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ABSTRACT
Innate lymphoid cells (ILCs) – which include cytotoxic Natural Killer (NK) cells and helper-type ILC – are 
important regulators of tissue immune homeostasis, with possible roles in tumor surveillance. We 
analyzed ILC and their functionality in human lymph nodes (LN). In LN, NK cells and ILC3 were the 
prominent subpopulations. Among the ILC3s, we identified a CD56+/ILC3 subset with a phenotype close 
to ILC3 but also expressing cytotoxicity genes shared with NK. In tumor-draining LNs (TD-LNs) and tumor 
samples from breast cancer (BC) patients, NK cells were prominent, and proportions of ILC3 subsets were 
low. In tumors and TD-LN, NK cells display reduced levels of NCR (Natural cytotoxicity receptors), despite 
high transcript levels and included a small subset CD127− CD56− NK cells with reduced function. Activated 
by cytokines CD56+/ILC3 cells from donor and patients LN acquired cytotoxic capacity and produced IFNg. 
In TD-LN, all cytokine activated ILC populations produced TNFα in response to BC cell line. Analyses of 
cytotoxic and helper ILC indicate a switch toward NK cells in TD-LN. The local tumor microenvironment 
inhibited NK cell functions through downregulation of NCR, but cytokine stimulation restored their 
functionality.

ARTICLE HISTORY 
Received 15 November 2021  
Revised 20 March 2022  
Accepted 20 March 2022 

KEYWORDS 
Innate lymphoid cells; 
natural killer cells; tumor 
draining lymph nodes; breast 
cancers

Introduction

Innate lymphoid cells (ILC) are important contributors to the 
immune homeostasis of tissues. They include NK cells or 
cytotoxic ILC1, endowed with cytotoxic functions toward 
transformed cells, and helper-type ILC (h-ILC) characterized 
by the expression of CD127 (IL-7 Rα). While NK and h-ILC 
development is initiated in the bone marrow, these effectors 
mature and terminally differentiate in secondary lymphoid 
tissue (SLT). For NK cells, LNs represent important sites of 
maturation and differentiation and several NK precursors have 
been described. Following the recent identification of h-ILCs, 
NK development in LNs requires further investigation as cer-
tain intermediates previously defined as NK cells may in fact 
correspond to h-ILCs.

ILCs are classed in three groups based on helper T cell 
nomenclature.1 Among h-ILCs, ILC1 are CD117−CRTH2−, 
produce IFNγ and TNFα, and express the transcription 
factor (TF) T-bet; ILC2 are CD117±CRTH2+, produce IL-5 
and IL-13, and express GATA3 and RORA; and ILC3 are 
CD117+ CRTH2−, produce IL-17 and IL-22 in response to 
IL-23 and IL-1β, and express RORγt. ILC3 can express the 
natural cytotoxicity receptors (NCR) NKp44, NKp46, and 
NKp30. CD56+CD127− NK cells – cytotoxic ILC1 – express 
T-bet and Eomes and produce IFNγ, TNFα, the cytotoxic 

molecule perforin, and granzymes. In contrast to NK cells, 
h-ILCs are rare in the blood but abundant in tissues, where 
the environment determines their heterogeneity.2 Indeed, 
signals received from their environment produce an inter-
esting feature in ILC by stimulating their capacity to trans-
differentiate. For example, cytokines, such as IL-12/IL-15, 
IL-12/IL-2 favor ILC1/NK plasticity, whereas IL-23/IL-1b/ 
IL-7 favor ILC3/ILC1 plasticity.3–5 To identify all ILC sub-
sets, specific gating and labeling strategies must be applied6 

distinct from those used for NK cells. However, distin-
guishing between NK and ILC1 remains complex to do 
on a phenotypic basis, particularly in a tumor 
microenvironment.7–9 For example, stage 3 NK cells have 
been reported in human SLT as 
CD34−CD117+CD127+CD56+CD94−, producing IL-22 and 
expressing the transcription factor AHR.10,11 Some studies 
affirmed that this population includes ILC3,12 indicating 
that stage 3 NK cells and ILC3 have phenotypic similarities.

For some solid tumors, the LN is the primary site of tumor 
spread. Moreover, in Breast cancer (BC) patients, the presence 
of LN metastases correlates with decreased 5-year survival.13 

The LN is an important site for the immune response and the 
presence of metastases in this organ leads to a change in the 
microenvironment that can alter the immune response. Given 
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the role of tumor-draining LN (TD-LN) in the dissemination 
of cancer cells and emergence of distant metastases, we inves-
tigated the ILC populations in healthy-donor LN (HD-LN) and 
compared them to those from TD-LN and tumors from BC 
patients.

LNs contain a majority of CD56bright CD16− NK cells with 
minor proportions of CD16+ NK cells.14 Few reports have 
described the presence of h-ILC in human LN. In mice, ILC3 
is the major population in LNs.15

NK cells infiltrate various healthy tissues and are attracted 
to inflamed and tumor tissues.16,17 NK cell activation depends 
on a fine balance between activating and inhibitory signals that 
determines whether the target cell will trigger the NK cell 
killing program. Natural Cytotoxicity Receptors (NCRs) 
NKp46 and NKp30, expressed by resting NK cells, and 
NKp44, induced by cytokines,18,19 trigger the lysis of various 
tumor cells, including BC cells.20 ILC3 can express NCRs, and 
engagement of NKp44 has been shown to activate the produc-
tion of IL-22 and GM-CSF.21,22 The Natural Killer Group 2 
(NKG2D) receptor binds MHC class I polypeptide-related 
sequence (MIC)-A/B molecules and UL16-binding proteins 
1–6 (ULBP1-6), which are induced on stressed cells.23 The 
adhesion DNAX accessory molecule-1 (DNAM-1) binds to 
nectin and nectin-like proteins. NKG2D and DNAM-1 also 
promote tumor cell elimination.24 NK cell activation is con-
trolled by HLA class I-specific inhibitory NK receptors. The 
CD94/NKG2A heterodimer binds to HLA-E molecules, and 
the killer immunoglobulin-like receptors (KIRs), bind to spe-
cific HLA class I alleles.19,25 The inhibitory members of 
DNAM-1 family receptors – CD96 and TIGIT – compete 
with DNAM-1 for ligand binding, and limit NK cell function 
by direct inhibition.26,27 In both experimental tumor models 
and human tumors, NK cells can control metastasis 
formation.28–31 However, tumor cells may escape NK cell 
immunosurveillance through several mechanisms, and 
tumor-infiltrating NK cells often display phenotypic 
alterations.32–35 NK immunosuppression must be targeted to 
restore functionality and promote the immune control of 
metastatic BC.36 How h-ILC are involved in tumor surveillance 
is still poorly understood, especially in humans.37 These cells 
have been shown to exhibit both anti- and pro-tumor 
responses in a number of tumor types.9 Thus, ILCs represent 
interesting focuses for immunotherapy when treating solid 
tumors, and can be targeted by immune checkpoint blockers 
(ICBs). For example, ILC2 express CTLA-4 and PD-1 in 
inflammatory breast cancer, and in gastrointestinal cancer 
both ILC2 and ILC3 express PD-1.37

Given this context, in this study, we first characterized ILC 
subsets from HD-LN. We then analyzed the ILC in TD-LN and 
in tumor from BC patients to allow a better understanding of 
the tumor impact on ILC subsets.

Materials and methods

Samples and patients

TD-LNs and tumors were collected from 28 patients, with 
luminal BC having undergone standard-of-care surgical 
resection at the Institut Curie Hospital (Paris, France). 

Tissue samples were taken from surgical residues available 
after histopathologic analyses and not required for diag-
nosis. Our human experimental procedures follow the 
Declaration of Helsinki guidelines and were approved by 
the Institutional Review Board and Ethics committee of 
the Institut Curie Hospital group (CRI-0804-2015). 
Patients did not receive any prior treatments other than 
surgery. Supplementary Table 1 summarizes the muta-
tional status of the patients.

Organ donor–derived mesenteric LNs (n = 28) were 
obtained from the Intensive Care Unit at Saint Louis 
Hospital (Paris, France) following ethical procedures and 
analyzed as non-cancer controls (healthy donor, HD-LNs). 
HD-LN included 15 women and 13 men (median age of 
61 years old). Tissues were mechanically dissociated and 
incubated one hour at 37°C in collagenase IV, hyaluroni-
dase, and DNAse I. Dissociated tissue were stored in liquid 
nitrogen.

Flow cytometry staining and cell sorting

Frozen cells were thawed, washed twice, and counted; their 
viability was assessed by trypan blue exclusion before labeling. 
Samples were stained with Flexible Viability Dye eFluor 506 
(eBioscience) for 30 min before staining with surface antibo-
dies (Table S2) in brilliant Stained Buffer (BD) at 4°C for 
30 min. For intracellular staining, cells were fixed and permea-
bilized for 3 min in FoxP3 buffer (eBioscience) before staining 
with anti-Eomes, anti-T-bet, anti-RORγt, anti-perforin, and 
anti-granzyme B (BD). Cells were fixed and data were acquired 
on an LSRFortessa (BD).

For cell sorting, samples were depleted of lineage positive 
(Lin+) cells using the EasySep FITC positive selection Kit II 
(Stemcell). The lineage mix included antibodies against CD3, 
CD4, CD5, TCRαβ, TCRγδ (T cells), CD33, CD14 (myeloid 
cells), CD19 (B cells) and CD235a (erythrocytes). 100 cells per 
subset were sorted according to the gating strategy shown in 
Figures 2(a) and 5(a).

viSNE and CITRUS analysis

Lin−CD7+ cells were pre-gated with FlowJo10 (BD). Samples 
were analyzed using viSNE in Cytobank, first individually and 
then after concatenating files. The viSNE map was clustered 
using FlowSOM (Cytobank).38 The CITRUS algorithm 
(Cytobank) was used to compare the abundances of ILC sub-
sets and marker expression levels between TD-LN and tumor 
samples. CITRUS was used to build a hierarchical clustering 
tree based on similarities in levels of marker expression. The 
minimum cluster size for events among the total data used was 
1%, and 120 events were sampled per file. The analysis was 
based upon abundance of events using Significance Analysis of 
Microarrays (SAM), with a false discovery rate of 0.01.

CD107a degranulation and cytokine release assays

Cells from LN cell suspensions were stimulated overnight in 
medium containing IL-2 (10 ng/mL) and IL-12 (5 ng/mL) 
(Miltenyi Biotec) and then co-cultured for 5 h with K562 or 
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MCF7 cells (breast cancer cell line) at a 1:1 effector:target ratio. 
Co-cultures were performed in U-bottom plates in the pre-
sence of Golgi Stop (BD Biosciences), Brefeldin A (BD), and 
CD107-FITC antibody (Table S2). Cells were then stained with 
Flexible Viability Dye eFluor 506 (eBioscience) for 30 min 
before labeling with surface antibodies (Table S2). To stain 
intracellular IFNγ and TNFα, cells were fixed and permeabi-
lized for 30 min in FoxP3 buffer (eBioscience) before incubat-
ing with anti-IFNγ-APC (BD) and anti-TNFα-PECy7 in perm 
buffer for 30 min.

Multiplex RT-qPCR

Cells were directly sorted into the reaction mix of the 
SuperScript III One-Step RT-PCR System containing 
Platinum Taq DNA Polymerase (Invitrogen). In the first 
step, RNA was reverse-transcribed to cDNA, and cDNA 
was pre-amplified for 19 cycles using target gene TaqMan 
primer pool (Supplementary Table 3), according to the 
manufacturer’s instructions. After pre-amplification, the 
reaction mixtures were loaded onto a Fluidigm microfluidic 
chip using the Juno system (Fluidigm), and the chip was 
used with the BioMark real-time PCR reader (Fluidigm). 
All expression data were normalized relative to GAPDH 
expression, and relative quantification levels were calcu-
lated. Primers were exons spans probes designed and vali-
dated by the provider (Thermo Fisher), thus avoiding 
gDNA contamination.

Statistics

Statistical tests were performed using Prism version 8 
(GraphPad Software Inc). A non-parametric Wilcoxon 
matched-pairs signed-rank test was used to compare mRNA 
expression levels between different ILC subsets. The Mann– 
Whitney test was used to compare mRNA levels between 
healthy donors and BC patients. Principal component analysis 
(PCA) to visualize and organize the multivariate data from 
donors was performed in R. Heatmaps were produced and 
hierarchical clustering was done using http://www.heatmap 
per.ca/.

Results

Phenotype of innate lymphoid cells in lymph nodes from 
HD

The first step in our study was to characterize ILC subsets 
in HD-LN. ILCs were gated as lineage-marker-negative 
cells expressing CD7 (lin−CD7+ cells), and represented 
1–2% of live cells contained in LNs. To distinguish 
between and determine the relative proportions of the 
different ILC populations, we performed a viSNE analysis 
and FlowSOM clustering on pooled data from 13 HD-LN 
(Figure 1(a)). The analysis was based on expression levels 
for the backbone markers: CD127, CD117, CRTH2, CD56, 
and CD16. These markers were previously described1,39 to 
distinguish NK cells (cytotoxic ILC1) from helper-type (h- 
ILC) subsets (ILC1, ILC2, ILC3) on the viSNE map 

(Figure 1(a,b)). This analysis revealed HD-LNs to contain 
four main ILC populations: NK cells, defined as 
CD56brightCD127− which included CD16+ (10%) and 
CD16− (39%) sub-populations, and two populations of h- 
ILCs based on the expression of CD56, the CD127+CD56− 

and a prominent CD127+CD56+ cell subset (40%) popula-
tion (Figure 1(a), right panel). The CD127+CD56− h-ILC 
correspond to three subsets: CD127+CD117+CD56− ILC3 
cells (12% of total lin−CD7+ cells), a discrete subset of 
CD117−CRTH2− ILC1 (< 5%) and few CRTH2+CD117± 

ILC2 (~0.3%). The CD127+CD56+ cell subset was defined 
by the expression of CD127, CD56, and CD117, and was 
considered as an CD56+/ILC3 population (Figure 1(b)).

As shown on the viSNE map, LN-NK cells expressed the 
following NCR: NKp46, NKp30, and NKp44 (Figure 1(b)). NK 
cells displayed higher NKp46 and NKp30 expression than 
CD56+/ILC3 and ILC3, while NKp44 was higher on h-ILC 
than on NK cells (Fig. S1). Although percentages of CD56+/ 
ILC3 cells expressing NKp44 and NK46 largely varied among 
samples, but it confirmed NCR expression by these ILC subset.40 

NKG2D expression appeared spread among samples with a 
comparable expression on ILC subsets (Figure 1(b) and Fig. S1).

CD94 was expressed by a high proportion of NK cells 
(93%), absent from ILC3 and detected on <10% of CD56+/ 
ILC3. NKG2A was present on a higher fraction of NK cells 
(40%) than on CD56+ILC3 (25%) and detected on 10–15% 
of ILC3. TIGIT was expressed by moderate fractions (30– 
40%) of NK cells and absent from h-ILC (Figure 1(c)). All 
three cell subsets – NK cells, ILC3s, and CD56+/ILC3s – 
expressed CD161 and DNAM-1. Among the NK cells, 52% 
of NK cells co-expressed CD69 and CXCR6. CXCR6 was 
faintly expressed by other ILC populations (Figure 1(d)). 
The residency marker CD69 was strongly expressed by 
most h-ILC cells (Figure 1(e)). Within the CD56+/ILC3s, 
a small subset co-expressing CD103 alongside CD69 and 
NKp44 was identified (Figure 1(e)). This subset is close to 
the intraepithelial (IE) ILC1s previously described in muco-
sal and in non-mucosal tissues.41,42

In conclusion, HD-LNs contained 3 main ILC subsets, NK 
cells, ILC3s, and a major CD56+/ILC3 subset.

Molecular signature of ILC in healthy-donor LNs

To further analyze the HD-LN ILC, the three major ILC 
subsets were sorted from 4 or 6 HD-LN and their transcrip-
tomic profiles were determined by multiplex qPCR.39 ILC3s 
and CD56+/ILC3s displayed close molecular profiles consid-
ering h-ILC population definition markers (Fig S2A), NK 
cell-specific genes (Fig. S2B) and genes common to h-ILC 
and cytotoxic ILCs (Fig S2C). Data were submitted to PCA 
to determine the differences between NK cells, ILC3, and 
CD56+/ILC3s (Figure 2(a,b)). As expected, this analysis indi-
cated that CD56+/ILC3s were more closely related to ILC3 
than to NK cells. The mRNA transcript levels for the markers 
defining the ILC subsets confirmed their phenotypic classifi-
cation by viSNE (Figure 2(c)). High levels of transcripts were 
detected for IL7R (CD127) and KIT (CD117) in both CD56+/ 
ILC3s cells and ILC3. Interestingly, among the variables con-
tributing to PC1 and PC2, compared to ILC3s, CD56+/ILC3s 
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expressed higher levels of transcription factors EOMES and 
TBX21 (coding for T-bet), both of which are implicated in NK 
cell differentiation (Figure 2(d)). At the protein level, CD56+/ 
ILC3s expressed low levels of Eomes and did not express T- 
bet; in contrast, NK cells did faintly express T-bet (Fig. S3). 

CD56+/ILC3s also expressed low levels of RORC – the TF 
required for ILC3 differentiation – at both the transcriptional 
and protein levels. ILC3s and CD56+/ILC3s expressed similar 
levels of AHR, which was expressed at lower levels by NK 
cells.

Figure 1. Innate lymphoid cells in lymph nodes from healthy donors. viSNE map of lin−CD7+ cells from HD-LNs (concatenated data), showing the FlowSOM clustering of 
ILCs, each color represents a subset. Percentages of ILC populations in HD-LN (n = 13) (a). viSNE map showing expression levels for specific markers using a color scale, 
from blue (low) to red (high) (b). Statistical analysis of CD94, NKG2A, CD161, DNAM-1 and TIGIT receptors expression by ILC subsets from 13 HD-LN (4 HD-LN for CD94) 
(c). Representative dot plots of CD69 and CXCR6 co-expression by HD-LN ILCs (d). viSNE map with CD69 and CD103 expression in 13 HD-LN ILC (e).
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In NK cells, transcript levels for chemokine receptors CD62L 
and CCR7 were low, whereas CXCR6 transcripts were high. In 
ILC3s and CD56+/ILC3s, CD62L and CCR7 transcripts were 
abundant, whereas CXCR6 transcripts were low (Figure 2(e)).

Finally, CD56+/ILC3s expressed the genes IL2RA, IL23R, 
and IL1R1, and may respond to IL23 and IL-1 as ILC3 
(Figure 2(f)). They also expressed IL2RB and IL15RA, which 
are mostly expressed by NK cells.

Functional properties of ILC in healthy-donor LNs

CD56+/ILC3s expressed genes involved in cytotoxic functions, 
suggesting that they might behave like NK cells (Figure 3(a)). 
For example, they expressed transcripts of PRF1 and GZM genes 
(A, B, K, and H), although at lower levels than NK cells. CD56+/ 
ILC3s also expressed the Th1 type cytokines IFNG and TNFA, 
along with cytokines produced by ILC3: CSF2 (coding for GM- 
CSF), and IL22 in certain samples. At steady state, the protein 
levels for perforin and granzyme B were low in CD56+/ILC3 
cells compared to NK cells (Figure 3(b)). Expression of these 

two cytotoxicity markers was induced in CD56+/ILC3 cells after 
overnight activation with IL-2 and IL-12 (Figure 3(b)). We also 
assessed the cells’ capacity to degranulate and to produce IFNγ 
following IL-2+ IL-12 activation and stimulation with K562 and 
MCF7 (Figure 3(c)). NK cells and CD56+/ILC3s degranulated 
and produced IFNγ upon stimulation with K562, whereas ILC3s 
did not (Figure 3(c)). In response to stimulation with the ER+ 

HLA-I+ BC cell line MCF7, the levels of degranulation and IFNγ 
production were low in NK cells and CD56+/ILC3s. No differ-
ences in the phenotype distribution and function of HD-LN ILC 
subsets were observed considering the gender issue.

ILC infiltrating metastatic LN and primary BC tumors

To examine how the tumor microenvironment affects LN-ILC 
populations, we then analyzed the ILC that infiltrated meta-
static TD-LN from BC patients. The ILC phenotypes from 
metastatic TD-LN were compared to the ILC phenotypes infil-
trating primary tumors from BC patients (luminal type, ER+, 
or ER/PR+). In tumors and axillary TD-LNs, the percentages of 

Figure 2. Transcriptional signature of ILC subsets in LN from healthy donors. Gating strategy for cell sorting of ILC subsets (a). Principal component analysis (PCA) of ILC 
subsets (n = 4/6) (b). mRNA expression of the principal variables contributing to PC1 and PC2 including ILC subset definition markers, transcription factors, as well as 
chemokine and cytokine receptors. A Wilcoxon’s matched-pairs test was used to compare expression levels between two populations (* p < .05)(c-f).
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ILCs varied extensively across samples. The ILCs represented 
between 3% and 18% (mean 6%) of tumor infiltrating lin−CD7-
+ cells and while they represented between 0.5% and 6% (mean 
2%) of lin−CD7+ cells from TD-LN (data not shown).

From viSNE analysis of TD-LN (n = 11) and tumor samples 
(n = 9), five ILC populations were identified (Figure 4(a)). In the 
two compartments, NK cell subsets were overrepresented among 
ILC (Figure 4(a), right). There was an abundant subset of 
CD127−CD56+CD16− NK cells (60% and 78% in TD-LN and 
Tumor, respectively) and a small subset of mature differentiated 
CD56+CD16+ NK cells (3% in Tumor and 6% in TD-LN). In 
tumors, the proportion of h-ILC was low, with each ILC3 and 
CD56+/ILC3 subset representing less than 5%. In contrast, among 
total ILC in TD-LN, ILC3 represented 7%, and CD56+/ILC3s 
represented 16%. In addition, an expanded CD127−CD56− ILC 
subset was identified in both sample types, corresponding to 4% of 
ILC in tumor and 2% in TD-LN (Figure 4(a), right). 
CD56−CD127− cells were CD117−, NCR−, CD16− in both 
compartments.

CITRUS analysis compared the frequencies of the ILC subsets 
defined by the backbone markers in LN and tumors, and detailed 
their phenotypic profiles (Figure 4(b-e)). Tumor-infiltrating NK 
cells contained two prominent CD56+NCR−CD69+CD103+ and 
CD103− NK subsets, whereas ILC3 and CD56+/ILC3s were more 
prevalent in TD-LN (Figure 4(b,c)). CD56+CD16− NK cells 
infiltrating TD-LN were characterized as NCR+ (NKp46, 
NKp30) and NKG2Alow, whereas tumor-infiltrating 
CD56+CD16− NK cells were NCR−, NKG2A+. CD56+CD16+ 

NK cells were NKp46− in LN and NCR+ in tumors. CD56+/ 
ILC3s from TD-LN and tumors expressed low levels of NKp44 
and NKp30.

NCRlowCD69+ NK cells expanded in the tumor were 
found in metastatic TD-LN exhibiting reduced CD69 
expression suggesting their capacity to migrate to the TD- 
LN and supplant h-ILC. This marker was also expressed by 
ILC3 and CD56+/ILC3s in both compartments. Finally, 
ILC3 from the two compartments exhibited a similar 
phenotype.

Figure 3. Functional capacities and plasticity of ILC in HD-LN. mRNA expression of cytotoxic molecules and cytokines in NK cells, CD56+/ILC3 ILC, and ILC3 (n = 4/6) (a). 
Percentages of cells expressing perforin and granzyme B before and after activation by IL-2 and IL-12 (n = 1/4) (b). ILC activated overnight with IL-2 and IL-12 were 
stimulated with K562 and MCF7 for 6 h. Then, percentages of degranulating cells (CD107a-positive cells), and expression of intracellular IFNγ in ILC subsets were 
determined by flow cytometry (n = 3); ‘no target’ corresponds to spontaneous degranulation (c). A Wilcoxon’s matched-pairs test was used to compare expression levels 
between two populations (* p < .05)(c-f).
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Molecular profile of ILCs infiltrating metastatic LNs

To further study the five ILC subsets infiltrating TD-LNs, 
a transcriptomic analysis was performed on purified cells 
from metastatic TD-LNs (n = 5). The ILC subsets were the 
following: CD56+CD16−, CD56+CD16+ NK cells, uncon-
ventional CD56−CD127− cells, ILC3, and CD56+/ILC3s 
(Figure 5(a)). Transcript levels for backbone markers of 
ILC subtypes confirmed the phenotypic analyses. 
According to PCA, CD56+/ILC3s segregated close to 
ILC3, and CD127−CD56− were intermediate between 

conventional ILC3 and NK cells (Figure 5(b)). NK and 
ILC3 subsets were segregated based on NCAM1 (CD56), 
GRZMA, and NKG2D overexpression in NK cells; whereas 
ILC3s expressed high levels of AHR, IL1R1, IL2RA, and 
CD69 (Figure 5(c)). The CD127−CD56− NK subset 
expressed low levels of IL7RA (CD127) like NK cells, but 
low NCAM1 (CD56) transcripts like ILC3s, and high levels 
of KIT (CD117) close to the levels expressed by h-ILCs 
(Figure 5(d)). With regard to TF genes, CD127−CD56− 

cells expressed levels of RORC close to those detected in 

Figure 4. ILC infiltrating TD-LN and tumor. viSNE map for lin−CD7+ cells showing the FlowSOM clustering for ILC from TD-LN (n = 9) and tumors (n = 11). Percentages of 
ILC subsets present in TD-LN and tumor (a). Hierarchical clustering produced by CITRUS analysis comparing TD-LN (n = 11) and BC tumors (n = 9), identified in brown/ 
dark red, showing four clusters for which cell abundances were significantly different between the two conditions (b). CITRUS map showing the expression levels for the 
backbone markers CD127, CD56, CD117, and CD16 using a color scale, from blue (low) to red (high) (c). Cell abundance in the different clusters (d). CITRUS map showing 
expression levels for NKp46, CD69, and CD103 (e).
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h-ILC3s. CD127−CD56− cells and NK cells expressed com-
parable levels of EOMES, Tbet, and AHR; they also 
expressed GZMA/B, PRF1, and IFNG (Figure 5(e)).

Cytokines are essential for the development and activation 
of ILCs. IL2RA and IL2RB genes were expressed by all the 
subsets, with ILC3 cells expressing more IL2RA and NK cells 
expressing more IL2RB (Figure 5(f)). CD127−CD56− cells 
expressed low levels of IL2R genes. Cytokines such as IL18, 

IL23, and IL1β can activate ILC3 type functions. The genes 
coding for their receptors were highly expressed by ILC3s and 
CD56+/ILC3s, whereas their expression was low in NK cells 
and CD127−CD56− cells.

We also examined the expression of the genes involved 
in tissue residency and migration (Figure 5(g)). CD69 tran-
script was detected at high levels in NK cells and ILC3s 
from TD-LNs, whereas the membrane expression of the 

Figure 5. Transcriptomic profile of ILC from TD-LN. Gating strategy used to sort ILC subsets (a). Principal component analysis (PCA) of ILC subsets sorted from TD-LN 
(n = 4/5) (b). Graph of PCA variables, colored according to the contribution of each variable (c). mRNA expression levels for the principal variables contributing to PC1 
and PC2, including definition markers for the ILC subsets, transcription factors, cytokine receptors, and markers of migration. A Wilcoxon’s matched-pairs test was used 
to compare expression levels between two populations (* p < .05)(d-g).
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corresponding protein was low (Figure 4(g)). All the ILC 
populations expressed high levels of S1PR1 and CD62L, 
whereas S1PR5 was mostly expressed by NK cells and 
CCR7 by h-ILC.

In TD-LNs and tumors, NK cells predominated and their 
expansion in TD-LN was associated with a reduced represen-
tation of the CD56+/ILC3 population. NK cells infiltrating 
tumor and metastatic LNs were characterized by altered 
expression of activating receptors such as NKp46, NKp30. 
Hierarchic clustering (Fig S4) indicated that CD56+/ILC3s 
expressed specific ILC3 definition markers (Fig S4A), displayed 
similar cytokines and chemokines receptor (Fig S4A, C) but 
acquired a molecular profile related to CD16+ NK cells (Fig 
S3B). CD127−CD56− NK cells exhibited the NK specific mar-
kers, resembled ILC3 for NK specific transcripts, and exhibited 
a unique profile for cytokine and chemokines receptors 
(Fig S4C).

Functional properties of ILCs in metastatic LN

Numerous studies indicate that tumors modulate the function of 
NK cells, and h-ILC are known to rapidly respond to changes in 
their environment. To assess the functional ILC behavior in TD- 
LN, we analyzed transcript levels for genes involved in cytotoxi-
city and immune regulation (Figure 6(a)). PRF1, GZMA, GZMB, 
and IFNg transcript levels were high in NK cells, CD127−CD56− 

ILC, and CD56+/ILC3s compared to ILC3s. For ILC3s and 
CD56+/ILC3s from TD-LN, TNFA transcripts were elevated 
and no IL22 expression was detected. In a metastatic environ-
ment, ILC expressed higher levels of genes involved in antitumor 
functions (Figure 6(b)). CD56+/ILC3s from TD-LNs expressed 
high levels of PRF1, GZMK, and TNFA. High levels of TNFA 
were observed in ILC3s from TD-LNs.

Altogether, the transcriptomic profiles of ILCs infiltrating 
TD-LNs reflected the presence of ILCs that displayed molecu-
lar profiles compatible with antitumor functions.

In functional assays, NK, and CD56−CD127− cells from TD- 
LN, activated overnight with IL-2+ IL-12, degranulated in 
response to stimulation with K562 – an HLA-I− target of NK 
cells. Interestingly, stimulation with MCF7 – an HLA-I+ breast 
cancer cell line – did not induce degranulation (Figure 6(c)). The 
low spontaneous (no target) and K562-induced degranulation of 
IL-2+ IL-12-activated CD56+/ILC3s and ILC3s were not signifi-
cantly different, indicating that NKR engagement was not 
involved in K562 lysis. Cytokine activation of ILC3 subsets 
induced a modest degranulation not significantly increased by 
K562. When activated by cytokines, NK cells and to a lesser 
extend CD127−CD56− cells responded to K562 stimulation.

IL-2+ IL-12-activated NK cells produced IFNγ following 
K562 stimulation (Figure 6(c)). Percentages of IFNγ+ CD56+/ 
ILC3s activated by IL-2+ IL-12 were low varied among samples 
and did not increase in response to K562. ILC3s did not produce 
IFNγ, as expected based on the undetectable level of IFNG 
transcripts. Activated NK cell subsets and CD56+/ILC3s, pro-
duced TNFα in response to both K562 and MCF7 stimulation 
(Figure 6(d)). ILC3s expressing high levels of TNFA transcripts 
(Figure 6(a)) also produced TNFα in response to K562 and 
MCF7 (Figure 6(d)). There was no significant correlation 
between clinico-biological data in a series of patients.

Discussion

The aim of this report was to characterize the ILC populations 
infiltrating LN and to investigate the impact of BC tumor on 
the plasticity of the ILC populations in metastatic TD-LN. 
Specific mAbs and molecular probe panels to concomitantly 
assess the cytotoxic and helper ILCs were validated in HD-LN. 
The tools were then used to analyze ILC from metastatic TD- 
LN in BC patients.

First, phenotypic analyses identified 4 ILC subsets – NK cells 
including CD16− and CD16+ subsets, ILC3s, and a prominent 
CD56+/ILC3s subset that account for 40% of the total HD-LN 
ILCs. Molecular analyses were performed by multiplex qPCR on 
100 sorted cells from each ILC subset, as single-cell analyses did 
not generate detectable signals for most genes, despite pre- 
amplification. Furthermore, qPCR values obtained on non-acti-
vated ILC subsets were low, highlighting the difficulties linked to 
handling resting ILC, and imposing attention when considering 
the results. However, PCA analyses outlined distinct gene pro-
files in the ILC subsets, extending their phenotyping character-
ization. The major h-ILC subset, CD56+/ILC3s, from HD-LN 
expressed the genes coding for the TF RORγt and AHR involved 
in the ILC3 maturation, and T-bet and Eomes required for NK 
cell maturation. CD56+/ILC3s also expressed the genes coding 
for the cytotoxic molecules perforin and granzymes, and low 
IFNγ transcript levels. They shared with the ILC3s, transcripts 
for GM-CSF, IL-22, IL1R1, and ILR23. Unlike the ILC3 cells, 
CD56+/ILC3s acquire NK cell behavior in response to cytokine 
activation. Cytotoxic CD127+CD94+ ILC3s were described in 
human tonsils that were unable to differentiate into NK cells 
with IL-15, produced IL-22 and remained RORC+.43 In tonsils, 
CD127+RORC+ cells, precursors of CD56+CD127+RORC+ 

NKp46+ were distinct from the NK cell lineage and demon-
strated some NK functionality – such as the production of 
IFNγ and TNFα, and moderate cytotoxicity.44 Unlike the NK 
cells that respond to IL-15, the NKp46+CD127+RORγt+ cells 
produce IFNγ in response to IL-2 and IL-12 stimulation.45,46 

CD56+ILC3 from mesenteric HD-LN may correspond to ILC/ 
NK precursors that give rise to NK cells and ILC3.47 Part of the 
CD56+/ILC3s from LN, expressing CD94 (and KLRD1 tran-
scripts), may correspond to cytotoxic ILC3s. High expression 
of AHR and IL1R1 in CD56+ILC3 may prevent the differentia-
tion of stage 3 CD34−CD117+CD94− NK cells into mature NK 
cells producing IFNγ and cytotoxic molecules11 in homeostatic 
condition.

Invasion of the LN by tumor cells modifies the 
microenvironment.48 Invasion by tumor cells particularly 
affects the composition of ILC subsets of TD-LN and impacts 
on the phenotype and activation status of NK cells, ILC3s and 
CD56+/ILC3s. Comparison between donor’s and patient’s LNs 
(Fig. S5) shows high percentages of NCR−NK cells in TD-LN, 
while NCR+NK cells, CD56+ILC3 and CD69+ILC3 are 
decreased compared to HD-LN. The tumor challenge may 
favor CD56+ILC3 differentiation into NK-like cells. Lytic 
CD56+ ILC1-like cells were described in blood and tissues.49 

CD56+/ILC3s from TD-LN that express PRF1, GZMA, degra-
nule, and release cytokine indicating their anti-tumor func-
tions; however, killing assay should be performed to ascertain 
whether these ILCs from HD-LN and TD-LN differently kill 
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tumor cells. Murine RORC+ ILC suppress tumor growth fol-
lowing IL-12 activation, and acquire an NK-like phenotype 
with up-regulation of NK cell functions.50,51 TD-LN-derived 
CD56+/ILC3s and ILC3s display high expression of TNFα and 
reduced of IL-22 expression. ILC3 production of TNFα, not 
that of IL-22 or GM-CSF can be induced by lung tumor cell 
lines following NKp44 stimulation.21,52

Although NK cells are involved in the control of metastasis 
formation,53 the tumor microenvironment alters NK cells. 
Tumor infiltrating and blood NK cells from BC patients display 
decreased levels of activating receptors and are non-cytotoxic.-
54–56 In a murine BC model, the transferred NK cells that 
arrived at the tumor showed reduced NKp46 expression com-
pared to NK cells infiltrating the spleen, and NCR expression 

was restored by IL-12 and anti-TGF mAbs.57 The presence of 
NCR−NK cells infiltrating BC tumors and TD-LNs, despite 
high transcript expression, suggests that tumor-derived factors 
such as TGF and prostaglandins PGE2/Cox2 may alter NK cell 
proteome profiles. The presence of NKG2Ahigh NK cells in TD- 
LNs likely reduces their cytotoxic functions.58 However, NK 
from TD-LN exhibit an activated molecular profile, high levels 
of NCR, NKG2D, DNAM-1, PRF1, Granzymes, and IL2RB, 
IL18R transcripts, and most NK subsets (except 
CD127−CD56− NKs) respond to IL-2+ IL12 activation. Thus, 
cytokines may cause the cells to reverse their local anergic 
profile. It is of note that IL-15 may further favor expansion/ 
activation of NK cells and maintain metastatic BC cells 
dormancy.58,59

Figure 6. Functions of ILC from TD-LN. mRNA expression levels for cytotoxic molecules and cytokines in TD-LN ILC subsets (n = 5/8) (a). ILC were activated overnight 
with IL-2+ IL-12 and stimulated for 6 h with K562 or MCF7. Then, percentages of degranulating cells (CD107a-positive cells; n = 8) (b) and cells producing intracellular 
IFNγ (n = 8) (c) or TNFα (n = 3) (d) were determined by flow cytometry; ‘no target’ corresponds to spontaneous response (B, C, D). A Wilcoxon’s matched-pairs test was 
used to compare expression levels between two populations (* p < .05, ** p < .01)(c-f).
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In BC patients, the proinflammatory cytokine TNFα, which 
is known to promote tumor growth, enhances migration of and 
tissue invasion by tumor cells, and contributes to chemother-
apy resistance.60 Anti-TNFα therapies are being evaluated for 
treatment of BC, and blockade of ILC3 could synergize with 
these therapies. Recently, dysfunctional ILC3s driving color-
ectal cancer progression and causing immunotherapy resis-
tance were characterized.61

Migration of ILCs may be affected in tumors and TD-LNs. 
NK cells are known to traffic from the tissues to the LN in a 
CD62L-, CCR7-dependent manner.62,63 In TD-LNs decreased 
numbers of CD69+ resident ILCs were observed, with only a few 
cells expressing this marker, even though the corresponding 
gene – CD69 – was expressed at high levels by TD-LN ILCs. 
The CD69 membrane expression, which requires S1PR1 func-
tion, controls the retention of lymphocytes in LNs.64 Although 
S1PR1 was expressed at similar levels in HD-LN and TD-LN, it 
may be post-transcriptionally regulated. In TD-LNs, the mem-
brane expression of CD69 might be prevented by S1PR1, thus 
allowing circulation of ILCs.65 Circulating ILCs between the 
tumor and the TD-LNs may induce the redistribution and 
plasticity of the ILCs in TD-LNs. The NKp46−CD69− NK cells 
in TD-LNs may correspond to cells migrating from tumor to the 
draining LNs. Alternatively, such altered ILCs may have been 
induced locally when the metastatic tumor cells invaded the TD- 
LNs. Although it cannot be excluded that LN ILC differ accord-
ing to the anatomical site, however, the similarities between ILC 
from tumor and TD-LN samples favor the impact of the tumor 
microenvironment on ILCs.

Current immunotherapies have been developed mostly 
to restore T cells at the tumor site. Emerging strategies to 
stimulate immune activation in LNs are interesting 
approaches for the next generation of cancer therapies. 
In mice, TD-LNs are essential in the response to PD1/ 
PDL1 blockade therapy.66 Moreover, the loco-regional 
administration of ICB, targeting delivery to the TD-LNs, 
enhances the efficacy of treatment.67 In LNs, ILCs are 
localized at the T-B interface where they can interact 
with T cells, possibly influencing their responses to immu-
notherapies. NK cells from TD-LN express lower surface- 
levels of NCRs, but nevertheless, they present an activated 
transcriptomic profile, suggesting that the right signal 
could restore activation. We previously showed that IL- 
15 activated TD-LN NK cells efficiently killed BC cell 
lines.58

NK-based immunotherapies should therefore be considered 
in combination with other immunotherapies. In contrast, our 
results suggest that the ILC3 activation might induce a pro- 
tumor immune response, with TNFα production. Similarly, 
RORγt+ILC3s were shown to correlate with LN metastases in 
BC.68 Based on these observations, blockade of ILC3 activity 
should also be considered in combination with current therapies.
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