritic cell (FDC) (CD21, CD23) and mature

dendritic cell (DC-LAMP) markers. We deployed this panel across a cohort of

primary tumor resections from NSCLC patients (N=406) and established a mIF

image analysis workstream to specifically detect TLS structures and evaluate the

density of each cell phenotype. We assessed the prognostic significance of TLS

size, number, and composition, to develop a TLS scoring system representative

of TLS biology within a tumor. TLS relative area, (total TLS area divided by the total

tumor area), was themost prognostic TLS feature (C-index: 0.54, p = 0.04). CD21

positivity was a marker driving the favorable prognostic impact, where CD21+

CD23- B cells (C-index: 0.57, p = 0.04) and CD21+ CD23- FDC (C-index: 0.58, p =

0.01) were the only prognostic cell phenotypes in TLS. Combining the threemost

robust prognostic TLS features: TLS relative area, the density of B cells, and FDC

CD21+ CD23- we generated a TLS scoring system that demonstrated strong

prognostic value in NSCLC when considering the effect of age, sex, histology,

and smoking status. This TLS Score also demonstrated significant association

with Immunoscore, EGFR mutational status and gene expression-based B-cell
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and TLS signature scores. It was not correlated with PD-L1 status in tumor cells or

immune cells. In conclusion, we generated a prognostic TLS Score representative

of the TLS heterogeneity and maturity undergoing within NSCLC tissues. This

score could be used as a tool to explore how TLS presence and maturity impact

the organization of the tumor microenvironment and support the discovery of

spatial biomarker surrogates of TLS maturity, that could be used in the clinic.
KEYWORDS

NSCLC, tert iary lymphoid structures, t issue scoring, tumor immunity,
multiplex immunofluorescence
Introduction

Several spatial biomarkers, predictive of improved patient

survival and response to immuno-therapies, have been identified

over the last decade. One example is the density and location of

immune cells within the tumor microenvironment. In particular,

the presence of tumor-infiltrating lymphocytes (TILs) has been

correlated to a better prognosis and response to immunotherapy in

various cancer types, including melanoma, non-small cell lung

cancer, and bladder cancer (1, 2). Other studies have

demonstrated similar prognostic and predictive impact of

immune cell density within the tumor center or the invasive

margin (2, 3). Additionally, the spatial organization of immune

cells within the tumor microenvironment can be of major

importance. For example, the presence of highly organized

ectopic lymphoid structures, called tertiary lymphoid structures

(TLS) found in inflamed or tumor tissues, have been linked with

better prognosis and response to immunotherapy in many cancer

types (4–9).

While TLS are associated with favorable outcomes in tumor

indications such as lung, colorectal, and pancreatic cancers, their

relationship with histopathological and clinical parameters is

complex and can vary across tumor types. In other tumor

indications, TLS impact can be controversial, for instance in

invasive breast cancer, bladder cancer, and gastric tumors where

the presence of TLS has been correlated with poor prognostic value

(8, 9). These conflicting observations suggest that not all lymphoid

aggregates are functionally equivalent, and minimal characteristics

may be required to define a functional TLS. Many cell types are

recruited and segregated in two distinct B cell and T cell areas that

typically comprise a TLS, including immune cells such as B cells, T

cells, mature dendritic cells (mDC), Follicular helper T cells (TFH)

and macrophages, differentiated stromal components (follicular

dendritic cells (FDC), fibroblastic reticular cells (FRC), marginal

reticular cells (MRC)), and high endothelial venules (HEV) (8). This

complex TLS structural organization is critical for immune

activation, as it enables the interaction of immune cells and

antigens, leading to the generation of effective anti-tumor

immune responses (8). The presence or absence of some cellular
02
components may reflect different levels of organization, maturation

stages or even types of lymphoid aggregates (10–13) which may

impact their clinical significance.

Furthermore, it is of importance to note that there is no single,

universally accepted definition of TLS, and different groups may

define them differently based on their research question or tissue

type. Moreover, various methods are used to evaluate and classify

TLS, including histology H&E staining, immunohistochemistry

(IHC), multiplex immunofluorescence (multiplex IF) and gene

expression profiling, each method having its strengths and

limitations (8, 9). Using different methods or single IHC markers

to identify TLS may lead to variations in the classification of TLS

and in the assessment of their clinical impact, with each method

focusing on a specific TLS feature.

Variable numbers of lymphoid aggregates can be present within

a tumor tissue, each one of these structures displaying unique

characteristics (such as the size, cellular composition, location,

maturation stage), and each feature having a potential impact on

the clinical outcome. A better understanding of TLS impact on

patient survival would thus require characterizing them at a high-

resolution level by considering their functional, compositional, and

spatial characteristics.

The objective of this study was to assess the prognostic value of

TLS in Non-Small Cell Lung Cancer (NSCLC), by establishing a

TLS Score that reflected the diversity of lymphoid clusters within a

tissue. This scoring method considers various factors, including the

size of the TLS relative to the tumor size, their cellular composition,

and their prevalence.
Materials and methods

Acquisition of samples

All human tissues were obtained with fully informed consent

and transferred to AstraZeneca. AstraZeneca has a governance

framework and processes to ensure that commercial sources have

appropriate patient consent and ethical approval in accordance with

the principles outlined in the Declaration of Helsinki, in place for
frontiersin.org
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collection of the samples for research purposes including use by for-

profit companies. The AstraZeneca Biobank in the UK is licensed by

the Human Tissue Authority (License No. 12109) and has National

Research Ethics Service Committee (NREC) approval as a Research

Tissue Bank (RTB) (REC No 17/NW/0207) which covers the use of

the samples for this project.
Immunohistochemistry staining

Immunohistochemistry (IHC) staining was used as a Gold

Standard to validate the multiplex immunofluorescence staining.

IHC was performed on 4 mm thick sections of FFPE tissues and

carried out on BOND RX using the following pre-programmed

protocols and ready-to-use reagents (Leica Biosystems): dewax, ER1

citrate-based pH 6 retrieval (CD8, CD20, CD21, and CD23) or ER2

EDTA based pH 9 retrieval (CD3 and DC-LAMP) at 100°C for 20

mins. A blocking step using Protein Block Serum-Free reagent

(Agilent) preceded the ‘F standard’ staining protocol, with post-

primary (CD8, CD20, CD21 stains) or without (CD3, CD23 stains),

poly-HRP-IgG and DAB refine (Polymer refine detection kit, Leica

Biosystem). Primary antibodies used were as follows: anti-DC-

LAMP (clone 1010E1.01, Dendritics, at 1 mg/mL), anti-CD3

(clone 2GV6, Roche, at 0.1 mg/mL), anti-CD8 (clone C8/144 B,

Dako, at 1.5 mg/mL), anti-CD20 (clone L26, Abcam, at 0.1 mg/mL),

anti-CD21 (clone 2G9, Cell Marque, at 0.5 mg/mL), anti-CD23

(clone SP23, Abcam, at 0.25 mg/mL). The antibodies were diluted in

Dako antibody diluent (Agilent) and incubated for 15 mins. For

DC-LAMP staining, ER2 retrieval incubation time was 40 mins,

primary antibody incubation 40 mins and the secondary antibody

used was a donkey anti-rat IgG H&L HRP (Abcam) at 1/200

dilution incubated 16 mins. Digital slide images were acquired

with the Aperio AT2 scanner (Leica) using a 20x or 40x objective.
PD-L1 and immunoscore (CD3 and
CD8) immunohistochemistry

Tumor sections were stained by IHC using the VENTANA PD-

L1 (SP263) assay and scored by a pathologist for the proportion of

membrane staining tumor cells and immune cells as described in

Scorer et al. (14). CD3 and CD8 IHC Immunoscore Gold Standard

assays were performed using the VENTANA, in conformity with

Pages et al. (15). The T cells CD8+ density in the tumor center and

the invasive margin is used to provide an Immunoscore ‘I’. It ranges

from Immunoscore 0 ‘I0’ to Immunoscore 4 ‘I4’ depending on the T

cell density in both tumor regions.
Multiplex immunofluorescence staining
and multispectral image acquisition

Multiplex IF staining was conducted on 4 mm thick sections

from FFPE NSCLC tissues using the Opal 6-Plex Detection Kit for
Frontiers in Immunology 03
Whole Slide Imaging (Akoya Biosciences). The BOND RX

automated stainer was used for the pretreatment and staining of

the tissues using ER2 retrieval at 100°C for 40 mins (Leica

Biosystems). The endogenous peroxidase was blocked using the

Peroxidase Block Novocastra (Leica) for 7 mins, before staining the

tissues through repeated staining cycles for each marker. Each

staining step cycle was composed of 5 steps: protein blocking

using the Antibody Diluent/Block reagent for 5 mins (Akoya

Biosciences), primary antibody incubation for 45 mins to 60

mins, secondary antibody incubation for 10 mins, Opal dye

incubation for 10 mins, and an antibody denaturation step using

ER1 retrieval at 97°C for 20 min to 30 mins. Identical primary

antibody clones and concentrations were used for both

chromogenic IHC and multiplex IF staining. The staining order

and antibody-TSA reagent combination were as follows: 1) anti-

DC-LAMP visualized with Opal480 (1/200 dilution), 2) anti-CD3

with Opal690 (1/100 dilution), 3) anti-CD8 with Opal520 (1/150

dilution), 4) anti-CD20 with Opal570 (1/100 dilution), 5) anti-

CD21 with Opal620 (1/100 dilution), and 6) anti-CD23 with TSA-

DIG (1/100 dilution) and Opal780 (1/50 dilution). Every TSA

reagent was double dispensed. The Opal polymer anti-Ms + Rb

HRP secondary antibody (Akoya Biosciences) was used for CD3,

CD20, CD21 and CD23 stainings, the anti-mouse HRP SignalStain

Boost IHC Detection Reagent (Cell Signaling Technologies) for

CD8 staining, and the donkey anti-rat IgG H&L HRP (Abcam) for

DC-LAMP staining. At the end of the protocol, the stained slides

were counterstained with DAPI. The slides were scanned at 20x

using the PhenoImager automated imaging system (Phenoptics;

Akoya Biosciences) and multispectral images were unmixed using

the InForm software version 2.4.8 and the synthetic spectral library

(Akoya Biosciences).
Image analysis and TLS/B-cell
cluster detection

A robust, standardized, and scalable image analysis pipeline has

been developed and applied to analyze the 406 resection images

stained with our panel across the entire tissue area (Supplementary

Figure 1). To account for variability in staining intensities across

staining batches we initially normalized intensities utilizing batch

controls from the same tissue block (Supplementary Figure 1A). We

adjusted equalization settings for each of the control slides such that

the individual markers in the control block appear at the same

intensity across all staining batches. Afterwards, the equalization

settings of each control slide were applied to all slides of the

corresponding staining batch. This was followed by image

analysis (Supplementary Figure 1B), where, in an initial step,

annotations of the tumor center “TC” and invasive margin “IM”

were manually drawn by a pathologist for each image. These

annotations served as regions of interest (ROIs) for further

analysis. The denominated Annotated Area “AA” corresponds to

the entire tumor tissue which includes IM and TC areas.

Afterwards, we applied several deep-learning-based segmentation
frontiersin.org
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and detection models across the whole slides for purposes of: (i)

detection of nuclei, (ii) detection of positive cells for all markers in

the panel, (iii) segmentation of analyzable tissue, and (iv)

segmentation of parenchymal regions based on synthetically

generated PANCK staining (16). Afterwards, TLS were segmented

through the detection of CD20+ cell clusters and enlarging these

regions into the surrounding areas of high CD3+ densities to detect

both the TLS B-cell (CD20+) and T-cell (CD3+) zones

(Supplementary Figure 1C). Clusters containing less than 20

CD20+ cells arbitrarily were not considered as TLS. Image

analysis results for regions and detected cells were then combined

into a single segmentation map and cells were classified such that

information about marker positivity and region associations were

available for each detected cell. Finally, readouts were calculated

across different ROIs, as summarized in Table 1.
Heatmap visualization and principal
component analysis of multiplex IF
density readouts

The cell density of each cell phenotype (N=10) within the

regions labelled ‘AA’ (entire tumor annotated area), ‘AA-TC’

(tumor center area), ‘TLS-AA’ (TLS within the ‘AA’ area) and

‘TLS-TC’ (TLS within the ‘TC’ area) were log10 transformed and

scaled to normalize the data. ‘TLS-AA’ and ‘TLS-TC’ correspond to

TLS specific areas detected by the image analysis solution. Hence,

when no TLS were detected within the tissue (TLS negative cases),

cell densities were treated as missing values (NA) in those TLS

specific areas. Principal component analysis was performed using

the R package – FactoMineR (17). Spearman’s correlation was used

to assess the correlation between TLS readouts, including densities

of immune phenotypes and TLS features, with the first five

principal components.
Immune gene expression profiling and
gene signature calculation

5–10 µm thick sections from 375 primary FFPE NSCLC tumor

tissues were used for NanoString gene expression (GE) analysis.

Tumor macro-dissected and RNA extracted with RNeasy FFPE

extraction kit (Qiagen). NanoString transcriptomics using both the

PanCancer Immune Profiling Panel and Myeloid Innate Immunity

Panel (770 genes each) was carried out following manufacturer’s

instructions. The data obtained were processed using the nSolver

Analysis Software version 4.0 (https://www.nanostring.com/

products/analysis-software/nsolver) (NanoString). The processed

NanoString data were used to estimate the signature scores

associated with the B cells and TLS chemokine using the R

package GSVA (18).
Frontiers in Immunology 04
EGFR mutation status

EGFR mutation status was determined as described in Tu et al.

(19). Briefly, EGFR mutant tumors were identified by annotation

from the tissue vendors or verified internally by whole

exome sequencing.
Statistical analysis

All the statistical analyses in this study were performed using R

software (version 4.1.0). Differences between groups (or clusters)

were tested with the Wilcoxon rank sum test and the Kruskal–

Wallis test for comparisons between two or more groups,

respectively. To identify the optimal cut-off points for converting

the continuous TLS score into categorical scores, an iterative log-

rank test was performed using the Python package lifelines (20). All

other survival analyses were done using the R package – survival

(21). Survival plots were generated using the R package – survminer

(22). Concordance index was estimated using R package –

dynpred (23).
Results

Multiplex IF panel deployment across 408
primary NSCLC tissue resections

In order to work towards a more standardized characterization

of TLS, we here assessed the clinical impact of TLS parameters such

as their size, cellular composition, and maturity status, understand

the added value of each parameter and highlight any overlap in the

information carried by these parameters. To this end, we developed

a multiplex IF panel that enabled simultaneous detection of the TLS

main cellular components: CD20 for B cells (TLS B-cell zone), CD3

for T cells and CD8 for cytotoxic T cells (TLS T-cell zone), and

maturation markers such as DC-LAMP for activated conventional

dendritic cells, CD21 for follicular dendritic cells (FDC) and CD23

for mature B cells. It is important to note that CD21 and CD23

markers can be expressed on both FDC and B cell populations

(8, 24–26) (Table 1). The multiplex IF protocol was validated by

comparing the IF staining against the single IHC chromogenic

staining which was considered as the Gold Standard reference,

performed on consecutive tissue sections (Figure 1A). The panel

was then deployed across a cohort of 408 primary NSCLC baseline

tumor resections, from patients treated with standard of care agents.

Two cases were excluded from the analysis due to staining quality

issues. The cohort clinicopathological characteristics are detailed

in Table 2.

A visual inspection conducted by pathologists revealed a large

variety of B-cell clusters/TLS located within the tumor tissue
frontiersin.org
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exhibiting different sizes, organizational patterns, and cellular

composition (Figures 1B, C). Despite diameter sizes varying from

approximatively 150-200 mm to > 500 mm, all clusters presented a

clear CD20+ B-cell zone surrounded by a CD3+ T-cell zone

containing CD3+ CD8+ cytotoxic T cells and a high density of

CD3+ CD8- cells considered as CD4+ T cells (Figure 1B). We found

the degree of maturity of an aggregate, assessed by the presence of

positive cells for CD21 and CD23 markers, to be independent of
Frontiers in Immunology 05
their size. Example images of both large (> 500 mm) and small (150-

200 mm) B-cell clusters are presented in Figures 1B, C, respectively.

Figure 1B shows two large clusters, (Cluster #1 and Cluster #2),

describing different levels of maturation. Cluster #1 presented a

central area with high prevalence of CD21+ and CD23+ cells,

corresponding to the follicular dendritic cells network and the

germinal center, also known as site of an ongoing local B cell

activation process that leads to the differentiation of specific
TABLE 1 Image analysis readouts.

B-cell zone and Germinal centre staining: CD20, CD21 and CD23 markers

CD20: pan B-cell marker
CD21 and CD23: B cells and Follicular Dendritic Cells (FDC) (8)

TLS maturation stage according to CD21 and CD23 positivity status: (10)
TLS CD21- CD23-: B-cell cluster
TLS CD21+ CD23-: Primary follicle-like TLS (‘immature TLS’)
TLS CD21+ CD23+: Secondary follicle-like TLS (‘mature TLS’)

B cell phenotyping B cell populations

CD20+ CD21- CD23- B cells CD21- CD23-

CD20+ CD21+ CD23- B cells CD21+ CD23-

CD20+ CD21- CD23+ B cells CD21- CD23+

CD20+ CD21+ CD23+ B cells CD21+ CD23+

FDC phenotyping FDC populations

CD3- CD20- CD21+ CD23- FDC CD21+ CD23-

CD3- CD20- CD21- CD23+ FDC CD21- CD23+

CD3- CD20- CD21+ CD23+ FDC CD21+ CD23+

T-cell zone staining: CD3, CD8 and DC-LAMP markers

T cell phenotyping T cell populations

CD8+ Cytotoxic CD8+ T cells

CD3+ CD8- Surrogate for CD4+ T cells

Dendritic cell phenotyping DC population

DC-LAMP+

mature dendritic cells (mDC) DC-LAMP+

* readouts within TLS area only (to limit the challenge of the expression
in both mDC and epithelial pneumocytes II cells)

The density of each cell population was analysed per tissue area and per TLS.
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memory B cells and plasma cells. In contrast, while located in the

same tumor area, Cluster #2 shows a very low prevalence of cells

positive for those maturity markers. Both aggregates are positive for

DC-LAMP, suggesting the presence of mature dendritic cells.

However, it is important to note that the image analysis of DC-
Frontiers in Immunology 06
LAMP in NSCLC was challenged by the presence of pneumocytes

type II epithelial cells that could also express this marker. Thus, we

cannot be certain that the DC-LAMP+ cells detected are all activated

dendritic cells, and the results should be interpreted carefully.

Similar to large clusters, small structures (Figure 1C) show
FIGURE 1

TLS detection and maturity assessment in 406 NSCLC cases. (A) Multiplex immunofluorescence assay validation (CD3, CD8, CD20, CD21, CD23,
DC-LAMP) by comparing the IF to the chromogenic IHC staining performed on serial tissue sections. CD3 (T cells, red), CD8 (CTL T cells, green),
CD20 (B cells, yellow), CD21 (FDC, orange), CD23 (GC B cells, white), DC-LAMP (mDC, cyan). (B, C) Representative images of large (B) and small (C)
TLS/B-cell clusters positive for the maturation markers CD21, CD23 and DC-LAMP detected in NSCLC cases. Slides were imaged using the
PhenoImager HT automated imaging system. Scale bars are indicated.
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TABLE 2 Clinical and histologic characteristics of the NSCLC patient cohort (N = 406).

Clinical characteristics Prognostic variables

Characteristic N = 406 Characteristic N = 406

Diagnosis category1 Survival status1

adenocarcinoma 214 (53%) Alive 171 (42%)

adenosquamous 1 (0.2%) Deceased 188 (46%)

bronchioalveolar 1 (0.2%) Unknown 47 (12%)

large cell 6 (1.5%) Overal survival (months)2 23 (9, 45)

other 9 (2.2%) Unknown 48

sarcomatoid 1 (0.2%) Progression free survival2 19 (8, 40)

squamous cell 142 (35%) Unknown 66

Unknown 32 (7.9%) Censoring status (PFS)1 101 (30%)

Tumor grade1 Unknown 67

G1 9 (2.2%) Recurrence1

G1-2 8 (2.0%) Never disease-free 4 (1.0%)

G2 69 (17%) No 239 (59%)

G2-3 10 (2.5%) Unknown 57 (14%)

G3 83 (20%) Yes 106 (26%)

Unknown 227 (56%) 1 n (%); 2 Median (IQR)

T Category1

T1 106 (26%)

T2 191 (47%) Patient demographic and data information

T3 59 (15%) Characteristic N = 406

T4 10 (2.5%) Age2 67 (61, 74)

TA 1 (0.2%) Unknown 32

Unknown 39 (9.6%) Sex1

M category1 Female 166 (41%)

M0 59 (15%) Male 208 (51%)

M1 6 (1.5%) Unknown 32 (7.9%)

Unknown 341 (84%) Race1

N category1 Asian 11 (2.7%)

N0 234 (58%) Caucasian 49 (12%)

N1 69 (17%) Unknown 346 (85%)

N2 46 (11%) Smoking history1

Unknown 57 (14%) Current 110 (27%)

Stage1 Never 38 (9.4%)

I 83 (20%) Past 175 (43%)

II 58 (14%) Unknown 83 (20%)

III 17 (4.2%) Alcohol history1

IV 3 (0.7%) Heavy Drinker 2 (0.5%)

Unknown 245 (60%) Never 18 (4.4%)

(Continued)
F
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different maturation levels. Indeed, whilst Cluster #3 does not

contain any positive cells for CD21, CD23 and DC-LAMP,

Cluster #4 presents high densities of CD21+, CD23+ and DC-

LAMP+ cells . These observations suggest that a high

organizational and maturation degree of B-cell clusters, with the

presence of a follicular dendritic cells network and a germinal

center, is independent of their size.

Moreover, if each lymphoid aggregate displays unique features

that could result in different anti-tumor immune functions and

clinical outcomes (8, 9, 27), it is worth noting that a tumor tissue

can contain multiple aggregates, all describing specific size, cellular

composition, organization and maturation levels (Figures 1B, C).

Thus, when assessing the clinical value of B-cell aggregates, it is

important to consider all types of aggregates present within a tissue.

Following this visual assessment identifying small B-cell

aggregates positive for CD21, CD23 and DC-LAMP, and with the

objective of evaluating how the size, cellular composition and

maturation degree impact the immune cell activity and clinical

outcomes, we developed an image analysis solution that specifically

detects B-cell aggregates containing at least 20 CD20+ cells

(Supplementary Figure 1C). These aggregates were segmented by

detecting clusters of high density CD20+ cells and enlarging these

regions into the surrounding areas of high CD3+ densities. The

specificity of this algorithm was confirmed after pathologist visual

assessment. Furthermore, in the absence of a universal and specific

definition for TLS, we designated ‘TLS’ as large lymphoid aggregates

exhibiting a germinal center and displaying CD21, CD23 and DC-

LAMP positive cells. The remaining aggregates detected were

referred to as ‘B cell aggregates’ or ‘B cell clusters’.

In addition to TLS area, the segmentation of tumor epithelium

and the cell phenotyping analysis required the development and

deployment of several additional deep-learning-based segmentation

and detection models (Supplementary Figure 1B). Information
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about marker positivity and region association were available for

each detected cell, hence allowing us to evaluate the impact of TLS

composition in an accurate way. Using these data, we calculated

densities of each cell type and sub-type within the segmented

regions described in Table 1. Owing to the considerable dynamic

ranges observed in the densities of all cell types within both the total

tumor area and the TLS regions, log10 transformation was applied

to these densities for subsequent analysis. This transformation was

undertaken to normalize the data and stabilize the variance, as

illustrated in Supplementary Figure 2A.
NSCLC cohort immune profiling

In our effort to understand the level of B-cell cluster and TLS

heterogeneity within the tumor TME of NSCLC patients, we

generated a heatmap using the TLS multiplex IF readouts

(Figure 2A). These readouts, summarized in Table 1, consisted of

the densities of 10 cell phenotypes in different tissue areas and

described as the main cellular components of the TLS B-cell zone (B

cells and follicular dendritic cells) and the TLS T-cell zone (T cells

and mature dendritic cells).

B cells and FDC cell types were segregated into different subsets

based on the positivity of specific markers CD20, CD21 and CD23,

commonly used to evaluate TLS impact and maturation status in

the clinic (5, 7–10, 28, 29). The CD20 antigen is expressed on the

surface of B-cells starting from the pre-B cell stage, with

the exception of plasmablasts and plasma cells. In contrast,

the proteins CD21 and CD23 are expressed at later stages in the

activation process. CD21 positivity can be observed from the

transitional B cell stage 1, and CD23 expression is typically

detected from the transitional B cell stage 2. These markers are

commonly used to identify germinal center B cells (25, 30, 31). In
TABLE 2 Continued

Clinical characteristics Prognostic variables

Characteristic N = 406 Characteristic N = 406

Chemo treatment history1 Social or Occasional Drinker 21 (5.2%)

No 48 (12%) Unknown 365 (90%)

Unknown 249 (61%) Exome Profiling1 273 (67%)

Yes 109 (27%) Nanostring Profiling1 375 (92%)

Radiation treatment history1 1 n (%); 2 Median (IQR)

No 46 (11%)

Unknown 309 (76%)

Yes 51 (13%)

TLS status1

TLS Negative 134 (33%)

TLS Positive 272 (67%)

TLS count2 2 (0, 8)
1 n (%); 2 Median (IQR).
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this context, B cells were segregated into four B cell subsets

depending on CD21 and CD23 positivity status. The subsets are

the following: B cells CD21- CD23-, B cells CD21+ CD23-, B cells

CD21- CD23+ and B cells CD21+ CD23+. Similarly, we categorized

the follicular dendritic cells, which are stromal cells involved in the

structure and organization of TLS and which can express both

CD21 and CD23, into three subsets based on their positivity status

for both CD21 and CD23. Three subtypes were assessed: FDC

CD21+ CD23-, FDC CD21- CD23+ and FDC CD21+ CD23+.

Furthermore, the T cell population was divided into two cell

populations: cytotoxic T cells CD3+ CD8+ (CTL) and T cells

CD3+ CD8- considered as a surrogate of T helper cells CD4+.

The densities of B cells, FDC and T cells were analysed in

different tissue areas including: the tumor annotated area ‘AA’

corresponding to the entire tumor area, the tumor centre ‘TC’, TLS

within the tumor annotated area ‘TLS-AA’ and TLS within the
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tumor centre ‘TLS-TC’. Finally, mature dendritic cells were assessed

using the DC-LAMP marker, commonly used to study this cell

population. However, lung tissues may contain type II pneumocytes

epithelial cells, which exhibit positivity for this antigen.

Consequently, we restricted its analysis to TLS areas, specifically

‘TLS-AA’ and ‘TLS-TC’, mature dendritic cells being more likely to

be located within TLS (Table 1).

The heatmap analysis considered the TLS multiplex IF cell

densities readouts within the tissue areas ‘AA’, ‘TC, ‘TLS-AA’ and

‘TLS-TC’. Individual patients were represented in each column

(Figure 2A). This analysis predominantly separated the cohort

according to the presence or absence of TLS within the tissue,

which was an expected result as the assay is specific to the main TLS

immune cell components. Additionally, TLS positive cases were

segregated according to diverse TLS features such as the TLS

number, the immune cell densities and the TLS relative area, the
FIGURE 2

Heatmap of multiplex IF features to identify the key cell phenotypes associated with TLS structures. (A) Heatmap showing the scaled (following the
log10 transformation) density of 10 cell phenotypes and their association with sex, stage, race, smoking status, therapy (radiation and chemotherapy),
histology, TNM categories, TLS relative area (RA), TLS number and TLS status. Individual patients are represented in each column. Each row
represents the cell density of a specific cell phenotype located within the indicated tissue region. For cases TLS negative, TLS RA and cell densities
are treated as missing value NA. (B) A box plot comparing the first principal component scores according to the TLS status of the NSCLC cases. (C) A
heatmap showing the correlation between multiple multiplex IF features, namely: TLS relative area, TLS number (unscaled), TLS number (scaled),
densities of 10 cell phenotypes in ‘AA’ and ‘TLS-AA’ (x-axis), with the first principal component (y-axis).
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latter corresponding to the total TLS area within a tumor tissue

divided by the tumor area (Supplementary Figure 2B).

We then proceeded with a principal component analysis (PCA)

to understand and identify the key TLS variables driving the

observed heterogeneity within tumor tissues. Our analysis

revealed that the first dimension effectively distinguished NSCLC

cases based on their TLS status, whether TLS-positive or TLS-

negative (Figure 2B). This first dimension was also significantly

correlated with TLS features such as the TLS relative area and TLS

number both in unscaled and scaled values (Figure 2C). Similarly,

most cell densities exhibited a significant correlation with this first

dimension and displayed Spearman’s Rho values over 0.5

(Figure 2C). We particularly focused on the whole tumor area

‘AA’ and TLS-specific regions within the tumor ‘TLS-AA’ to assess

the TLS cellular diversity throughout the entire tissue. Moreover,

although additional PCA dimensions allowed us to further explain

the variance, the common trend observed among multiplex IF cell

density readouts in the first component suggested a shared

mechanism influencing their presence in TLS regions (Figure 2C).

These heatmap and PCA results supported the TLS

heterogeneity observed during the visual inspection amongst this

NSCLC cohort and confirmed the need of further characterizing the

TLS biology – TLS number, TLS relative area, TLS composition –

within a tissue to accurately evaluate their impact on

clinical outcomes.
Prognostic value of TLS features and
cell densities

Following the heatmap visualization and PCA analysis, we

aimed to understand how the prevalence of each TLS main

component, such as B cells, T cells, FDC and dendritic cells, TLS

maturation status and location within the tumor tissue, can impact

the prognostic relevance of these structures.

The proportion of B cells was significantly increased in the TLS

compared to the tumor areas (Figures 3A, B). These cells

represented approximately 55% and 20% of the total cell

population detected within the TLS areas and the tumor,

respectively (Figure 3A). This result was in coherence with B cells

being the main immune component of TLS and our subsequent

image analysis strategy to develop a TLS detection algorithm based

on the CD20 marker positivity. As shown in Figure 3B, all B cell

subtypes displayed higher densities in TLS specific areas. Similarly,

we evaluated the distribution of different follicular dendritic cell

subsets. The density of all FDC subsets was significantly increased

in TLS compared to the entire tissue area, the FDC population

representing approximately 3% and 6% of the analysed cells within

the tumor and TLS specific areas, respectively (Figures 3A, B). After

evaluating the overall proportion of B cells and FDC, which are the

two main cell phenotypes that compose TLS B-cell zone and

germinal centre, we assessed the prevalence of the main TLS T-

cell zone components, T cells and mature dendritic cells DC-

LAMP+. We observed a considerably higher proportion of T cells

– including both CTL and CD4+ cells – in the tumor areas

compared to the TLS areas, the T cell population representing
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approximately 80% of the phenotyped cells within the tumor tissue

and 40% in the TLS areas (Figure 3A). Interestingly, the density of

both CTL and CD4+ cell subsets was significantly higher in TLS

areas compared to the entire tumor area (Figure 3B). Finally, a low

prevalence of mature dendritic cells DC-LAMP+ was observed

within TLS areas, these cells representing less than 1% of the total

TLS cellular population (Figure 3A).

We next conducted a comprehensive analysis and calculated the

Concordance Index (C-index) of TLS features (Figure 3C) and cell

densities within two distinct tissue areas, the tumor tissue ‘AA’

(Figure 3D) and TLS-specific areas ‘TLS-AA’ (Figure 3E), to

evaluate their associations with patient survival in our study

cohort. The C-index, ranging from 0 to 1, evaluates survival

model performance. A score of 1 signifies perfect discrimination

between survivors and non-survivors, while 0.5 indicates

performance similar to random guessing. The C-index, Hazard

ratio, 95% Confidence interval, and p-values of all parameters

assessed in multiple tissue areas are also indicated in

Supplementary Table 1. Surprisingly, we showed that among the

two TLS features considered, scaled TLS relative area (scaled) and

TLS number, only the TLS relative area demonstrated a significant

prognostic power with a C-index of 0.54 (p-value = 0.04) (Figure 3C

and Supplementary Table 1). Moreover, our analysis revealed the

importance of considering the location within the tissue when

understanding the contribution of specific cell phenotypes to

survival outcomes. Among the densities (in log10 scaled)

(Supplementary Figure 2A) of the nine cell phenotypes assessed

within the tissue area ‘AA’, we identified four namely B cells CD21-

CD23-, B cells CD21- CD23+, B cells CD21+ CD23- and T cells

CD4+ which demonstrated significant associations with patient

survival, as evidenced by their high concordance indices and

significant -log10(p-values). Notably, the density of B cells CD21-

CD23- and B cells CD21+ CD23- exhibited strongest predictive

capabilities, with C-index values of 0.57 and 0.58, respectively, and

robust statistical significance (p = 0.001 and p = 0.002, respectively).

The cellular density of B cells CD21+ CD23+, of the three different

FDC subsets FDC CD21- CD23+, FDC CD21+ CD23- and FDC

CD21+ CD23+, and of T cells CD8+ did not show statistically

significant associations with patient survival when the entire tumor

area was considered (Figure 3D and Supplementary Table 1).

Interestingly, only two cell phenotypes exhibited a significant

prognostic impact in TLS specific areas. The density of B cells

CD21+ CD23- within the TLS regions remained a significant

predictor of patient survival with a C-index of 0.57 despite

displaying a slightly lower p-value compared to the ‘AA’ area

counterpart. Additionally, FDC CD21+ CD23- emerged as a

second cell phenotype significantly impacting the survival of

patient when located in TLS areas (C-index: 0.58), whereas B cells

CD21- CD23-, B cells CD21- CD23+ and T cells CD4+ significant

prognostic impact was lost (Figure 3E and Supplementary Table 1).

Finally, we demonstrated that the density of DC-LAMP+ cells

within TLS was not of prognostic value in this cohort (Figure 3E

and Supplementary Table 1). The survival analysis results of

additional parameters such as TLS relative area (unscaled), TLS

number (scaled), and of cell densities within different tumor areas

are indicated in Supplementary Table 1.
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In conclusion, our results suggested that both TLS relative area

and TLS composition should be considered when evaluating TLS

prognostic benefit, both features showing prognostic value.

Moreover, while the presence of lymphoid aggregates is frequently

associated with an improved prognostic value in multiple cancer

indications (8, 9), tools need to be developed to better characterize,

score these TLS structures at a tissue level, and evaluate their real

impact on the survival of cancer patients.
TLS score aim and calculation

In this context, we aimed to generate a TLS tissue scoring

system, called TLS Score, which would reflect the TLS biology
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within the tumor tissue. In many cancer types, TLS maturation

status, commonly assessed by DC-LAMP positivity or the presence

of CD21+ FDC network and a CD23+ Germinal Centre, is described

as one of the main drivers of TLS prognostic value (8, 9). Although

generating a TLS Score based on the TLS knowledge we have from

the literature was an attractive option, the TLS biology complexity

and different prognostic values of TLS components highlighted in

Figures 2 and 3 led us to generate a data-driven scoring system.

Figure 4A summarizes the strategy and multi-step process to

generate a TLS Score based on our TLS multiplex IF data: step 1-

heatmap of mIF density features to identify common trends

(Figure 2A), step 2- PCA analysis to identify key TLS multiplex

IF features (Figures 2B, C), step 3- Concordance index analysis to

select the most prognostic TLS features (Figures 3C–E) and step 4-
FIGURE 3

Cell densities within the tumor and TLS-specific area, and prognostic relevance. (A) Bar plot showing the relative proportion of ten cell phenotypes
captured using the multiplex IF panel in the tumor ‘AA’ (left panel) and TLS-specific area ‘TLS-AA’ (right panel) regions. The proportion has been
calculated by dividing the specific cell type density by the total cell density. (B) Box plots comparing the densities (number of cells per unit area) of
these ten cell phenotypes between the ‘AA’ and ‘TLS-AA’ regions. The q-value in the plot refers to the FDR adjusted p-value from Wilcoxon rank
sum test. (C–E) Bar plots showing concordance index (C-index), and -log10(p-values) for TLS relative area (scaled) and TLS number (C) and cell
phenotypes within the tumor area ‘AA’ (D) or within TLS specific areas ‘TLS-AA’ (E). NS, Non-significant.
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TLS Score calculation using the most relevant and prognostic

multiplex IF readouts.

As previously described, the PCA analysis (step 2) revealed

that these readouts contained similar information, requiring the

selection of optimal readouts for generating a TLS Score to

avoid using redundant information (Figure 2). The subsequent

concordance index analysis conducted aimed to identify the most

prognostic TLS features and cell density readouts (Figure 3 and

Supplementary Table 1). These analyses highlighted the three most

prognostic TLS parameters selected to generate a TLS tissue score

(step 3): TLS scaled relative area, B cell CD21+ CD23- and FDC

CD21+ CD23- cell densities. The TLS Score uses (i) the scaled TLS

relative area and (ii) the scaled sum of B cells CD21+ CD23- and FDC

CD21+ CD23- densities (in log10 scale, see the methods section). It is

important to emphasize that in order to consistently generate a TLS

Score for all the patients within this cohort and include TLS negative
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cases for which TLS data were absent (resulting in missing values

marked as NA for TLS relative area and cell densities within TLS), we

addressed these missing values by treating them as 0. Furthermore,

the data underwent a log10 transformation for normalization and

variance stabilization and scaling to ensure consistent scales for the

maximum and minimum values across multiple TLS features. The

scaled sum of B cells and FDC densities and the scaled relative area

were transformed using a logistic function and then multiplied to

generate the TLS score (Figure 4B). The calculated TLS Score values

ranged from 0 to 1 (Figure 4B) and can be used as a categorical or

continuous variable. As indicated in Figure 4C, we then assessed the

TLS Score prognostic relevance through an iterative log-rank test

analysis and a univariate Cox analysis which considered the effect

other metadata variables such as age, sex, smoking status and

histology categories. The results are presented in Figures 5 and 6

and described below.
FIGURE 4

Generation of a TLS score after identifying the most consistently prognostic TLS mIF features. (A) Steps performed to identify the key multiplex IF
cell phenotypes and TLS features to generate a TLS score with prognostic value. (B) Based on the results from heatmap, principal component
analysis and survival analysis we selected the most prognostic (i) TLS feature (relative area of the TLS) and (ii) TLS components (densities of B cells
and follicular dendritic cells CD21+ CD23-) to generate a TLS score. The TLS relative area was scaled, and the logistic function was applied. For the
CD21+ CD23- cells (B cells and FDC), cell densities were scaled and summed followed by transformation of data using the logistic function. The TLS
score is the product of (i) and (ii). (C) A log-rank test was performed to assess the prognostic relevance of TLS score, at multiple cut-off points, and
the optimal cut-off was selected to categorize the NSCLC samples into TLS-high and -low groups. The optimal cut-off was selected based on two
criteria – minimizing the FDR-adjusted p-value and balancing the number of samples in the TLS-high and TLS-low categories. Kaplan-Meier survival
analysis was performed to assess the survival difference between the TLS-high and TLS-low samples, using the optimal cut-off-based
TLS stratification.
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FIGURE 5

TLS score is prognostic independent of the cutoff used to categorize the data and shows significant association with Immunoscore and gene
expression-based signature scores. (A) Plot showing FDR-adjusted p-values (from the log-rank test) observed at multiple cut-off points between the
TLS-high and TLS-low samples. (B, C) Kaplan-Meier survival curves showing the difference in overall survival between the TLS-high and -low groups
(B) and between the Immunoscore-high (I3,4) and Immunoscore-low (I0,1,2) groups (C). (D, E) Bar plots showing the proportions of TLS-high and
TLS-low samples in the Immunoscore-high and -low groups (D) and the proportions of Immunoscore-high and -low samples in TLS-high and TLS-
low groups (E). (F) Box plot comparing the TLS Score (as a continuous value) between Immunoscore-high and Immunoscore-low groups. (G) Bar
plot showing the proportions of TLS-high and TLS-low samples in the Immunoscore-high group. (H) A plot showing hazard ratios, the 95%
confidence interval of HR and the p-value from the Wald test of TLS-high (vs TLS-low, used as reference), CD21+ high (vs CD21+ low), CD21+ CD23-

high (vs CD21+ CD23- low), CD20+ high (vs CD20+ low), CD21+ CD23+ high (vs CD21+ CD23+ low), CD21- CD23+ high (vs CD21- CD23+ low) and
CD23+ high (vs CD23+ low) cases. (I) Box plots showing the difference in the gene expression-based enrichment scores of B cells and TLS signatures
between the TLS-high and TLS-low groups.
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FIGURE 6

TLS score is prognostic after adjusting for age, sex, smoking status, and is associated with EGFR mutational status but not PD-L1 positivity status.
(A) The hazard ratios and 95% confidence interval of TLS scores adjusted for the effect of (i) age, (ii) sex, (iii) smoking status, and (iv) histology using
multivariable Cox regression analysis and overall survival data. (B) Box plot showing the difference in TLS scores (as a continuous value) in male and
female samples (left panel). Bar plot showing the proportions of TLS-high and -low samples in male and female (right panel). (C) Kaplan-Meier plots
showing the difference in overall survival between TLS-high and TLS-low groups in female (left panel) and male (right panel). (D) Box plot comparing
the TLS scores (as a continuous value) by smoking status (left panel). Bar plot showing the proportions of TLS-high and -low samples in current,
never, and past smokers (right panel). (E) Box plot comparing the TLS score (as a continuous value) in different histological subtypes of NSCLC (left
panel). Bar plot showing the proportions of TLS-high and -low in different histological subtypes of NSCLC samples (right panel). (F) Kaplan-Meier
plots showing the difference in overall survival between the TLS-high and TLS-low groups in squamous cell carcinoma (left panel) and
adenocarcinoma (right panel). (G) Bar plot showing the proportions of TLS-high and -low samples in EGFR mutant and wildtype samples. (H, I) Bar
plots showing the proportions of TLS-high and TLS-low groups in PD-L1 staining positive and negative samples in tumor cells ‘TC’ (H) and immune
cells ‘IC’ (I) at 1% (left panels) or 50% (right panels) PD-L1 positivity cut-offs.
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TLS score correlation with immunoscore
and TLS gene expression signatures

After the TLS Score generation, we first wanted to evaluate its

prognostic impact in NSCLC. The iterative log-rank test, where

each cut-off point contained at least 10% of the total observation in

each category, demonstrated that the TLS score was significantly

prognostic independently of the cut-off used to categorize the data

(Figure 5A). In the downstream analyses, we hence used the optimal

cut-off value of 0.28 to divide the NSCLC cohort (N = 358) into two

groups: TLS-high (TLS Score ≥ 0.28) and TLS-low (TLS Score <

0.28) and considered this score as a categorical variable, TLS-high

versus -low. Survival analysis between the TLS-high (N = 168) and

-low (N = 190) groups indicated that the TLS-high group had a

longer overall survival compared to the TLS-low group (median OS

of 46.2 months and 33.8 months, respectively, p < 0.001 from log-

rank test, HR: 0.6, 95% CI: 0.44 - 0.81) (Figure 5B), confirming the

prognostic power of this TLS scoring system in NSCLC.

Another immune cell scoring system, known as Immunoscore

and which quantifies tumor infiltrating lymphocytes (TILs) using

CD3 and CD8 markers, has already proven to be highly valuable in

clinic. It has indeed been shown to be more powerful than the

traditional staging system and is now considered as a prognostic

indicator (1, 2). In this regard, we wanted to confirm the clinical

value of the Immunoscore (N = 120) in this cohort and assess if

there was any correlation between Immunoscore and TLS score

status. Due to the low number of samples in I0 (N = 10), I1 (N = 1),

I2 (N = 21), I3 (N = 25) and I4 (N = 63) after considering the

survival data, we consolidated the Immunoscore classification into

two major groups – Immunoscore-high and Immunoscore-low – to

mitigate the sample size challenge. Survival analysis comparing

Immunoscore-high group (I3 and I4; N = 88) to Immunoscore-low

group (I0, I1, and I2; N = 32) revealed that indeed Immunoscore-

high patients had longer overall survival compared to

Immunoscore-low patients (median OS of 46.2 months in the

-high group versus 23.8 months in the -low group, p < 0.03 from

log-rank test; HR: 0.58, 95% CI: 0.35 - 0.95) (Figure 5C). Overall,

these results showed that both TLS Score and Immunoscore -high

values were associated with better survival. Additional univariate

Cox analysis confirmed these observations, greater and significant

hazard ratios being obtained for both TLS-high and Immunoscore-

high groups compared to their respective -low categories

(Supplementary Figures 3A, B).

Next, we evaluated the association between TLS score and

Immunoscore. Despite observing a significant increase in the

proportion of TLS-high samples in the Immunoscore-high

compared to the -low samples, only 53% of the Immunoscore-

high samples were also TLS-high (Figure 5D). Conversely, high

proportions of Immunoscore-high were found in both TLS-high

and TLS-low cases. Immunoscore-high represented indeed 83% of

the TLS-high and 65% of the TLS-low cohorts (Figure 3E). These

results suggested that despite observing a positive trend between the

Immuno- and TLS- scores, there was no absolute concordance

between these two scoring systems, possibly due to the fact that they

are primarily based on two different immune cell populations, T

cells and B cells, respectively. These findings were further confirmed
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in Figures 5F, G, where a high range of TLS Score values was

observed within Immunoscore-high samples (Figure 5F), with more

than 25% of these samples being TLS negative (Figure 5G).

Multiple histology methods and assays are used to detect TLS

and assess their maturity levels, including single IHC assays for the

CD20, CD21 and CD23 markers. In this regard, we wanted to assess

the prognostic value of the TLS Score, which considers multiple TLS

features based on the positivity status of these markers taken all

together and compare it with the prognostic value of each marker

considered as a single marker, as we would do for single IHC assays

data. As presented in Figure 5H, we calculated the total density of

positive cells for single markers (CD20, CD21 and CD23) and the

combined markers for CD21 and CD23 (CD21+ CD23-, CD21-

CD23+, and CD21+ CD23+) located within the entire tumor area

‘AA’. For each density results, the cohort was divided into two

groups, high and low density based on the median cut-off. For TLS

Score classification, we used the previously described optimal cut-

off. Subsequently, we conducted univariate Cox analyses to assess

the hazard ratio, measuring the relative risk of death, between (i)

density-high versus density-low (reference) category for each

individual marker, (ii) TLS-high versus -low (reference) category

and (iii) density-high versus density-low (reference) group for

combined markers CD21+ CD23-, CD21- CD23+, and CD21+

CD23+. Outstandingly, the TLS-high group demonstrated the

most pronounced and significant impact on survival outcomes,

confirming the added value of the TLS tissue score. No significant

result was obtained for the CD23+ density high, probably due to the

lower prevalence of these cells within the tumor tissues.

Another way commonly used to assess TLS is by evaluating gene

expression (GE) signatures specific to TLS. Thus, we first wanted to

assess how our TLS Score correlated with the two main and commonly

used ‘12-chemokine TLS’ and ‘TLS TH1 B cell’ GE signatures (8) (N =

375 samples). The 12-chemokine TLS signature includes CCL2, CCL3,

CCL4, CCL5, CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10,

CXCL11 and CXCL13 genes (12/12 genes overlap with our GE data),

and TLS TH1 B cell signature contains CD4, CCR5, CXCR3, CSF2,

IGSF6, IL2RA, CD38, CD40, CD5, MS4A1, SDC1, GFI1, IL1R1, IL1R2,

IL10, CCL20, IRF4, TRAF6 and STAT5A genes (15/19 genes overlap,

IGSF6, SDC1, GFI1 and STAT5A genes were missing). B cells being the

major TLS immune component, we also assessed the expression of

multiple B-cell gene signatures, named ‘B cell’ (CD19, MS4A1, CD22

and CD79A genes) (32), ‘B lineage’ (CD19, MS4A1, CD22, CD79A and

CXCL13 genes) and ‘B cell CXC recruitment’ (CD19, MS4A1, CD22,

CD79A and CXCL13). Using gene set variation analysis (GSVA), we

observed a significant difference in the enrichment of these five

signatures when comparing TLS-high with TLS-low tissues

(Figure 5I), but also when comparing TLS negative samples to TLS

positives cases (Supplementary Figure 3C). Indeed, while TLS-high and

TLS positive tissues demonstrated higher GSVA scores for all GE

signatures, TLS-low and TLS negative samples showed a lower

GSVA scores.

Together, these results confirmed the prognostic relevance of

the Immunoscore in NSCLC but also demonstrated the clinical

potential of this TLS Score, which was associated with an improved

overall survival and was positively associated with published TLS

gene expression signatures.
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TLS score association with clinical and
demographical parameters

Next, we aimed to determine the relationships between TLS

Score and clinicopathological features of the overall population. We

performed Cox regression analyses to investigate the prognostic

relevance of TLS score, along with several other variables including

age, sex category, smoking status, and NSCLC histology. However,

due to a substantial amount of missing data overlapping for sex,

smoking status, and histology categories, we were unable to include

all these variables in a single survival model.

Consequently, we employed four distinct survival models to

assess the prognostic value of the TLS Score while adjusting for the

impact of the following variables: (i) age, (ii) sex, (iii) smoking

status, and (iv) histology. Additionally, we examined the association

between the TLS groups (-high and -low) and other covariates such

as EGFR (Epidermal Growth Factor Receptor) mutational status

and PD-L1 (Programmed Death-Ligand 1) positivity status.

In Figure 6A, we showed that although the age of the patient

had a significant impact on the overall survival (N = 358) (HR: 1.42,

95% CI: 1.21 – 1.67, p < 0.001, with age scaled data), this did not

affect the prognostic value of the TLS Score, with a hazard ratio of

0.32 (95% CI: 0.16 – 0.63, p < 0.001). Moreover, even when

considering the sex category (N = 358), smoking status (N = 318)

and NSCLC histology (N = 358) factors, the TLS Score impact on

the overall survival remained significant (Figure 6A). Interestingly,

the female category exhibited a significantly higher TLS Score than

the male category, with TLS score median values of 0.35 and 0.05,

respectively (Kruskal-Wallis, p = 0.0057) (Figure 6B, left panel).

This could be explained by higher proportion of TLS-high cases in

the Female category, as they represented approximately 68% of the

female population, whereas this number fell at 40% in the male

population (Figure 6B, right panel). We then segregated the two

gender categories into two sub-groups according to their TLS Score

status, TLS-high or TLS-low, to assess how this score impacted the

overall survival in each group. Whereas the median OS increased by

19.3 months in the female category (Figure 6C, left panel) and by

14.1 months in the male category (Figure 6C, right panel) when we

compared TLS-high with TLS-low cases, only the male group result

was significant (p = 0.011), the female group describing a p-value

of 0.063.

When considering the smoking status, the TLS Score still had a

significant association with survival (HR: 0.38, 95% CI: 0.19 – 0.77,

p = 0.008) while the impact of the smoking category was not

significant in this analysis (Figure 6A). Furthermore, although we

did not observe a statistically significant relationship between the

TLS Score value and the smoking categories (Kruskal-Wallis, p =

0.0057) (Figure 6D, left panel), the proportion of TLS-high cases

tended to be higher in patients who never smoked at the time of the

survey (63%), compared to the current (52%) and past smokers

(43%) (Figure 6D, right panel).

We then evaluated the impact of NSCLC histology on the

overall patient survival and TLS Score repartition within different

lung cancer sub-types. This cohort contains 214 adenocarcinoma, 1

adenosquamous, 1 bronchioalveolar, 1 large cell, 142 squamous cell,
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1 sarcomatoid, 9 “other”, and 29 “unknown” cases. Due to the low

number of tissues in some categories, we focused on the

adenocarcinoma (N = 214) and squamous cell (N = 142)

categories for the subsequent analyses. In Figure 6A, we observed

a significant impact of the histological modality, the squamous cell

category reducing the risk of death by 28% (HR: 0.72, 95% CI: 0.52 –

0.99, p = 0.043) compared to the adenocarcinoma category when

taken as reference. Furthermore, considering the histology type and

TLS Score as covariate did not impact the prognostic relevance of

this tissue score which described a hazard ratio of 0.27 (95% CI: 0.14

– 0.56, p < 0.001) (Figure 6A). Interestingly, we observed lower TLS

Score values in the squamous cell category than in the

adenocarcinoma category, with TLS score median values of 0.04

and 0.37, respectively (Kruskal-Wallis, p = 1.3e-06) (Figure 6E, left

panel). This could be explained by a lower proportion of TLS-high

cases in the squamous cell compared to the adenocarcinoma

subtype, with 30% of squamous cell and 58% of adenocarcinoma

cases being TLS-high (Figure 6E, right panel). A high TLS Score was

however associated with a better outcome in both categories

(Figure 6F). Indeed, when comparing TLS-high with TLS-low

cases, the median OS was increased by 70.5 months in squamous

cell (34.2 vs 104.7 months, p = 0.0035) (Figure 6F, left panel), and by

8.3 months in adenocarcinoma (35.4 vs 43.7 months, p = 0.012)

(Figure 6F, right panel).

These NSCLC cases have also been characterized for EGFR

mutation status and PD-L1 expression levels. We thus wanted to

assess the prevalence of TLS-high and TLS-low cases within each

drug segment category. Interestingly, approximately 66% of the

EGFR mutant samples (N = 113) were TLS-high against 43% of the

EGFR wild-type cohort (N = 248) (Figure 6G), suggesting an impact

of the mutational status on the TLS Score value (hypergeometric

test, qval <0.001, Supplementary Figure 3D).

Finally, we evaluated the TLS Score repartition according to

PD-L1 categories characterized by different PD-L1 positivity cut-off

(>1% or >50% positivity) on the surface of the tumor cells

(Figure 6H) or immune cells (Figure 6I). These categories were as

follow: PD-L1 1% TC (PD-L1 cut-off >1% on tumor cells)

(Figure 6H, left panel), PD-L1 50% TC (PD-L1 cut-off >50% on

tumor cells) (Figure 6H, right panel), PD-L1 1% IC (PD-L1 cut-off

>1% on immune cells) (Figure 6I, left panel) and PD-L1 50% IC

(PD-L1 cut-off >50% on immune cells) (Figure 6I, right panel).

We did not observe a significant impact of PD-L1 status on the

TLS Score proportions, approximately 50% of cases describing TLS-

high scores in all the PD-L1 positive cohorts and independently of

the PD-L1 cut-off used (Figures 6H, I). However, it is interesting to

note that change in this cut-off had a slight impact on the TLS Score

proportion within PD-L1-negative cohorts, TLS-high cases

representing 50% of the PD-L1-negative cases among the PD-L1

50% IC cohort and 25% among the PD-L1 1% IC cohort (Figure 6I).

We found that the TLS score is prognostic after adjusting for PD-L1

status in tumor and immune cells. (Supplementary Figure 4). As a

summary, although this analysis did not demonstrate any impact of

the PD-L1 status on the TLS Score, it highlighted the importance of

keeping the same analysis cut-off across studies and when

comparing data.
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Discussion

TLS are commonly associated with favorable prognosis in many

cancer types. However, conflicting studies suggest that not all

aggregates are functionally equivalent and minimal characteristics

may be required to form a functional TLS (8–13). Moreover,

variable numbers of TLS can be present within a tumor tissue,

each one of these structures describing unique characteristics (such

as the size, cellular composition, location, maturation stage), each

feature having a potential impact on the collective clinical power.

In this context, we aimed at evaluating the prognostic value of

TLS in NSCLC by establishing a TLS Score that captures the

diversity of TLS within a tumor, considering functional and

compositional features.

We observed a large variety of TLS and B-cell aggregates within

tumor tissues, each differing in size, organization level and cellular

composition. Interestingly, high density of CD21+ and CD23+ cells,

markers considered as TLS maturity markers, were observed in both

small and large aggregates, suggesting that a high degree of TLS

organization and maturation is independent of aggregate size.

Based on our observations and the image analysis readouts, we

considered multiple ways for calculating a tissue score capturing

TLS compositional, functional, and organizational diversity within

tissues. We initially considered (i) TLS relative area and (ii) the

density of each cell phenotype, for each TLS, and combined these

data into a unique TLS tissue score. However, this idea was

challenged by the Concordance index survival analysis which

demonstrated a prognostic significance of only specific cells

within TLS, particularly B cells and FDC CD21+ CD23-. A

parallel can be made with the three TLS maturation stages first

identified by Karın̄a Siliņa et al. in human lung squamous cell

carcinoma, which are: (i) early TLS (CD21- CD23-); (ii) primary

follicle-like TLS with differentiated FDC (CD21+ CD23-); (iii) and

mature secondary follicle-like TLS with a germinal center reaction

(CD21+ CD23+) (10). Moreover, the germinal center reaction,

crucial for B cell activation and differentiation, has demonstrated

significant relevance for patient survival in various cancer types (8–

10, 33–37). In lymph nodes in mice, the long-term retention of

antigens in germinal centers is controlled by the spatial organization

of the follicular dendritic cell network and notably high levels

of CD21 expression on their surface (38), thus supporting

our findings.

The other cell phenotypes assessed did not show significant

impact when located within TLS, thus questioning the relevance of

including them into a TLS scoring system which aimed at

evaluating the clinical value of these structures. In light of these

findings, we refined our TLS Score calculation strategy to generate a

data-driven score, that would only include the readouts identified as

the most prognostic and robust. The final score was calculated using

(i) the scaled sum of B cells and FDC CD21+ CD23- densities

(log10), and (ii) the TLS scaled relative area, which were the three

most prognostically relevant and robust TLS features in this

NSCLC cohort.

Excitingly, this TLS Score demonstrated a strong prognostic

power, independently of the cut-off used, and added value over the

commonly used TLS markers CD20, CD21 and CD23 when
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assessed as single markers in the context of single IHC analysis.

These results highlighted the relevance of using combination of

markers specific to TLS, such as a TLS tissue score, instead of single

markers, to accurately evaluate how the TLS biology and

heterogeneity within a tumor tissue impact patients’ prognosis.

Nevertheless, this score being generated based on the specific

detection of TLS structures in tumor resections, it would not

solve the challenge of TLS detection and assessment in tumor

biopsies, fewer number of TLS or none being detected due to the

small size of the tumor cores.

We could also question the reproducibility of the TLS Score

values and subsequent prognostic results if different tissue sections

of the same tumors were stained. Small TLS observed in one section

could indeed correspond to larger TLS cut near the surface and thus

displaying different sizes, maturation status and cellular

composition – parameters used to calculate the TLS Score values.

In this context, it would be relevant to further explore the TME

organization in tissues TLS-high compared to TLS-low cases with

the aim of highlighting TLS TME spatial signatures that could be

used as TLS surrogate in tumor biopsies. We could for example

describe the spatial characteristics of areas outside TLS, understand

the distribution of immune cells within the tissue, how they interact

with each other and with tumor cells. In this regard, we assessed if

there was any correlation between TLS Score and Immunoscore,

another tissue scoring system focusing on the T cell population

using CD3 and CD8 markers and now considered as a prognostic

indicator in multiple tumor types (1, 2). While we demonstrated

higher TLS Score values in Immunoscore-high cases overall, in

agreement with the literature reporting that a high CD8+ T cell

infiltration is significantly correlated with the presence of mature

TLS (5, 8, 9, 39–43), this result should be interpreted carefully and

would require additional investigations, since one quarter of the

Immunoscore-high cases were TLS-negative. We could thus

hypothesize that this T cell sub-population might not be the

optimal one to be considered as a TLS surrogate, and evaluating

other cell populations or combinations of different cell types as

potential TLS surrogates is necessary. We could assess the

distribution of another T cell sub-population, such as CD4+ T

cells, but also myeloid cells, such as dendritic cells, macrophages, or

lymphatic vessels and high endothelial venules for which increased

densities have been described in TLS-positive tissues (8, 13, 44–47).

Additionally, it is important to note the lack of Immunoscore data

for 286 out of 406 NSCLC cases, which might affect these results.

Genomic technologies are another common way to evaluate

TLS presence within tumor tissues in the clinic, using gene

expression (GE) signatures specific to TLS, the main two being

the ‘12-chemokine signature’ and ‘TH1 cell and B cell signature’ first

published by Sautès-Fridman et al. (8, 33, 48). GSVA analyses

revealed significantly higher TLS GE signature scores in TLS-high

compared to TLS-low cases, despite a large proportion of samples

having low signature score, thus supporting the clinical potential of

this TLS Score. One possible explanation for the low GSVA scores

obtained could be the fact that transcriptomic data were generated

using tumor bulk tissues, whereas the TLS Score was based on

multiplex IF data specific to the TLS structures within the tumor

and hence reflected the power of spatial over tumor bulk
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technologies. Furthermore, TLS GE signatures are related to either

chemokines or cell populations involved in TLS neogenesis and

considered as pan-cancer signatures (8); hence, refining TLS GE

signatures with the support of spatial transcriptomic technologies,

or defining new ones that show greater specificity to the TLS

maturation degrees might be of relevance to improve our

understanding of TLS impact in the clinic. Another explanation

could be related to the fact that this TLS Score has been developed

based on multiplex IF data obtained from one cohort of NSCLC

patients which includes different histology types, tumor stages, and

demographical characteristics, with missing information for many

patients. Thus, we cannot exclude the fact that the TLS Score results

obtained, and its promising prognostic value may be specific of one

sub-category of the NSCLC patient population. It will thus be

necessary to confirm the impact of this scoring system in other

lung cancer cohorts as well as in different tumor indications.

These observations about the NSCLC cohort, which can be

considered as limitations, are particularly relevant and should be

taken into account when interpreting the results assessing whether

clinical and demographical features such as age, sex, smoking status,

histology category, EGFR mutational and PD-L1 positivity status

contributed to TLS heterogeneity and correlated with our TLS Score.

We indeed demonstrated that the TLS Score prognostic value was

independent of age, sex, smoking category, and histology modality

features. Besides, we revealed a higher prevalence of TLS-high cases in

(i) the female compared to the male category, (ii) the adenocarcinoma

compared to the squamous cell subtype, and (iii) EGFR mutant

compared to EGFR wild-type samples. No correlation with PD-L1

expression levels was observed. Interestingly, and in coherence with

our findings, a study reported a higher frequency of EGFRmutations

in tumors enriched with mature dendritic cells, cell subset considered

as a hallmark of TLS (49). A parallel can also be made with a study

which highlighted a predictive value of mature TLS to immune

checkpoint inhibitor in solid tumors, independently of PD-L1

expression (5). In contrast, multiple studies evaluating the impact

of TLS in lung adenocarcinoma did not find a correlation between

TLS density and maturity and features such as age, sex, EGFR

mutation, pathological types or smoking status (50–52).

Furthermore, these NSCLC cases being baseline tumors coming

from patients having received chemotherapy or radiotherapy

treatments, a fundamental next step would be to evaluate the

clinical value of this TLS Score for patients treated with

immunotherapies. The identification of reliable predictive

biomarkers of response to immunotherapies is indeed a current

unmet medical need. In this context, Vanhersecke et al. recently

demonstrated that the presence of mature TLS CD23+ is predictive

of response to immunotherapies in multiple tumor types,

independently of PD-L1 expression status and CD8+ T cell

density (5). The calculation of the TLS Score relying on the

density of cells composing the germinal center, which is a feature

characterizing mature TLS, evaluating and comparing the

predictive values of (i) TLS Score and (ii) presence of mature TLS

would inform us further on the clinical benefit of combining

multiple TLS features into one unique tissue score.

In conclusion, we developed and demonstrated the prognostic

value of a TLS tissue score in NSCLC which allows a better
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representation and characterization of the TLS biology and

heterogeneity undergoing within a tumor. Our aim being

the identification of biomarkers which could be used in the

clinic to select patients who are more likely to benefit from

immunotherapies, the next step is to evaluate the predictive

power of this TLS Score in cohorts of patients treated with

immune checkpoint inhibitors. Finally, this TLS scoring system

could be used as a tool to assess how TLS impact the organization of

the tumor microenvironment, thus supporting the discovery of TLS

TME spatial biomarkers, surrogates of mature TLS, to help

overcome the challenge of TLS detection and assessment in

tumor biopsies in the clinic.
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