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Abstract

Innate lymphoid cells (ILCs), comprising ILC1, 2, and 3 subpopulations, play unique

roles in maintaining microbiome homeostasis, mucosal tissue integrity, and control of

inflammation. So far, their characterization is dominantly based on tissue-resident

ILCs, whereas little information is available on circulating ILCs, in particular in new-

borns. In order to get a deeper understanding of neonatal innate immunity, we ana-

lyzed the transcriptomes and effector functions of cord blood (CB) ILCs. By RNAseq

analysis, all ILC subsets could be clearly distinguished from each other. CB-derived

ILCs were generally closer related to neonatal T than natural killer (NK) cells and sev-

eral factors shared by all three ILC subsets such as CD28, CCR4, and SLAMF1 are

commonly expressed by T cells but lacking in NK cells. Notably, CB ILCs exhibited a

unique signature of DNA binding inhibitor (ID) transcription factors (TF) with high

ID3 and low ID2 expression distinct from PB- or tonsil-derived ILCs. In vitro stimula-

tion of sorted CB ILCs revealed distinct differences to tissue-resident ILCs in that

ILC1-like and ILC3-like cells were nonresponsive to specific cytokine stimulation,

indicating functional immaturity. However, CB ILC3-like cells expressed toll-like

receptors TLR1 and TLR2 and upon stimulation with the TLR2:1 ligand Pam3CSK4,

responded with significantly increased proliferation and cytokine secretion. Together,

our data provide novel insights into neonatal ILC biology with a unique TF signature

of CB ILCs possibly indicating a common developmental pathway and furthermore a

role of CB ILC3-like cells in innate host defense.
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1 | INTRODUCTION

Innate lymphoid cells (ILCs) play unique roles within mucosal barrier

functions, microbiome homeostasis, and control of inflammation.

Originally, the diverse ILC subsets were classified into three groups:

group 1 ILCs comprising ILC1 and natural killer (NK) cells, group 2 har-

boring ILC2, and group 3 comprising ILC3 and lymphoid tissue inducer

cells (LTis).1 However, recently NK cells and LTi cells were assigned
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into independent groups leading to a total of five distinct ILC groups.2

The current definition, which is based on differential expression of

transcription factors (TFs) and effector functions is based on tissue-

derived ILCs. However, despite their phenotypic resemblance with

their tissue-resident counterparts, circulating ILCs do not seem to fit

into this scheme and were recently shown to partly constitute precur-

sors rather than mature ILC effector cells. In this regard, peripheral

blood (PB) CD117+/ILC3-like cells were shown to lack ILC3 effector

functions including IL-22 production but they had the potential to dif-

ferentiate into all three ILC subsets and NK cells.3 Along the same

lines, we have recently demonstrated that circulating ILC1-like cells

derived from umbilical cord blood (CB) or PB lacked typical ILC1

effector functions such as IFNγ production but could be efficiently

differentiated into functionally mature cytotoxic NK cells.4 Hence,

except ILC2, circulating ILCs possess ILC precursor (ILCp) and NK pro-

genitor (NKPs) characteristics, respectively.

Although some studies focusing on human circulating ILCs from

healthy donors as well as different pathological disorders are

available,5-8 little is known about the phenotype and function of circu-

lating neonatal ILCs till date. In general, CB contains significantly higher

ILC frequencies compared to pediatric or adult PB,9 which enables to

consistently isolate and characterize all three ILC subsets within a given

CB.7,9-11 The development and homeostasis of ILC, referred to as

ILCpoiesis, seems to be subject to highly dynamic changes around the

time of birth: ILC1-like cells rapidly decreased with increasing gesta-

tional age and remain at comparable levels throughout lifetime. In con-

trast, from neonatal to adult and elderly adult blood, frequencies of

ILC2 and ILC3-like cells significantly decline.4,9 These data suggest that

circulating ILCs are transiently found in the circulation and based on dif-

ferential expression of chemokine receptors rapidly migrate to the

respective tissues to contribute to local ILCpoiesis ensuring location-

specific innate immune defense. This idea is supported by murine stud-

ies suggesting a vital role of neonatal ILC due to interaction with the

environment and other immune cells.12,13

To deepen our understanding of neonatal ILC function and to

define the transcriptomes of all three CB ILC subsets, we performed in-

depth bulk RNA sequencing (RNAseq) analysis. In the present study, we

have used our recently developed staining protocol for the identification

of all CB ILCs and NK cells10 to enable comparison of the trans-

criptomes of CB ILCs, CB-derived NK and T cells, PB ILCs, and tonsillar

ILC3s. Our data describe a unique transcriptional and functional identity

of CB ILCs with shared genes indicating a common developing pathway

and suggest a novel role of CB ILC3-like cells in host defense pre-birth.

2 | MATERIALS AND METHODS

2.1 | Human samples and ethics statement

Umbilical CB used within this study was collected from the José

Carreras Stem Cell Bank at the Institut für Transplantationsdiagnostik

und Zelltherapeutika (ITZ). The tonsils were kindly provided by the

ENT clinic of the UKD. The study protocol was accepted by the

institutional review board at the University of Düsseldorf (study num-

bers 2019-383 and 4723 for the use of CB and tonsils, respectively)

and is in accordance to the Declaration of Helsinki. CB samples and

tonsils were processed directly.

2.2 | Isolation of MNCs from CB and buffy coats

From each blood sample, aliquots were taken for the assessment of

whole blood cell count (Cell Dyn 3500R, Abbott Laboratories, North

Chicago, Illinois). CBs were diluted 1:1 with sterile 1× PBS (Gibco by

Life Technologies, Carlsbad, California) and MNCs were isolated by

density gradient centrifugation (Biocoll, 1.077 g/cm3, Biochrom Merck

Millipore, Billerica, Massachusetts). Cells were resuspended in 5 mL of

ice-cold ammonium chloride solution (pH = 7.4, University Clinic

Düsseldorf, Germany) for 5 minutes at room temperature (RT) to lyse

residual erythrocytes and washed three times afterward. MNCs were

counted and cryopreserved or directly used for further analyses. Sin-

gle cell suspension from tonsils was done as previously described.14

2.3 | Flow cytometry analyses

Cells were extracellularly stained with the following fluorescein iso-

thiocyanate (FITC) conjugated antibodies in the lineage panel, as pre-

viously described10: anti-CD3 (UCHT1), anti-CD1a (HI149), anti-

CD14 (HCD14), anti-CD19 (HIB19) anti-TCRαβ (IP26), anti-TCRγδ

(B1), anti-CD123 (6H6), anti-CD303/BDCA-2 (201A), anti-FcεR1a

(AER-37[CRA-1]), anti-CD235α (HI264), anti-CD66b (G10F5), anti-

CD34 (581), and anti-CD20 (2H7) all from BioLegend (San Diego,

California). The following antibodies were further used within this

study: anti-CD94-PE/Cy7 or -APC (DX22); anti-CD56-APC/Cy7 or

BV650 (HCD56); anti-CD117-PE or BV421 (104D2); anti-CRTH2-PE/

Dazzle 594 or APC/Cy7, (BM16); anti-CCR4-APC (L291H4);

Significance statement

Innate lymphoid cells (ILCs) are a recently defined class of

lymphocytes that is intimately involved in immune homeo-

stasis and mucosal immunity. Knowledge on phenotypes

and function mainly stems from murine tissue-resident ILCs,

whereas similar data are scarce for circulating ILCs. ILCs in

cord blood (CB) are characterized by giving the unique

opportunity to scrutinize innate lymphocyte phenotypes,

transcriptomes, and functions in the newborn infant. CB-

derived ILCs exhibited a unique transcriptomic identity

including an unusual signature of the master transcriptional

regulator family inhibitor of DNA binding (ID) in comparison

to circulating ILCs in adults and also in tissue-resident ILCs

leading to an improved understanding of neonatal innate

immunity.
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anti-CD69-PE/Dazzle 594 (FN60), anti-NKp44-APC (P44-8), anti-

NKp46-BV510 (9E2), anti-CCR6-PE (G034E3), anti-CD25-PE/Cy7

(BC96) all from BioLegend, anti-CD127-PE/Cy5 (R34.34), anti-

CD45RA-APC (2H4), and anti-CD28-PE (28.2) from Beckman Coulter

(Brea, California). Anti-IL1R1-PE (FAB269P) was purchased from R&D

(Minneapolis, Minnesota). Intranuclear staining of anti-Tbet-BV605

(4B10) and anti-GATA-3-BV421 (16E10A23) both BioLegend, anti-

Eomes-PE-eFluor610 (WD1928, Invitrogen, Carlsbad, California), anti-

RORC-PE (clone: AFKJS-9, eBioscience, Waltham, Massachusetts) was

performed with the FoxP3 staining kit (Thermo Fischer Scientific, Wal-

tham, Massachusetts) and corresponding protocol. All flow cytometric

analyses were performed on a Cytoflex (Beckman Coulter) with previ-

ously described settings.10 Analyses were performed with Kaluza soft-

ware 2.1 (Beckman Coulter) or FlowJo (BD, Becton, Dickinson &

Company, Franklin Lakes, New Jersey).

2.4 | Cell sorting

Monocytes, T- and B-cells, were depleted from CB MNCs with anti-

FITC beads (Miltenyi Biotec, Cat. No. 130-048-701, Bergisch Gladbach,

Germany) following staining with FITC-coupled mAbs anti-CD3

(UCHT1), CD14 (HCD14), CD19 (HCD19), and CD66b (G10F5, all from

BioLegend) according to manufacturer's instruction. In brief, for

1 × 107 cells 5 μL antibody of each type was used. After 20 minutes

incubation, the cells were washed with staining buffer (1× PBS [Gibco

by life technologies] with 0.5% w/v BSA and 2 mM EDTA [both Roth,

Karlsruhe, Germany]) and centrifuged for 10 minutes at 380g at 4�C.

This step was repeated twice. Subsequently, 20 μL anti-FITC beads

(note: due to high number of FITC-labeled cells this represents twice

the recommend volume) and 80 μL staining buffer were used for

1 × 107 cells. The labeled cells were run through three LD separation

columns per sample (Miltenyi Biotec) and the LD columns were washed

twice with staining buffer. The cells within the flow through were coun-

ted, if the cell count was <30 × 106 cells, the cells were stained, if the

cell count was >30 × 106 cells, the cell suspension was run through

another LD column. The cells were then further stained with additional

lineage antibodies and ILC-specific antibodies (see flow cytometry ana-

lyses). After additional washing steps, the cells were sorted (see

Figure 1A for gating strategy). Cell sorting was performed on a MoFlo

XDP (Beckman Coulter).

2.5 | Functional analyses of CB ILCs

Sorted cells were stimulated with human (h) IL-12 (5 ng/mL) and hIL-18

(50 ng/mL) for ILC1-like cells and NK cells, IL-33 (50 ng/mL) and IL-2

(10 U/mL) for ILC2,15 and IL1β (10 ng/mL) and IL-23 (10 ng/mL) for

ILC3-like cells.16 For analysis of LIF production, CB ILC3-like cells were

stimulated with IL1β (50 ng/mL), IL-23 (50 ng/mL), and IL-2 (1000 U).17

For cytokine production analyses, supernatant was taken at day 1 and

5 and the LEGENDplex Human Th Panel and the LEGENDplex Human

Hematopoietic Stem Cell Panel from LEGENDplex (Cat: 740722 &

740611, BioLegend) was used and experiments done according to man-

ufactured instructions.

2.6 | RNA sequencing and data analysis

Flow cytometrically sorted cells were stored in TRIzol Reagent (Invi-

trogen) for extraction of total RNA. Reverse transcription and library pro-

duction were carried out with an Illumina Truseq RNA preparation kit as

described in the company's protocol. Sequencing of the libraries was per-

formed with an Illumina HiSeq4000 (single-read 1 × 50 bp). Sequence

reads were mapped to the human genome (hg38) with STAR (version

STAR_2.5Oa) and read counts of gene transcripts were determined using

gtf file Homo_sapiens.GRCH38.84.gtf and featureCount (v1.5.0-p1). Anal-

ysis of differential gene transcription and normalization of read counts

and principle component analyses (PCA) were performed with R package

DESeq2 (v.1.22.2).18 Four-way plots and MA plots were generated with

R package vidger (v.1.2.1).19 Venn Diagrams were created using the R

package “VennDiagramm”20 with a cutoff of P-adjust <.001 and a log2

fold change of >2. Top 100 (ILCs) and top 200 (CD56bright NK cells) differ-

entially upregulated genes were analyzed using g:Profiler (https://biit.cs.

ut.ee/gprofiler/gost) for enriched GO biological processes with only anno-

tated genes, a g:SCS threshold, a P-value of <.05, and numeric IDs treated

as “Ilumina_humanwg_6_V1.” Pathway analyses as well as read counts of

TF and cytokines were analyzed using the R package ggplot2.21 For com-

parison, we downloaded the bulk sorted PB ILC data from Li et al22 and

normalized the data with our data via the R package DESeq2 (v.1.22.2).18

2.7 | Gene expression analyses

Flow cytometrically sorted cells were stored in TRIzol Reagent (Invi-

trogen) for extraction of total RNA. All centrifugation steps were done

using 12.200g at 4�C. In brief, RNA extraction was done by a 5 minutes

incubation at RT followed by addition of chloroform 1/5 of the TRIzol

volume. After resuspension and centrifugation for 15 minutes, the

aqueous phase was taken. Isopropanol (Roth) was added to the aque-

ous phase, resuspended, and left overnight at −20�C. On the next day,

the tubes were centrifuged for 30 minutes, the supernatant removed,

the pellet washed with 80% ethanol, and centrifuged for 10 minutes.

The last two steps were repeated twice. After careful drying, the pellet

was resuspended in 10 μL of RNase free water (Qiagen, Venlo, the

Netherlands). The whole RNA was reverse transcribed into cDNA by

adding 9 μL RNA, 2 μL Oligo(dt) 15, 2 μL random primer (both from

Promega, Fitchburg, WI, 500 μg/mL), and 4 μL RNase free water. This

was left for 5 minutes at 70�C and put directly on ice afterwards. Then,

a second master mix containing 5× MMLV RT buffer, MMLV reverse

transcriptase, RNAsin (all from Promega, Fitchburg, Wisconsin), and

dNTPs (10 nmol/μL, Peqlab) was added and the reverse transcription

reaction was run for 100 minutes at 42�C and 15 minutes at 72�C.

Gene expression analyses was done using Taqman Universal Master

UNIQUE TRANSCRIPTOMIC IDENTITY OF NEONATAL ILCs 869
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F IGURE 1 Unique transcriptional identity of cord blood (CB) innate lymphoid cells (ILCs) compared to T cells, natural killer (NK) cells, and
tissue ILCs. A, Exemplary gating strategy for ILC sorting. B, CB mononuclear cells were enriched prior to sorting via FITC-labeled antibodies (anti-
CD3/CD14/CD19/CD66b) and sorted for CB ILC1-like cells (lin−CD94−CD127+CD117−CRTH2−, n = 4), ILC2 (lin−CD94−CD127+CD117−/
+CRTH2+, n = 3), ILC3-like cells (lin−CD94−CD127+CD117+CRTH2−, n = 5), as well as CB- and peripheral blood (PB)-derived CD56bright NK cells
(lin−CD94+CD56bright, n = 9), CD56dim NK cells (lin−CD94+CD56dim, n = 17), CD8+ T cells (CD3+CD8+, n = 3), and CD4+ T cells (CD3+CD4+,
n = 5). RNA sequencing was done on the Illumina platform. A two-dimensional principle component analyses (PCA) was performed based on the
top 2000 differential expressed genes of CB ILC1-like, ILC2, ILC3-like as well as CB and PB CD56bright NK cells, CD56dim NK cells, CD8+ and
CD4+ T cells. C, Heatmap showing the top 100 differentially expressed genes between ILC3-like and CD56bright NK cells including ILC2, ILC1-like,
and CD56dim NK cells. Data represent at least three donors from three different experiments. Lineage (Lin) cocktail contains antibodies against
CD3, CD14, CD19, CD66b, CD123, FcϵR1a, TCRαβ, TCRγδ, CD1a, CD235a, CD20, BDCA2, and CD34
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Mix II (with UNG, Applied Biosystems, Waltham, Massachusetts),

Taqman probes for GAPDH (Hs02786624_g1), ID3 (Hs00171409-m1),

and ID2 (Hs04187239-m1) were purchased from Thermo Fischer Sci-

entific. The StepOne (Applied Biosystems) thermocycler was used with

the following cycle conditions: 2 minutes 50�C, 10 minutes 95�C, then

40 cycles with 15 seconds 95�C and 1 minute 60�C. Data were ana-

lyzed by taking the ΔCT values for each sample for ID2 and ID3 against

the house keeping gene GAPDH, then calculating the ΔΔCT of

ID3 minus ID2 with subsequent fold change calculation by raising the

ΔΔCT by 2 -̂(ΔΔCT).

2.8 | Statistical analyses

All tests were either performed with a parametric or a nonparametric

assumption (depending on normal distribution) and a 0.05 significance

level. All analyses were done using the GraphPad Prism 8.0.0

(GraphPad Software, San Diego, California, www.graphpad.com).

3 | RESULTS

3.1 | CB ILC subsets have unique transcriptome
signatures more similar to CB T cells than CB NK cells

In order to obtain transcriptomic signatures of human neonatal ILCs,

we sorted CB ILCs with a lineage cocktail specifically adapted for CB

to accommodate the increased presence of early myeloid and lym-

phoid progenitors as previously described10 and defined the subsets

as following: ILC1-like (lin−CD94−CD127+CD117−CRTH2−), ILC2

(lin−CD94−CD127+CD117−/+CRTH2+), and ILC3-like

(lin−CD94−CD127+CD117+CRTH2−) (Figure 1A). We further sorted

CB-derived and PB-derived CD56dim NK cells (lin−CD94+CD56dim),

and CD56bright NK cells (lin−CD94+CD56bright) as well as CD8+

(CD3+CD8+) and CD4+ (CD3+CD4+) T cells. After sorting, the cells

were subjected to RNA isolation and in-depth bulk sequencing on the

Illumina platform.

In order to establish the relationship between the individual cell

populations, we performed a PCA based on the top 2000 most differ-

entially expressed genes of ILC1-like, ILC2, ILC3-like, CD56bright NK

cells, CD56dim NK cells, CD4+ T cells, and CD8+ T cells. We observed

a clear separation of all three CB ILC subsets from each other and

from CD56dim and CD56bright NK cells as well as from CD4+ and

CD8+ T cells. Within the first principle component (PC) making up

43.8% of variance, ILCs and T cells clustered together and away from

NK cells. Within the second PC making up 16.7% variance, ILCs and T

cells could be further differentiated from each other. Considering both

components together, CB ILCs were surprisingly similar to T cells with

ILC1-like cells having the closest relationship to T cells, ILC3-like cells

exhibiting some similarity to CD56bright NK cells, and ILC2 showing

closest relation to the other two ILC groups (Figure 1B).

In order to further explore the differential expression patterns

between ILC and NK cells, we performed a heatmap comparing the top

100 most differentially expressed genes between the more closely

related ILC3-like and CD56bright NK cells and included ILC1-like cells,

ILC2, and CD56dim NK cells in the analysis. The heatmap shows

47 upregulated genes in CD56bright NK cells compared to 53 upregulated

genes within ILC3-like cells. Overall, we observed a clear separation

between both NK cell subsets and all three ILC subsets with a unique

set of 23 genes preferentially expressed by all three ILC subsets com-

pared to NK cells. The three ILC subsets were further divided into one

branch containing ILC1-like cells against a second branch containing

ILC2 and ILC3-like cells (Figure 1C). ILC1-like cells did not share exclu-

sive genes with either ILC2 or ILC3-like cells, but had seven genes in

common with NK cells including SH2D1A, a cytoplasmic adapter regu-

lating receptors of the signaling lymphocytic activation molecule (SLAM)

family, which are preferentially expressed in T and NK cell (Figure 1C).

As expected, CD56dim NK cells shared most of the upregulated genes

with CD56bright NK cells except for few genes including the gene GZMK,

encoding granzyme K, which is an established marker for CD56bright NK

cells and is downregulated in CD56dim NK cells.23

3.2 | Transcriptional differences between neonatal
ILCs and NK cells

In order to deepen our understanding of the underlying transcriptional

differences between CB ILC and NK cells, we generated a Venn Dia-

gram with the 50 most differentially expressed genes between

ILC1-like, ILC2- or ILC3-like cells compared to CD56bright NK cells

with a P-adjust cutoff at <.001 and a log2 fold change >2. We

observed nine shared genes expressed by all three CB ILC subsets but

not CD56bright NK cells: the coactivation molecule CD28, SLAMF1,

encoding the signaling lymphocyte activation molecule 1 (SLAMF1/

CD150), SETD7, encoding the histone- lysine N-methyltransferase

SETD7, TNFRSF10A, encoding the tumor necrosis factor receptor

superfamily member 10A, CHMP7, encoding the ESCRT-III-like protein

CHMP7, the chemokine receptor CCR4, the nucleotide exchange factor

F IGURE 2 Cord blood (CB) innate lymphoid cell (ILC)-specific gene expression includes a unique pattern of ID transcription factors. A, Venn
Diagram showing the 50 most differentially upregulated genes of ILC1-like (yellow), ILC2 (green), and ILC3-like cells (blue) against CD56bright

natural killer (NK) cells with an adjusted P-value cutoff of <.001 and a log2 fold change of >2. B, Normalized read counts of ID3 (left hand side)
and ID2 (right hand side) of CB ILC1-like, ILC2, ILC3-like cells, CB CD56bright NK cells, CB CD56dim NK cells, and tonsillar ILC3 and C, a ratio
between ID3/ID2 from the same populations as in (B) as well as PB ILC1-like, ILC2, and ILC3-like cells based on data generated by Li et al.22 D,
Fold gene expression of ID3 to ID2 of freshly sorted CB ILC1-like cells, ILC2, ILC3-like cells and CD56dim NK cells (n = 1-3). E, Ratio between ID3/
ID2 for CB and PB CD4+ and CD8+ T cells (n = 2). The height of the bars represents the mean ± SEM. Levels of significance were calculated with
a nonparametric ANOVA (Kruskal-Wallis test) with a multiple comparison post-test (Dunn's). Data represent at least three donors from three
different experiments (B,C)
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ALS2CL, MEGF6, encoding the multiple epidermal growth factor-like

domains protein 6, and the TF ID3 (Figure 2A). Furthermore, each ILC

subtype showed unique upregulated genes within distinct pathways

(Figure 2A; Supplementary Figure 1). To verify whether these differ-

ences in RNA transcription also result in differential protein expression,

we analyzed the surface expression of CD28 and CCR4 by flow cyto-

metry. We observed significantly higher CD28 expression on all three

ILC subsets compared to CD56bright NK cells (ILC1-like cells mean:

75.8% vs CD56bright NK cells mean: 1.1%, ****P-value <.0001, ILC2

mean: 54.9% vs CD56bright NK cells mean: 1.1%, ****P-value <.0001,

ILC3-like cells mean: 36.2% vs CD56bright NK cells mean: 1.1%, **P-

value = .003). Similarly, we observed CCR4 expression in all three ILC

subsets but not NK cells with statistically significant differences in

CCR4 expression of ILC2- and ILC3-like compared to CD56bright NK

cells (ILC2 mean: 35.01% vs CD56bright NK cells mean: 0.25%, *P-

value = .0497, ILC3-like cells mean: 41.3% vs CD56bright NK cells mean:

0.25%, *P-value = .0189) (Supplementary Figure 2) indicating a possible

shared migratory route of all three neonatal ILC subsets.

Vice versa, we also looked at specific genes expressed in

CD56bright NK cells compared to all three ILC subsets. For this, we

used the top 200 upregulated genes in CD56bright NK cells against

each ILC subset. We observed most upregulated genes when compar-

ing CD56bright NK cells with ILC1-like cells, which is very interesting

given that distinguishing ILC1 and NK cells in the past seemed to be

challenging.2 We found 28 genes, which are uniquely upregulated in

CD56bright NK cells against all three ILC populations. Among these

genes were known NK cell-specific genes such as PRF1, encoding Per-

forin, KLRC1, encoding NKG2A, KLRD1, encoding CD94, GNLY,

encoding granulysin, GZMK, encoding Granzyme K, and CD300A

(Supplementary Figure 3).

3.3 | CB ILC exhibit an unusual ratio of ID3/
ID2 TFs

When looking at TFs that are differentially expressed among CB

ILC1-like, ILC2, ILC3-like, and NK cells, the expression of ID3 in ILCs

caught our attention, as ID3 expression to our knowledge was not

reported in human ILCs so far. ID3 expression was previously

reported for IL-10 producing murine regulatory ILCs (ILCregs).24 Nev-

ertheless, the development of human and murine ILCs as well as NK

cells is thought to be dependent on the TF ID2,7,25 and as both TFs

are sharing similar recognition sites on target genes, we comparatively

analyzed ID2 and ID3 expression patterns in ILCs and NK cells. ID3

expression was restricted to the three CB ILC subsets and not found

in CB NK cells or tonsillar ILC3. Vice versa, ID2 transcripts were

highest in tonsillar ILC3 but hardly found in CB ILC1-like cells and

moderately in ILC2, ILC3-like, and NK cells (Figure 2B). Consequently,

in ILCs, the ratio of ID3/ID2 was larger than one with the highest ratio

in ILC1-like cells, whereas both NK cell subsets and tonsillar ILC3

showed values close to zero (Figure 2C). In order to find out if ID3

expression is specific for CB ILCs, we compared our data to bulk

RNAseq data of PB ILCs previously published by Li et al.22 Indeed,

ID3/ID2 ratios were very low in PB-derived ILCs reflecting strong ID2

expression and an almost complete lack of ID3 expression in all three

PB ILC groups (Figure 2C). These observations were verified by quan-

titative real-time PCR, again showing higher ID3/ID2 ratios for all

three ILC subsets compared to CD56dim NK cells, which lacked ID3

expression (Figure 2D). Of note, the unusual ID3/ID2 ratio could be

similarly found in CB-derived CD4+ T cells. In contrast, PB CD4+ as

well as CB CD8+ and PB CD8+ T cells had low ID3/ID2 ratios

(Figure 2E). The data might point to a common role of ID3 in the neo-

natal development of innate and adaptive helper lymphocytes.

3.4 | Transcriptional differences between ILC1-
like, ILC2, and ILC3-like subsets

In order to determine ILC subtype-specific genes, we compared the

transcriptomes of CB ILC1-like, ILC2, and ILC3-like cells (Figure 3;

Supplementary Figure 4). Several novel genes showing differential

expression in one but not the other ILC subtypes were found. In four-

way PCA analysis, a comparatively high number of genes were shared

between CB ILC2 and ILC3-like cells, which were not or lowly

expressed in ILC1-like cells. Vice versa, ILC1-like cells had only few

differentially expressed genes in common with either ILC2- or

ILC3-like subsets suggesting a closer relationship between ILC2- and

ILC3-like transcriptomes (Figure 3A) in accordance with unsupervised

clustering analysis (Figure 1C).

As previously reported for tissue and/or PB ILC1, we found T

cell-associated genes (CCR9, CCR4, CCR7, CD3D, CD6, CD2, CD5,

CD8A, CD4) as well as genes encoding T-cell receptor (TCR) chains

F IGURE 3 Gene expression patterns defining the identity of each cord blood (CB) innate lymphoid cell (ILC) subtype. A, A four-way plot with a
log2 fold change cut off at ±1 (dotted lines) and adjusted P-values of .05 showing differentially expressed genes of CB ILC1-like (“control”) compared
ILC2 (“y”) and ILC3-like cells (“x”). Blue dots represent genes with an adjusted P-value <.05 with a fold change >1. Green dots represent genes with
an adjusted P-value <.05 with a fold change between >1 (x-axis) and <1 (y-axis). Gray dots represent genes with an adjusted P-value >.05. Red dots
represent genes with an adjusted P-value <.05 with fold rates <1 (x-axis) and >1 (y-axis). Selected genes differentially expressed between ILC1-like

cells, ILC2, and ILC3-like cells are highlighted. B-D, MA plots showing all differentially expressed genes and heatmaps showing differential expressed
genes between (B) ILC1-like vs ILC2, (C) ILC3-like vs ILC1-like, and (D) ILC3-like vs ILC2. In the MA plots, dotted lines represent a log2 fold change
cut off of 1. Blue dots represent a P-value <.05 and a log2 fold change of >1. Green dots represent a P-value of <.05 and a log2 fold change of <1.
Gray dots represent a P-value >.05 and a log2 fold change of <1. Numbers of blue or green genes are indicated next to the MA plot. Selected blue
genes are highlighted. E, Violin plots showing normalized read counts for LIF (left hand side) and ZBTB46 (right hand side) for CB ILC1-like, ILC2, and
ILC3-like cells. Levels of significance were calculated with a nonparametric ANOVA (Kruskal-Wallis test) with a multiple comparison post-test
(Dunn's), *P-value <.05, **P-value <.005. Data represent at least three donors from three different experiments
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(TRDV1, TRBV5-1, TRBV23-1) differentially expressed in ILC1-like

cells.8,22,26 Also similar to previous analysis of tissue-resident ILC, CB

ILC2 differentially expressed IL1RL1 (encoding the IL33 receptor),

IL13, RORA, PTGDR2 (encoding CRTH2), GATA3, CD84, KLRG1, IL4I1,

GATA3-AS1, KLRB1 (encoding CD161) FCRL3, HPGDS, and

IL10RA)15,26,27 and CB ILC3-like cells preferentially expressed RORC,

KIT, LIF, IL1R1, IL23R, CCR7, KLRF2, KLRC1, KLRB1, XCL1, XCL2, and

TNFSF1126(Figure 3; Supplementary Figure 4). Finally, we observed a

higher expression of the NK cell-associated TFs eomesodermin

(EOMES) and TBX21 (encoding TBET) as well as the CC-chemokine

ligand 5 (CCL5) in ILC1-like cells compared to ILC2- and ILC3-like cells,

as previously reported in PB ILC1.22

Besides previously reported genes, we also observed novel

differentially expressed genes for each ILC subtype. ILC1-like cells differ-

entially expressed the gene CR2, encoding complement receptor 2 (CR2)

responsible for proliferation and differentiation,28 CD27, a costimulatory

checkpoint molecule expressed on various lymphocyte subsets,29

DICER1 responsible for miRNA processing, IL24, a member of the IL10

family30 Figure 3B,C), NLRP6, constituting part of the inflammasome,31

ZBTB18, a transcriptional repressor previously described to play a role in

brain and neural development32 (Figure 3B), CD200, the ligand for

CD200 receptor limiting effector functions of the myeloid lineage,33 and

CD9, a receptor for cell adhesion34 (Figure 3C). ILC2- and ILC3-like cells

on the other hand shared the expression of some genes that are lacking

in ILC1-like cells, such as CD70, the receptor for CD27,35 CERCAM, a cell

adhesion molecule, LARGE1, a glycosyltransferase-like protein, and the

low-density lipoprotein receptor VLDLR (Figure 3A). Specific for ILC2

cells, we observed differential expression of the gene encoding the IL-9

receptor (IL9R) (Figure 3D) as well as two novel lipid-sensing receptors

LRP12 and LRP6 (Figure 3B). For ILC3-like cells, we observed the chemo-

kine receptor CCR8, which was previously reported to be preferentially

expressed in the thymus36 (Figure 3C) as well as molecules associated

with response to pathogens (NOD2, TBK1, IRAK3, IFNG) (Figure 3).

Finally, we newly identified ZBTB46, a zinc finger TF that was pre-

viously described in dendritic cells and their precursors,37,38 to be

highly expressed in ILC3-like cells (Figure 3E). Notably, ZBTB46 was

previously reported to induce LIF expression by directly binding to

the LIF promoter,39 which is compatible with the specific and high LIF

expression in ILC3-like cells (Figure 3E). Of note, LIF expression was

also reported in human tonsillar ILC3.40 Overall, our data demonstrate

novel transcriptomic signatures of CB ILCs.

3.5 | CB ILC1-like and ILC3-like cells are
functionally immature, whereas ILC2 are fully
functional

Next, we wanted to further define the transcriptional and functional

identity of neonatal ILCs by analyzing expression of ILC subset-

specific TFs and responsiveness to cytokines previously described to

stimulate the respective ILC subsets: TBET and IFNγ for ILC1,41

GATA3 and IL-5/IL-13 (IL-4) for ILC2,15 RORC and IL-22/IL-17A for

ILC3,16,42,43 and EOMES, TBET, and IFNγ for both NK cell subsets.44

As expected, we observed high expression of the TFs TBX21,

encoding TBET, and EOMES in both NK cell subsets and the highest

GATA3 expression within CB ILC2 on the transcriptomic and protein

level (Figure 4A,B). Although CB ILC2 exhibited a TF signature compa-

rable to tissue-derived ILCs, this was only partially the case for

ILC1-like and ILC3-like subsets. We detected moderate transcription

of TBX21/TBET and EOMES in ILC1-like cells and intracellular staining

revealed that this was due to small subpopulations of TBET and

EOMES-expressing cells (Figure 4A,B). In case of ILC3-like cells, RORC

transcription was found by RNAseq analysis but this did not translate

into detectable protein expression (Figure 4A,B). Possibly, the amount

of RORγt was too low to be detected by intranuclear staining.

With regard to cytokine expression, as expected high transcript

levels were observed for IFNG in both NK cell subsets and moderate

expression was seen in ILC1- and ILC3-like cells. In line with previous

studies, transcription of IL13 was highest in ILC2. Hardly any reads

were seen for IL17A, IL5, IL4, or IL22 in CB ILCs or NK cells. The

absence of IL22 transcripts in CB ILC3-like cells contrasted with the

high read counts within tonsillar ILC3 (Figure 4C), again stressing the

marked functional differences between circulating and tissue-resident

ILCs. Next, we restimulated each CB cell population with their respec-

tive specific cytokines. We observed specific IFNγ secretion by

CD56bright NK cells, but not by any of the ILC subsets, ILC2s specifi-

cally produced high amounts of IL-5 and IL-13 with moderate

amounts of IL-4, whereas CB ILC3-like cells produced neither IL-17A

nor IL-22 (Figure 4D). To determine if our CB ILCs might represent

the human counterpart to the recently described IL-10-producing

ID3+ murine ILCregs,24 we looked for IL-10 secretion. It is however

unlikely that CB ILCs serve ILCreg function, since they did not pro-

duce considerable amounts of IL10 (Figure 4D). As we have seen LIF

to be exclusively upregulated within ILC3-like cells (Figure 3E), we

F IGURE 4 Cord blood (CB) innate lymphoid cell subpopulation (ILC1)- and ILC3-like cells are functionally immature, whereas CB ILC2 are
fully functional. A, Normalized RNA sequencing read counts are displayed as violin plots for the signature transcription factors EOMES, GATA3,
RORC, and T-BET(Tbx21) for the indicated cell types. B, Histograms showing intranuclear staining for the signature TFs T-bet, Eomes, Gata-3, and
RORC for ILC1-like (filled yellow), ILC2 (filled green), ILC3-like (filled blue), CD56bright natural killer (NK) cells (filled red), and CD56dim NK cells

(taken as reference unfilled red). C, Normalized read counts of ex vivo sorted CB ILC1-like, ILC2, ILC3-like, CD56bright NK cells, and tonsillar ILC3
for IFNγ, IL-5, IL-13, IL-4, IL-17A, and IL-22. D, CB ILC1-like, ILC2, and ILC3-like cells were sorted and specifically stimulated with IL-12/IL-18 (for
ILC1-like and CD56bright NK cells), IL-2/IL-33 (for ILC2), and IL1β/IL-23 ± IL-2 (for ILC3-like cells) for 5 days. IFNγ, IL-4, IL-5, IL-13, IL-22, IL-17a,
IL-10 and E, LIF secretion was analyzed within the supernatant via multi-cytokine assay at day 1 and 5 (LegendPlex©), n = 5 (ILC1-like cells), n = 2
(CD56bright NK cells), n = 4 (ILC2), and n = 3-7 (ILC3-like cells). The height of the bars represents the mean ± SEM. Levels of significance were
calculated with a nonparametric ANOVA (Kruskal-Wallis test) with a multiple comparison post-test (Dunn's), *P-value <.05. Data represent at
least three donors from three different experiments
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were wondering if LIF might be secreted after IL-23/IL-1β stimulation.

Similar to all other cytokines measured, hardly any secretion of LIF

was seen in ILC3-like cells when stimulated with IL-23 and IL-1β.

However, we observed a significant increase of LIF protein in the

supernatant from day 1 to day 5 when adding IL-2 (LIF mean:

2.89 pg/mL vs 76.80 pg/mL, *P = .0156), consistent with previous

observations in tonsillar ILC3 (Figure 4E).17 Our data suggest that CB

NK cells and ILC2 execute the expected cell type-specific functions,

whereas CB ILC1- and ILC3-like cells seem to be unresponsive to

most cytokines previously described to stimulate the respective

tissue-resident ILC counterparts with the notable exception of IL-

2-dependent LIF production by CB ILC3-like cells. The latter subset is

reminiscent of ILC3-like cells in PB, called precursor ILCs (ILCP) based

on their capacity to differentiate into all ILC subtypes.3 In line with

this, IL1R1 was more strongly expressed in CB ILC3-like cells com-

pared to CB NK cells, whereas CD45RA and CD69 showed similar

expression in CB ILC3-like and NK cells (Supplementary Figure 5A),

again reminiscent of previous observations in PB ILC3-like cells.3

Moreover, CB as well as PB ILC3-like cells lack bona fide tissue ILC3

“markers” such as IL23R, NKp44, CD56, AhR, and NKp46 suggesting

that circulating ILC3-like cells are more similar to each other than to

tonsillar effector ILC3 (Supplementary Figure 5B,C). In line with this,

we observed a clear transcriptomic difference between tonsillar ILC3s

and CB ILC3-like cells, with the latter being more similar to CB

CD56bright NK cells (Supplementary Figure 6).

3.6 | CB ILC3-like cells are responsive to the
TLR2:1 ligand Pam3CSK4

As outlined above and similar to the observations in PB ILC3-like cells,

no effector functions were observed within CB ILC3-like cells follow-

ing stimulation with IL1β and IL-23.3 We were nevertheless wonder-

ing if ILC3-like cells might be responsive to alternative stimuli and

went back to the transcriptome data. Two upregulated genes in

ILC3-like cells were NOD2, a intracellular pattern recognition

receptor,45 and TBK1, a molecule downstream of the toll-like receptor

(TLR) signaling cascade.46 Hence, we looked at TLR chain read counts

for all three ILC subtypes. ILC3-like cells exhibited high expression of

TLR1 and TLR2 (Figure 5A). In contrast, ILC1-like cells expressed TLR1

but not TLR2, and ILC2 moderately expressed TLR2 but not TLR1

(Figure 5A). All other TLRs were hardly expressed in any of the three

ILC subsets. Notably, TLR2 and TLR1 chains together form the

TLR2:1 receptor representing a heterodimer of two TLR2 and one

TLR1 molecules. TLR2:1 is extracellularly expressed on various human

immune cells including monocytes, granulocytes, and B cells,47 but

also on endothelial cells.48 The ligands for TLR2:1 in vivo are among

others diacyl- and triacylglycerol moieties, which can be found on sev-

eral bacteria, helminths, fungi, and to some extent viruses.49 When

analyzing expression of downstream molecules of the TLR2:1 path-

way, we observed a significant upregulation for 10 (IRAK1, IRAK2,

TRAF6, MAP3K7 encoding TAK1, NKFB1, NKFB2, IRF7, TBK1, JUN

encoding AP-1, and TICAM1 encoding TRIF) out of 13 known mole-

cules contributing to this pathway when comparing CB ILC3-like cells

to CB T cells (Supplementary Figure 7).

To determine if a functional TLR2:1 receptor is expressed on

ILC3-like cells, we sorted ILC3-like cells from CB and cultivated them

for 5 days in medium alone, with IL-2 alone, with the TLR2:1 ligand

Pam3CSK4
50 alone, or a combination of IL-2 and Pam3CSK4. We

observed increased cell survival with the two conditions containing

IL-2, whereas with medium or Pam3CSK4 alone the cells died

(Figure 5B). We therefore stained for surface expression of CD25,

constituting the α chain of the high affinity IL-2 receptor, and

observed that 89% of ILC3-like cells expressed CD25, which was

higher than CB ILC1-like cells, ILC2, CD56bright NK cells, and signifi-

cantly higher compared to CD56dim NK cells (mean: 88,85% vs 0.71%,

*P = .014) (Figure 5C). Moreover, the analysis of RNAseq data suggest

that CB ILC3-like cells also express higher levels of IL2RA than tonsil-

lar ILC3 (Figure 5D). Consequently, we observed a significant higher

proliferation rate in ILC3-like cells treated with IL-2 and Pam3CSK4

(Wilcoxon matched-pairs signed rank test, *P-value = .0117) indicating

that ILC3-like cells are activated upon TLR2:1 ligand exposure

(Figure 5E). Since circulating ILC3-like cells in many aspects function-

ally diverge from their tissue counterparts, we were wondering if they

would be able to secrete other cytokines beyond IL-22 upon TLR acti-

vation. We thus measured various pro- and anti-inflammatory cyto-

kines in the culture supernatant. Indeed, we observed significant

higher cytokine secretion in ILC3-like cells stimulated with IL-2 and

Pam3CSK4 of TNFα (10.3 vs 3.3 pg/mL, *P-value = .013), IFNγ (283.3

vs 49.5 pg/mL, **P-value = .0022), IL-13 (563.3 vs 14.8 pg/mL, **P-

value = .0022), IL-5 (2188.8 vs 4.2 pg/mL, **P-value = .0022), IL-10

(85.6 vs 1.3 pg/mL, **P-value = 0.0087), IL-22 (121.4 vs 1.6 pg/mL,

**P-value = .0022), LIF (30.9 vs 10.0 pg/mL, *P-value = .0127), and

GM-CSF (626.4 vs 209.7 pg/mL, **P-value = .0093) (Figure 5F). Our

F IGURE 5 Cord blood (CB) innate lymphoid cell subpopulation (ILC3)-like cells are sensing TLR2:1 ligands. A, Normalized read counts of
RNAseq data of CB ILC1-like, ILC2, and ILC3-like cells for TLR 1-9. B, Bar graphs showing the frequency of CB ILC3-like cell survival in medium
alone, with Pam3CSK4 alone, with IL-2 alone, and a combination of IL-2 and Pam3CSK4. C, Cryopreserved CB samples were stained for ILCs.

Representative dot plots and quantification for CD117 and CD25 expression are shown for ILC1-like cells, ILC2, ILC3-like cells, CD56bright natural
killer (NK) cells, and CD56dim NK cells. D, Normalized read counts for IL12RA encoding CD25 are shown for CB ILC3-like cells and tonsillar ILC3
(E/F) Fresh CB MNCs were isolated, depleted of CD3, CD14, CD19, and CD66b-expressing cells and subsequently purified by sorting for ILC3-
like cells (Lin−CD94−CD127+CD117+CRTH2−). ILC3-like cells were stimulated for 5 days with IL-2 with or without the TLR2:1 ligand
Pam3CSK4. E, Expansion of ILC3-like cells (n = 7); and F, TNFα, IFNγ, IL-13, IL-5, IL-10, IL-22, LIF, and GM-CSF secretion is shown (n = 6). The
height of the bars represents the mean ± SEM. Levels of significance were calculated with a nonparametric ANOVA (Kruskall-Wallis with a
Dunn's post-test) (B,C) and t test (Mann-Whitney) (E,F), *P-value <.05, **P-value <.005
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data thus suggest that although circulating neonatal ILC3-like cells are

not responding to IL-1β/IL-23 alone, they are stimulated in the pres-

ence of microbial products in an IL-2-dependent way. This alternative

mode of action could contribute to protection by ILC3-like cells from

invading pathogens of the fetus during pregnancy and early life.

4 | DISCUSSION

Our data show a unique transcriptomic signature of neonatal ILCs not

seen within PB or tissue ILC so far and with a clear distinction from

CB- and PB-derived T and NK cells. We could identify nine shared

genes within all neonatal ILC subtypes upon comparison to CD56bright

NK cells including CD28, CCR4, SLAMF1, and the TF ID3. ID factors

are helix-loop-helix (HLH) proteins that are deeply involved in hema-

topoietic fate decisions by dominantly inhibiting TFs containing basic

HLH motifs, which in turn activate E proteins such as E2A known to

regulate lymphocytic differentiation.51 Expression of ID3 in CB ILCs

was unexpected since so far murine and human ILC development was

thought to be majorly dependent on ID2 expression rather than ID3

with the exception of ILCregs.7,25,52 This novel kind of regulatory ILC

was described in mice to highly express ID3 and produce IL-10 upon

stimulation.24 However, a recent publication questioned the existence

of regulatory ILCs and identified murine intestinal ILC2s as producers

of IL-10.53 The present CB ILCs did not produce IL-10 and they also

did not express high amounts of ID2.

ID3 expression was strong in all CB ILC subsets, but not in CB NK

cells or tonsillar ILC3. In contrast to CB ILCs, CB NK cells and espe-

cially tonsillar ILC3 exhibited strong expression of ID2. Consequently,

an ID3/ID2 ratio >1 was characteristic for neonatal ILCs but not PB

ILC.22 Interestingly, we observed this unique ID3/ID2 ratio >1 also in

CB-derived CD4+ T cells, which might point to a common develop-

mental origin of CB ILCs and CB CD4 T cells, possibly located within

the thymus. In case of CB ILC1-like cells, the phenotypic resemblance

to T cells also includes frequent αβ TCR rearrangement, which would

support the hypothesis that CB ILC1-like cells egress from the thymus

after failure of productive TCR rearrangements. Of note, all three ILC

subtypes have been identified within the human thymus.7 In favor of

a common origin of ILCs and T cells, an overall closer transcriptomic

relationship exists between CB ILC and T cells compared to NK cells.

Moreover, several genes commonly expressed in all three ILC subsets

but not CD56bright NK cells are T cell-associated factors: SLAMF1,

CD28, and the chemokine receptor CCR4. Interestingly, CCR4 expres-

sion is essential for intrathymic lymphocyte selection and develop-

ment.54 The expression of CCR4 on all CB ILC subsets further

contributes to the hypothesis that neonatal circulating ILCs might

migrate from the thymus via the circulation into tissues to differenti-

ate into mature ILCs. In general, the above data showing differential

expression patterns of ID3/ID2 and other genes between CB and

adult PB ILCs suggest that ILCs go through dynamic transcriptional

changes affecting ILC-mediated immunity comparable to previously

described changes in other immune compartments such as T and B

cells.55

We have recently performed functional analysis of CB ILC1-like

cells in comparison to CB NK cells4 and could show that neonatal

ILC1-like cells are unresponsive to specific cytokine stimulation but

are able to differentiate into mature NK cells demonstrating their

potential as novel NK cell progenitors. Here, by comparison to CB

ILC2 and ILC3-like cells, we could further define several novel recep-

tors and CD molecules specifically expressed by ILC1-like cells: CR2,

CD27, CD200, and CD9. Strikingly, ILC1-like cells expressed CD27,

the ligand for CD70, whereas both ILC2 and ILC3-like cells expressed

CD70 potentially suggest an interaction between the respective ILC

subpopulations. Although we could not detect significant functional

capacity of ILC1-like cells after specific interleukin stimulation, we

detected high levels of IL24 and NLRP6 in ILC1-like cells compared to

ILC2- and ILC3-like cells. IL-24 has been described to be important for

wound healing but also in the context of pro-inflammatory autoim-

mune disorders,56 whereas NRLP6 assembly is crucially involved in IL-

1β and IL-8 secretion,31 which could implicate an up to now hidden

functionality of ILC1-like cells.

ILC2 have been the focus of attention in recent years, especially

in the context of the etiology of allergy and asthma. Here, we show

that CB ILC2 are the only neonatal ILC subtype that exerts ILC effec-

tor functions comparable to tissue-resident ILCs including secretion of

IL-13, IL-5, and to some extent IL-4.15 Furthermore, they highly

expressed typical genes previously described in tissue ILC2 such as

KLRB1, KLRG1, IL1RL1 encoding IL-33R, and GATA3,26 suggesting a

high resemblance to their PB and tissue counterparts. Nonetheless,

we observed several genes unique for CB ILC2 including the receptor

for IL-9 IL9R and two lipid sensing receptors (LRP12 and LRP6). This

might be interesting for future studies, as murine57 and human58 liter-

ature suggested the sensing and uptake of lipids by ILC2 during aller-

gic responses. Given the high resemblance in functionality and gene

expression between circulating and tissue-resident ILC2, conse-

quently these receptors might also be expressed on tissue ILC2s and

bear potential therapeutic potential.

Circulating ILC3-like cells were previously described to contain

ILC precursors, as they were able to differentiate into all three ILC

subsets as well as NK cells.3 In line with this study, CB ILC3-like cells

were lacking specific cytokine secretion after stimulation with IL-1β

and IL-23. However, CB ILC3-like cells were sensitive to IL-2 stimula-

tion and exerted full effector functions following stimulation with the

TLR2:1 ligand Pam3CSK4. Of note, stimulation by TLR2:1 was previ-

ously reported for human tonsillar CD127+LTi-like cells representing

an early tissue-resident ILC subset promoting development of lym-

phoid tissues.59 However, the observation that CB ILC3 are respon-

sive to TLR2:1 ligands sheds a new light on the role of circulating

ILC3-like cells, previously thought to represent a functionally inert ILC

progenitor. This could be of particular interest in pregnancy, as one

essential function of CB ILC3-like cells probably is the protection

against pathogens being able to pass the placental barrier. In this

regard, infection during pregnancy with Toxoplasma gondii60 repre-

sents a serious threat for mother and baby, in many cases leading to

complications including abortion, preterm labor, and neurological

defects.60 As TLR2:1 can recognize glycosylphosphatidylinositol
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anchors present on T gondii,49 human CB ILC3-like cells could be part

of the first line of defense to protect the fetus. In line with this, we

observed upregulation of genes associated with intracellular

responses to pathogens (NOD2, TBK1, IRAK3, IFNG) in ILC3-like cells

compared to ILC2 and/or ILC1-like cells. Together, CB ILC3-like cells

exhibit limited functional capacity when stimulated with IL-1β and IL-

23, but becomes fully functional upon exposure to TLR2:1 ligands in

the presence of IL-2.3

Of note, in addition to CB-derived ILCs, various distinct innate

lymphocyte subsets were recently defined in the decidua (d) such as

dILC3, dLTi, and dILC1, along with various novel NK cell subsets.61-63

Functionally and phenotypically, dILCs resemble other tissue-specific

ILCs rather than CB-derived ILCs. dILC3 for example functionally and

phenotypically resemble tonsillar ILC3 by secretion of IL-22 and

expression of surface molecules such as CCR6, IL23R, and NKp44,

whereas dILC1 resemble intraepithelial ILC3, which express CD103

and share NK cell surface molecules.61-63 Therefore, despite their ana-

tomical proximity, CB ILCs do not resemble dILCs and have a unique

transcriptomic phenotype.

The role of CB ILCs for the formation of a competent postnatal

immune system is just beginning to be appreciated. It was previously

shown that a lack of colonizing commensal bacteria in postnatal mice

leads to a decrease of IL-22-producing ILC3 increasing the risk of

pneumonia.12 Furthermore, postnatal lung inflation leads to an

increase of IL-33 production supporting the activation of IL-

13-producing ILC2, which changes and maintains the phenotype of

alveolar macrophages.13 In the present study, we could show that CB

ILC3-like cells are highly responsive to TLR2:1 ligands and able to

secrete LIF suggesting an essential role of CB ILC3-like cells during

active immune responses, in particular in the presence of IL-2. CB

ILCs also seem to play important roles for the so-called ILCpoiesis. In

this regard, it was recently shown that CB-derived ILC1-like cells con-

stitute progenitors with a unique potential to generate NK cell

populations with complex killer cell Ig-like receptor repertoires,4

thereby ensuring broad specificity for missing-self based detection of

aberrant cells. Adding to this, it was recently shown that human circu-

lating innate lymphocytes have a general role in ILCpoiesis, such that

human CD117+ cells constitute progenitors of ILC1, ILC2, ILC3, and

NK cells.3 Therefore, human neonatal ILCs might be generally essen-

tial for shaping the adult innate lymphocyte system.

5 | CONCLUSION

ILCs are a recently defined heterogeneous class of lymphocytes that

serve important functions in barrier immunity and early defense against

invading pathogens. Here, we took a systems biology approach to ana-

lyze the transcriptomic and functional identity of ILC1, ILC2, and ILC3

cells in comparison to NK and T cells from CB. Unexpectedly, all three

ILC subsets shared a characteristic pattern of DNA binding inhibitor

(ID) TF with CB CD4 T cells but not with NK cells, possibly pointing

toward a common thymic origin of all helper lymphocytes. Furthermore,

the study substantiates fundamental differences between CB and PB

ILCs that could contribute to the well-described beneficial effects of

CB in hematopoietic stem cell transplantation.
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