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Background:While much progress has been accomplished in the understanding

of radiation-induced immune effects in tumors, little is known regarding the

mechanisms involved at the tumor draining lymph node (TDLN) level. The

objective of this retrospective study was to assess the immune and biological

changes arising in non-involved TDLNs upon node sparing concurrent

chemoradiotherapy (CRT) of non-small cell lung cancer (NSCLC) tumors.

Methods: Patients with proven localized (cN0M0) NSCLC, treated by radical

surgery plus lymph node dissection with (CRT+) or without (CRT-) neoadjuvant

chemoradiotherapy, whereby radiotherapy was targeted on the primary tumor

with no significant incidental irradiation of the non-involved TDLN station

(stations XI), were identified. Bulk RNA sequencing of TDLNs was performed

and data were analyzed based on differential gene expression (DGE) and gene

sets enrichment.

Results: Sixteen patients were included and 25 TDLNs were analyzed: 6 patients

in the CRT+ group (12 samples) and 10 patients in the CRT- group (13 samples).

Overall, 1001 genes were differentially expressed between the two groups (CRT+
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and CRT-). Analysis with g-profiler revealed that gene sets associated with

antitumor immune response, inflammatory response, hypoxia, angiogenesis,

epithelial mesenchymal transition and extra-cellular matrix remodeling were

enriched in the CRT+ group, whereas only gene sets associated with B cells and

B-cell receptor signaling were enriched in the CRT- group. Unsupervised

dimensionality reduction identified two clusters of TDLNs from CRT+ patients,

of which one cluster (cluster 1) exhibited higher expression of pathways identified

as enriched in the overall CRT+ group in comparison to the CRT- group. In CRT+

cluster 1, 3 out of 3 patients had pathological complete response (pCR) or major

pathological response (MPR) to neoadjuvant CRT, whereas only 1 out of 3

patients in the other CRT+ cluster (cluster 2) experienced MPR and none

exhibited pCR.

Conclusion: Neoadjuvant node sparing concurrent CRT of NSCLC patients

is associated with distinct microenvironment and immunological patterns in

non-involved TDLNs as compared to non-involved TDLNs from patients

with non-irradiated tumors. Our data are in line with studies showing

superiority of lymph node sparing irradiation of the primary tumor in the

induction of antitumor immunity.
KEYWORDS

radiotherapy, tumor draining lymph node (TDLN), immune changes, non small cell lung
cancer (NSCLC), lymph nodes sparing irradiation
Introduction

For decades, radiotherapy has been shown to exert both local

and systemic (abscopal) anti-tumor effects (1, 2). It was only in the

early 2000’s that the systemic effects have been clearly attributed to

antitumor immunity (3). Since then, major efforts have been

deployed to decipher the mechanisms underlying what is

classically called the in situ vaccination effect of radiotherapy.

Radiotherapy has the potency to release damage-associated

molecular patterns (DAMPs) such as cytosolic DNA along with

the induction of type-I IFNs through the activation of the cytosolic

DNA sensing cGAS/STING pathway (4, 5). Consequently, dendritic

cells (DCs) are recruited into the tumor microenvironment where

they uptake tumor antigens, then they migrate to tumor draining

lymph nodes (TDLNs) to prime or cross-prime naïve T cells (6, 7).

Ensuing effector T cells are then recruited to the tumor site through

chemokines secretion by tumor cells and other cell types in the

tumor microenvironment (8, 9). Once T cells have infiltrated the

tumor, they encounter tumor cells with radiation-induced

expression or overexpression of several surface molecules and

receptors, such as MHC-I molecules (10), TNF-R superfamily (11,

12) or ligands for the NKG2D receptor (13) leading to enhanced

tumor cell killing by CD8+ T cells and NK cells. However,

these immunostimulatory effects are counterbalanced by

immunosuppression via several mechanisms, mainly upregulation

of PD-L1 levels on tumor cells via INF-g released by CD8+ T cells

and of PD-1 levels on CD8+ tumor infiltrating lymphocytes (TILs),

contributing to T-cell exhaustion (14, 15). Irradiation is also
02
associated to direct depletion of circulating lymphocytes and

lymphoid progenitors in primary and secondary lymphoid organs

(16, 17) and to the enhancement of immune suppressive pathways

within the tumor microenvironment such as those associated with

induction of TGF-b and generation of adenosine from ATP (18).

This dual effect can explain why irradiation alone is not

systematically able to drive a strong antitumor immune response

with a so-called “abscopal” effect, and underlies the rationale for

combining radiotherapy to immunotherapy, not only to amplify the

in situ vaccination effect but also to overrule immunosuppressive

effects (19). Moreover, irradiation schedules need to be optimized to

provoke in situ vaccination, and high doses per fraction (ideally 8 –

9 Gy) seem more likely associated to efficient antitumor immunity

(10, 20, 21).

While much progress has been accomplished for the

understanding of radiation-induced immune effects at the tumor

level, little is known regarding the mechanisms involved at the

TDLN level when the tumor is irradiated. In the context of

stereotactic radiotherapy and high dose per fraction to induce

abscopal effect, preclinical models have established the deleterious

effect of TDLN irradiation combined to primary tumor

irradiation, as TDLN irradiation was shown to attenuate the

antitumor immune effects of radiotherapy, whether or not it is

associated with immune checkpoint inhibitors (ICIs) (22–24).

Several mechanisms following TDLN irradiation were described

to explain such detrimental effect, mostly: modification of

intratumoral T-cell chemoattractant chemokine signatures

leading to decrease of immune cells infiltration within tumors,
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and especially antigen-specific CD8+ effector T cells; depletion of

the “stem like” CD8+ T cell subset in both lymph nodes and

tumor; decrease in epitope spreading and T-cell activation in

distant lymph nodes (22–24).

Albeit crucial to the understanding of radiation-mediated in

situ vaccination, the above cited preclinical data do not provide

strong and direct clinical applications for the management of non-

involved TDLNs during irradiation, for two main reasons. First,

when radiotherapy aims at inducing a systemic effect through in

situ vaccination, stereotactic irradiation with high dose per

fraction is probably the most favorable approach, showing,

nonetheless, contrasted but promising results in combination

with ICI (25–27). In this approach, stereotactic radiotherapy is

directed to metastatic lesions only, without elective lymph node

(LN) irradiation, with low to no incidental dose to TDLNs due to

the sharp dose fall-off gradient outside the target inherent to the

stereotactic irradiation technique (28). Second, the question of

non-involved TDLN sparing is rather addressed when large

irradiation fields are employed, typically in the treatment of

locally advanced disease. In these cases, chemotherapy is

frequently combined to radiotherapy, and conventional

fractionation is used (once-daily fractions of 2 – 3 Gy, five

days a week, usually for 4 – 7 weeks), rather than ultra-

hypofractionation (29). However, as compared to ultra-

hypofractionated regimen (> 6 Gy per fraction), conventional

fractionation has been shown in preclinical models to disturb the

radiation immunostimulatory effects via the reduction of CD8+ T-

cell infiltration, type-I IFN levels and MHC expression, the

increase of PD-L1 expression and the increase of myeloid-

derived suppressor cells recruitment into tumors through the

VEGF pathway, which is inhibited in the context of

hypofractionation (30, 31). Therefore, there is need to better

understand the immune effects of chemoradiotherapy (CRT) at

the TDLN level in the context of conventional fractionated

irradiation for locally advanced tumors, to provide biological

data in favor or not of the radiation dose sparing of non-

involved, and therefore functional TDLNs.

To do so, we hypothesized that non-involved TDLNs among

cN+ locally advanced non small cell lung cancer (NSCLC),

downstream of involved TDLNs, share the same functional

features as non-involved TDLNs from cN0 patients. We then

proposed to focus on cN0 patients who received chemotherapy

plus radiotherapy upon primary tumor only, in order to avoid

incidental dose to non-involved TDLNs that inevitably occurs in

the absence of specific dose constraints during mediastinal

irradiation, which could disturb immune response in functional

TDLNs. The objective of this retrospective study was to assess the

immune and biological effects in non-involved TDLNs of node

sparing CRT, by comparing TDLN gene expression signatures

between patients with localized node-negative NSCLC treated

either with upfront surgery (including LN dissection) (CRT-) or

by neoadjuvant CRT (CRT+), whereby irradiation is directed at

the primary tumor without incidental node irradiation, followed

by surgery.
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Materials and methods

Patient selection

Patients treated in two French cancer centers (Toulouse Cancer

Center andDijon Cancer Center) between January 2010 andDecember

2021 were identified through the electronical records database. The

study was approved by the Institutional Review Board of our

institution. Patients received a letter detailing the aim of the study

and the use of data collection and could refuse inclusion at any time.

Inclusion criteria were: histopathologically proved NSCLC; clinical N0,

M0 (according to the eighth edition of the Cancer Staging Manual of

the AJCC) with 18FDG-PET-based staging; treated by radical surgery

(lobectomy) plus LN dissection with clinical T stage ≥ T2 and/or post-

operative pathological T stage ≥ (y)pT2, and with pN0 on LN

dissection; with (CRT+) or without (CRT-) neoadjuvant CRT of at

least 44 Gy in 1.8 – 2 Gy per fraction, targeted on the primary tumor

with no significant incidental irradiation of the TDLN station

(i.e., volume of the TDLN station receiving 20 Gy or more of less

than 20% (V20 Gy < 20%)); Eastern Cooperative Oncology Group

performance status < 2 at diagnosis; and with documented radiological

follow-up for at least 6 months after surgery. Due to the rarity of

neoadjuvant CRT in the management of NSCLC (32, 33), patients in

the CRT+ group have been identified within the entire period whereas

patients in the CRT- group have been consecutively identified among

those treated in 2017/2018. Patient data, including demographics,

imaging, radiotherapy planning data and clinical outcome were

retrospectively collected. The cut-off date for the analysis was

March 2022.
Definition of TDLN stations

According to the Mountain & Dresler regional LN mapping

(34) as well as to post-mortem analysis of lung/bronchus LN

draining system (35), and considering that subsegmental,

segmental and lobar LNs (respectively stations XIV, XIII, and

XII) are inconstantly present and/or identifiable in adults, the

ipsilateral interlobar LNs (station XI) are considered as the first

draining LNs of lung tumors. Therefore, we considered as TDLNs

the ipsilateral interlobar LNs.
Tissue samples and RNA isolation
and sequencing

LN tissues were obtained from the pathological specimens of

LN dissection. Rapidly after resection, LNs were placed in 10%

neutral buffered formalin solution, fixed at room temperature and

embedded in paraffin blocks (FFPE). One to three blocks were

obtained for each patient. FFPE blocks were sliced into 4 µm

unstained sections on glass slides for RNA extraction.

RNA was extracted using the RNeasy FFPE kit (Qiagen)

following scraping of LN tissues with a razor blade from 15 glass
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slides per sample and deparaffinization using the Deparaffinization

Solution (Qiagen). RNA concentration was quantified by

spectrophotometry (NanoDrop™ One, Thermo Scientific) and

fluorometry (Qubit™, Invitrogen), and RNA quality (DV200)

was assessed using the Fragment Analyzer 5200 System (Agilent)

and the DNF-472 HS RNA (15nt) kit (Agilent). Total RNA libraries

were prepared using Illumina stranded Total RNA prep ligation

with Ribo-Zero Plus kit (Illumina) starting with an input amount of

187-200 ng total RNA. The size and quality of the libraries were

evaluated with the Fragment Analyzer 5200 System and the DNF-

474 HS NGS Fragment kit (1-6000bp) (Agilent). The KAPA Library

Quantification kit for Illumina platforms (KAPA Biosystems,

Roche) was used to quantify the libraries. Samples were pooled in

equimolarity. The double indexed libraries were sequenced on a

NextSeq 550 instrument (Illumina) using 74 base-length read

chemistry in paired-end mode.

For each sample, FASTQ raw files were trimmed with

Trimgalore v0.4.5 then aligned to hg38 genome with STAR

v2.7.5. MarkDuplicates (PicardTools v2.20.7) was used to remove

PCR duplicates. Htseq-count (HTSeq v0.9.1) was used to quantify

genes and counts were normalized in TPM (Transcript

Per Million).
Transcriptome data analysis

t-SNE analysis was performed using Rtsne v0.16 (R package).

Differential gene expression (DGE) analysis was performed with

DESeq2 (R package), and genes were considered differentially

expressed if P-adjusted value ≤ 0.05 and log2 fold-change ≤ -1

or ≥ 1. Pathway enrichment was performed for significant genes

with the Gene Set Enrichment Analysis (GSEA) and g-profiler

software (https://biit.cs.ut.ee/gprofiler/gost) using the human

collections of the Molecular Signature Database (MSigDB; https://

www.gsea-msigdb.org/gsea/msigdb): hallmarks, curated gene sets

(Biocarta, KEGG, PID and Reactome subsets), oncogenic,

immunologic and cell-type signatures. For the sake of

comparison, we performed additional analyses using gene

signatures from pre-metastatic TDLNs (36–42).

Statistical analyses were performed using R v4.2.1. Plots were

generated using ggplot2 v3.3.6 and ComplexHeatmap v2.13.1.
Results

Patient enrollment and sample selection

In total, 16 patients were included in the study and 25 TDLNs

from station XI were analyzed: 6 patients in the CRT+ group (12

TDLNs) and 10 patients in the CRT- group (13 TDLNs). The

median age at diagnosis was 59 years in the CRT+ group and 66

years in CRT- group. Adenocarcinoma was the main histology in

both groups (83% in CRT+ and 90% in CRT- group). Clinical stage

was cT3 for all CRT+ patients; all patients in this group had

superior sulcus tumor. In the CRT- group, 2 patients (20%) had

cT1, 6 patients (60%) had cT2 and 2 patients (20%) had cT3
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tumor. In the CRT- group, however, final pathological T stage was

pT2 in 7 patients (70%) and pT3 in 3 patients (30%). In the CRT+

group, complete response and major pathological response

occurred in respectively 1 patient (17%) and 3 patients (50%).

CRT consisted of radiotherapy plus concomitant chemotherapy

for all CRT+ patients, with a total of 3-4 cycles of platinum-based

doublet; median dose of radiotherapy to the primary tumor was 47

Gy (44 – 50 Gy). Patients’ characteristics are summarized

in Table 1.
TDLNs from patients receiving
neoadjuvant CRT and those treated
with upfront surgery exhibited distinct
molecular signatures

Based on RNA sequencing (RNA-seq) data, we compared

TDLNs from CRT+ and CRT- patients. Analysis of differential

gene expression uncovered a total of 1001 differentially expressed

genes, of which 749 were more expressed in the CRT+ group and

252 were more expressed in the CRT- group (Figure 1A). To gain

insight into the major pathways that were differentially activated in

each condition, we performed GSEA and g-profiler analyses, based

on the 1001 differentially expressed genes.

In the CRT+ group, GSEA revealed that overall, 31 hallmark

(C1), 192 canonical pathway (C2), 1232 ontology (C5), 118

oncogenic signature (C6), 1020 immune signature (C7) and 365

cell type signature (C8) gene sets were enriched, suggesting that

tumor irradiat ion induced major changes in TDLNs

(Supplementary Table 1). Among them, gene sets associated with

epithelial mesenchymal transition, TNF-a signaling, hypoxia,

angiogenesis, integrin pathway, collagen degradation and extra-

cellular matrix remodeling were enriched (Figure 1B). G-profiler

analysis revealed 549 enriched gene sets in the CRT+ group. Among

them, gene sets associated with inflammatory response including

TNF-a signaling, central memory CD8+ T cell (TCM) signature as

well as immune tolerance (through regulatory CD4+ T-cell

signature (Treg) and IL-4 signaling), all suggestive of an ongoing

T-cell response, were enriched. The other enriched signatures

included hypoxia, angiogenesis, apoptosis, epithelial mesenchymal

transition, extra-cellular matrix remodeling and integrin

pathway (Figure 1C).

In the CRT- group, the number of enriched gene sets uncovered

by GSEA was lower than that found in CRT+ TDLNs. Those enriched

in CRT- TDLNs included 2 hallmark (C1), 18 canonical pathway

(C2), 31 ontology (C5), 135 immune signature (C7) and 39 cell type

signature (C8) gene sets (Supplementary Table 2). Among enriched

immune gene sets, those associated with B-cell responses stood out

(Figure 1D). G-profiler analysis showed that the number of gene sets

enriched in the CRT- group, 79 in total, was lower than that found in

the CRT+ group. In agreement with GSEA, gene sets associated with

B-cell responses, including B-cell signature and B-cell receptor

signaling, were identified by g-profiler analyses (Figure 1C).

Altogether, differential gene expression, GSEA and g-profiler

analyses put forward a picture whereby neoadjuvant CRT led to

changes in the immune molecular signatures of TDLNs. They
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showed the prominence of B-cell signatures in TDLNs from

patients who received upfront surgery (CRT- patients) whereas

inflammatory, T-cell and immune tolerance signatures were higher

in TDLNs from patients who received neoadjuvant CRT (CRT+

patients) (Supplementary Figure 1).
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Unsupervised dimensionality reduction
identified a group of CRT+ patients with
favorable clinical outcome and induction
of a pre-metastatic TDLN signature

Unsupervised dimensionality reduction led to sample clustering

according to the treatment group. CRT+ samples segregated into 2

clusters (clusters 1 and 2) and CRT- samples formed a distinct

cluster (Figure 2A). A total of 418 differentially expressed genes

were identified when samples from CRT+ cluster 2 were compared

to CRT- samples, of which 210 were more expressed in cluster 2 and

208 in the CRT- samples (Figure 2B). A higher number of genes,

1596, were found to be differentially expressed between CRT+

cluster 1 and CRT- samples, of which the majority, 1210, were

more expressed in CRT+ cluster 1 and 386 were more expressed in

CRT- samples (Figure 2C). In the 2 sets of genes found to be

differentially expressed when each CRT+ cluster was compared to

CRT- samples, 174 were overlapping. Finally, a total of 256

differentially expressed genes were identified when samples from

CRT+ cluster 1 and CRT+ cluster 2 were compared, of which 164

were more expressed in cluster 1 and 92 were more expressed in

cluster 2 (Figure 2D).

We then performed g-profiler analyses based on the 2 sets of

differentially expressed genes. We identified 725 gene sets as being

enriched in CRT+ cluster 1 when compared to CRT- samples

(Figure 3A). Those were involved in inflammatory response,

antitumor response (including central memory (TCM) and effector

memory (TEM) CD8
+ T-cell signatures) as well as immune tolerance

(including IL-4 and IL-10 signaling and Treg signatures), extra-

cellular matrix remodeling, integrin pathway, angiogenesis and

hypoxia, apoptosis, and epithelial mesenchymal transition. In

addition, 83 gene sets enriched in CRT+ cluster 2 as compared to

CRT- samples were uncovered, mostly involved in antitumor

response, inflammatory response, angiogenesis and hypoxia

(Figure 3B). In both cases, gene sets associated with B-cell

signatures were enriched in the CRT- group. Finally, when CRT+

cluster 1 and CRT+ cluster 2 were compared, 121 gene sets were

enriched in CRT+ cluster 1 (involved in inflammatory response,

hypoxia, apoptosis, and epithelial mesenchymal transition but not

in anti-tumor immune response), and 90 gene sets were enriched in

CRT+ cluster 2 (involved in DNA damage repair) (Figure 3C).

Analysis of pathological response following neoadjuvant CRT

revealed that among patients in CRT+ cluster 1, 3 out of 3 had

pathological complete response (pCR) or major pathological

response (MPR). In contrast, only 1 out of 3 patients in CRT+

cluster 2 had MPR whereas the 2 other patients had 30% and 60%

residual viable tumor cells. Of note, mean time interval between end

of radiotherapy and surgery was 127 days for patients in the CRT+

cluster 1 and 97 days for those in the CRT+ cluster 2, and median

total radiation dose was 46 Gy for patients in CRT+ cluster 1 (46 –

48 Gy), and 46 Gy for patients in CRT+ cluster 2 (44 – 50 Gy).

Characteristics of patients in cluster 1 and cluster 2 are summarized

in Supplementary Table 3.

We then examined the expression, in CRT+ and CRT- samples,

of genes described as being involved in molecular changes within
TABLE 1 Clinical characteristics of the cohort.

CRT+

group
n=6
patients

CRT-

group
n=10
patients

Median age (y) 59 (45 – 64) 66 (50 – 82)

Male / Female 6 / 0 6 / 4

Median ECOG PS 1 (0 – 1) 1 (0 – 1)

Histology

- adenocarcinoma 5 (83%) 9 (90%)

- squamous cell carcinoma 1 (17%) 1 (10%)

Clinical T stage

- T1 0 2 (20%)

- T2 0 6 (60%)

- T3 6 (100%) 2 (20%)

- T4 0 0

Patholgical T stage

- (y)pT0 1 (17%) 0

- (y)pT1 2 (33%) 0

- (y)pT2 0 7 (70%)

- (y)pT3 3 (50%) 3 (30%)

Resection status

R0 5 (83%) 10 (100%)

R1 1 (17%) 0

Pathological response (CRT+ group)

Complete response 1 (17%) na

Major pathological response 3 (50%) na

Residual viable tumor > 10% 2 (33%) na

Median number of TDLN analyzed per
patient

2 (2 – 3) 1 (1 – 2)

Median radiation total dose (Gy) 47 (44 – 50) na

Median radiation dose per fraction (Gy) 2 na

Radiation technique na

Conformal 3D RT 1 (17%) na

IMRT 5 (83%) na

Concomitant chemotherapy 6 (100%) na

Median time interval between end of
radiotherapy and surgery (days)

93 (71 – 198) na
na, not applicable.
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pre-metastatic TDLNs (36–42). Expression of TDLN-related genes

involved in HEV (High Endothelial Venules) regulation and intra-

node lymphocyte traffic as well as intra-node B cell traffic (CXCR5,

CXCL13) was more prominent in CRT- samples (Supplementary

Figure 2). In the CRT+ group instead, particularly in samples within

cluster 1, several genes involved in nodal lymphangiogenesis

(VEGFA), fibroblastic reticular cells (FRC)-induced nodal

remodeling (PTX3), tumor derived extracellular vesicles (tEV)-

induced genes involved in tumor cell recruitment (EPCAM),

matrix remodeling (MMP2, PLAU), angiogenesis (THBS1) and

TDLN immune-suppression (IL6) (Supplementary Figure 2), all

described as being upregulated in pre-metastatic TDLNs (36–42),

were more expressed, suggesting that neoadjuvant tumor irradiation

was involved in the remodeling of TDLNs in these patients.
Frontiers in Oncology 06
Discussion

Overall, in a population of patients with node-negative

NSCLC, our data showed distinct transcriptomic patterns within

non-involved TDLNs between patients who received or not

neoadjuvant chemotherapy and radiotherapy of the primary

tumor with conventional fractionation. Gene sets associated

with several immunological as well as non-immunological

pathways were enriched in patients having received neoadjuvant

CRT (CRT+ group). This enrichment was pronounced in a

subgroup of CRT+ patients experiencing pCR or MPR following

neoadjuvant CRT.

Specifically in the CRT+ group, an enrichment was found in a

gene set which is up regulated in a subset of early precursors of TCM
B

C

D

A

FIGURE 1

TDLNs from patients receiving neoadjuvant CRT and those treated with upfront surgery exhibit distinct molecular signatures. (A) Differentially expressed
genes between CRT+ and CRT- groups. In red, are represented genes with an adjusted P-value ≤ 0.05 and a log2 fold-change [Log2 (FC)] ≤ -1 or ≥ 1.
All other genes are in grey. (B) CRT+ enriched pathways found with GSEA. (C) Enriched pathways found with g-profiler. Each pathway is colored
depending on the broad biological processes in which it is involved. (D) CRT- enriched pathways found with GSEA. n.a., not applicable.
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CD8+ T cells with enhanced self-renewal capacity and proliferative

potential (43). This population is thought to represent the least

differentiated memory T-cell subset and is commonly designated

stem-cell like memory (TSCM) (44). Interestingly, Im et al. have

suggested that the T-cell proliferative burst following blockade of

PD-L1 was provided by progenitor exhausted T cells, which share

the CD8+ TSCM phenoype, found at high frequency in lymphoid

organs, leading to more differentiated effectors (45). Additionally,

the same team, in a subcutaneous B16F10 tumor model injected

bilaterally in each flank, showed that radiotherapy directed toward

one tumor could induce an abscopal response on the opposite flank

(23). In this model, hypofractionated irradiation (1 fraction of 10

Gy) stimulated stem-like CD8+ T-cell proliferation, and the

irradiation of tumor plus TDLNs reduced the abscopal effect,

with decrease in this stem like population (23). Similarities

between TSCM and progenitor exhausted T cells have been

hypothesized (46). In such case, our clinical data in NSCLC

patients treated with conventional radiotherapy plus

chemotherapy are in line with the preclinical data highlighting

the role of radiotherapy in the proliferation of a stem like CD8+ T-
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cell population within TDLNs, with potential systemic anti-

tumor effect.

On the other hand, potential tolerogenic pathways were found

enriched in the CRT+ group. For example, IL-4 and IL-13 signaling

pathways were enriched in the CRT+ group as well as IL-10 signaling

pathway in CRT+ cluster 1. IL-4 and IL-13 are mainly involved

in type 2 immunity and allergic diseases (47). In the context of

malignancies, IL-4 and IL-13 have been shown to induce

polarization towards protumoral tumor-associated macrophages

(TAM) (48). However, IL-4 has also been involved in the

maintenance of LN stromal organization (49). IL-10 is an

immunosuppressive cytokine, which potentiates the differentiation

of induced Tregs (50). Interestingly, a distinct Treg-related gene set,

identified in Foxp3fgfp Treg from B6 mice (51), was also enriched in

the CRT+ group. This mutant of Foxp3 had a specific transcriptional

profile with over-representation of IRF4 (Interferon Regulatory

Factor 4)-dependent transcripts, leading to the preferential

suppression of T-cell help to B cells. This could explain the

underexpression of genes linked to B-cell signatures in the CRT+

group, in comparison to CRT- patients. However, the global
B

C D

A

FIGURE 2

Unsupervised analysis shows two clusters in the CRT+ group. (A) t-SNE representation of TDLNs, colored depending on treatment received by
patients. Differentially expressed genes between (B) CRT+ cluster 1 and all CRT- samples, (C) CRT+ cluster 2 and all CRT- samples and (D) CRT+

cluster 1 and CRT+ cluster 2. In red, are represented genes with an adjusted P-value ≤ 0.05 and a log2 fold-change [Log2 (FC)] ≤ -1 or ≥ 1. All other
genes are in grey.
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immunological effects of this pattern should be regarded cautiously.

Indeed, it has been suggested that tumor growth was associated with

accumulation of regulatory B cells (Breg) within TDLNs (52–54),

which in turn could promote cancer cells recruitment via the

production of anti-HSPA4 immunoglobulin and the activation of

the CXCL12/CXCR4 pathway (55). Notably, FCER2 which is a

negative regulator of BCR signaling, is overexpressed in the CRT-

group (56).

Overall, our data show distinct non-involved TDLN

immunological patterns between NSCLC patients who benefited

or not from neoadjuvant CRT, with preferential strengthening in

anti-tumoral immune effects following CRT. Tolerogenic patterns

have been identified however after CRT as well, reflecting the dual

effects of radiation on the immune response (19).

Non immunological gene sets were also assessed. Gene sets

related to angiogenesis and hypoxia, epithelial mesenchymal

transition and extra-cellular matrix remodeling were enriched in

the CRT+ group. Surprisingly, these pathways have been described

in the generation of a pre-metastatic niche, and specific genes

described in such processes have been found in CRT+ samples.

For example, VEGF-A is known to mediate lymphangiogenesis

which in turn favors the afflux of tumor cells (37). PTX3 was

described as an actor of FRC-induced nodal remodeling which

disrupts lymphocytes traffic and therefore immune response (39).

EPCAM, PLAU and THBS1 were shown to be induced within

TDLNs secondary to the afflux of tEV from primary tumor, and

are involved in tumor cell recruitment and extra-cellular matrix

remodeling (42, 57–59). We assume that these pathways have been

widely described in murine models, with no strict reproducibility in

clinical samples.
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Overall, our data indicate that CRT to the primary tumor

provokes distinct microenvironment and immunological patterns

within non-involved TDLNs. Hypothesizing that non-involved

TDLNs from patients with (cN+) or without (cN0) nodes

involvement share the same functional features, our study

focusing on cN0 patients irradiated on the primary tumor only

acts as a clinical model of node sparing-like CRT, with the

guarantee of no incidental mediastinal node irradiation and a

more reliable identification of TDLNs. Consequently, we suggest

that our results could be extrapolable to locally advanced cN+

NSCLC patients who receive non-involved node sparing definitive

conventional fractionation chemoradiation. Whether or not

prophylactic nodal irradiation [commonly designated as elective

node irradiation (ENI)] combined with primary tumor irradiation

would disrupt immune response in the context of CRT ± ICIs for

locally advanced tumors remains to be demonstrated. Two pre-

clinical studies have shown that TDLN irradiation combined to the

irradiation of the primary tumor with high dose fractionation (1 x

10 – 12 Gy) attenuates the anti-tumor immune effects of

radiotherapy, whether or not it is associated with ICIs (22, 23).

These effects were shown to be associated to decrease in immune

cells within tumors, including antigen-specific CD8+ T cells, that

could be explained by the direct depletion of specific stem-cell like

CD8+ T cells within TDLNs. In a recent study using a preclinical

model of head and neck squamous cell carcinoma (HNSCC),

Darragh et al. showed that ENI to a dose of 8 Gy x 3 could

disrupt local and systemic anti-tumor response following combined

primary tumor radiation (3 x 8 Gy) and immunotherapy (anti-

CD25) through: i) decrease in tumor-antigen specific T-cell priming

in TDLNs and consequently decrease in circulating antigen-specific
B

C

A

FIGURE 3

Enriched pathways in the two CRT+ clusters compared to CRT- samples. Heatmap representation of the scaled expression (Z-score) of the
differentially expressed genes, associated to the enriched pathways found with g-profiler (A) in the CRT+ cluster 1 and CRT- comparison; (B) in the
CRT+ cluster 2 and CRT- comparison and (C) in the CRT+ cluster 1 and CRT+ cluster 1 comparison. Log2 (FC): log2 fold-change.
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T cells and in infiltration into the tumor microenvironment, and ii)

disruption of epitope spreading and T-cell priming at distant LNs.

Furthermore, they validated these findings in canine patients

treated with stereotactic tumor radiotherapy with or without ENI.

They found that TDLNs treated with ENI showed decrease in

transcription of genes associated with antigen presentation, with

effector T cells and with T-cell homing. Finally, they assessed

human patients with HNSCC from a phase I/Ib clinical trial of

neoadjuvant stereotactic hypofractionated radiotherapy to the

tumor only (2 or 3 fractions of 6 Gy) with durvalumab followed

by neck dissection at 3 to 6 weeks. The non–irradiated TDLNs from

patients enrolled in the trial were compared to normal nodes from

non-treated patients. By avoiding ENI, non-irradiated TDLNs

showed activated T cells defined by increase in IFN-g
expression (24).

Albeit crucial, these preclinical and early-clinical data cannot be

extrapolated in the context of CRT ± ICIs for locally advanced

disease, and especially NSCLC, because in the latter case: i)

conventional fractionation is usually used rather than extreme

hypofractionation to both primary tumor and TDLNs when ENI

is performed, ii) large fields are treated rather than small volumes,

and iii) chemotherapy is combined to radiation. All of these could

modify radiation-induced immune effects (60). In a pragmatic

approach, changes within non-involved TDLNs have been

addressed herein following radiotherapy using conventional

fractionation and chemotherapy. Moreover, all the patients of our

series were staged with 18FDG PET, which is associated with

negative predictive value of nodal involvement of approximately

90% in localized disease (61). In addition, pathological examination

confirmed the absence of involvement in both groups, albeit

following neoadjuvant CRT in the CRT+ group. In comparison,

the negative metastatic status of TDLNs in mice from the three

studies (22–24) has not been confirmed, and the presence of

metastatic tumor cells can intrinsically modify TDLN

molecular patterns.

Our study has several limits that need to be highlighted. First, the

retrospective nature of the study is an intrinsic limit. Second, the size

of the cohort was limited although a total of 4 cancer centers have

been involved in the screening process. Indeed, neoadjuvant CRT on

the primary tumor only in NSCLC patients with cN0 is an unusual

approach, that however could guarantee the absence of effects from

nodal cancer cells and from direct radiation of TDLNs. Moreover, we

cannot exclude that CRT+ patients had slightly more aggressive

tumors, with more unfavorable microenvironment patterns.

Nevertheless, all CRT+ patients had cT3 tumors, whereas all CRT-

patients had pT2 or pT3 tumors, and it seems unlikely that this slight

imbalance is enough to explain the observed difference in TDLN

signatures. Finally, the identification of TDLNs cannot be optimal as

SLNs were not validated in NSCLC. Rather, we identified ipsilateral

nodes (station XI)as reasonable alternative to SLNs in the series (34,

35). Naturally, the clinical benefit of this node sparing-like CRT on

pathological tumor response in cluster 1 should be considered

cautiously due to the low sample size. Overall, due to the sample

size of our cohort, our data are exploratory at this stage, and would

need to be confirmed in a larger cohort.
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Notwithstanding these limitations, to our knowledge, our data

represent the first attempt to decipher molecular changes in non-

involved TDLNs following node sparing-like CRT in clinical

practice in the context of NSCLC. Although exploratory, our data,

in line with a previous study (24), provide new insights and

potential rationale to reduce ENI practice, and even to apply

stringent radiation dose constraints on non-involved TDLNs, in

the context of conventional fractionated CRT + ICIs for locally

advanced disease. Our results could explain the contrasting clinical

outcomes of clinical trials assessing CRT for locally advanced

tumors in association to ICIs. While the PACIFIC trial in NSCLC

is the only phase III trial to have shown a benefit of the adjunction

of ICIs with durvalumab to CRT for locally advanced disease, the

JAVELIN trial in locally advanced HNSCC assessing the adjunction

of avelumab to CRT failed to improve outcome (62), as well as the

KEYNOTE-412 with pembrolizumab in HNSCC (NCT03040999)

and the CALLA trial with durvalumab in cervical cancer

(NCT03830866), according to recent press releases (63, 64). One

of the key differences between the PACIFIC trial and the other

negative trials is the absence of ENI in PACIFIC while it was used in

the other trials. In line with this concept, we have shown that

irradiation of at least one non-involved TDLN station was

associated, in multivariable analysis, to poor clinical outcome

following concurrent chemoradiation and consolidative

immunotherapy of locally-advanced NSCLC (65). Overall, all

these data provide a rational for avoiding ENI in the context of

conventional fractionated CRT + ICIs for locally advanced disease,

and even more to perform radiation dose sparing to non involved

TDLNs, which can be considered as immune organs at risk for

radiotherapy planning.
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SUPPLEMENTARY FIGURE 1

G-profiler enrichment analysis from genes differentially expressed in TDLNs

from patients receiving neoadjuvant CRT. Heatmap representation of the
scaled expression (Z-score) of genes differentially expressed in CRT+ and

CRT- samples and associated to the enriched pathways found with g-profiler.

SUPPLEMENTARY FIGURE 2

Expression, in CRT+ and CRT- samples, of genes associated to pre-metastatic
TDLNs. Heatmap representation of the scaled expression (Z-score) of genes

associated to pre-metastatic TDLNs (36–42) in CRT+ and CRT- samples and
with a P-value ≤ 0.05. Genes significantly differentially expressed indicated by

an asterisk. Log2 (FC): log2 fold-change.

SUPPLEMENTARY TABLE 1

Enriched gene sets in CRT+ group (GSEA analysis). ES, Enrichment Score;
NES, Normalized Enrichment Score; NOM p value, Nominal P-value; FDR q

value, adjusted P-value according to False Discovery Rate method (used in
our analysis); FWER p value, adjusted P-value according to the Family Wise

Error Rate.

SUPPLEMENTARY TABLE 2

Enriched gene sets in CRT- group (GSEA analysis). ES, Enrichment Score; NES,
Normalized Enrichment Score; NOM p value, Nominal P-value; FDR q value,

adjusted P-value according to False Discovery Rate method (used in our
analysis); FWER p value, adjusted P-value according to the Family Wise

Error Rate.

SUPPLEMENTARY TABLE 3

Patients’ characteristics in cluster 1 and cluster 2.
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