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Spatial mapping of innate lymphoid cells in
human lymphoid tissues and lymphoma at
single-cell resolution

Nathalie Van Acker 1,2,3, François-Xavier Frenois 1,2,3, Pauline Gravelle 1,2,
Marie Tosolini 2, Charlotte Syrykh1,2, Camille Laurent 1,2 &
Pierre Brousset 1,2

Innate lymphoid cells (ILC) distribution and compartmentalization in human
lymphoid tissues are incompletely described. Through combined multiplex
immunofluorescence, multispectral imaging, and advanced computer vision
methods, we provide a map of ILCs at the whole-slide single-cell resolution
level, and study their proximity to T helper (Th) cells. The results show that
ILC2 predominates in thymicmedulla; by contrast, immature Th cells prevail in
the cortex. Unexpectedly, we find that Th2-like and Th17-like phenotypes
appear before complete T cell receptor gene rearrangements in these imma-
ture thymocytes. In theperiphery, ILC2 aremore abundant in lymphnodes and
tonsils, penetrating lymphoid follicles. NK cells are uncommon in lymphoid
tissues but abundant in the spleen, whereas ILC1 and ILC3 predominate in the
ileum and appendix. Under pathogenic conditions, a deep perturbation of
both ILC and Th populations is seen in follicular lymphoma compared with
non-neoplastic conditions. Lastly, all ILCs are preferentially in close proximity
to their Th counterparts. In summary, our histopathology tool help present a
spatial mapping of human ILCs and Th cells, in normal and neoplastic lym-
phoid tissues.

Innate lymphoid cells (ILCs) are tissue resident cells that play an
important role in host protection, tissue remodeling and
homeostasis1–6. ILCs are highly plastic modulators of immunity3 and
represent a first-line defense system against invading pathogens at
barrier surfaces, including mucosal surfaces and skin7,8. They adapt to
the organ microenvironment9 and establish close interactions with
hematopoietic cells but also with stromal cells, epithelial cells, neu-
rons, amongst other cell types2. ILCs represent transcriptional and
functional equivalents of T lymphocytes but lack clonally distributed
antigen-specific receptors2,10,11 and are instead activated by cytokines7.
Based on the cytokines they produce and transcription factors they
express, ILCs have distinct functional outputs9,10,12,13. The discovery of
the different ILC subsets, their functional similarity to the T

lymphocytes of the adaptive immune system and their potential as
therapeutic target in different types of disease including tumors14–17,
has generated great interest in the mechanisms of ILC
development3,9,18 and in their tissue distribution13,19–23. Although the
function of circulating innate immune cells has been studied
extensively24–26, our understanding of tissue-based innate immunity is
limited, particularly in humans27. Besides limitations in terms of access
to human peripheral tissues, the discrimination of ILCs is particularly
complicated on a biological level. Depending on the state of cell
maturity and activation, and the microenvironment in which they
reside, ILC phenotype and function change, thus complicating their
classification9,10,27,28. It is generally accepted that ILCs can be categor-
ized into three groups. Group 1 comprises ILCs that depend on EOMES
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and/or TBX21 (T-Bet) and produce IFNγ in response to the driver
cytokine interleukin IL-12. Group 2 ILCs proliferate in response to IL-25
and IL-33, and produce preferentially the type 2 cytokines IL-5 and IL-
13, and require GATA-binding protein 3 (GATA-3) and retinoic acid
receptor-related orphan receptor-α (RORα) for correct function and
development. Group 3 ILCs produce IL-17, IL-22, or both upon stimu-
lation with IL-23 and IL-1b and depend on RORγT (RORC) and AHR
(Aryl Hydrocarbon Receptor) for function and development2,28–31. ILC
nomenclature has since been reviewed and standardized28,32,33, which
led to the recognition of five groups of ILCs now approved by the
International Union of Immunological Societies: NK cells, ILC1, ILC2,
ILC3, and LTi (Lymphoid Tissue inducer)9. ILCs share phenotypic and
functional characteristics with CD4+ T helper cells, where ILC1 mirror
Th1, ILC2 mirror Th2, and ILC3 mirror Th17 cells. NK cells, originally
assigned to the innate immune system, are cells with adaptive
properties34 and mirror the CD8+ cytotoxic T cells of the adaptive
immune system9,35 through specific gene expression profiles5,24,26. In
addition to their organ-specific signatures and heterogeneity24,36, NK
cells are particularly difficult to discriminate from ILC1 cells due to
their high degree of similarity and plasticity5.

While ILCs are functionally important in health and disease6,
their detection in human tissues remains problematic, and to date,
little is known about the topographic characteristics of ILCs
throughout human tissues. Our current knowledge is based on global
morphological studies13,19–23, using different positive and negative
selection criteria, and on flow cytometry and single-cell RNAseq
experiments, which unfortunately lack spatial information. Among
numerous clinical applications, a comprehensive topography of
human ILCs in their biological context is vital to study inflammatory
disease onset and treatment follow-up16,17,37, immunosurveillance in
cancer patients16,29,38,39, risk management in obesity40, pathological
pregnancies41, and innate immunity early in life to determine ILC
targeting preventive strategies for inflammatory disease42. To our
knowledge, no study has described the ILCs’ spatial distribution in
human lymphoid tissues with accurate cellular mapping by using
standard histopathology techniques. As already reported28,43, the
heterogeneity and tissue-specific transcriptional imprinting of
human ILCs confirm that this approach is very challenging. The high
plasticity of human ILCs was recently confirmed and further eluci-
dated by Mazzurana et al.44, highlighting the complexity of defining
discriminative marker combinations. Phenotypic analysis of human
ILCs by flow cytometry is well described45 and can serve as a refer-
ence. ILC subtypes are all positive for CD45 and all lack protein
surface expression for rearranged antigen-specific receptors and
lineage markers of other leukocyte cell populations2,9,10,20,27,28,35,43,45,46.
Lineage markers, which are typically present on T, B and dendritic
cells (DC), serve as exclusion markers for ILCs (CD3− CD14− CD19−

FcεRIα− CD123− CD11c− BDCA3−). Mature ILCs can be further classified
as IL-7Rα (CD127) negative (most NK, intra-epithelial ILC1, small
subsets of ILC2) and IL-7Rα (CD127) positive cells (some NK, ILC1,
most ILC2, ILC3, LTi)2,9,27,44,47,48. Several groups proposed to further
differentiate ILC cell populations with transcription factors (TF) or
receptors on which the different ILC subtypes depend to reach their
adequate effector state19–21,49. As clearly stated by Klose and Artis2, the
expression of lineage-specific TF is not fully selective and previously
reported attempts for human ILC in situ characterization have pro-
posed different methodologies and inclusion/exclusion markers for
ILC subtype characterization19–21,49–51.

Here, we show a detailed and accurate spatial mapping of ILC
compartmentalization in human lymphoidorgans, in relation to their T
helper counterparts by proximity analysis andmatureB andT cells and
immature thymic T cells. The results show that ILCs are in close
proximity to their T helper counterparts and that a large IL-7Rαpool is
present in the studied lymphoid tissues, especially in the thymus,
lymph node and tonsil, where ILC2 are predominant. NK cells are

abundant in spleen, whereas ILC1 and ILC3 are the principal ILC-
phenotypes of the appendix and ileum. We propose a new tool, using
conventional automated staining strategies and standard fluorescent
whole-slide imaging and analysis methods, to study ILCs and Ths in
reactive and neoplastic conditions, which can be instrumental to elu-
cidate both the protective and adverse functions of these highly
responsive lymphoid cells.

Results
Whole-slide conventional histopathology ILC mapping
To study the detailed topography of ILCs, we developed multiplex
immunofluorescent (mIF) panels using conventional, automated,
and validated staining technologies, in combination with standar-
dized whole-slide fluorescent imaging and analysis workflows. We
studied a primary lymphoid organ, the thymus, and different sec-
ondary lymphoid organs such as lymph node, spleen and tonsil.
Additionaly, we studied the intestinal mucosa, and Peyer’s patches in
the ileum and mucosa-associated lymphoid tissue (MALT) in
appendix. For each lymphoid tissue type, we studied 8 independent
biological specimens. On the basis of an extensive literature review
and complementary experiments (summarized in Supplementary
Methods 4 of the Supplementary Information file), we have defined
three discriminative mIF panels (Methods and Fig. 1) for the ILC
phenotypes based on TF expression combined with proteins
involved in environmental responses and activation (AF)22,28,43,52–54,
while being aware however of the phenotypic and functional plasti-
city of these cells2,5,24.

The experiments were performed in 7 staining batches (1 staining
batch equals 3 mIF ILC-panels for 1 lymphoid tissue type) including 8
independent biological samples (different patients) per tissue type.We
submitted the three 4 µmserial whole tissue sections of each lymphoid
organ (n = 56, Supplementary Table 1, Fig. 1) to mIF assays (Supple-
mentary Methods 1, 2, and 3), after selection based on morphological
quality of the corresponding Hematoxylin & Eosin (H&E) slide (Meth-
ods). Lineage exclusion was performed using TCRαδ (conventional αβ
and γδ T cells, innate like T cells29) and CD20 (B cells) combined with
the ILC inclusion marker IL-7Rα (CD127) to ensure ILC enrichment as
documented in the Supplementary Methods 4 report22,43,45,52–54. We
identified IL-7Rα+ (CD127+) cells asbeing apool of ILC1, ILC2, ILC3NCR±

(natural cytotoxicity receptor), and LTi in human FFPE (formalin fixed
paraffin embedded) tissue sections. Group 1 ILCs are discriminated
from the other ILC subtypes by TBX21 (T-Bet) and EOMES markers.
Aware of the findings5,24 and the comprehensive review33 of the group
of Vivier E., we accepted a differentiation between NK/ILC1ie and ILC1
based on these more conventional marker combinations13,43,55–58

(TBX21+ EOMES+ for NK/ILC1ie; TBX21+ EOMES± for ILC1) and absence
or presence of IL-7Rα+ (CD127+), respectively. For ILC2 differentiation,
two additional markers were selected (ICOS and GATA-3), as for ILC3
(RORγT and AHR). Individual ILC phenotypes were thus the following
(Methods, Fig. 1 and Supplementary Fig. 1): CD20− TCRαδ− IL-7Rα−

TBX21+ EOMES+ for NK/ILC1ie, CD20− TCRαδ− IL-7Rα+ TBX21+ EOMES±

for ILC1, CD20− TCRαδ− IL-7Rα+ GATA-3+ ICOS+ for ILC2 and CD20−

TCRαδ− IL-7Rα+ RORγT+ AHR+ for ILC3. They were analyzed together
with their respective T-helper counterpart: Th1 (CD20− TCRαδ+ TBX21+

EOMES+), Th2 (CD20− TCRαδ+ GATA-3+ ICOS+) and Th17 (CD20−

TCRαδ+ RORγT+ AHR+). It should be noted that Th1 cell density as
defined here might be biased by some effector memory CD8+ T cells
(CD8+ Tmem), known to express the same TF59,60. We considered this
bias negligible after quantifying Tmem as CD8+ TCRαδ+ TBX21+

EOMES+ (Supplementary Methods 4) and showing extremely low level
densities of these cells. The strategy allowed us to study differentiated
ILCs and T helper cells in relation to the pool of IL-7Rα+ cells (TCRαδ−

CD20−) further referred to as IL-7Rαpool, undifferentiated IL-7Rα+ cells
(TCRαδ− CD20− TF−/AF−) further referred to as IL-7Rαundiff, B cells
(CD20+ TCRαδ−) and T cells (TCRαδ+ CD20−).
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To study the thymus, the primary function of which is the differ-
entiation and maturation of T lymphocytes in coordination with ILC
development61–63, we needed to adjust our ILC identification strategy.
Using the initially definedmIF panels (Supplementary Fig. 1A, B: classic

mIF), we confirmed a very low B cell density in this organ (0.62 ± 0.01/
mm2) and concluded that exclusion of anti-CD20 antibody from the
mIF panels would not interfere with correct identification of the ILCs,
nor Th phenotypes. To avoid TCRαδ− thymocytes from contaminating

Fig. 1 | Wet and dry labwork up for high-resolution computationalmapping of
Innate Lymphoid Cells (ILCs) in human primary and secondary lymphoid
organs. After tissue selection (n = 8 independent biological samples per lymphoid
tissue type), 4 to 6 serial FFPE slideswere cut at 4 µm.Thefirst slidewas stainedwith
H&E for morphological quality control. mIF was performed for the 3 panels (NK/
ILC1ie + ILC1, ILC2, and ILC3) in parallel for each tissue sample (7 batches, 1 staining
cycle of 3 mIF per lymphoid tissue type) on the BOND RX automated staining
platform (Leica Biosystems). 6-channels multispectral fluorescence imaging was
performed using a Zeiss AxioScan Z1 whole-slide scanner. Object-oriented whole-
slide image analysis was carried out using the Halo framework (Indica Labs). Each
image was manually annotated by a certified pathologist with three regions of

interest (ROI: “interface”, “extra-interface”, and “interface + extra-interface”). In
tonsil, appendix, ileum, lymph node, and follicular lymphoma images, the “inter-
face” and “extra-interface” ROIs matched respectively the follicular and extra-
follicular zones, the white and red pulp in the spleen, and themedulla and cortex in
thymus. Morphometric features and OPAL dye-intensities were quantified, and
each object was tagged and classified for a specific phenotype based on its marker
content. Spatial analysis andmapping was based on their X-Y location coordinates.
Raw data were exported from theHalo database as.csv text files to be analyzed and
visualized using Panda, Matplotlib, and Seaborn (Python packages). Partially cre-
ated in BioRender. Bezombes, C. (2025) https://BioRender.com/shbs5qf.
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ILC counts, we included anti-terminal deoxynucleotidyl transferase
(TdT) instead (Supplementary Fig. 1B: alternative “TdT”mIF panel), to
identify thymocytes64,65. With this strategy we were able to identify:
TCRαδ+ TdT− T cells (primarily post DN4 stage according to Sun et al.64

and Matsutani et al.66) and further referred to as mature T cells, and
TCRαδ− TdT+ T cells (pre DN4 stage according to Sun et al.64 and
Matsutani et al.66), further referred to as immature T cells. ILCs were

identified as TCRαδ− TdT− IL-7Rα+, except for the NK/ILC1ie phenotype
not always exhibiting IL-7Rα expression24 (SupplementaryMethods 4).

Inspired by Hue et al.67 and Ettersperger and colleagues68, we
explored the T cell-like innate intra-epithelial lymphocytes (IE-ILC)
expressing intracytoplasmic CD3ε (icCD3ε+) in intestinal mucosa-
associated lymphoid tissue. Todo so,we replacedCD20byCD3ε in the
initial (classic)mIF panel (Supplementary Fig. 1B: alternative “CD3”mIF
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panel) and determined the following ILCphenotypes: icCD3ε+ ILC1-like
cells (CD3ε+ TCRαδ− IL-7Rα+ TBX21+ EOMES±), icCD3ε+ NK/ieILC1-
like cells (CD3ε+ TCRαδ− IL-7Rα− TBX21+ EOMES+) and icCD3ε+ ILC3-like
cells (CD3ε+ TCRαδ− IL-7Rα+ RORγT+ AHR+). This alternative mIF panel
allowed us to study the T lymphocyte pool (CD3ε+ TCRαδ+) and Th1
(CD3ε+ TCRαδ+ TBX21+ EOMES±) and Th17 phenotypes (CD3ε+ TCRαδ+

RORγT+ AHR+) as well (Supplementary Fig. 1B).
For cell mapping and spatial analyses, we studied 208 whole-

tissue 6-channels fluorescent slides in total, resulting in the analysis of
91,257,351 cells in a total area of approximately 9000 mm2

(8,866,305,074 µm2), representing nearly 28 billion of pixels
(27,280,938,689). For each of the 8 patients and the 7 selected tissue
types, 3 scanned serial sections (classicmIF panels or alternative “TdT”
mIF panels depending on the tissue) were analyzed, plus 2 additional
serial sections for the ileum (alternative “CD3” mIF panel) (Methods,
Fig. 1 and Supplementary Fig. 1). Morphometric features (DAPI-based
nuclear detection) and multiple OPAL dye grey-level intensities were
quantified allowing detection of several cell phenotypes in lymphoid
follicular and extra-follicular regions of tonsil, appendix, ileum, reac-
tive lymph node and follicular lymphoma, and in functionally/mor-
phologically different structures such as white/red pulp of spleen or
cortex/medulla in thymus. Each detected object was tagged and clas-
sified for a specific phenotype based on its marker content (Supple-
mentary Fig. 1), and spatial analysis was based on their X-Y location
coordinates allowing merged spatial plot mapping for each case on
registered images (Supplementary Fig. 2) and quantitative distribution
analysis (around the ROI interface) of individual cell phenotypes. Cell
densities for several phenotypes or percentages relative to specific cell
populations were computed and plotted using Panda, Matplotlib, and
Seaborn (Python packages, refer to Methods). An Unpaired T-test was
performed to compare ILC subtypes detected by Flow Cytometry and
mIF. Non-parametric statistical analyses (Mann-Whitney tests) were
performed to compare ILC and T helper phenotype densities in folli-
cular lymphoma, tonsil, and lymph node.

Cluster analysis reveals distinct ILC and T helper subset
partnership
To better understand the immune architecture and cellular distribution
in the different peripheral lymphoid tissues included in this study, we
aimed to cluster cell densities of the ILC subsets and of their T helper
counterparts with patient annotated data and tissue features (Fig. 2A).
Neither gender (42% female and 58% male patients, self-reported) nor
age of the patients (Supplementary Table 1) altered the density of dif-
ferent lymphoid cell populations per organ. Our study-population
showed an heterogenous age-distribution related to tissue selection
(<33 years for thymus, > 64 for ileum), covering a rather wide age dis-
tribution of 44 ± 26 years. It is known, however, that innate immunity
decreases with age69, thus we would expect an inverse correlation
between ILC-density and age22, which needs to be confirmed in a larger
cohort. Conversely, we observed tissue-specific clustering, in particular
for spleen, which exhibited few ILC2 andTh2 cells, yet a remarkably high

frequency of NK/ILC1ie cells, contrasting with other organs analyzed.
Other clusters were unrelated to tissue types, but unveiled ILC/T helper
cell co-distribution, confirmed by proximity analysis. A close interaction
between the two cell populations has been extensively described, where
cytokines and activating or inhibiting receptors of ILCs are considered
pivotal for regulating the Th immune responses70. ILC1 and ILC3 clus-
tered altogether, which was expected since an ILC1/ILC3 balance is
crucial to prevent inflammation and cancer development71. The latter
clustered with Th17 cells described to be inhibited by ILC3 through AHR
signaling and IL-22 release70,72,73. NK/ILC1ie were associated with
Th1 cells, which in turn clustered with the previously mentioned group
(Th17, ILC1, ILC3). ILC2, that were clustering with Th2, appeared inde-
pendent in their distribution from the other Th and ILC subtypes. This
finding supports the fact that ILC2, which drives the initiation of type 2
innate immune responses74, colocalize with Th275.

An important IL-7Rαpool resides within lymphoid organs
In line with the function of the thymus63,66,76, immature T cells were the
most represented in this organ (overall density: 2528.81 ± 369.71/mm2),
followed by IL-7Rαpool (overall density: 2171.55 ± 284.08/mm2) and
mature T cells (overall density: 1800.71 ± 337.03/mm2) (Fig. 2B, Sup-
plementary Table 2). The majority of these mature T cells showed IL-
7Rα+ expression (1630.03 ± 325.32/mm2), most likely inducing pro-
survival signaling and T cell fate cues63. About 60% of the immature
T cells (2528.81 ± 369.71/mm2) had IL-7Rα (1454.88 ± 195.12/mm2),
presumably coinciding with the start of IL-7 signaling at DN3-stage
together with TCRβ selection63. The immature T cell population
described here corresponds to thymocytes entering DN2 stage not
going beyond DN4, as deduced from what has been reported
previously63. As expected, immature T cells resided mainly in cortical
thymus (3143.65 ± 479.87/mm2), whereas mature T cells pre-
dominantly occupied themedulla (3829.16 ± 536.54/mm2) (Fig. 2B). IL-
7Rαpool reached equal densities in medulla as mature T cells (3317.40 ±
291.81/mm2 and 3829.16 ± 536.54/mm2 respectively) and exceeded
mature T cells (1061.98 ± 250.87/mm2), but not immature T cells
(3143.65 ± 479.87/mm2) in cortical areas (IL-7Rαpool: 1741.69 ± 282.16/
mm2) (Supplementary Table 2).

The spleen, the largest secondary lymphoid organ in the human
body, showed the lowest density of IL-7Rαpool of all studied lymphoid
tissues (344.10 ± 23.98/mm2) (Fig. 2B, Supplementary Table 3). They
were however evenly present in white pulp (WP) and red pulp (RP)
(302.60 ± 27.50/mm2 and 347.45 ± 25.24/mm2 respectively), largely
dominated by T and B cells, occupyingmainlyWP regions (T: 3261.82 ±
258.61/mm2 and B: 2002.35 ± 253.65/mm2).

The appendix (Supplementary Table 3), known as an adaptive
immunity induction site77, showed an overall variable but dominant T
cell population (1175.52 ± 232.21/mm2), slightly overruling the IL-7Rαpool

(783.16 ± 86.75/mm2). Although present in extra-follicular areas (B cell
density: 497.85 ± 48.48/mm2), B cells were concentrated within the
germinal centers of the mucosa-associated lymphoid follicles
(5917.33 ± 273.24/mm2) as expected (Fig. 2B). When studying the

Fig. 2 | Cluster analysis reveals distinct ILC and T helper subset partnership. An
important IL-7Rαpool resides within lymphoid organs and ILC2 are the main ILC-
subtype penetrating lymphoid follicles (FZ). A A Standardized cell densities clus-
termap of ILCs and T helper cells in relation to patient characteristics (gender and
age range) and tissue types (tonsil, appendix, ileum, lymph node, spleen, and
thymus) (n = 8 independent biological samples per lymphoid tissue type). Four
clusters as determined using the elbow method and the K-means algorithm: Blue,
Green, Beige, Deep red. B B, T, IL-7Rαpool, and ILCs quantification in lymphoid
organs. Split-violin plots representing B, T and IL-7Rαpool cell densities (number/
mm2) inside (left) and outside (right) of the follicular zone of lymph node, tonsil,
appendix and ileum, in the white (left) and red (right) pulp of spleen, and in the
medulla (left) and cortex (right) of thymus (n = 8 independent biological samples
per lymphoid tissue type). C Split-violin plots representing the percentage of ILC

phenotypes (per IL-7Rαpool) inside (left) and outside (right) of the follicular zone of
lymph node, tonsil, appendix and ileum, in the white (left) and red (right) pulp of
spleen, and in the medulla (left) and cortex (right) of thymus. D–G Classic mIF of
tonsil for CD20 (aqua), TCRαδ (green), and IL-7Rα (red). Interface between folli-
cular and extra-follicular zones: dashed line. Scale bar: 100 µm. Exemple of ILC1
(CD20− TCRαδ− IL-7Rα+ TBX21+ EOMES±) (H), ILC2 (CD20− TCRαδ− IL-7Rα+ GATA-3+

ICOS+) (I), and ILC3 (CD20− TCRαδ− IL-7Rα+ RORγT+ AHR+) (J) identified cells. Scale
bar: 10 µm. Box-plots within Violin Plots, created using Seaborn in Python, present
the median value (white dot, 50th percentile) in between the first quartile (the
middle value between “minimum non-outlier” and median (marked as Q1, portrays
the 25th percentile) and third quartile (the middle value between “maximum non-
outlier” and median (marked as Q3, portrays the 75th percentile)). Source data is
provided as a Source Data file.
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mucosa and its Peyer’s patches composed of lymphoid follicles in the
ileum, the IL-7Rαpool (787.18 ± 119.66/mm2) slightly prevailed over T and
B cells (500.51 ± 115.10/mm2 and 309.81 ± 70.68/mm2 respectively)
especially in extra-follicular areas. As expected, B cells largelyoccupied
germinal centers (4594.19 ± 399.86/mm2), whereas IL-7Rαpool density
(802.24 ± 123.32/mm2) exceeded that of T cells in extra-follicular areas
(506.00 ± 120.01/mm2) (Fig. 2B).

In LN, IL-7Rαpool (3011.16 ± 263.58/mm2) was present at compar-
able densities as T cell (2692.13 ± 299.11/mm2) but largely dominated
the B cells (1360.19 ± 103.44/mm2) (Fig. 2B, Supplementary Table 3).
Their number doubled as compared to the IL-7Rαpool in tonsil
(1501.46 ± 182.31/mm2), whereas T and B cells were equally present in
LN compared to tonsil (overall density in tonsil: 2735.40 ± 262.14/mm2

and 1411.54 ± 123.40/mm2, respectively). Spatial distribution study of
the IL-7Rαpool, showed that the majority was present in extra-follicular
regions of the LN (3058.41 ± 267.69/mm2) while less represented in
lymphoid follicles (682.32 ± 152.35/mm2). Outside the follicles, they
slightly dominated T (2723.46 ± 306.83/mm2) but especially B cells
(1299.09 ± 98.97/mm2). In primary follicles, lacking germinal centers
(GC), B cells predominated as expected (4562.38 ± 282.48/mm2)
(Supplementary Table 3). In contrast to reactive LN, palatine tonsils
weremainly composed of secondary B cell follicles withGC. In palatine
tonsil (Fig. 2B, Supplementary Table 3), IL-7Rαpool cells were present at
a comparable density (1501.46 ± 182.31/mm2) as B cells (1411.54 ±
123.40/mm2), distributed mainly through extra-follicular regions
(1682.53 ± 177.66/mm2) but also present in lymphoid follicles (591.00 ±
97.93/mm2) (Fig. 2B). This compartmentalization has been previously
described in mice78 and humans21,79.

Only a small percentage of IL-7Rαpool differentiated into specific
ILC-subsets in the human lymphoid tissues examined (Fig. 2C, Sup-
plementary Tables 2 and 3). ILC-specialization (% of IL-7Rαpool) was
found to be highest in ileum (26.15 ± 2.03%), appendix (25.75 ± 1.69%)
and tonsil (24.43 ± 2.69%) (Fig. 2D–J). Less ILC differentiation was
detected in spleen (15.51 ± 1.60%), lymph node (12.41 ± 1.10%) and
thymus (6.65 ± 0.65%) (Supplementary Tables 2 and 3, sum ILCs).
These results are expected since tonsil and gut-associated lymphoid
tissue serve as a protective barrier against inhaled and/or ingested
pathogens77,80. ILC2 dominated in lymphoid follicles of tonsil (29.15 ±
5.72%) and lymph node (25.56 ± 6.22%), and in thymic medulla (6.90 ±
1.61%). ILC1 and ILC3 were the most important intra-epithelial (extra-
follicular) ILC phenotypes of ileum (9.50 ± 2.26 and 14.76 ± 2.58%
respectively) and appendix (9.98 ± 1.64 and 12.63 ± 2.38% respectively).
ILC2 was enriched in the lymphoid follicles of Peyer’s patches (9.83 ±
4.02%) and MALT of appendix (8.92 ± 2.07%), accompanied by ILC3 in
lymphoid follicles of ileal Peyer’s patches (14.86 ± 3.23%). Finally, ILC1
was the dominant population in red pulp of spleen (10.86 ± 2.68%), at
percentages similar to extra-follicular regions of ileum and appendix
(9.50 ± 2.26% and 9.98 ± 1.64%, respectively).

Flow cytometry validates histological ILCmapping and confirms
an in situ stock of IL-7Rαundiff in tonsil
Beforemoving forward to study the tissue-specific topography of ILCs,
we validated our histological gating strategy using flow cytometry (FC)
applied to frozen human tonsil tissue (Methods), since this technology
was mainly used to study ILC populations until now. We used a gating
strategy for ILCs as described by Yudanin et al.22, Björklund et al.43, and
for NK cells as described by E. Vivier and colleagues5,24. Following
viability assessment, unwanted lineage markers (CD141− CD14− CD11c−

CD20− FcεRIα− CD3− CD34− CD123− CD1a−) were excluded and the ILC
pool population was defined through the expression of CD45, IL-7Rα
and absence of expression of CD56 NK cell marker (Fig. 3A). The dif-
ferent ILC phenotypes, gated following the work of Yudanin et al.,
confirmed that our histological subset identification strategy (ILC1
(CD20− TCRαδ− IL-7Rα+ TBX21+ EOMES±), ILC2 (CD20− TCRαδ− IL-7Rα+

GATA-3+ ICOS+) and ILC3 (CD20− TCRαδ− IL-7Rα+ RORγT+ AHR+))

captures the same ILC populations (Fig. 3B, C, Supplementary
Table 4A). Data confirmed that the identification of ILC1 is the most
challenging. Overall ILC percentages were not significantly different in
human tonsil, whether determined by mIF or FC. The same propor-
tions of ILC-phenotypes were found in human tonsil, with a pre-
dominance of ILC2, followed by ILC3 and ILC1. Both methods
confirmed a nearly absence of NK cells (Fig. 3D) in the studied tonsils.
NK cells, gated alternatively according to Yudanin et al.22 and Vivier
and colleagues5,24, were confirmed to be at very low densities in human
tonsil. Altogether, FC confirmed and validated our mIF panels applied
on FFPE tissue sections (Supplementary Tables 4A and 5).

As mentioned above, our data indicate that a large proportion of
IL-7Rαpool remains undifferentiated (IL-7Rαundiff), suggesting that a large
pool, ready to differentiate upon correct microenvironmental cues,
can serve as a local reservoir to produce specific ILC subsets as pre-
viously reported81. We therefore used FC data to investigate the phe-
notype of the IL-7Rαundiff cells (Supplementary Table 4B) using the
gating strategy conform to the work of Yudanin et al.22 and following
widely accepted guidelines54. We explored the multipotency of tissue-
resident ILCs and the presence of ILC precursors (ILCP) according to
Lim et al.82, and reviewed by Ruf et al.29. When analyzing the Lin− CD3−

CD45+ IL-7Rα+ cells using the FC gating strategy used in tissue (Fig. 3),
we identified the presence of GATA-3+ ICOS− cells (mean 15.77 ± 2.17%).
Using mIF, we found 32.47 ± 2.13% of CD20− TCRαδ− IL-7Rα+ GATA-3+

cells (Supplementary Methods 4), higher than the ILC2 content
(12.06 ± 3.18%). We hypothesized that a common ILC precursor1,32,60

(CHILP) might be present in situ. CHILPs express GATA-3, a TF crucial
for ILC development and function83–85. Our results, together with pre-
viously reported data, prompted us to investigate GATA-3 expression
by the entire Lin− CD3− CD45+ IL-7Rα+ population. 92.29 ± 1.75% of this
population showed GATA-3 expression, confirming its importance for
ILCs as described by Zhu et al.83. Practically all of these GATA-3+ cells
also expressed AHR (98.64 ± 1.03%), a ligand-dependent TF that helps
ILCs to sense the environmental cues86. Interestingly, a relatively high
but variable proportion of these cells were RORγT positive (56.10 ±
7.12%,). Thus, a relatively large pool of so-called CHILP resides in
human tonsil, with the potential to differentiate into any ILC pheno-
type as proposed by Montaldo87, Lim82 and Scoville88. IL-7Rαundiff

includes this precursor population,which ismost likely as important as
described by other groups9,82. To further explore the phenotype of IL-
7Rαundiff, we subsequently investigatedCD117+ (c-kit) in Lin−CD3−CD45+

IL-7Rα+82,89. First of all, CD117 was expressed by 27.28 ± 3.50% of the
CHILP (Lin−CD3−CD45+ IL-7Rα+ GATA-3+ RORγT+) described above.We
additionally confirmed the presence of CD117+ ILCs in human tonsil,
representing 19.15 ± 2.13% of the overall Lin− CD3− CD45+ IL-7Rα+ cells.
Interestingly, 66.64 ± 10.06% of this CD117+ population represented an
ILC3 profile (RORγT+ AHR+). These cells express NKp44 (confirmed at
55.14 ± 9.62%) and might thus represent the more mature90, cytotoxic
ILC3 variant. Additionally, practically all of themwereGATA3+ (98.93 ±
0.47%), as published91. The other cytotoxicity receptor, NKp46, was
barely expressed (14.04 ± 2.63%) as it was the case for TBX21 (3.60 ±
0.63%). Our data indicate that ILCPs are present in situ in human tonsil
and that these cells are characterized by the absence of NKp44-
expression as suggested by Lim82 (Supplementary Table 4B).

ILC2 predominate in thymus and are mainly located in the
medulla
ILC phenotyping confirmed that the ILC2 subset was themost abundant
in thymus62,92 (Fig. 4A–E). This is consistentwith findings reported earlier
in mice93. 4.98 ± 1.09% of the ILC pool was represented by the ILC2
population, whereas only 1.12 ± 0.27% and 0.55 ± 0.15% of ILC3 and ILC1
were detected, respectively (Supplementary Table 2). ILC2 was pre-
ferentially located in medulla (232.69 ± 62.95/mm2) versus cortex
(42.35 ± 15.14/mm2) and was exceeded in density by Th2 cells, which
were TdT+ mainly in cortex (226.39 ± 86.42/mm2) and TdT− mainly in
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medulla (846.52 ± 211.63/mm2) (Fig. 4D–E). Engagement of Th cells
towards Th2 seems themost recurrent, representing 21.29 ± 4.25%of the
T cell pool, present evenly inmedulla (24.52 ± 4.64%) and cortex (18.58 ±
4.46%). Although present at very low numbers, IL-7Rα+ ILC1 (overall
density 14.89 ± 4.09/mm2) resided primarily in medulla (34.01 ± 9.49/
mm2 versus 7.08 ± 2.48/mm2 in cortex) and were dominant to any stage
of Th1 cells (TdT−: 2.70 ± 1.94/mm2, TdT+: 0.12 ± 0.05/mm2) (Fig. 4D),
representing only 0.07 ± 0.03% of the T cell pool. Only very low

numbers of NK/ILC1ie cells were observed (0.46 ± 0.14/mm2).
ILC3 seemed equally distributed throughout cortex (19.38 ± 5.52/mm2)
and medulla (24.27 ± 6.42/mm2) and were less represented than Th17
cells, all stages predominantly present in thymic cortex (342.73 ±
208.86/mm2 for TCRαδ+ TdT+, 170.43 ± 59.07/mm2 for TCRαδ− TdT+)
(Fig. 4B, D, E), except for the mature TCRαδ+ TdT− Th17 cells confirmed
to reside in medulla (50.90 ± 30.10/mm2). The overall Th17 population
represented 11.69 ± 3.26% of the T cell pool. In thymic cortex, immature

Fig. 3 | Flow cytometric ILCs identification and quantification in human tonsils
(n = 5 independent biological samples performed in a single batch). A Example
of the gating strategy used for identification of ILCs in tonsil, with ILCs defined as
lineage negative (Lin−) (CD141− CD14− CD11c− CD20− FcεRIα− CD3− CD34− CD123−

CD1a−) and CD45+ CD127(IL-7Rα)+ CD56−. Following viability assessment, unwanted
lineage markers were excluded, and ILCs pool population was defined through the
expression of IL-7Rα and the absence of expression of CD56 NK cell marker.B ILCs
identification according toCrinier A. et al.24, Yudanin et al.22, Bjorklünd et al.43 based
on the relative co-expression of CD117 and CD294 (CRTH2) markers. ILC1 were
defined as CD117− CRTH2−, ILC2 were defined as CD117± CRTH2+, ILC3 were defined

as CD117+ CRTH2−. Co-expression of T-Bet/EOMES, GATA3/ICOS, and AHR/RORγT
assessment in each determined ILCs subset. C ILCs identification according to mIF
gating strategy. ILCs pool was defined as LIN− CD45+ CD3− CD56− CD127+ and the
populations were defined as T-Bet+ EOMES± for ILC1, GATA3+ ICOS+ for ILC2 and
RORγT+ AHR+ for ILC3. Violin plot represents the quantification of ILC1, ILC2, and
ILC3 subsets according to the mIF gating strategy in tonsil. T-Bet and EOMES
expression (“ILC1 profile”) were assessed in NK cells populations either positive or
negative for IL-7Rα expression. D FC and mIF quantification obtained values (%
relative to IL-7Rα+ population) were compared through normalized means of cell
percentages observed. Source data are provided as a Source Data file.
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Th cells showed aTh2 (4.05 ±0.93%) andmore importantly, Th17 (6.40 ±
2.33%) profile prior to expression of the rearranged TCR. No clear Th1
phenotype profile was detected prior to TCR-rearrangement (0.01 ±
0.00%). Additionally, we confirmed that the majority of mature
(TCRαδ+) Th2 cells do not have TdT when residing in medulla (846.52 ±
211.63/mm2) and that mature (TCRαδ+) Th17-cells still express TdT in
thymic cortex (342.73 ± 208.86/mm2) (Supplementary Fig. 8A).

NK and ILC1 predominate in spleen and occupy primarily
red pulp
In spleen (Fig. 5A, B, Supplementary Table 3), NK/ILC1ie (IL-7Rα−

ILC1 subtype) cell densities (89.71 ± 24.82/mm2) exceeded that of

other IL-7Rα+ ILCs (48.74 ± 14.12/mm2 for ILC1, 0.18 ± 0.05/mm2 for
ILC2, and 16.08 ± 4.40/mm2 for ILC3). Although identified differ-
ently, Simoni and colleagues94 confirm NK/ILC1ie predominance in
spleen. Also, in this organ, the ILC1 population (10.34 ± 2.57%) pre-
vailed over ILC3 (5.11 ± 1.06%) and ILC2 (0.06 ± 0.02%), the latter
being nearly absent (Fig. 5C). Spatial distribution study of the dif-
ferent ILC subsets indicated that ILC1 and ILC3 were found in white
and red pulp of the spleen, with ILC3 evenly distributed over the
spleen (15.50 ± 4.10/mm2 in WP and 15.92 ± 4.57/mm2 in RP). ILC1
preferentially resided in RP (52.55 ± 15.62/mm2 in RP and 17.00 ±
5.65/mm2 in WP). Regarding ILCs’ Th equivalents, Th2 presence was
low (2.97 ± 0.80/mm2), whereas Th1 and Th17 were equally

Fig. 4 | ILC2 and Th2 predominate thymic medulla, whereas Th17 is pre-
dominant in thymic cortex. Topographic distribution of NK/ILC1ie (dark blue), ILC1
(orange), ILC2 (light blue) and ILC3 (pink) in thymus (n=8 independent biological
samples, 1 mIF staining batch). A H&E overview of thymus with corresponding ILC
distributionmap (detailed in caption). Scale bar: 1mm.B Infiltration analysis plot with
interface (InF) between medulla (IN) and cortex (OUT) for IL-7Rα+ ILC1 (orange), ILC2
(light blue) and ILC3 (pink) in thymus. C mIF staining of TdT (aqua), TCRαδ (green),
GATA-3 (orange), ICOS (red) and IL-7Rα (pink). DAPI nuclear counterstain (DAPI, blue).
Scale bar: 200 µm. C1–3. Detailed image of mIF in “C”, at medulla/cortex interface
(dashed line) presenting TdT (aqua), TCRαδ (green) and IL-7Rα (pink) in “C1”, with

additional ICOS (red) in “C2” and GATA-3 (orange) in “C3”. ILC2 indicated by white
arrows in “C3”. Scale bar: 20 µm.D Split-violin plots representing the ILC and T helper
phenotype densities (number/mm2) in medulla (left) and cortex (right) of thymus
(alternative “TdT”mIF panel). E Split-violin plots representing the T-helper phenotype
densities (number/mm2) in medulla (left) and cortex (right) of thymus. Box-plots
within Violin Plots, created using Seaborn in Python, present the median value (white
dot, 50th percentile) in between the first quartile (the middle value between “mini-
mum non-outlier” and median (marked as Q1, portrays the 25th percentile) and third
quartile (the middle value between “maximum non-outlier” and median (marked as
Q3, portrays the 75th percentile)). Source data are provided as a Source Data file.
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represented (overall density of 51.95 ± 20.58/mm2 for Th1 and
46.66 ± 20.69/mm2 for Th17) (Fig. 5C). Th1 cells were predominantly
detected in RP areas (55.74 ± 22.18/mm2 in RP versus 13.43 ± 4.36/
mm2 in WP), while Th17 mainly occupied WP regions (40.69 ± 21.51/
mm2 in RP and 96.23 ± 25.16/mm2 in WP). WP infiltration studies

(Fig. 5D) showed a minor accumulation of ILC1 and ILC3 subtypes at
the white and red pulp interface, with an even distribution
throughout RP compartments.

Spatial Transcriptomics (ST) (Fig. 5E) was used as an alternative
approach to evaluate ILC infiltration in human reactive spleen. A total

Fig. 5 | NK/ILC1ie and ILC1 dominate red pulp of spleen, accompagnied by Th1.
Th17 is the dominant population inwhite pulp. Topographic distribution of NK/
ILC1ie (dark blue), ILC1 (orange), ILC2 (light blue), and ILC3 (pink) in spleen (n = 8
independent biological samples, 1 mIF staining batch). A H&E overview of the
spleen with corresponding ILCs distribution map (detailed in caption). Scale bar:
2mm. B Classic mIF staining of CD20 (aqua), TCRαδ (green), EOMES (orange),
TBX21 (red) and IL-7Rα (pink). DAPI nuclear counterstain (DAPI, blue). Scale bar:
250 µm. B1–3. Detailed image of mIF in “B”, at white pulp (hashtag)/red pulp
interface (dashed line) presenting CD20 (aqua), TCRαδ (green) and IL-7Rα (pink) in
“B1”, with additional TBX21 (red) in “B2” and EOMES (orange) in “B3”. ILC1 (TBX21+/
EOMES−) indicated by white arrows and ILC1 (TBX21+/EOMES+) indicated by white

triangles. Scale bar: 20 µm. C Split-violin plots representing the ILC and T helper
phenotype densities (number/mm2) inwhite (left) and redpulp (right) of the spleen
(classic mIF panel). D Infiltration analysis plot with interface (InF) between white
(IN) and red pulp (OUT) for IL-7Rα+ ILC1 (orange), ILC2 (light blue), and ILC3 (pink)
in spleen. E Spatial Transcriptomics (GEO Accession N° GSE228056) with mapping
of ILCs and NK signatures in reactive spleen. Box-plots within Violin Plots, created
using Seaborn in Python, present the median value (white dot, 50th percentile) in
between the first quartile (the middle value between “minimum non-outlier” and
median (marked as Q1, portrays the 25th percentile) and third quartile (the middle
value between “maximum non-outlier” and median (marked as Q3, portrays the
75th percentile)). Source data are provided as a Source Data file.
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of 807 spots was obtained and normalized for this ST analysis. ILC-
specific published signatureswere defined fromMazzurana44 andwere
scored across this dataset. By defining a threshold for each score and
using Virtual Cytometer95, we established a splenic infiltration “gra-
dient” depending on the ILC subtype. Indeed, NK cells predominated
in the spleen (through the positivity of 316 spots/807), followed by
ILC1 (121 spots/807), ILC2 (67 spots/807) and ILC3 cells (27 spots/
807) (Fig. 5E).

Differential location of ILC subtypes within sub-areas of intest-
inal lymphoid tissues
In appendix (Fig. 6A, D, E), we found that 12.51% of the ILCs (±2.34%)
were of the ILC3 phenotype, followed by 9.74% (±1.55 %) of ILC1 and
3.50% (±0.81 %) of ILC2. ILC3 and ILC1 subsets preferentially occupied
extra-follicular mucosal tissue (12.63 ± 2.38% and 9.98 ± 1.64%
respectively) confirming the work of Hepworth et al.96, whereas ILC2
infiltratedmoreefficiently the germinal center (8.92 ± 2.07% compared

Fig. 6 | ILC1 and ILC3 are the dominant ILC-populations in intestinal mucosal
tissue, where they are colocalizing with Th2. Topographic distribution of NK/
ILC1ie (dark blue), ILC1 (orange), ILC2 (light blue), and ILC3 (pink) in appendix (A)
and ileum (B, C) (n = 8 independent biological samples for each tissue type, 1 mIF
staining batch per tissue type). A H&E overview of appendix with corresponding
ILC distribution map (detailed in caption). B cells (light grey) are used to highlight
the follicular areas. Scale bar: 2mm. B H&E overview of ileum with corresponding
ILC distribution map (detailed in caption). B cells (light grey) are used to highlight
the follicular areas. Scale bar: 2mm. C Classic mIF staining for CD20 (aqua), TCRαδ
(green), EOMES (orange), TBX21 (red), and IL-7Rα (pink) in ileum. DAPI nuclear
counterstain (blue). Dashed line and hashtag indicating the follicular zone. ILC1s

indicated by white arrows. Scale bar: 200 µm. D Split-violin plots representing the
ILC phenotype densities (number/mm2) in the follicular (left) and extra-follicular
(right) zones of the appendix and ileum (classic mIF using CD20). E Infiltration
analysis plot with interface (InF) between extra-follicular zone (OUT) and follicular
zone (IN) for IL-7Rα+ ILC1 (orange), ILC2 (light blue) and ILC3 (pink) in appendix
(upper) and ileum (lower). Box-plots within Violin Plots, created using Seaborn in
Python, present the median value (white dot, 50th percentile) in between the first
quartile (themiddle value between “minimum non-outlier” andmedian (marked as
Q1, portrays the 25th percentile) and third quartile (the middle value between
“maximum non-outlier” and median (marked as Q3, portrays the 75th percentile)).
Source data are provided as a Source Data file.
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to 3.38 ± 0.78% in extra-follicular regions), representing 31.32% of all
ILC2 detected (Supplementary Table 3). As shown by germinal center
infiltration analysis (Fig. 6E), ILCs were enriched close to the germinal
center of Peyer’s patches and extra-follicular interface, and decreased
progressively when moving away from this interface. Th1 cells were
largely outnumberedby ILC1, especially outside follicles (14.84± 12.34/
mm2 and95.80±20.7/mm2, respectively). The samewas found for ILC3
(88.13 ± 20.39/mm2) which dominated their Th17 counterpart (36.33 ±
7.07/mm2) in these extra-follicular regions (Fig. 6D). ILC2 was the only
ILC subpopulation not reaching densities of Th2 (23.40 ± 9.75/mm2

and 240.78 ± 113.40/mm2 respectively). It is worth noting thatTh2were
found in lymphoid follicles and that they were preferentially located at
the extra-follicular interface together with Th17 (Supplementary
Fig. 8C). Again, NK/ILC1ie were nearly absent (1.18 ± 0.44/mm2) but
whendetected,mainly located inextra-follicular areas (Supplementary
Table 3). To the best of our knowledge, ILCs are thus far not studied in
the appendix and we therefore provide new elements on innate
immunity in this organ.

In the ileum (Fig. 6B–E), 14.76% (± 2.58%) of the IL-7Rαpool were of
the ILC3 phenotype, 9.41% (± 2.23%) had differentiated into ILC1 and a
minor population presented the ILC2 profile (1.97 ± 0.85%). These data
are conform to the work of Yudanin and coworkers22, showing a pre-
dominance for ILC3, followed by ILC1 and ILC2 in ileum using flow
cytometry methods. The same tendency was reported by Song et al.97

who used single cell RNA-sequencing and pseudo-bulk analysis across
different tissues. All ILCs seemed to favor perifollicular regions,
as confirmed by a follicle infiltration study (Fig. 6E). ILC1 (114.94 ±
36.38/mm2) and ILC3 (80.76 ± 29.24/mm2) seemed to prevail over ILC2
(21.85 ± 15.54/mm2). ILC2 were less represented than their Th2
equivalents (148.57 ± 102.33/mm2), whereas conversely the ILC1 and
ILC3 densities exceeded the ones of their Th counterparts (4.74 ± 3.19/
mm2 for Th1 and 42.43 ± 12.11/mm2 for Th17). As seen in appendix, Th2
were found in lymphoid follicles and that they were preferentially
located at the extra-follicular interface together with Th17 (Supple-
mentary Fig. 8C). Again, NK/ILC1ie cells werenearly undetected (0.64 ±
0.24/mm2) (Supplementary Table 3).

Since we have found a predominance for ILC1 and ILC3 in ileum,
we examined whether these populations were composed of icCD3ε+

intra-epithelial ILC (IE-ILC)67,68 (Supplementary Table 6, Supplemen-
tary Fig. 4). IE-ILC1, named here icCD3ε+ ILC1-like, were indeed variably
present in the ileum at a density of 17.86 ± 14.62/mm2. Although pre-
dominantly present in extra-follicular regions (18.74 ± 15.49/mm2),
they were found in germinal centers of the ileal Peyer’s patches
(12.00 ± 4.96/mm2). We found a small subset of cells displaying the
ILC3 phenotype while expressing CD3ε in their cytoplasm (icCD3ε+

ILC3-like). Despite their very low density (3.37 ± 1.36/mm2), they cor-
respond to an ILC subpopulation preferentially residing in germinal
centers of Peyer’s patches (6.78 ± 3.56/mm2) and even atmucosal sites
(3.38 ± 1.38/mm2) (Supplementary Table 6). Whether these icCD3ε+

ILCs correspond to the Id2-independent lymphoid precursors pro-
grammed to engage ILC cell fate68 is unknown, we confirmed however
their existence and characterized their specific location.

Hyperplastic lymph nodes contain high IL-7Rαpool in extra-
follicular regions, where ILC2 are most represented
We examined 8 human lymph nodes (Fig. 7A, D, E, Supplementary
Table 3), 7 of them were axillary lymph nodes, 1 was isolated from the
abdominal region. Morphologically, all samples presented unstimu-
lated primary follicles as a consequence of the lymphadenopathy, only
few germinal centers were observed. ILC2 was the most represented
(214.09 ± 68.06/mm2) in the extra-follicular areas and seemed out-
numbered by the Th2 cells (505.83 ± 128.73/mm2), a phenomenon that
was confirmed in follicles (87.58 ± 23.06/mm2 for ILC2 versus 588.37 ±
126.16/mm2 for Th2) (Fig. 7D, E, Supplementary Fig. 8D). In lymph
nodes, ILC1 and ILC3 seemed unfavorable for follicular infiltration

(15.58 ± 5.84/mm2 for ILC1 and 17.00 ± 12.89/mm2 for ILC3), whereas
ILC2 penetrated into lymphoid follicles (87.58 ± 23.06/mm2), as was
observed for Th2 (Supplementary Fig. 8D). ILC1 was primarily identi-
fied in extra-follicular regions (107.32 ± 36.40/mm2) and reached
higher densities than its Th1 counterparts (8.88 ± 3.87/mm2). The same
was true for ILC3, predominantly occupying the same regions (84.37 ±
22.35/mm2), equally accompanied by their Th17 counterparts (60.21 ±
17.23/mm2). As for all the previous organs described except for the
spleen, lymph nodes did not show an important presence of the NK/
ILC1ie phenotype (0.92 ± 0.18/mm2).

ILC2 predominate tonsil and infiltrate germinal centers of lym-
phoid follicles
Among ILCs in tonsil (Supplementary Table 3, Fig. 7B–E), 12.06%
(± 3.18%)were identified as ILC2,whereas ILC1 and ILC3werepresent in
lower percentages (5.55 ± 1.45% and 6.82 ± 3.07%, respectively). The
density of the ILC2was slightly higher in germinal centers compared to
extra-follicular regions (192.19 ± 76.00/mm2 and 141.95 ± 50.74/mm2,
respectively) and was largely dominated by Th2 in both studied areas
(overall density of 1083.61 ± 352.56/mm2). This ILC2 predominance in
tonsil is in contrast to what is described21,98,99. CRTH2 in combination
with GATA-3 is often used to identify ILC2. CRTH2 however, detects
conventional ILC2 only48 and seems more specific for circulating ILC2
than for tissue-resident ones44, therefore underestimating their true
density in situ. In accordance to Liu and colleagues48, and to Simoni
et al.94 we used ICOS along with GATA-3 to identify ILC2 (Supple-
mentary Fig. 1A, B). IL-7Rα+ ILC1 seemed to be mostly localized in the
extra-follicular regions (109.28 ± 29.56/mm2) where they outnumber
their Th1 counterpart (23.32 ± 12.10/mm2). The ILC3 density (66.67 ±
30.41/mm2) however roughly matched the one of the Th17 population
(93.49 ± 43.53/mm2) in both germinal centers and extra-follicular
regions, but preferentially occupied extra-follicular areas of the tonsil
(119.79 ± 51.99/mm2). T cells were abundant (overall density of 2735.40
± 262.14/mm2), whereas NK/ILC1ie remained low (1.49 ± 0.61/mm2).
Germinal center infiltration study (Fig. 7E) confirmed that ILC2 pene-
trated the germinal centers of follicles, as was the case for Th2 cells
(Suplpementary Fig. 8D) and were preferentially enriched in perifolli-
cular regions together with ILC1 and ILC3 (Fig. 7E) confirming pub-
lished data21.

Loss of IL-7Rαpool and ILC subtypes, and altered T helper cell
subsets in follicular lymphoma
To test our mIF panels for ILC detection in a pathologic condition, we
studied the ILC population in 8 follicular lymphoma (FL) patients, with
a disease morphologically classified as grade 1-2 (Fig. 8A–E, Supple-
mentary Tables 3 and 7). These samples were characterized by a lym-
phomatous proliferation with follicular architecture presenting small
to moderate-sized cells with hyperchromatic nuclei, primarily of
centrocyte-typewith variable enrichment of centroblasts and germinal
center-like formation. Inherent to the differences in function and cell
composition between reactive LN and palatine tonsil, secondary folli-
cles characterized by germinal centers were more abundant in the
tonsil than LN. We studied therefore the differences of ILC and Th
distribution inFL compared toboth LNand tonsil by studyinggerminal
center infiltraton and extra-follicular occupation.

In FL, a significant loss of IL-7Rαpool (608.54 ± 158.28/mm2) was
observed as compared to LN (3011.16 ± 263.58/mm2, p < 0.0001) and
tonsil (1501.46 ± 182.31/mm2, p <0.001). The difference of IL-7Rαpool in
LN and tonsil was of the same statistical strength (p <0.001). The
overall ILC differentiation rate (% sum ILCs of IL-7Rαpool, Supplemen-
tary Table 3) was lowest in LN (12.41 ± 1.10%) and comparable in FL and
tonsil (17.34 ± 1.86% and 24.43 ± 2.69%, respectively). Remarkably, ILC
differentiation occurred preferentially in follicular regions (char-
acterized by germinal center-like presence) where IL-7Rαpool density
was the lowest. In LN and tonsil, ILC2 was the best-represented
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phenotype both in intra and extra-follicular regions (overall density of
211.85 ± 67.27/mm2 and 154.41 ± 57.54/mm2 respectively). FL on the
contrary, presented a significant drop of ILC2 (43.37 ± 22.43/mm2)
when compared to LN (p = 0.028) and tonsil (p = 0.021), and this inside
and outside the follicular regions of tonsil (p = 0.028 and p =0.038
respectively), and especially extra-follicular when compared to LN
(p = 0.021) (Supplementary Table 7). ILC3 dropped significantly,
especially in extra-follicular regions of FL as compared to LN

(p = 0.005). This difference was however not significant when com-
pared to tonsil (p = 0.065). NK/ILC1ie, a cell type present at very low
density in the studied LN and tonsils (overall density of 0.92 ± 0.18/
mm2 and 1.49 ± 0.61/mm2 respectively) but residing preferentially in
extra-follicular regions, appeared more frequently (overall density of
3.72 ± 1.24/mm2) in neoplastic follicles of FL (p = 0.0002 as compared
to LN and p =0.1009 as compared to tonsil). In contrast, no significant
changes were observed for ILC1 densities (p > 0.05 for both LN and

Fig. 7 | ILC2 and Th2 dominate the lymph node and tonsil. Topographic dis-
tribution of NK/ILC1ie (dark blue), ILC1 (orange), ILC2 (light blue) and ILC3 (pink) in
lymph node (A) and tonsil (B, C) (n = 8 independent biological samples for each
tissue type, 1 mIF staining batch per tissue type). A H&E overview of lymph node
with corresponding ILC distribution map (detailed in the caption). B cells (light
grey) are used to highlight the follicular areas. Scale bar: 1mm. B H&E overview of
tonsil with corresponding ILC distribution map (detailed in caption). B cells (light
grey) are used to highlight the follicular areas. Scale bar: 2mm. C Classic mIF
staining for CD20 (aqua), TCRαδ (green), GATA-3 (orange), ICOS (red), and IL-7Rα
(pink) in tonsil. DAPI nuclear counterstain (blue). Hashtag indicating the germinal
center. ILC2 indicated by white arrows. Scale bar: 100 µm. D Split-violin plots

representing the ILC phenotype densities (number/mm2) in the follicular (left) and
extra-follicular (right) zones of the lymph node and tonsil (classicmIF using CD20).
E Infiltration analysis plot with interface (InF) between extra-follicular zone (OUT)
and follicular zone (IN) for IL-7Rα+ ILC1 (orange), ILC2 (light blue), and ILC3 (pink) in
lymph node (upper) and tonsil (lower). Box-plots within Violin Plots, created using
Seaborn in Python, present the median value (white dot, 50th percentile) in
between the first quartile (the middle value between “minimum non-outlier” and
median (marked as Q1, portrays the 25th percentile) and third quartile (the middle
value between “maximum non-outlier” and median (marked as Q3, portrays the
75th percentile)). Source data is provided as a Source Data file.
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Fig. 8 | Loss of IL-7Rαpool and ILC subtypes, and altered T helper cell subsets in
follicular lymphoma. Topographic distribution of NK/ILC1ie (dark blue), ILC1
(orange), ILC2 (light blue), and ILC3 (pink) in follicular lymphoma (FL) (n=8 inde-
pendent biological samples, 1 mIF staining batch). A H&E overview of FL with cor-
responding ILC distributionmap (detailed in caption). B cells (light grey) are used to
highlight the follicular areas. Scale bar: 2mm. B Infiltration analysis plot with inter-
face (InF) between extra-follicular regions (OUT) and follicular regions (IN) for IL-
7Rα+ ILC1 (orange), ILC2 (light blue) and ILC3 (pink) in FL. C Classic mIF staining for
CD20 (aqua), TCRαδ (green), EOMES (orange), TBX21 (red), and IL-7Rα (pink)
showing ILC1s (white arrows) in follicular regions (dashed line and hashtag) and
outside the follicles. DAPI nuclear counterstain (blue). Hashtag indicating the folli-
cles. Scale bar: 100 µm. D Same as “C” but for classic mIF staining using GATA-3
(orange) and ICOS (red) (instead of EOMES and TBX21) and showing the spatial

distribution of ILC2 around the follicle interface (dashed line). Scale bar: 100 µm.
E Split-violin plots (left panel) representing the ILC and T helper densities (number/
mm2) in the follicular (left) and extra-follicular (right) zones of the FL. Bubble plots
(right panel) comparing the overall relative cell densities (bubble size) and the spatial
distribution of each ILCs with their T helper counterparts around the follicular
interfaces in the lymph node, tonsil, and FL. X-axis: mean cell density % inside the
interface (log10 scale). Y-axis: mean cell density % outside the interface. LN: Lymph
Node (yellow). TS Tonsil (green). FL Follicular Lymphoma (orange). Box-plots within
Violin Plots, created using Seaborn in Python, present the median value (white dot,
50th percentile) in between the first quartile (the middle value between “minimum
non-outlier” and median (marked as Q1, portrays the 25th percentile) and third
quartile (the middle value between “maximum non-outlier” and median (marked as
Q3, portrays the 75th percentile)). Source data are provided as a Source Data file.
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tonsil, Supplementary Table 7). However, these cells appeared to have
relocated in and around the neoplastic follicles as shown by the folli-
cular infiltration analysis (Fig. 8B), a phenomenon that was observed
for ILC2 in LN.

In the FL T cell microenvironment (Supplementary Table 3), the T
cell pool was quantitatively unchanged but a T helper shift (Th1/Th17)
occurredwhen compared to LN and tonsil.While Th2-like cells seemed

relatively unaffected (506.79 ± 127.30/mm2 for LN, 1083.61 ± 352.56/
mm2 in tonsil and 634.35 ± 209.24/mm2 for FL), Th17 decreased
(p < 0.05) (59.69 ± 17.19/mm2 for LN, 93.49 ± 43.53/mm2 in tonsil and
20.02 ± 8.61/mm2 for FL). Conversely, the Th1 lymphocyte density
increased (p <0.01) in tumoral follicles as compared to LN and tonsil
(0.58 ± 0.58/mm2 in LN, 21.16 ± 11.13/mm2 in tonsil and 73.08 ± 46.58/
mm2 in FL) (Supplementary Fig. 8E).
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Bubble plots in Fig. 8E (right panel) draw a visual comparison of
the overall relative cell densities (bubble size) with the spatial dis-
tribution of each ILC and T helper counterparts around the follicular
interfaces in the lymph node, tonsil, and FL. This method of data
visualization showed an equivalent distribution gradient of these cells
with primarily extra-follicular localization in LN and tonsil, whereas
these cells were evenly distributed in follicular and extra-follicular
regions in FL (except for ILC3). A clear intra-follicular relocationof ILC2
and Th2 cells in FL (more than 50% of the overall cell populations are
located inside the follicular zone) was confirmed as compared to LN
and tonsil (Supplementary Fig. 8E). Th2 cells were by far the dominant
phenotype in the three tissue types, followed by ILC2 then ILC1 in
lymph node and tonsil. ILC1 density was relatively equivalent across
the three tissue types, but a drop was seen for ILC2 and ILC3 in FL as
compared to LN and tonsil (4- and 5-fold, respectively). ILC3 and Th17
phenotypes represented only 5% of the biggest cell population (Th2)
and showed the same distribution pattern with relatively equal cell
densities in LNand tonsil andmuch lower densities in FL. Th1 cellswere
barely present in all cases, but showed higher cell densities in FL
compared to tonsil and LN. This clearly illustrated the Th1/Th17 switch
in FL described above.

ILCs are close to their Th counterparts andparticipate in thymus
homeostasis
To further explore the ILCs tissue-specific distribution in relation to
their Th counterparts, we performed cellular proximity analysis. Close
interactions between ILCs and Th cells are widely described and
studied100, but a detailed cartography of both innate and adaptive
immune cells lacked until now. A fundamental question is how ILC/T
cell interactions sustain and promote tissue homeostasis70. Indeed, we
found that in thymus, ILCs and Th cells occupy the same regions and
seem to be present in close proximity (Fig. 9A, C, and Supplementary
Fig. 9A). Even if the different ILCs seem to be surroundedmore or less
by all Th subtypes, ILC1, ILC2 and ILC3 cells are preferentially close to
their specific Th counterpart. 34% of the detected Th1 seem to be
present within a 50 µm radius of ILC1, supporting the evidence that
type 1 immune cells have an impact on thymic-resident innate lym-
phoid cells (ILC1)101. The sameproximitywas seen for ILC3, surrounded
by 33% of Th17 cells, and for ILC2 which are accompanied by 65% of
identified Th2 cells (Fig. 9C). As mentioned before, ILC2 was the most
abundant ILC phenotype detected in thymus, suggesting that they
have an important role for T cell development. With this proximity
analysis, we showthat they are in close contactwith Th1 (56%) andTh17
(27%) as well.

As reviewed by Shin andMcNagny62, T cell development depends
on a strict maturation process of thymocytes in the thymic micro-
environment before departure to peripheral tissues. In contrast to T
cells, ILCs candevelop in the absenceof the thymicniche62, and several
non-immune functions were attributed to ILCs residing in the
thymus92. The thymus appears, however, to play a role in providing
ILC-pools to the peripheral tissues102. To better understand cellular
interactions between ILCs andother lymphoid andnon-lymphoid cells,

we explored the publicly available dataset produced by Li et al.103

(Supplementary Fig. 10). We need to stress the fact that within the
clusters identified, ILC3 and NK cells could be extracted. No specific
data is present, however, on the other ILC phenotypes, nor on the Th
subsets. Interestingly, ILC3 and NK cells seem to receive incoming
signals from especially fibroblasts, epithelial cells, blood vessels, and
lymphatic vessels. Recently, Yayon et al.104 showed that T cell devel-
opment is directly dependent on and supported by the resident stro-
mal and immune cells, with key roles for thymic epithelial cells (TEC).
ILC3 and NK cells receive incoming signals (Supplementary Fig. 10C)
from these epithelial cells through FN1 (Fibronectin 1), MK (Midkine),
CXCL (chemokine (C-X-C motif) ligand), and ICAM (intra-cellular
adhesion molecule) pathways. All shared ILC incoming signaling
pathways coming from lymphatic vessels, blood vessels, and fibro-
blasts as well. FN1, one of the main extra-cellular matrix components,
defines the spatial distribution of the basal laminae of the postnatal
human thymus105, participates in cell adhesion, migration, and move-
ment of various cells106, and plays an important role in the morpho-
genesis of the thymus107. MK promotes the cell migration of
inflammatory cells108 and CXCL signaling, which comprises chemo-
kines are indispensable for the immune system since they regulate
directional migration and activation of leukocytes109. Finally, ICAM
boosts the homing of progenitor cells and lymphocyte output from
the thymus110. It is thus likely that all of these pathways are involved in
the homing and departure of ILCs and NK cells towards or from the
thymus, as we identified them primarily in the medulla and thus in
close contact with the medullar epithelial, vascularized compartment.
Interestingly, all cell clusters identified fromthe Li et al.103 dataset show
a bidirectional signaling through MIF (macrophage migration inhibi-
tory factor). The importance of the MIF-pathway was already reported
by Yang et al.111 and reviewed byCalandra and Roger112 as a regulator of
innate immunity expressed by a wide variety of cells, helping to
override immunosuppressive mechanisms, negatively regulating cell
cycle arrest, and thought to be mainly produced by Th2 cells112.

When looking at lymphoid cell interactions, a strong interaction
has been identified coming from NK cells towards ILC3 (Supplemen-
tary Fig. 10C) through the CLEC (C-type lectin receptors) and ITGB2
(integrin subunit beta 2)-pathway. CLEC seem to be involved in sig-
naling coming frommost of the lymphoid cell clusters identified in the
Li et al.103 paper, towards ILC3 and NK cells and is known to have
diverse functions in immunity113. These receptors ensure critical dis-
crimination between self and non-self and assure correct balance
between immune activation and inhibition114. The same is true for
ITGB2 signaling, apparently involved in lymphoid cell contact in the
thymus including for ILC and NK cells, reported to be important for
cell adhesion115. Other strong interactions are revealed between B cells
(CD22 signaling), dendritic cells (DC, Galectin signaling) and DN T
lymphocytes (Galectin signaling) ononehand and ILC3 andNKcells on
the other. Galectins act on both positive and negative thymocyte
selection116 and seem to influence thymus homeostasis117. How
galectin-pathways influence ILC/NK cells in the thymus remains
unclear but galectins are described to be involved in leukocyte and

Fig. 9 | Proximity analysis of Th cells within 50 µm of each ILC subtype in
thymus (A, C) and spleen (B, D) (n =8 independent biological samples for each
tissue type, 1mIF stainingbatchper tissue type).Heatmaps show thepercentage
of Th1, Th2 or Th17 (red gradient) according to the ILC1, ILC2 or ILC3 distance (blue
gradient, 5 µm steps) in thymus (A) and spleen (B, left panel). Bars show the per-
centage of Th cells within 50 µmof a single ILC1, ILC2 or ILC3 in the thymus (A) and
spleen (B, left panel). In the spleen, whereNK/ILC1ie cells were abundant, proximity
analysiswas also computed forNK/ILC1ie cells versus the three ILC andThsubtypes
(B, right panel). C, D Schematic overview of the proximity analysis data. Each
circular diagram represents the proximity of each “small” cell (Th cells for thymus
and spleen, and ILCs for spleen only)within a 50 µmradius (2 × 25 µmconcentric) of
the center of the target cell nucleus drawn in the middle (ILC1, ILC2, and ILC3 for

thymus and ILC1, ILC3 andNK/ILC1ie for spleen). Themeannumber and location of
each “small” cell are shown schematically within the 2 × 25 µm radius proximity of
the target cells (ILC1, ILC2, and ILC3 for thymus and ILC1, ILC3 and NK/ILC1ie for
spleen). The small mirrored pie charts represent the percentages of each “small”
cell population (Th cells for thymus and spleen, and ILCs for spleen only) within
(when located inside the circular diagram, dark grey pie part) or over (when located
outside the circular diagram, dark grey pie part) the 50 µmradius of the target cells
(ILC1, ILC2, and ILC3 for thymus and ILC1, ILC3 and NK/ILC1ie for spleen). Caption
in “C”. Detail of IndicaLabs Halo distribution map with proximity analysis visuali-
zation output in thymus. Source data is provided as a Source Data file. Partially
created in BioRender. Bezombes, C. (2025) https://BioRender.com/shbs5qf.
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innate immune cell recruitment by affecting chemoattraction and/or
cell adhesion118. What the impact of B cell interactions might be in the
thymus is not clear to us since we barely detected them in the studied
fragments, but it is well known that CD22 signaling affects innate
immune signals and might assure self-recognition in the thymus119.

When focusing on the outgoing signals from ILC3 in the thymus
(Supplementary Fig. 10B), almost all identified cell clusters receive

lymphotoxin (LT)-signaling, which seems to ensure the generation of a
diverse and self-tolerant T cell repertoire and plays a role in thymic
homeostasis120. A strong outgoing signaling using MHC-II and IL16
pathways is sent to DP, Treg lymphocytes, to dendritic cells, and
myeloid cells. Hepworth et al.96 demonstrated that ILC3 intrinsic
expression of MHC-II is regulated similarly to thymic epithelial cells
and that they may induce cell death in activated commensal bacteria-
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specific T cells. To et al.121 reviewed the topic and indicated that MHC-
II+ ILC3 mediate a negative selection process through antigen pre-
sentation and withdrawal of IL-2 from the local milieu, resulting in
deletion of activated commensal bacteria-specific T cells121. IL-16,
known to be a chemoattractant cytokine for CD4+ T cells, macro-
phages, and eosinophils, might be used by ILC3 to recruit these cells
and assure a correct balance between immune activation and
inhibition122. They might attract transendothelial DCs by IL-16 pro-
duction inducing a mechanism by which the thymus can actively
acquire blood-borne antigens to induce and maintain central
tolerance123. ILC3 seem to send pro-inflammatory signals to all cell
clusters except DP lymphocytes through the APP (amyloid precursor
protein) pathway124,125. ILC3-derived BAFF has been found to promote
IL-15 generation by B cells126,127. Finally, ILC3 interact with structural
cells in the thymus as the epithelial cells, fibroblasts and lymphatic
vessels. Fibroblasts receive EGF (epidermal growth factor) signaling,
stimulating their proliferation128, and epithelial cells and lymphatic
vessels receive PECAM1 signaling,most likely assuring that they form a
tight barrier through cell-contact129.

Alltogether these data suggest that, even in low numbers, ILCs
play an important role in thymic homeostasis, and we bring here
important information about their distribution in this primary lym-
phoid organ being in close proximity to their Th counterparts.

ILCs closely interact with Th1 and Th17 cells after traumatic
injury of the spleen
In spleen, as a consequence of the traumatic nature of the fragments
studied here, a predominance was found for NK/ILC1ie and ILC1. They
were especially located in red pulp areas associated to an apparent Th1
response (Fig. 5C). By proximity analysis, we clearly show that in red
pulp, NK/ILC1ie and ILC1 are in close contact to Th1 cells (Fig. 9B,
Supplementary Fig. 9A). Indeed, 56% of Th1 cells detected seem to
reside within a 50 µm radius from ILC1 and 70% of them have been
found in close contact with NK/ILC1ie (Fig. 9D). Remarkably, 64% of
ILC1 were found next to (within this 50 µm radius) NK/ILC1ie
(Fig. 9B, D). Both innate lymphoid cells were closely surrounded by 30
to 39% of Th17 cells respectively (Fig. 9D). The traumatic spleen frag-
ments showed an important Th17 response, infiltrating in white pulp
(Fig. 5D, Supplementary Fig. 8B), for which 39% was seen in close
proximity of their ILC counterparts (ILC3) and 32% of them seemed to
approach closely NK/ILC1ie (Fig. 9D). It is well known that after tissue
injury, the innate system is the first to activate130,131. Injured cells release
danger-associatedmolecular signals (DAMPs) and activate ILC1 andNK
cells, responding by IFNγ−production, activating both macrophages
and CD8+ T lymphocytes, to clear pathogens and contain tissue
damage. They act before Th1 adaptive responses are up and work
together closely afterwards. To protect the tissue and activate its
repair, type 3 immunity is then activated with ILC3 being engaged first
to recruit neutrophils a the injured site by IL-17 and IL-22 release. Th17
cells join ILC3 with similar mechanisms to respond to tissue damage
and prevent subsequent infections35,130–132. The low presence of ILC2
and Th2 cells in the studied spleen fragments is consistent since it is

typically associated with later phases of immunological reactions after
injury, such as tissue repair, and thus less prominent in this context133.

Predominant Th2 immune cells in MALT are in close proximity
to the 3 ILC phenotypes to assure intestinal homeostasis
Intestinal mucosa-associated lymphoid tissue (MALT) is dominated by
a Type 2 immune surveillance to assure intestinal barrier integrity
mainly by promoting mucus production by goblet cells and epithelial
cell turnover134,135 in homeostatic conditions. Indeed, we found a pre-
dominance of Th2 cells in extra and intrafollicular regions of MALT
(Fig. 6, Supplementary Fig. 8C) where they promote B cell clonal
expansion and antibody production136. Type 2 immunity needs good
coordination between innate and adaptive immune responses to
protect the mucosal sites from pathogens134,137. By proximity analysis
we show thatTh2 cells are in closeproximity (within 50 µmradius)with
ILC2 in appendix and ileum (35% and 37% of the Th2 detected
respectively) (Fig. 10A, C, Supplementary Fig. 9B) and seem to occupy
inter- and extrafollicular regions (Supplementary Fig. 8C). Th2 cells
seem to exert a surveillance function in these mucosal associated
lymphoid tissues133, and are found in close proximity with ILC1 and
ILC3 in both appendix (51% and 47% of Th2 respectively) and ileum
(66% and 52% of Th2 respectively) (Fig. 10A, C). Due to the non-
pathological nature of the studied fragments, appendix and ileum
show a low Th1 and Th17 occupation. They were even dominated by
their ILC counterparts, especially in mucosal (extra-follicular) regions,
but were located in close proximity (Fig. 10B, Supplementary Fig. 9B).
67% and 66% of the detected Th17 cells were present within a 50 µm
radius of ILC3 in the appendix and ileum, respectively. Similarly, 68%
(appendix) and 65% (ileum) of Th1 cells seemed to approach ILC1
within this radius. All T helper subtypes seemed to favor close proxi-
mity with ILC2 (Fig. 10C). Both ILC1 and ILC3, outnumbering their Th
couterparts (Fig. 6D), are known to be vital regulators of gastro-
intestinal homeostasis through close interactions with structural,
stromal and other lymphoid cells at the epithelial barriers138. They
arrive in the intestine following a homing receptor switch regulated by
a gut-specific retinoic acid tissue factor139. Locally, ILC3 stimulates
epithelial cells to produce anti-microbial peptides upon IL-22 release,
closely sustained by ILC1 and NK cells to fight intra-cellular infection
through IFNγ production140. Finally, ILC2, equipped with a gut-homing
receptor during development in the bone marrow139, appear to inte-
grate an epithelial remodeling circuit together with tuft cells, sup-
porting the intestinal defense and homeostasis141–143.

Predominant Th2 immune cells in the lymph node and tonsil are
in close proximity to ILC2
In both lymph nodes (LN) and tonsil, we found a Th2 dominance,
appearing in close proximity to ILC2. Comparative diagram chords for
proximity analysis of ILCs with their T helper counterparts in LN and
tonsil are shown in Supplementary Fig. 9C. 71% of the detected Th2
cells are locatedwithin a 50 µmradius of ILC2 (Fig. 10A), in both LN and
tonsil. Both Th2 and ILC2 seemed favorable for germinal center infil-
tration (Fig. 7E, Supplementary Fig. 8D). Although ILC2 andTh2 exhibit

Fig. 10 | Proximity analysis of Th cells within 50 µm of each ILC subtype in
appendix, ileum, lymph node, tonsil, and follicular lymphoma (n = 8 inde-
pendent biological samples for each tissue type, 1 mIF staining batch per
tissue type). Schematic overview of the proximity analysis data for appendix,
ileum, lymph node, tonsil, and follicular lymphoma. Each circular diagram repre-
sents the proximity of each “small” cell (Th2 cells in A, Th1 and Th17 cells in B)
within a 50 µmradius (2 × 25 µmconcentric) of the center of the target cell nucleus,
drawn in the middle (ILC1, ILC2, and ILC3). The mean number and location of each
“small” cell are shown schematically within the 2 × 25 µm radius proximity of the
target cells (ILC1, ILC2, and ILC3). The small pie charts represent the percentages of
each “small” cell population (Th cells) within (dark grey pie part) and over (light
grey pie part) the 50 µm radius of the target cells (ILC1, ILC2, and ILC3). Only one

circular diagram is shown in (B) because the number and location pattern of Th1
and Th17 cells is the same for all the tissue types analyzed, whereas each diagram
for each ILC subtype is divided by 5 (for appendix, ileum, lymph node, tonsil and
follicular lymphoma) in (A) to display per quadrant the proximity analysis data
overview that are different for each tissue type.CHeatmaps show thepercentageof
Th1, Th2 or Th17 (red gradient) according to the ILC1, ILC2, or ILC3 distance (blue
gradient; 5 µmsteps) in tonsil, lymph node, and follicular lymphoma, appendix and
ileum. Bars show the percentage of Th cells within 50 µmof an ILC1, ILC2, or ILC3 in
tonsil, lymph node, follicular lymphoma, appendix, and ileum. Source data are
provided as a Source Data file. Partially created in BioRender. Bezombes, C. (2025)
https://BioRender.com/shbs5qf.
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similar effector functions, their relative contributions and inter-
dependency is still to be elucidated144. ILC2 appears to be closely sur-
rounded by Th1 and Th17 as well (Tonsil: 60%, LN: 56%) (Fig. 10B, C).
Interestingly, despite their lower presence, Th17 cells seem to be
localized near all three ILC phenotypes in tonsil, and especially ILC1
and ILC3 in LN (Fig. 10C). For Th1, close proximity is seen with ILC1 in
LN, and both ILC1 and ILC2 in the tonsil (Fig. 10B, C).

To elucidate the function of the ILC populations, and to clarify
possible cellular interactions with non-lymphoid and other lymphoid
cells residing in tonsil, we explored the publically available dataset of
Massoni-Badosa et al.79 (Supplementary Fig. 11). They conducted sev-
eral analyses, resulting in 34 cell clusters going from general cell
phenotypes (ILCpool,NKamongst others), tomoredetailed clustering
of CD4+ T cells and Th cells, CD8+ T cells and ILC (NK, ILC1, ILC3), B
cells, plasma cells, and myeloid cells. It is worth noting that within the
clusters identified, ILC2 and Th subsets were absent. The data reveal
however, a close interaction between dendritic cells (DCs) and clus-
tered ILC phenotypes. ILC1 and ILC3 receive incoming signaling
(Supplementary Fig. 11C) from DCs through APP, Galectin, ICAM1,
ITGB2 pathways amongst others. Galectins are known to exhibit dif-
ferent roles in innate and adaptive immune responses145, and play a
role in innate immune cell recruitment by affecting chemo attraction
and/or cell adhesion118. DCs might attenuate or calm down the innate
immune reponses of ILC1 and ILC3 cells146 through galectin signaling.
ITGB2 signaling between DCs and ILCs is likely to be important for cell
adhesion and migration147, whereas ICAM1 plays an important role in
the cell/cell interaction and migration of leukocytes and assures that
DCs enter lymph nodes148. As extracted from the data of Massoni-
Badosa et al.79, DCs receive a strong incoming signal from both ILC1
and ILC3 throughMIF signaling (Supplementary Fig. 11B). As discussed
elsewhere, this pathway is an important regulator of innate immunity,
helping to override immunosuppressive mechanisms112. Another
attenuating pathway existing between ILCs and DCs is the annexin
signaling. Annexin is described to inhibit activation of ILC2 by an
intrinsic metalloregulatorymechanism, whichmight exist for ILC1 and
ILC3 as well149. A close interaction between ILC2 and DCs is also
described150, where IL-13 produced by activated ILC2 is promoting the
migration of activated DCs to draining LNs, with subsequent differ-
entiation of naive CD4+ T cells into Th2 cells150. Finally, some of the
pathways of cellular interactions between ILCs and non-lymphoid or
other lymphoid cells (BAFF (B-cell activating factor), IL-16, andMHC-II)
appear to be in common with those found in thymus103.

Alltogether, these data emphasize that exploring the spatial
proximity of Th cells and their ILC counterparts together with the
signaling pathways existing between them, underline the importance
of ILCs in tonsil homeostasis and their potential impact in orches-
trating innate and adaptive immune responses.

Discussion
ILCs have been described using flow cytometrymethods in embryonic
tissues, bone marrow, secondary lymphoid organs, and many non-
lymphoid tissues, including atmucosal sites50. Nevertheless, how these
populations are maintained in these organs, and whether they recir-
culate from lymphoid to non-lymphoid organs, remains unclear51. One
of the most important studies on tissue distribution of ILCs in non-
neoplastic lymphoid organs was carried out by Yudanin et al.22, who
reported spatial and temporal mapping of ILC subtypes in human fat
tissue, lymph node, spleen, lung, and intestinal tissues. They used so-
called global techniques based on a combination of flow cytometry
and transcriptional analyses (RNA sequencing)22. This seminal work
provided a comprehensive map of the spatial and temporal dynamics
regulating the anatomical distribution, subset heterogeneity, and
functional potential of ILCs in non-diseased human tissues. Only a few
studies have been published in which tissue distribution of one or
more ILC subtypes is described in human tissue by applying

immunohistochemical approaches, with or without accompanying
techniques as flow cytometry and single cell mass spectrometry, RNA
sequencing, and single cell RNA sequencing19–21,49,78,151–153. Despite the
high quality of the different studies published on this topic, none of
them expanded the analysis to the global whole-slide level, leaving us
with unansweredquestions about the spatial distributionof human ILC
populations in reactive and pathological conditions. Determining the
accurate densities and spatial distribution of ILCs in human lymphoid
organs and their co-distribution with other lymphocytes, especially
with their Th counterparts, using low-cost and routine-compatible
technologies became therefore our main objective.

Recent advances in multiple protein in situ imaging techniques
has enabled many researchers to bring new insights into the complex
interactions between different cell types and their spatial
distribution154–156. These valuable methodologies, recently reviewed by
de Souza et al.157, shed new light on spatially resolved expression of up
to 100 proteins and more on a single slide. These techniques
are however, expensive, limited in terms of area examined,
and therefore not suitable for a daily pathology lab practice nor
large batch analyses157,158. Until recently, another important drawback
of such methods was the reduced resolution compared to conven-
tional microscopy techniques, which hampers an accurate cell
segmentation159, leading scientists to find alternative and com-
plementary workflows to solve this issue159,160. Although this resolutive
issue is now fully addressed with the latest microscopy-based spatial
transcriptomics technologies offering a subcellular resolution using
probe-based readouts, the cost of such methodologies still remains
incompatible with routine diagnosis161. In this study, we therefore
provide a precise map of ILC and Th compartmentalization in
lymphoid organs in relation to B and T cell populations, through
conventional spatial quantitative multiplex immunofluorescence
techniques and whole-slide fluorescent multispectral imaging, com-
binedwith deep automated image anddata analysis at the entire tissue
and single-cell resolution. Several non-neoplastic reactive lymphoid
organs are studied in a fast, reproducible and cost-effective way. Our
histological gating strategy has been validated by correlating data with
flow cytometry and NK and ILC signatures obtained from in-house162

and publicly available spatial transcriptomics experiments and
datasets24,44.

Our approach allowed intriguing observations on the different Th
cells and ILC subpopulations in the thymus. The initial mIF panel
(without anti-TdT antibody) did not allow us to separate immature T
helper (Th) cells from the different ILC sub-populations, both negative
for TCRαδ. Indeed, we clearly show here that TCRαδ− TdT+ “ILC like”
cells were actually immature T cells, predominating in the thymic
cortex. Interestingly, the latter display a Th2 or Th17 differentiation
profile prior to T cell receptor maturation and expression. No such
profile is observed for immature T cells showing a Th1 phenotype. T
cell differentiation in the thymus is well characterized64,66,76, progres-
sing from the CD4− CD8− double-negative through the rearrangement
of the TCR genes towards peripheral CD4+ or CD8+ T cells.Our findings
raise the question whether Th cell subsets could be selected so early in
the thymic cortex. This intriguing finding requires further experi-
mental investigation to determine the clear nature of these immature
Th2 and Th17-like cells. Evidencewas found, however, for the essential
functions of GATA-3 before and after Th2 differentiation163. Although
ICOS expression was shown on DN thymocytes in mice, Dong et al.
stated that it remains unclear which developing thymocyte population
expresses this costimulatory protein164. Interestingly, Wang and
colleagues165 demonstrated that pre-DN4 stage thymocytes express
RORγT. Whether this coincides with the expression of AHR, shown to
be involved in the development of early thymocyte progenitors,
remains unclear166. While T cell maturation pathways are well
depicted167, the development of ILC subpopulations, in particular
where this occurs and whether early T cell progenitors are involved, is
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still a matter of debate60,61,168. However, our study provides a precise
cartography of the different ILC subsets in the thymus, which com-
pletes the work of Park et al.167, and Yayon et al.104,169. A predominance
of ILC2 subtypes was observed in the thymus, preferentially confined
to the medulla. This makes sense and is in line with recent studies on
mousemodels suggesting that functional ILC2 can arise in the thymus
from an early T cell progenitor in parallel with pro-T cells and that ILC2
are predominant after birth93,170. ILC2 also appears more abundant in
lymph nodes and tonsils, as compared to ILC1 and ILC3. It is worth
noting that in most of the peripheral lymphoid structures, ILC2 is the
principal phenotype to penetrate into follicles towards germinal cen-
ters and to be especially present at the mantle zone interface under
normal conditions. ILCs are primarily found in extra-follicular regions,
confirming what has been described previously in lymph nodes21,96,171.
As statedbefore by Sonnenberg andHepworth172, this particular spatial
distribution suggests that ILCs are in contact with recently migrated
lymphocytes from tissues, andmight influence T/B cell interactions or
the initiation of humoral immune response172. The interplay between B
cells and ILC2 has been documented in experimental models173 where
inflammation induced IL-33 release by stromal cells, resulting in ILC2
and B cell activation, and antigen-specific IgM production. Interest-
ingly, after exploration of the public available molecular dataset pro-
videdbyBjörklund and coworkers43, we found thatCXCR5 is expressed
by a subset of ILC2 in human tonsil. It might thus be that CXCR5
provides a mechanism for ILC2 to penetrate B cell follicles as it is the
case for T cells174–177. The precise role of ILC2 within the follicular
microenvironment remains unclear but they might represent the fol-
licular regulatory ILC type recently put forth by O’Connor et al.178.
These ILCs express the same TF/AF as regular ones and inhibit Th cells
in their supportive role of B cells178. Nevertheless, we provide impor-
tant complementary information to the work of Massoni-Badosa and
coworkers79 and to the work of Pascual-Reguant et al.21 on ILC spatial
distribution in tonsil. As expected, NK cells are of low abundance in
most of the examined lymphoid tissues34, except in the spleen162 that is
known as a major homing site for NK cells179. Their entry and dis-
tribution in the red pulp is controlled180, but in our cases, traumatic
spleens, NK cell density might be overestimated in some areas fol-
lowing hemorrhagic changes.

We further investigated the presence of ILC subsets in the gas-
trointestinal mucosa-associated lymphoid tissue, more specifically in
appendix (related to the colon) and ileum, and found a dominant ILC3
population at mucosal sites (extra-follicular), followed by ILC1 and a
minority of ILC2, concordant to the findings of Yudanin et al.22. They
analyzed ILC distribution at intra-epithelial (IE) sites and in lamina
propria of human ileum and colon, and confirmed that ILCs reside
primarily in mucosa (IE). Some of these ILCs, more precisely ILC2,
might interact with T cells locally through an ICAM2-ITGAL/ITGB2
pathway as identified from the publicly available dataset from Björk-
lund et al43. Some IE-ILCs express cytoplasmic CD3ε 67 and are known
to present primarily an ILC1 phenotype68 and mimic in rare cases the
ILC3 phenotype67. Becauseof phenotypic similarities between ILC1 and
icCD3ε+ IE-ILC1-like cells, ILC3 and icCD3ε+ IE-ILC3-like lymphocytes,
we adapted ourmIF panel to allow a distinction between these subsets
of innate lymphoid cells. Very low levels of icCD3ε+ IE-ILC1-like cells
were detected, most likely of the Id2 independent type as previously
described by Ettersperger68, but interestingly, we identified a small
icCD3ε+ IE-ILC3-like population, favoring however germinal centers
of MALT.

We challenged our assay in follicular lymphoma (FL) tissueswhere
we highlighted a reduction of ILC2 and ILC3, as compared to reactive
lymph nodes and tonsil, with a sustained ILC1 population being
dominant in FL, and a NK/ILC1ie population enriched in the neoplastic
germinal centers, as do ILC2. Rare studies have investigated the role of
ILCs in lymphoma development. In a recent one181, the authors
designed a twelve-color multiparametric flow cytometry panel to

investigate the distribution of the ILC family members in non-Hodgkin
lymphoma (NHL) and healthy donors’ peripheral blood and LN. No
differences were highlighted in LN of both groups, in terms of ILC
frequency or subset distribution, but ILCs appeared activated with
higher cytotoxicity in the peripheral blood of NHL181. Interestingly,
they showed that the immunosuppressive microenvironment set by
the tumormight negatively regulate ILCs. Considering this, FL tumoral
cells might disturb ILC differentiation and function, explaining the
drop of ILC-subtypes while IL-7Rαpool was sustained and even higher
than in LN. Remarkably, the T cell pool was maintained, but a T helper
shift occurred in FL compared to reactive LN. Th2 cells seem unaf-
fected or slightly increased in lymphoma samples, but an important
overall decrease of the Th17 phenotype is observed in FL conditions. In
parallel, Th1 lymphocyte density increases significantly in tumor folli-
cles when compared to LN.

Theobservations presentedhere raise important questions on the
functional cooperation between Th cells and ILCs in the lymphoma
microenvironment and beyond. The bidirectional ILC/T cell cross-talk
is actively studied and reviewed70,172,182,183, for which molecular pro-
cesses remain to be elucidated184. Close potential interactions between
ILC1, ILC3, and Th17 cells, between ILC2 and Th2 cells, and finally NK/
ILC1ie and Th1 cells, were evidenced by our cluster analysis and con-
firmed by proximity analysis and could have relevant clinical implica-
tions. Additionnaly, ILC1 dominate the corresponding Th1 phenotypes
in all examined lymphoid tissues except in spleen, whereas conversely,
ILC2 are exceeded in density by Th2 in all cases. In intestinal MALT and
LN, ILC3 are more represented than Th17 cells, whereas in thymus,
tonsil, and spleen, Th17 take over from ILC3. Only minor follicular
infiltrationwas seen for ILCs (Supplementary Fig. 5) in appendix, ileum,
LN and tonsil, except for ILC2. NK/ILC1ie, ILC1, and ILC3 do not display
a strong affinity for the follicular regions in these lymphoid tissues.
Under FL conditions, however, NK/ILC1ie and ILC1 join ILC2 in the
lymphomatous follicles. In the spleen, ILCs preferentially occupy the
white pulp and the medulla in the thymus. Our data clearly show that
ILC2 behaves differently from the other ILC phenotypes, and appears,
as identified by cluster analysis, an independent ILC cell type, char-
acterized by follicular infiltration and predominant splenic white pulp
and thymic medulla occupation. A concordant spatial gradient is seen
for the different Th subtypes following their ILC counterparts as con-
firmed by spatial proximity analysis.

Altogether, the results presented herein demonstrate the feasi-
bility and the potential of determining an Innate Lymphoid Index
(ILIx), precisely depicting the spatial distribution of human ILC
populations in relation to lymphocytes of the adaptive immune sys-
tem, especially to their Th counterparts. The daily-practice compatible
high-resolution computational mapping of ILCs is now available to be
applied in human reactive and pathological conditions. It provides a
simple and versatile method that puts forward the ILIx as a promising
biomarker in clinical settings.

Methods
Patient and tissue characteristics
Patients’ samples were obtained after written informed consent in
accordance with the Declaration of Helsinki and stored at the “CRB
Cancer des Hôpitaux de Toulouse (BB-0033-00014)” collection.
According to the French law, CRB Cancer collection has been declared
to the Ministry of Higher Education and Research (DC-2008-463) and
obtained a transfer agreement (AC-2013-1955) after approval by the
ethics committee (Comité de Protection des Personnes Sudouest et
outre mer II, CPP). Clinical and biological annotations of the samples
have been declared to the CNIL (Comité National Informatique et
Libertés). We studied the following formalin-fixed-paraffin embedded
(FFPE) lymphoid tissues (n = 8, eight independent biological samples
for each tissue type): palatine tonsil, lymph nodes (7 axillary plus 1
abdominal), thymus, spleen, appendix and ileum. All tissue fragments
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were treated using standard histopathology procedures. For each tis-
sue fragment, 4 serial slides were cut at 4 µmon a standardmicrotome
(LEICA Biosystems, Nussloch, Germany). The first slide was used to
validate morphological quality using Hematoxylin-Eosin (H&E) stains
and to determine the regions of interest (ROI). The remaining three
slides were used for multiplex immunofluorescence assays. Careful
selection of samples was based on the overall morphological quality of
the FFPE tissue samples. Tissue fragments lacked pre-fixation, fixation,
and tissue-processing artefacts. Detailed morphological quality
assessment was performed on H&E stained slides, and samples were
accepted for inclusion when morphological tissue-specific character-
istics were classified as normal, except for spleen since these samples
are only obtained after traumatic injury. Nuclei didn’t show any arte-
facts such as crushing, nuclear bubbling, indistinct chromatin, distor-
tion, or aberrant or heterogenous hematoxylin-affinity within the
morphologically equivalent groups of cell phenotypes. Cells lacked
artefacts such as shrinkage, cytoplasmic clumping, detached appear-
ance fromneighboring cells, andheterogenous affinity for eosinwithin
the morphologically equivalent groups of cell phenotypes. Tissue
samples in which cell layers seemed detached from underlying layers
were excluded. Consistencywas strived for in a good representation of
the principal, functionally important tissue compartments character-
izing a certain tissue type. For tonsil, secondary follicles with germinal
centers, crypts, epithelium, connective tissue and inter-follicular T-
zones must be represented. Lymph nodes contained capsule, sinus,
trabeculae and lymphoid follicles with or without germinal centers,
less represented in reactive lymph nodes selected. In spleen, a clear
distinction between white and red pulp was set as a criterium. For
appendix and ileum, all functional layers of the intestinal tract
(mucosa, muscularis mucosa, submucosa, muscularis) and lymphoid
follicles needed to be represented on the cutting plane. In thymus
fragments, distinction between cortex and medulla was set as a
selection-criterium. Follicular lymphoma samples were characterized
by a lymphomatous proliferation with follicular architecture present-
ing small to moderate-sized cells with hyperchromatic nuclei, pri-
marily of centrocyte-type, with variable enrichment of centroblasts
and germinal center-like formation. We included the specimens,
independently of patient-heterogeneity, independently of their gen-
der (self-reported), medical history, age (ranging from 4months up to
88 years); and thus sample-heterogeneity independently on size,
orientation of the tissue, or exact in situ position of the fragment in the
studied organ before surgery. The multiplex immunofluorescence
assays (mIF) were challenged on follicular lymphoma samples graded
1–2 (n = 8) according to the WHO classification185. Patient and tissue
information is summarized in Supplementary Table 1. Ten out of 48
patients received chemotherapy and/or radiotherapy prior to surgery.
Tissue fragments studied came from 43% female and 57% male
patients. Five patients died prior to study closure. The entire experi-
mental set-up and workflow is displayed in Fig. 1.

Multiplex Immunofluorescence
The BOND RX staining platform (LEICA Biosystems, Nussloch, Ger-
many) was used to automate the mIF staining procedure on 3 serial
4 µm FFPE tissue sections (software version 7.0.9.267 RX). One batch
represented the staining of the 3 mIF panels (3 times 5 markers and
nuclear counterstain) for ILC discrimination in parallel on 8 indepen-
dent biological samples of each lymphoid tissue type (total of 7 bat-
ches). After baking and dewaxing, tissue slides were heat-pretreated
for 20minutes at 100 °C using ER2 pretreatment solution (pH9, LEICA
Biosystems, Nussloch, Germany). The slides were blocked for endo-
genous peroxidase activity using theDiscovery inhibitor (15minutes at
room temperature) (07017944001, Roche Diagnostics, Basel, Swit-
zerland). The slides were then stained for 5-plex immunofluorescence
using the OPAL Technology (AKOYA Biosciences, Marlborough, USA)
with sequential denaturation using ER1 pretreatment buffer (pH6,

LEICA Biosystems, Nussloch, Germany), for 20minutes at 97 °C
between each antibody-staining cycle. The sequential application of all
reagents (including catalog numbers and suppliers) on the 3 serial
slides is detailed in the Supplementary Information (Supplementary
Methods 1: Protocol NK-ILC1 mIF BRX; 2: ILC2 mIF BRX; 3: ILC3 mIF
BRX). Primary antibody details are provided in Supplementary Table 8.
ThreemIF panels (Fig. 1 and SupplementaryMethods 1 to 3) were used
on serial sections for each selected tissue in which three markers were
in common: CD20 (clone L26, ¼ in Ventana Antibody Diluent, Roche
Diagnostics, Basel, Switzerland), TCRαδ cocktail (TCRδ, clone BSB-127,
ready to use; TCRα, clone BSB-126, 1/100 in TCRδ, BioSB, Diagomics,
Toulouse, France) and IL-7Rα (CD127, clone EPR23747-333, at 5.98 µg/
ml in Ventana Antibody Diluent (Roche Diagnostics, Basel, Switzer-
land), ABCAM Netherlands, Amsterdam, Netherlands). Experimental
conditions such as pretreatment, denaturation times and tempera-
tures, concentrations of primary/secondary antibodies and OPAL
Dyes, incubation times and temperatureswere unchanged for all tissue
types stained. Internal control of repeatability was performed by
comparing the two common markers used in the 3 mIF panels, i.e.,
TCRαδ (T cells) and IL-7Rα (non-B/T), for all samples analyzed and is
documented in Supplementary Fig. 7 validating intra-batch con-
cordance. Inter-batch variation is related to tissue type heterogeneity
and thus accepted as such. For thymic tissue examination, CD20 was
replaced by Terminal Deoxynucleotidyl Transferase (TdT, clone
SEN28, LEICABiosystems,Nussloch, Germany) (Supplementary Fig. 1B,
alternative “TdT” mIF panel) (additional staining batch). Ileum was
examined using a mIF panel (additional staining batch) in which CD20
was replaced by CD3 (clone 2GV6, Roche Diagnostics, Basel, Switzer-
land) to investigate intra-epithelial CD3ε+ lymphoid cells (IE-ILC)
(Supplementary Fig. 1B, alternative “CD3” mIF panel).

Two additional markers were included in each mIF panel to allow
for ILC subtype differentiation. EOMES (TBR2, clone EPR21950-241, at
1.34 µg/ml in Ventana Antibody Diluent (Roche Diagnostics, Basel,
Switzerland), ABCAM Netherlands, Amsterdam, Netherlands) and
TBX21 (T-Bet, clone EPR9301, at 2.8 µg/ml in Ventana Antibody Diluent
(Roche Diagnostics, Basel, Switzerland), ABCAM Netherlands,
Amsterdam, Netherlands) were used for ILC1/ILC1ie/cNK differentia-
tion. ICOS (CD278, clone RM417, ready to use, BioSB by Diagomics,
Toulouse, France) and GATA-3 (clone L50-823, at 1 µg/ml in Ventana
Antibody Diluent (Roche Diagnostics, Basel, Switzerland), BioSB,
Diagomics, Toulouse, France) were used for ILC2 differentiation. For
ILC3/LTi differentiation, AHR (clone ARC53212, at 1/500 in Ventana
Antibody Diluent (Roche Diagnostics, Basel, Switzerland), ABclonal by
Diagomics, Toulouse, France) and RORγT (clone 6F3.1, at 1 µg/ml in
Ventana Antibody Diluent (Roche Diagnostics, Basel, Switzerland),
BIOCARE Medical, Danaher, USA) were applied. Five OPAL dyes with
excitation and emission wavelengths compatible with our whole slide
imaging system were used: OPAL Polaris 480, OPAL 520, OPAL 570,
OPAL 620 (1/300 in 1x Plus Automation Amplification Diluent, AKOYA
Biosciences, Marlborough, USA) and OPAL 690 (1/150 in 1x Plus
Automation Amplification Diluent, AKOYA Biosciences, Marlborough,
USA). The tissue slides were counterstained using Spectral DAPI
(AKOYABiosciences,Marlborough,USA) andmountedwith Invitrogen
ProLong Gold Antifade Mounting medium (Life Technologies, Ther-
moFisher Scientific, California, USA) (Supplementary Methods 1–3).

Whole-slide imaging
Whole Hematoxylin-Eosin stained slides were digitized with a Pan-
noramic 250 Flash II digital microscope (3DHISTECH, Budapest, Hun-
gary) equipped with a Zeiss Plan-Apochromat 20X NA 0.8 objective
and a CIS VCC-FC60FR19CL 4-megapixel CMOS sensor (unit cell size
5.5 × 5.5 µm) mounted on a 1.6X optical adaptor, to achieve a scan
resolution of 0.24 μm/pixel in the final image (corresponds to 41.1X
magnification at the highest optical resolution in traditional micro-
scopy). For mIF slides, 6-channels multispectral fluorescence imaging
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was performed using an AxioScan Z1 (Carl Zeiss Microscopy, Ober-
kochen, Germany) whole-slide scanner with appropriate narrow band-
pass excitation and emission filters and specific dichroic mirrors
(Semrock Inc., Rochester, NY, USA), and with a multi-channel solid-
state light engine (Colibri 7, Carl Zeiss Microscopy, Oberkochen, Ger-
many) equippedwith 7 LEDs covering the entire visible spectrum from
UV to far-red (370–648 nm) (Supplementary Fig. 3). Analog to digital
image sampling was performed at 16-bit (65 536 grey levels, 37 000:1
dynamic range) with a high-resolution scientific complementary metal
oxide semiconductor (sCMOS sensor with 2048 × 2048 cells of size
6.5 × 6.5 µm each) Peltier-cooled monochrome camera (Orca Flash 4.0
V3, Hamamatsu Photonics K.K., Japan), to achieve a final scan resolu-
tion of 0.32 µm/pixel. Fluorescence acquisition settings were estab-
lished for each multiplex panel during the methods validation process
and not modified afterwards.

Whole-slide image analysis and data visualization
Object-oriented whole-slide image analysis was carried out using the
Halo framework (Indica Labs, Albuquerque, New Mexico, USA) with
different image analysis modules and algorithms. For each selected
tissue and each patient, multispectral images from the three mIF
panels (serial sections) were registered using the Halo Image Regis-
tration module, which uses a “grid deformation” process translating
position data from the target image to a grid, and from the grid to the
source image. This module allowed for parallel, synchronized naviga-
tion and simultaneous annotation of slides within a registration pro-
ject. This ensures to match sister slides at the structural level for a
whole tissue slide (Supplementary Fig. 2). Each registered set of images
was then manually annotated by a certified pathologist with three
regions of interest (“interface”, “extra-interface”, and “interface +
extra-interface” ROIs) in which stained cells were studied using the
Halo HighPlex algorithm. In tonsil, appendix, ileum, lymph node, and
follicular lymphoma images, the “interface” and “extra-interface” ROIs
matched respectively the follicular and extra-follicular zone, the white
pulp and red pulp in the spleen, and themedulla and cortex in thymus.
With the Halo HighPlex algorithm, nuclear contour detection and
segmentation were optimized based on the DAPI counterstain as well
as various parameters and morphological features in real-time fine-
tuning mode using graphical overlays (signal intensity and contrast,
nuclear size and roundness, segmentation aggressiveness). Individual
cell objects were then simulatedbygrowing nuclei objects boundaries,
and OPAL dye signal intensities for eachmarker were detected in their
corresponding cell compartments (membrane + cytoplasm and/or
nucleus) by thresholding grey level signal intensities. Several cell
phenotypes were finally defined by selecting various marker combi-
nations (Supplementary Fig. 1). As for the image acquisitionprocess, all
image analysis parameter settings were established for eachmultiplex
panel during the methods validation process and not modified after-
wards for the batch analysis process. For each ROI analyzed, mor-
phometric features and fluorescence intensities were quantified in
each cell compartment, and each detected object was tagged and
classified for a specific phenotype based on their marker content,
allowing calculation of positive cell densities and percentages. Indivi-
dual X-Y location coordinates were also recorded for each detected
object allowing merged spatial plot mapping for each case on regis-
tered images. The 3 serial slides of 4 µmdo not necessarily contain the
same cells, and all the biomarkers used to phenotype our cells of
interest (ILCs and Ths) are always located on the same section (1 serial
section for 1 mIF panel). The whole slide image registration process
helped us to plot the different cellular phenotypes spatially on the
same map in order to study the relative population distribution at a
tissue structure level (Supplementary Fig. 2). Quantitative distribution
analysis (around the interface ROIs) of individual cell phenotypes was
performed using theHalo spatial analysismodule, which was also used
to analyze the putative cell/cell interactions in each tissue by

quantifying the spatial proximity of Th cells within a 50 µm radius
around each ILC nuclei. Raw data were finally exported from the Halo
database as.csv text files,filtered using PowerQuery inMicrosoft Excel
(version 16.86), to be analyzed and visualized using GraphPad Prism
(10.4.1), Panda (version 2.2.1), Matplotlib (version 3.8.3), and Seaborn
(version 0.13.2) (Python packages). For proximity analysis, heatmaps
and diagram cords were produced using the R packages “Complex-
Heatmap” and “Circlize” respectively186,187. Public dataset scRNAseq
from thymus (Li et al.103) and tonsil (Badosa et al.79) were downloaded
and analysed with “CellChat” R package (version 2.1.2) to infer cell-cell
communication.

Clustering analysis
ILC and Th cell density measurements were scaled using the Box-Cox
power transformation implemented in the Scikit-learn Python library
(version 1.4.1.post1)188. Four clusters were determined using the elbow
method and the K-means algorithm. Cluster map representation of
scaled datawasdone using the SeabornPython library (version0.13.2),
assisted by ward hierarchical clustering calculated from distances
computed with the SciPy (version 1.12.0) “pdist” Euclidean metric189.

Software and hardware used
Image visualization was performed using SlideViewer (version 2.5,
3DHISTECH) in brightfield mode and Zen Blue Edition (version 3.4.91,
Carl Zeiss Microscopy) in fluorescence mode. Multispectral fluor-
escent images were analysed using the IndicaLabs Halo framework
(version 3.6.4134) and the HighPlex algorithm (version 4.2.5). Data was
visualized using R (version 4.3.2 “Eye Holes”), Panda (version 2.2.1),
Matplotlib (version 3.8.3), and Seaborn (version 0.13.2) (Python
packages). Non-parametric statistical analyses were performed using
GraphPad Prism (6.0 h and 10.4.1). Image analysis algorithms ran on a
Dell PowerEdge R740XD computing cluster (bi-CPU Intel Xeon Plati-
num 8280L 2.7 G 28C/56T, 64 GB RAM, GPU NVIDIA Tesla V100S 32
GB) and data were stored on a Dell PowerEdge R640 server (Intel Xeon
Gold 5222 3.8G 4C/8T, 32 GB) running MySQL Server 8.0 + IndicaLabs
gRPC and GraphQL APIs.

Flow cytometry and gating strategy
Fresh control lymphoid tissues (n = 5 independent biological samples
from tonsil) were cut in 2mm2 pieces and frozen in Cryostor CS10 Cell
Cryopreservation Medium (Sigma-Aldrich, Saint Louis, MO, USA) until
analysis. At thawing, tissue pieces were rinsed with complete medium,
and cell suspensions were obtained following enzymatic digestion
using the Tumor Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany, 130-095-929). Cell suspensions were filtered (70 µm) and
rinsed once with PBS. Viability was assessed with the LIVE/DEAD Fix-
able Blue Viability Dye (Thermo Fisher Scientific, Waltham, MA, USA),
following manufacturer’s instructions. All antibodies used for staining
are listed in Supplementary Tables 8 and 9 (including clones and
suppliers). Cells isolated from healthy donor tonsils were incubated
with the following mixes of antibodies (Supplementary Table 9): (i)
isotype controls; (ii-a to ii-e) standard FMO controls, one for each
separate intracellular marker (including anti cell surface markers
antibodies and individual isotypes controls for GATA-3, EOMES,
TBX21, RORγT and AHR); (iii) anti cell surface markers antibodies and
isotype controls mix for GATA-3, EOMES, TBX21, RORγT and AHR (i.e.
specific control, SC); (iv) anti- cell surface marker antibodies and anti-
GATA-3, EOMES, TBX21, RORγT and AHR antibodies. Peaks and Mean
Fluorescence Intensities (MFI) corresponding to each individual FMO
were strictly superposable topeaksandMFI of SC in all thepopulations
considered for the analysis, confirming that either FMO or SC can be
performed for FC experiments.

Cell surface markers (Supplementary Table 9) were stained with
antibodies directed against CD141, CD11c, FcεRIα, CD14, CD20 and
CD123, CD3, CD45, IL-7Rα (CD127), CRTH2 (CD294), CD56 (NCAM-1),
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CD117 (ckit), ICOS (CD278), NKp46 (CD335) and NKp44 (CD336).
Cells were fixed and permeabilized with Transcription factor staining
buffer set (eBiosciences, Thermo Fisher Scientific, Waltham, MA,
USA) following manufacturer’s instructions. Intracellular saturation
was performed by incubating cells for 10minutes in permeabilisation
buffer/4% FCS (Gibco, Thermo Fisher Scientific, Waltham MA, USA).
Intracellular staining (Supplementary Table 9) was performed with
the following antibodies: GATA-3, EOMES, TBX21 (T-Bet), RORγT,
and AHR.

A minimum of 200,000 CD3− cells (defined through gating
strategy)were registered for the acquisition. Flowcytometry datawere
analyzed following the presented gating strategy (Fig. 3A, Supple-
mentary Fig. 6). Briefly, debris were excluded, and LIVE/DEAD negative
cells were considered as viable. CD3− cells were then selected. CD45+/
LIN− cells were subsequently gated, based on concomitant expression
of CD45 and absence of staining with the following monoclonal anti-
bodies: CD141, CD11c, FcεRIα, CD14, CD20, andCD123 (Supplementary
Table 9). ILC pool IL-7Rα+ cells were then selected based on the
absence of expression of CD56 and positivity for CD127 (IL-7Rα)
(Fig. 3A, Supplementary Fig. 6). Positivity for eachmarker, boundaries,
and thresholds were defined compared to isotypes, FMO, and SC
considering different subpopulations of cells, for single and multiplex
labeling (Supplementary Fig. 6).

Spatial transcriptomics
Frozen section of a reactive spleen sample was mounted onto the
Visium spatial slide, fixed usingmethanol, stained usingH&E stain, and
digitized using LSM 710 videomicroscope. Then, the tissue was per-
meabilized on the slide and reverse transcription was performed
in situ. Finally, second-strand synthesis, denaturation, DNA amplifica-
tion, library construction and sequencing were performed following
the manufacturer’s instructions (Visium Spatial Gene Expression
Reagent Kits User Guide - Rev C) and as previously described162.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw data produced for this study, used for data analysis and
visualization, are available as a public GitHub repository here:
https://github.com/ouatataz/innate-lymphoid-cells. The spatial tran-
scriptomics raw data produced in this study are available at Gene
Expression Omnibus (GEO) with accession number GSE228056,
spatial transcriptomics raw data produced by Björklund et al.43 are
available at Gene Expression Omnibus (GEO) with accession number
GSE70580. Publicly available datasets were downloaded from the
following sources: https://zenodo.org/records/13207776 and https://
bioconductor.org/packages/release/data/experiment/html/
HCATonsilData.html. All data are included in the Supplementary
Information file or are available from the authors, as are the unique
reagents used in this article. This file contains: general specifications
of marker combinations and resulting cell phenotypes of the used
mIF panels (Supplementary Fig. 1), image registration (Supplemen-
tary Fig.2), spectral band settings for image acquisition (Supple-
mentary Fig. 3), split violin plots of alternative “CD3” mIF panel cell
phenotypes (Supplementary Fig. 4), gauges representing the NK/
ILCs/Th cell densities within interface for all tissue types analyzed
(Supplementary Fig. 5), control plots justifying gating strategy
thresholds used for ILCs analysis in human tonsils (Supplementary
Fig. 6), correlation matrix to validate intra-batch (7 batches, 1 batch
per tissue type studied) concordance for two common markers used
in the mIF panels, i.e. TCRαδ (T cells) and IL-7Rα (non-B/T) (Sup-
plementary Fig. 7), comparative infiltration analysis plots for Th1,
Th2 and Th17 cells location for all tissue types (Supplementary

Fig. 8), and comparative diagram chords for proximity analysis for all
tissue types (Supplementary Fig. 9). Public dataset analysis are pre-
sented on Supplementary Figs. 10 and 11 for thymus and tonsil
respectively. Supplementary Table 1 provides information about the
patients and tissues, Supplementary Tables 2 to 7 provide descriptive
statistics, and Supplementary Tables 8 and 9 show the antibody
panels used for mIF and flow cytometry analysis. The raw numbers
for charts and graphs are available in the corresponding Source Data
file whenever possible and as indicated in the corresponding legend.
FACS data are only available after official request, to avoid uncon-
trolled reproduction and publication of patient data, by e-mailing the
corresponding author, who will respond within two weeks. The
request must be accompanied by a short description of the project,
the reason, and aim for using our FACS data. It is the corresponding
author who will decide whether the external use of the FACS data is
allowed, depending on the compatibility of the initial question and
internal scientific scopes. Source data are provided with this paper.

Code availability
Thepython scripts used for data analysis andvisualization are available
as a public GitHub repository here: https://github.com/ouatataz/
innate-lymphoid-cells.
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